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Bazamopienesi aemonommni nepemeoprosaui
Hanpyeu 3nHaxodsmv 6ce OibWL WUPOKe 3ACMOCY-
8aHHSL Y NPOMUCTOB0CMI, a came: Y 6impogill ma
COHAUHII eHepeemuui, 6UCOKOBOILIMHUX NIOCMAH-
UIAX, Y NPOMUCTIOBUX MA MAZOBUX eJleKMmPOnpu-
6odax. Bazamopisnesi ineepmopu y nopieuanui 3
deopisHesumu ingepMOpAMU MAIOMb PAO IHAUHUX
nepeeaz, a came, Ginbuwa GUXIOHA NOMYICHICMD,
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MOHIK Y HABAHMAINCEHHI MA MePeNCi IHCUBTEHHS.
3MeHuwenHs 6MICMY SUWUX 2aPMOHIK BUXIOH020
cmpymy Oazamopisiesozo ineepmopa Gesnocepeo-
Hb0 3HUIICYE 000amK06i 6Mpamu 6 HABAHMAICEHHT
ma nidsuwye 3azanvie snavenns KK/J.

IIposedene Oocaidvcenns wecmupienesozo
MOOYNbHO20 THEEPMOPA NOKA3AIL0, WO ATZOPUMM
npoCMoposo-eeKmopHoi Mooynsauii euxaukae ouc-
bananc nanpyeu na xonoencamopax xomipox. Ilpu
UbOMY HANpYyea HA NONOGUHI KOMIPOK NPAMYE 00
HYNA, A HA THWIE NONIOGUHT KOMIPOK 30LMbUYEMbCA
6060€, WO NPuU360OUMs> 00 3HAYH020 CROMEOpPEH-
Ha euxionoi nanpyeu. Ipedcmasneno npununu uici
Hecmabinvhocmi, a maxojyc 600CKOHAIEHUL NPO-
CMOPo6o-6eKMOpHULL anzopumm Mmooyasuii baea-
mopienesoz0 nepemeoprosaya, wo 00360J5€ cma-
oOiisyeamu Hanpyey 6 KOMipKax.
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MU KepyeanHs 3a ymoGu 6i0XUNEHHS HANpYeu HA
KoMipui euwe abo nuxcue 3a0am0z0 0ONYCMUM020
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Y npoepami Matlab 2017b nposedeno imima-
yitine M00eI06AHHS UeCMUPIGHe8020 iHEEPMOPA
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NOHOBANH020 AJI2OPUMMY MOOYNAUTT
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1. Introduction

In recent years, powerful semiconductor converters of the
new type in industry have been widely used in industry —
modular multilevel converters [1, 2].

The modular multi-level inverter (MMI) has the follow-
ing advantages compared to other inverters:

— the possibility of using power circuit breakers of lower
classes in high-voltage converters, including switches based
on gallium nitride (GaN) and silicon carbide (SiC) [3];

— the capability of switches operation at lower switching
frequencies compared to classical multilevel voltage converters;

— structural modularity and scalability;

— the improved reliability of the inverter as MMI can
function even in case when individual modules fail;
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—the enhanced efficiency due to an increase in the
number of levels (modules) of MMI and a reduction in the
frequency of key switching;

— significant reduction in higher harmonics that makes it
possible to use filters with smaller mass dimensions;

— MMI makes it possible to combine asynchronous pow-
er grids without increasing a short-circuit power.

The first high-voltage DC line with modular multilevel
inverters that connected the cities of Pittsburgh and San
Francisco in California, USA, in 2010, was designed and im-
plemented by Siemens [4]. The line has a capacity of 400 MV-A
at voltage £200 kV. Paper [5] describes other implemented
projects in Europe and China that involved MMI.

In general, modular multilevel inverters are a prom-
ising topology, which has already been widely used in



the high-voltage DC systems produced by SIEMENS and
ABB [6]. It is also promising to apply MMI in high-voltage
electric drives [7].

