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Abstract. The paper discusses a multilevel voltage source inverter with coupled reactors (MVSI-CR). The output voltage is generated using
the novel coarsely quantized pulse amplitude modulation (CQ-PAM). The AC voltage synthesis is realized by selecting and applying an
appropriate collection of voltage vectors from the space-vector diagram. Integrating classical two-level inverters allows achieving modularity
of the solution. The main advantage of the proposed approach is a very low switching-to-fundamental frequency ratio and a multistep quasi-
sinusoidal output voltage. The paper includes a theoretical analysis, simulations, and laboratory test results.
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1. INTRODUCTION

Most of the modern DC-AC converters need Pulse Width
Modulation (PWM) techniques and passive filters to ob-
tain sinusoidal output voltages. As a result, high switching
frequencies—several kilohertz or more—are usually required,
leading to high switching losses and considerable electromag-
netic interference (EMI). Despite the latest developments in
power electronic devices, the problem of high-frequency op-
eration remains a challenge. The use of conventional PWM
techniques tends to be particularly problematic in high-speed
drive applications where the speed can reach 500000-1000000
rpmat 1 kW [1, 2] or 100000 rpm at 60 kW [3] or 12000-15000
rpm for the powers above 1 MW [3]. The PWM can also be a
source of problems in high-power ultrasound systems, welding
applications, and food technology, and other applications.

Reducing the switching frequency of the power electronic
devices without significant loss of the output voltage quality
can be achieved by using multi-level voltage source inverters
(MVS]), including the topologies based on the use of mag-
netic elements such as multi-phase transformers with an ap-
propriately designed winding group [4]. A cost-effective so-
lution can be the use coupled reactors, whereby a significant
size reduction can be achieved (compared to transformers) (for
a given load power, the power to be handled by the coupled
reactors will be around 5 times lower then in the case of a
transformer [5]. The idea, first used in the multi-pulse diode
rectifiers [6, 7], was proposed for inverter circuits in [8] (mul-
tilevel voltage source inverters with coupled reactors, MVSI-
CR) where all VSI modules were integrated using a special
magnetic circuit of coupled reactors.

In the basic operational mode of MVSI-CR presented in [9],
the switches of the MVSI-CR commute at the frequency of
the output voltage, which significantly reduces the switching
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losses and the EMI problems. In addition, the application
of the conventional two-level inverter as an easily replaceble
power module facilitates the maintenance of the converter. As
was demonstrated in [9], this solution can be scaled up by
adding another power module to the system and modifying
the circuit of the coupled reactors. Moreover, a well-balanced
power division can be obtained in the system as reported in
[10], where a 12-pulse inverter topology was discussed. An-
other example of the multi-pulse topology can be found in [11]
in the form of a 24-pulse STATCOM. It should be stressed that
none of the systems refered to above offers the magnitude con-
trol of the output voltage.

A simple way to adjust the output voltage is the DC-link
regulation. However, this solution needs additional DC-DC
converter which complicates the construction and lowers the
performance of the whole system. Thereby, this solution is
only used in very specific applications [2]. Another method
to control the output voltage is the PWM, but the attempts to
use PWM for active rectifiers [12, 13, 14] did not bring the
expected results. The main disadvantage of this solution is the
relatively high switching frequency.

This paper discusses the output voltage control of the 18-
pulse MVSI-CR using the proposed CQ-PAM method. This
method allows rough adjustment of the output voltage while
keeping the switching frequency relatively low. A brief in-
troduction to multi-pulse converters is presented in Section 2.
Section 3 provides a closer look at the 18-pulse MVSI-CR. The
CQ-PAM modulation is described in Section 4. The simulation
results are discussed in Section 5, while the laboratory tests are
presented in Section 6.