Fig. 1 shows the circuit of a three-phase six-level modular
multi-level inverter. The three-phase frequency transducer
(rectifier, direct current circuit, inverter) was constructed
based on a modular topology. The alignment reactor L, is
included in each link of the circuit.

Id
e
CELL CELL CELL
I 13 25
CELL CELL CELL
2 14 26
CELL CELL CELL
3 15 27
CELL CELL CELL
4 16 28
CELL CELL CELL
5 17 29
CELL CELL CELL
6 8 30
L, L, L, U

L, L, Ly

CELL CELL CELL
7 19 31

CELL CELL CELL
8 20 32

CELL CELL CELL
9 21 33

CELL CELL CELL
10 22 34

CELL CELL CELL
11 23 35

CELL CELL CELL
12 24 36

Fig. 1. Three-phase six-level modular inverter

The possibility to implement a large number of levels
ensures high sinusoidal output voltage, which also ensures a
reduction of power losses due to higher harmonics [8].

Cells can be built based both on a half-bridge scheme
(Fig. 2, a) and the full-bridge one (Fig. 2, b) [9, 10].

VT | 2NN VT3JL%2;
C —— C —— 77
VT2 | V2 | ij[gﬁ
a b

Fig. 2. Topology of MMI cells:
a — semi-bridge cell; b — full-bridge cell

Each scheme of the link has its advantages and disadvan-
tages. The full-bridge scheme is more expensive but it makes
it possible to better control and stabilize voltage on the cells.

The half-bridge scheme is cheaper but voltage stabilization
in cells is more difficult [11, 12].

Along with a series of advantages, modular multilevel
inverters have a disadvantage, which is the need to stabilize
voltage in individual cells of the transducer, which predeter-
mines the relevance of our work.

2. Literature review and problem statement

Control systems for modular multilevel inverters are a
very important component, since they strongly affect quality
indicators of electricity and power losses. Existing control
systems based on the pulse-width and space-vector mod-
ulation in MMI have a series of drawbacks. Thus, existing
modulation algorithms predetermine deterioration in elec-
tric energy quality indicators and the need to use a voltage
stabilization algorithm on capacitor cells [13].

Paper [14] stated that in a modular five-level inverter,
when using a space-vector PWM, the disbalance of voltages
on capacitor cells amounts to 25...40 %. This causes deteri-
oration in the quality of output voltage at which the coef-
ficient of harmonic distortions worsens from 9 % (without
imbalance) to 32 % (under a disbalance mode).

The results from studying voltage instability on the
capacitor cells in multi-level modular inverters with a con-
trol system based on a sinusoidal pulse width modulation
(SPWM) are reported in article [15]. It is shown that in the
absence of a voltage stabilization algorithm there would be
a disbalance in the control system, at which every 0.05 sec-
onds voltage on the cells would deviate by =10 %.

Work [16] demonstrated that SPWM makes it possible
to implement the amplitude control of the first harmonic of
output current, which is necessary in the scalar and vector
control in an asynchronous electric drive [17, 18]. The dis-
advantages of SPWM were defined, specifically the high
frequency of power keys switching, which leads to heating
the semiconductor elements, to an increase in dynamic
losses and, consequently, to a decrease in efficiency of the
inverter with respect to space-vector PWM by 3...4 % [19].
In addition, studies [15, 17, 19] do not present the results of
the MMI operation in the long-term mode and do not define
the effect of a PWM algorithm on voltage stability on the
MMI capacitors.

Papers [20, 21] reported studies in the operation of
modular multilevel inverters with other topologies with a
space-vector pulse width modulation (SVPWM), which
confirmed the instability of the output voltage. However,
the disadvantage of the cited publications, as well as pa-
pers [22, 23], is a lack of the description of a voltage stabili-
zation algorithm on the capacitors of MMI cells.

The scientific literature describes different voltage stabi-
lization algorithms on MMI cells, but they have different dis-
advantages. Thus, in a system given in [24] there is a need to
use a phase auto-adjustment of frequency, synthesis of trans-
mission functions of regulators. A stabilization algorithm out-
lined in [25] implies solving differential equations associated
with a space-vector conversion of the abc-dg coordinates in
real time. Study [26] reports a stabilization algorithm, whose
disadvantage is the impossibility to stabilize voltage at spa-
tial-vector modulation. Such stabilization algorithms consid-
erably complicate the control system for a modular multilevel
inverter and make it more expensive. Paper [27] gives a sta-
bilization algorithm that operates on the principle of sorting



and selecting cells with the least voltage. The disadvantage of
this algorithm is a significant number of iterative computing
and a large number of feedbacks equal to number of cells in the
converter, which can reach more than 600 units.

Thus, there is a task to construct a method for stabilizing
the voltage with a reduced number of mathematical calcula-
tions, with a reduced number of feedbacks and a capability
to work with space-vector control systems.

3. The aim and objectives of the study

The aim of this work is to study patterns in the opera-
tion of a voltage stabilization algorithm on capacitor cells in
modular multilevel converters, which would eliminate the
shortcomings of algorithms reported in [26, 27].

To accomplish the aim, the following tasks have been set:

voltage on certain cells grows more relative to the rated one,
and on other cells voltage drops below the rated one and de-
creases over time to zero, which is confirmed by an imitation
simulation.

X . s -4-F
— to analyze and define the causes of voltage instability
on MMI cells under a classical SVPW M,; . ‘ ‘
— i i ili- -6 G ; :
— to examine the proposed algorl.thm for voltage stabili 0 0,005 0010 0015 0.020
zation on the cells of a modular multilevel inverter;
— to confirm operational capabilities of the Fig. 3. Sinusoidal PWM for a six-level inverter
proposed algorithm by simulating the six-level
MMTI in the MATLAB 2017b software. VECTOR 0
Cell 1 | Cell2 | Cell3 | Cell4 | Cell5 | Cell6 | Cell 7 | Cell8 | Cell9 | Cell 10| Cell 11| Cell 12
4. Modulation algorithms in modular VECTOR 1
multilevel inverters Cell 1 | Cell2 | Cell3 | Cell4 | Cell5 | Cell6 | Cell7 | Cell8 | Cell9 | Cell 10| Cell 11| Cell 12
o . . VECTOR 2
Similarly to classic multilevel autonomous
voltage inverters with locking diodes, MMI- | Celll | Cel2 | Cell3 [ Cell4 | Cell5 | Cell6 | Cell7 | Cell8 | Cell9 | Cell 10| Cell 11 Cell 12
converters can operate both upder a mode of VECTOR 3
sinusoidal width-pulse modulation and under a
. Cell 1 | Cell2 | Cell3 | Cell4 | Cell5 | Cell6 | Cell7 | Cell8 | Cell9 | Cell 10| Cell 11| Cell 12
space-vector modulation mode [28, 29].
The space-vector modulation mode pro- VECTOR 4
vides for a series of advantages, such as high | o1 | eir2 | celis | celr4 | Cells | Cell6 | Celi 7 | Celi§ | Celi9 | cell 10| cent 11| ceil 12
power, lower switching frequency of power
switches, which results in the improved effi- VECTOR 5
ciency [30, 31]. Cell1 | Cell2 | Cell3 | Cell4 | Cell5 | Cell6 | Cell7 | Cell8 | Cell9 [Cell 10| Cell 11| Cell 12
Each phase of the six-level MMI converter VECTOR 6
consists of twelve cells. At the same time, it is
possible to implement Six different potentials Celll | Cell2 | Cell3 | Cell4 | Cell5 | Cell6 | Cell7 | Cell 8 | Cell9 |Cell 10| Cell 11| Cell 12

of output voltage in each phase. In this case,
each switching state of transistors, which trig-
gers its output potential in a phase, is called a
vector [32, 33].