2. THE PRINCIPLE OF MULTI-PULSE CONVERTERS

Multi-pulse converters [15, 16, 17] provide higher efficiency
and a lower distortion level of the generated waveforms than
standard two-level converters [18, 19, 20]. These topologies
have been applied in the passive diode rectifiers and the ac-

This article has been accepted for publication in afuture issue of this journal, but has not been fully edited. Content may change prior to final publication.



www.czasopisma.pan.pl P N www.journals.pan.pl
Y

Krzysztof Jakub Szwarc, Artur Cichowski, Pawel Szczepankowski, Janusz Nieznanski, Ryszard Strzelecki

INVERTERS

PHASE SHIFTERS

£

=
5

UDC

s

=
flry
=

H—>0
M
1f

V'm‘

Uz

o—>
oy
S5
o

=

V:T

o
[#)

Al Al s Al

el L) L
HPNIREIPNIP

=
o)
<
N
j ol
@W .
@ @5
O

o

Fig. 1. A multilevel voltage source inverter with phase shifters and current mergers based on 18-pulse topology.

tive transistor/thyristor rectifiers. Among them, the 12-pulse
rectifiers [15, 13, 12] can be indicated as the most commonly
used due to their simple construction. A greater number of
pulses increases the overall complexity of the multi-pulse de-
vices. However, the benefits are: decreasing distortion of the
output voltages and increasing power quality. In general, the
phase voltage of the p-pulse converter contains the following
harmonics

h=(n-p)+1 (1

where n € N.

The 18-pulse and 24-pulse topologies were discussed in [21,
16, 22] and [23, 24], respectively, while rectifiers with a larger
number of pulses were considered in [25, 26].

A common feature of the proposed topologies is the pos-
sibility of building the converter using conventional two-level
modules. The p—pulse converter requires k = -2 basic mod-
ules (for the 3-phase system p,, is equal to 6) and other com-
ponents, such as transformers [27, 28, 29], autotransformers
[21, 12, 30] or coupled reactors [31, 7, 32]. The main ad-
vantages of the coupled reactors is the lower price and vol-
ume compared to the topolgies using transformers or auto-
transformers. A disadvantage is that the coupled reactors do
not provide galvanic isolation.

The coupled reactor circuit parameters have to be adaptedy
to the number of pulses. An important design parameter is the
angle ¢ defined by

2z
Pm - k
and determining the shift between converter control signals.

¢ 2

In particular, the required windings turns ratio for the cou-
pled reactors can be calculated using this parameter. A variety
of other parameters of the integrating elements depend on the
specific requirements of the particular application (frequency,
power, max voltage, symmetry or asymmetry). The discussion
of these aspects is not covered in this paper.

3. THE MULTILEVEL VOLTAGE SOURCE INVERTER WITH
COUPLED REACTORS

INVERTERS . COUPLED REACTORS LOAD
log = — VPS = >0 - A
V AV AV, AVy Vo
Vi-V, Ves- V3

Fig. 2. Vectorial equivalent circuit of the multilevel voltage source in-
verter based on 18-pulse topology.

Multipulse topologies have also been proposed for the DC-
AC conversion [10, 9]. The relatively low commutation fre-
quency and the good quality of output signals are great advan-
tages of these solutions. However, the complicated topology
leads to difficulties in the control of the output voltage—and
this is an aspect which has not received sufficient attention.

The total number of switching state combinations for the m-
pulse inverter with an /-level module is /Z . The considered 18-
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pulse inverter consists of three 2-level inverters, which means
2% =512 possible states. Using 3-level inverter modules would
result in 3° = 19683 possible states.

Concerning the "m-pulse" qualifier used to define the con-
verter topologies, it has a clear meaning in the case of diode
or thyristor AC-DC converters (it indicates the number of sec-
tions of the input AC voltage, called "pulses", transferred to the
DC output). For DC-AC inverters this idea of pulses is much
less tangible, but can still be used as a constructional parameter
of the inverter.

A complete schematic of the 18-pulse MVSI-CR is shown
in Fig. 1, while Fig. 2 defines the vectorial notation of voltages
used in the following analysis. The output voltage is generated
using three 2-level inverters and two kinds of coupled reactors:
the phase shifters and the current mergers. The output voltage
can be expressed as

Vo = Vps +AV; 3

The detailed analysis of the output voltage synthesis is pre-
sented in [33]. The phase shifters output voltages can be de-
scribed by

.\ N N N Na + Ny

Vps =V — (V) —Vp) —2T B _

ps =Vi— (Vi —Vh) 2 NatNg @
PN _ Np
Vi—V)al. — 5
Vi=V2) e e

where

‘71 - Uy- ej%-ent[%(wt-ﬁ-qﬁ)]
U, = Uy-eldelze-e) (5)

Unt - ej%ent[%a)t]

Considering the current mergers as voltage dividers, Vps can
be expressed by

N . N .\ N N
AV3 = V3 — Vps — (V3 — Vps) - NCTCND (6)

Substituting the above relationship into equation 3, we obtain
Nc
Nc+Np
According to the analysis presented in [12, 33] for the 12-pulse

topology, the required turns ratio of the reactor coils can be
expressed by the following formulas:

Vo =V3— (V53— Vps) - (7

Ny _ sin(z'T”—dJ)
Ng T sin(¢) 8
Ny = Na+Ng

where Ny, Na, and Np represent the primary, secondary, and
tertiary windings of the phase shifters, respectively. The turns
ratios of the current mergers can be evaluated based on the
phasor diagram shown in Fig. 3 (for ¢ =20°):

€ 2. cos(9) ©)

where Nc and Np, refer to the primary and secondary windings
of the current merger.

Fig. 3. The phasor diagram of the current merger.

Taking into account the above relationships, the required turns
ratios are found to be

% = 1.88 (10)
N¢
N = 188

The absolute numbers of turns depend on a variety of param-
eters, such as the inverter power, currents, output frequency,
and the properties of the magnetic material. The details of the
coupled reactors design are not in the scope of this article.

For the sake of implementation, it is convenient to express
the vector equations in the matrix format. Based on Eq. (4)
and (5), the voltages of the phase shifters can be expressed as

UpSa Uy Ulp — U  Ula — U2, 1
upsp | = | uic Ulc—Uze U — Udp —ki
Upsc Uia Ulg— Uy Ul — U —k

while Eq. (7) (describing the voltage at the output of phase
shifters and the inverter) can be converted to

UCMa U3a  U3a — UPSa 1

ucmp | = | usp uzpb—upsp | - L (12)
—k3

UCMec U3zc  U3c — UPSc

Based on Eq. (4) and (3), the coefficients in the above equa-
tions can be calculated as

NA+N;
ki = 2_,%,3}3 =0.605
e = mmbw =02101 (13)
ks = oo =0.6528

The space-vector diagram—as shown in Fig. 4—can be di-
rectly obtained using Eq. (12) and the Clarke transform

v 2 1 1 UCMa
[V“][g I _?]- HCMb (14)
b V3 V3 UCMc

The proposed topology, based on three conventional voltage
source inverter modules, permits generation of AC voltages
with variable amplitude and frequency. However, it is not an
AC voltage source with a linear range of output voltage. In
general, the output voltage hodograph can take the form of an
eighteen-sided convex polygon (18-gon or octadecagon), and
in some cases it can be a thirty-six-sided polygon (36-gon or
triacontahexagon). The selection of inverter basic vectors es-
sentially relies on the criterion of proximity between the refer-
ence vector and the available basic vectors. Moreover, appro-
priate use of redundant states should be made to minimize the
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Fig. 4. Space-vector diagrams and the phase output voltages for multipulse systems: (a) 12-pulse, (b) 18-pulse, (c) 24-pulse.

switching frequency and optimize the reactor magnetic flux in
phase shifters and current mergers.

4. COARSELY QUANTIZED PULSE AMPLITUDE MODULA-
TION

The space-vector diagram of the 18-pulse topology consists of
512 inverter states in total, while the number of unique voltage
vectors is equal to 343. Redundant inverter states have been an-
alyzed and selected according to the minimum switching fre-
quency and zero-average value of magnetic flux in the reactors.
The magnetic flux has been estimated by simulation. Finally,
the states have been grouped into collections corresponding to
the modulation index defined by

_ va
Upc

where V;,, stands for the magnitude of the basic inverter vector.
Table 1 shows the available modulation indices, the total num-
ber of corresponding states, the number of redundant states,
and the number of switchings within the fundamental period.
To each modulation index there corresponds its switch state
table. The discrete regulation of the output voltage is possible
from m, = 0.08, which is 8% of the DC-link voltage, to m, = %
which is 66.67% of the DC-link voltage.