The principle of forming a sinusoidal flat-shifted pulse-
width modulation is shown in Fig. 3 [34, 35].

Switching states of power keys that underlie vectors in
a classic space-vector modulation are shown in Fig. 4, where
green color denotes the enabled status of the cell, that is,
enabling the transistor VT1 [36].

The switching states of key control under a space-vec-
tor width-pulse modulation (SVPWM) in three phases are
shown in Fig. 5. The period of output voltage (one circle of
a single space vector) consists of 36 temporary intervals,
each of which is determined by the state of one of the three
vectors, which determine the numbers of the enabled tran-
sistors [37, 38].

An analysis of output voltage formation intervals, which
consists of 36 time intervals, has revealed that cell No. 1
includes 9 intervals, and cell No. 4 includes 15 intervals.
Uneven loading of the MMI converter cells leads to that

Fig. 4. Switching states of power keys of the six-level inverter cells
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modulation



5. Simulating a modular multi-level inverter

We have designed a model of the modular multi-level in-
verter in the simulation environment MATLAB/SIMULINK.
The MMI converter cells are constructed in line with a half-
bridge topology. Simulation model parameters are given in

Table 1.

Simulation was conducted under condition that at the
start time all the capacitors of MMI converter cells are

charged to the voltage of 2 kV.

The developed simulation model of a modular six-level

inverter is shown in Fig. 6.

Table 1
Simulation model parameters
Parameter Value
Voltage in a DC circuit, kV 8
MMI cell capacitor capacity, mF 1
Voltage on MMI cell capacitor, kV 2
Active load resistance, Ohm 20
Inductive load resistance, mH 0.1
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Results from simulating the MMI operation, specifi-
cally voltage on cells 1, 2, 3, 4, 5, 6 under a mode of classic
space-vector modulation are shown in Fig. 7.

u,v
4,000

3,000
2,000 ]

Voltage on cell 1

S

Voltage on cell 2

2,000
1,000
0

Voltage on cell 3

2,000
1,000
0

Voltage on cell 4

4,000
3,000
2,000

Voltage on cell 5

2,000
1,000
0

Voltage on cell 6

4,000
3,000
2,000

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5 s

Fig. 7. Voltage on capacitors 1, 2, 3, 4, 5, 6 of MMl cells in
the implementation of the algorithm of classic space-vector
modulation

It was established during the simulation that at the spec-
ified parameters for the circuit voltage on cells 2, 3, 5 in the
transducer operation was dropping over 5 seconds to zero,
while voltage on cells 1, 4, 6 doubles (from 2 kV to 4 kV).
Voltage on the cells of other phases perform similarly.

The voltage drop on the capacitors of half the cells of
the MMI-converter leads to the reduction of steps in the
formation of output voltage, which leads to deterioration of
the sinusoidal operation of the output voltage, since half of
the cells does not work in this case.

The shape of output voltage in the MMI phase, as well
as its Fourier-analysis at the initial moment of transducer
operation and after 5 seconds of its work, are shown in
Fig. 8.

Fig. 8 shows that the shape of MMI output voltage over
the time of a voltage drop on the capacitors of cells is signifi-
cantly deteriorating. This is due to a decrease in the number
of levels in the output voltage formation, and consequently
leads to significant deterioration of the sinusoidal output
voltage (Fig. 8, b). This leads to an increase in the content
of higher harmonics and additional power losses associated
with them [39]. A similar phenomenon occurs at a sinusoidal
PWM [40].

Thus, it was established that the classic SVPW M prede-
termines the voltage instability on the cells of a MMI con-
verter and causes a significant deterioration in the quality of
output voltage.

6. A space-vector modulation algorithm with voltage
balancing function on MMI cells

The improved algorithm of SVPWM has been proposed,
which ensures the balancing of voltage on the MMI cells.
Due to the fact that MMI is based on the principle of a con-
trolled capacitive voltage divider, then, to form the required
potential of output voltage in the phase, of importance is the
ratio of enabled cells in the upper and lower shoulders. That
is, the following combination of enabled and disabled keys
will form the same output voltage potential.

As shown by simulation of the classic PWM algorithm,
voltage on cells 1, 4, 6 increases, while voltage on cells 2, 3, 5
decreases to zero. Thus, if all vectors replace the switching
states in the pairs of registers 1-2, 3—4, 5-6, 7-8,9-10, 11-12
then a given algorithm implements the reverse dynamics of
voltage on the MMI cells. The space vectors system, which
triggers the reverse dynamics of voltage on the MMI cells,
is shown in Fig. 9.

The simulation results of a six-level inverter in the im-
plementation of the timeline, which includes the inverse
vectors, are shown in Fig. 10.

Signal mag. Signal mag.
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Fig. 8. The shape of output voltage in MMI converter and its Fourier-analysis when using a classic space vector PWM:
a — at the initial time of MMI operation; b — 5 s into the scheme’s operation



VECTOR 0

Cell 1 | Cell2 | Cell3 | Cell4 | Cell5 | Cell6 | Cell7 | Cell8 | Cell9 |Cell 10| Cell 11 | Cell 12
VECTOR 1

Cell 1 | Cell2 | Cell3 | Cell4 | Cell5 | Cell6 | Cell7 | Cell8 | Cell9 |Cell 10| Cell 11| Cell 12
VECTOR 2

Celll | Cell2 | Cell3 | Cell4 | Cell5 | Cell6 | Cell7 | Cell 8 | Cell9 |Cell 10| Cell 11| Cell 12
VECTOR 3

Cell1 | Cell2 | Cell3 | Cell4 | Cell5 | Cell6 | Cell7 | Cell8 | Cell9 |Cell 10| Cell 11 | Cell 12
VECTOR 4

Celll | Cell2 | Cell3 | Cell4 | Cell5 | Cell6 | Cell7 | Cell8 | Cell9 [Cell 10| Cell 11| Cell 12
VECTOR 5

Cell1 | Cell2 | Cell3 | Cell4 | Cell5 | Cell6 | Cell7 | Cell8 | Cell9 |Cell 10| Cell 11 | Cell 12
VECTOR 6
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Fig. 9. Switching states of MMI cells, defining the inverse vectors 0, 1, 2, 3, 4, which cause the inversion of growth /descent of
voltage on cells
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Fig. 10. Voltage on capacitors 1, 2, 3, 4, 5, 6 of
MMI cells in the implementation of a space-vector
modulation algorithm

As is evident from the simulation results, the replace-
ment in the vectors of values for pairs of cells 1-2, 3—4, 5-6,
7-8, 9-10, 11-12 resulted in the inverse dynamics of the
voltage change on the MMI cells.

Alternate switching of modulation algorithms leads, ac-
cordingly, to the growth and decrease in voltage on the MMI
cells. As a result, it turns out that the voltage on the cells of
MMI capacitor is stabilized (Fig. 11).

Thus, it is possible to set the control over hysteresis on
the voltage of MMI cells at reaching the threshold level of
voltage deviation in a cell relative to the predefined value.

The principle of voltage stabilization on the MMI cells
by switching the switching tables was confirmed by the
simulation results. In this case, the permissible threshold of
deviation on a cell is set at 2,000+150 V.
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Fig. 11. MMI cell voltage after balancing by alternately
switching while setting the permissible deviation £150 V

Fig. 11 shows that voltage on the MMI elements does
not deviate from the predefined value. In the course of sub-
sequent modeling it was found that even after 60 s of MMI
operation voltage on the cells does not deviate above the
permissible value. Thus, when assigning a rather low permis-
sible voltage deviation on MMI cells, it becomes possible to
ensure almost the absence of significant voltage deviations
(Fig. 12).