The CQ-PAM switching sequence is performed according
to the criterion of the minimum distance between the reference
voltage vector vr and the available basic vectors. As a first
step, an indicator (ppin) of the appropriate collection of basic

15)

my

Table 1. The properties of the modulation indices of the considered
inverter.

The number of The number of

e A e i

given collection states subsets fun:ea:;:)e‘;llal
0 8 8 1 |
0.0803 36 2 18 6
0.12296 18 1 18 5
0.1505 18 1 18 7
0.15826 36 2 18 5
0.2032 18 1 18 7
0.23 72 4 18 3
0.2802 36 1 36 9
0.2974 36 2 18 5
0.312 18 1 18 5
0.35464 36 2 18 4
0.37663 36 1 36 9
0.4349 36 2 18 4
0.456 36 2 18 3
0.51122 36 1 36 7
0.586 18 1 18 3
0.6667 18 1 18 1

vectors is found based on the comparison between the magni-
tude of the reference vector Vi and the available magnitudes
of basic vectors:

Pmin = argminma |Vref —mg- UDC| (16)
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Fig. 5. lllustration of the output phase voltage levels.

Then, for the selected ppin, the particular basic vector is se-
lected based on the minimum-distance criterion:

(Va, VB )min = argmin(vwl3 ) \/(Vrefa —ve)+ (Vrefﬁ — Vﬁ)2
(17)

5. SIMULATION RESULTS

The proposed concept of MVSI-CR based on 18-pulse topol-
ogy, shown in Fig. 1, has been verified using the PSIM11
simulation software and the Matlab environment. An impor-
tant feature of the proposed solution is the ability to generate
the multi-phase quasi sinusoidal output voltage. However, this
is not a smooth regulation. The voltage amplitude can take
one of 16 discrete values, which is illustrated in Fig. 5 (to
achieve smooth amplitude regulation, the pulse width modula-
tion techniques can be considered). Table 1 shows the number
of switchings in the fundamental period of the generated wave-
form for each range of the output voltage.

The currents are shown in Fig 6. As can be seen, all 6-pulse
modules are equally loaded, which confirms the consistency of
the proposed modularity concept. The synthesis principle of
the load current in phase a is illustrated in Fig. 6; as can be
seen, the currents are phase-shifted by ¢ = 20°, as expected.

As mentioned in the previous section, redundant states exist
for some modulation indices, which can be used for the con-
trol of magnetic flux in phase shifters and current mergers. All
collections of basic vectors permit the average flux equal to 0
in every period of the output voltage. However, for some mod-
ulation indices the corresponding collections of basic vectors
may include two or four subsets of redundant states (leading to
the same output voltage, but different flux values as presented
in Fig. 7. This property can be useful in the case of asymmetric
loads.

6. LABORATORY TEST RESULTS

Laboratory tests have been performed using the prototype of
the MVSI-CR illustrated in Fig. 8. The most important cir-

cuit and control parameters have been presented in Table 2.
The control board contains a two-core Texas Instruments digi-
tal signal processor TMS320C6672 and an Intel programmable
logic device CYCLONE V. The presented coupled reactors
have been designed for 50 Hz fundamental frequency. Obvi-
ously, for greater fundamental frequencies these constructions
will be much smaller. Measurements were taken by means of
a Tektronix MDO4104B-3 Oscilloscope and a ZES Zimmer
LMG670 Precision Power Analyzer. Three two-level inverters
with nominal power of 7.5 kVA were used as modules My, M|,
and M; (cf. Fig. 1).