The simulation results demonstrated that the use of the
proposed voltage stabilization algorithm on MMTI cells by
balancing makes it possible to achieve, at the predefined
simulation parameters, a voltage deviation of £50 V, which



predetermines a pulsation coefficient of 5 %. Further lower-
ing of pulsations could be achieved by increasing the capac-
ity of the cells.

u,v Voltage on cell 1

7. Discussing the results of studying
the proposed control system

This paper reports results of our examination
of the improved space-vector modulation algo-
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zation of voltage on the MMI cells, are achieved
by means of an alternating transition from

0

the SVPWM system involving classic vectors

Voltage on cell 3

to the system with inverse vectors (Fig. 11).

2,000

The effect of stabilization is explained the fact
that the proposed mode employs the inverse

1,000
0

vectors system, which makes it possible to

Voltage on cell 4

change the voltage dynamics on the MMI ca-

2,000 =S
1,000

pacitors (Fig. 9).
Special feature of this study is that in order

0

to confirm the effect of voltage stabilization

Voltage on cell 5

by applying the proposed modulation algo-

2,000

rithm we performed simulation of electromag-
netic processes in a three-phase modular in-

1,000
0

verter in the MATLAB/Simulink environment

Voltage on cell 6

(Fig. 6-8, 10-13).

2,000
1,000

The limitation of this work is that the

0

designed simulation model works adequately
only under the rated modes, while emergency
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Fig. 12. MMI cell voltage after applying the new balancing algorithm

The shape of output voltage in a modular six-level invert-
er after 50 seconds of its operation in the implementation of
the proposed control algorithm with an alternate switching
of switching tables is shown in Fig. 13.
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Fig. 13. The shape and harmonic analysis of output voltage
of a six-level inverter in the implementation of the proposed
control approach

As one can see from Fig. 11-13, the proposed algorithm
ensures the stability of voltage on the cells of a MMI con-
verter and does not cause any deterioration in the output
voltage shape over time.

55 s X .
regimes, under which the voltage values exceed

the rated values, would be inadequately reflect-
ed by the model.

The disadvantages of the study are the lack of descrip-
tions of an automatic adjustment system for a modular
multi-level inverter.

The developed algorithm for stabilizing the voltage on
MMI cells is recommended for practical use in engineering
projects. In this case, a practical advantage of the proposed
stabilization algorithm over known algorithms [24-27]
is the possibility to simplify the control system, that is, it
would need a smaller number of mathematical calculations
(microprocessor could be simplified and be less expensive)
and a smaller number of feedbacks (fewer analog-to-digital
converters). Thus, this would lead to a much lower cost of
the transducer. The quality of the output voltage does not
deteriorate in this case (Fig. 8, a, Fig. 13).

Scientific novelty of our research relates to that the new
method (new approach) of voltage stabilization on capacitor
cells in modular multi-level converters has been proposed,
based on the creation of a space-vector modulation with the
inverse vectors system. The advantage of the proposed meth-
od is fewer mathematical calculations and fewer feedbacks.

The further advancement of our research necessitates con-
ducting an experimental study, which implies the development
of prototype samples with microprocessor control systems.

8. Conclusions

1. It has been shown that the implementation of a classic
space-vector PWM is accompanied by an unbalanced load-
ing of MMI cells, which results in voltage disbalance on the
capacitors of cells and, consequently, deterioration of output
voltage quality.



2. We have proposed using inverse vectors, which
implement the replacement of switching states in pairs
of cells 1-2, 3—4, 5-6, 7-8, 9-10, 11-12. Application of
inverse vectors causes the reverse dynamics of voltage
change on the MMI cells. To stabilize voltage on the cells
of MMI, an operation mode has been proposed, under
which, over time, there is an alternate transition of oper-
ation from a SVPWM system with classic vectors to the

system with inverse vectors. The transition occurs under
a condition of voltage deviation on a MMI cell above or
below the specified permissible level.

3. To confirm operability of the proposed algorithm, a
simulation model of a modular six-level inverter was devel-
oped in the MATLAB 2017b software. The constructed
model has confirmed efficiency of the proposed voltage sta-
bilization algorithm on MMI cells.
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