0bs 11b: 12b %as Uas P20 Les Ves 12

5.
0.020 0025 0.030 0035 0.040 0.045 0.050 0.055 0.060
t [s]

Fig. 6. Currents of the modular inverters and the phase a output cur-
rent, and phase a modules currents.
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Fig. 7. Phase voltages for m, = 0.4349, interpolated fluxes of CM and
PS for basic vectors scheme, and scheme with redundant states.
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Fig. 8. A laboratory prototype of the 18-pulse inverter with coupled
reactors.

Table 2. Experiment circuit diagram and modulation parameters.

Symbol Value Description

P, 21.5 kW Nominal total inverter power
Upc 140V DC source voltage

R 156 Q load resistor

L 3 mH load inductor

fo 50Hz, 200 Hz  output frequencies
Na 290 PS winding A turns
Np 154 PS winding B turns
Ny 444 PS winding X turns
Nc 292 CM winding C turns
Np 155 CM winding D turns

An important characteristic of the MVSI-CR system is the
ability to immediately change the output voltage amplitude
without undesirable transients, as presented in Fig. 9. As can
be noticed, the rapid change from the minimum modulation in-
dex to the maximum value does not constitute a problem. In
addition, the frequency of the generated voltage can be fully
controlled. A rapid change in frequency is shown in Fig. 10.
A fast change of the fundamental frequency can be useful in
some high-frequency applications, such as induction heating.

The proposed solution contains three identical inverters op-
erating under similar conditions. The RMS values of inverter
currents are the same for all modules. Example current wave-
forms of module M2 and the load current in phase a are shown
in Fig. 11. Thus, the correct and balanced operation of all
modules has been confirmed experimentally. Currents in the
other modules look the same, except for the phase shift by +
20°.
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Fig. 9. Rapid change of the modulation index from the minimal to the
maximal value.
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Fig. 10. A rapid step-change of the reference frequency.
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Fig. 11. Phase a current and M, module currents of MVSI-CR for m, =
0.312, f, =50 Hz.
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Fig. 12. Experimental results comparison for 50 Hz and 200 Hz.
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Further tests were intended to verify correct operation of the
proposed solution for two fundamental frequencies, 50 Hz and
200 Hz, and a full range of available modulation indices, from
m, = 0.08 to m, = 0.67. For the sake of easy examination, the
example waveforms are shown on one page.

All multi-pulse phase voltages, shown in Fig. 12, are formed
according to the proposed approach of low-switching modula-
tion. The overvoltage spikes observed in Fig. 12a and Fig. 12b
do not affect the load currents. Note that the magnitudes of the
spikes are less then DC voltage and the results were obtained
for very low reference voltage.

The harmonic spectra were also measured using a dedicated
hardware analyzer. The results are shown in Fig. 12g for 50
Hz and Fig. 12h for 200 Hz, respectively. As predicted by
the proposed formula (1), the 17th and 19th harmonics are
the dominating distortion components. As expected, the THD
value increases as the output voltage decreases. Notably, the
36-pulse voltage waveform exhibits a lower THD compared to
the 18-pulse output voltage waveform, even though there are
more switch commutations per period at the 36-pulse case.

7. CONCLUSIONS

The discussed solution uses the multilevel voltage source in-
verter based on 18-pulse topology with two types of coupled
reactor circuits - the phase shifters and the current mergers. An
appropriate arrangement and connection of these circuits per-
mit the multi-pulse synthesis and can be a justifiable alterna-
tive to the transformer-based solutions. The proposed inverter
allows smooth frequency control and coarsely quantized am-
plitude regulation with low switching frequency, which means
that it can be implemented using standard IGBT modules. This
kind of topology can be an appropriate choice for a variety of
high-frequency applications, notably those indicated in the in-
troduction. The modularity of the MVSI-CR is an important
advantage in its own right.

In the case of applications requiring precise amplitude con-
trol, a narrow-range DC-link regulation can be additionally
employed. Alternatively, additional use of PWM or PDM can
be considered. These aspects require further studies.

The practical application of the proposed concept also re-
quires validation research, which includes the load asymme-
try, the efficiency tests, the use of multi-level inverters as the
MVSI-CR modules, or and the saturation phenomena.
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