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Multilevel Power Converter Based on a Three Single-Phase
Voltage Source Inverters

Abstract. In this paper it is proposed a new three-phase multilevel power conversion structure. This structure uses a three single-phase voltage
source inverters and Scott transformer. The structure composed by the three single-phase voltage source inverters has two single-phase outputs.
These outputs will connect to the Scott transformer. This transformer allows deriving two-phase voltage to a three-phase source. The proposed
multilevel power conversion structure allows obtaining a five-level three-phase inverter. To control the proposed power converter it is used a sliding
mode controller with a vectorial modulator. Several test results of the proposed converter structure with their control system are presented. From the
obtained results it is possible to confirm the voltage multilevel waveforms and the effectiveness of the proposed control system technique.

Streszczenie. W artykule zaproponowano nowg strukture wielopoziomowego przeksztatcania energii elektrycznej. W strukturze tej uzyto trzy
Jjednofazowe falowniki napigcia oraz transformator Scotta. Struktura ta posiada dwa jednofazowe wyjscia. WyjScia te sg potgczone z
transformatorem Scotta. Transformator ten umoZliwia zamiane napie¢ dwufazowych na napiecia tréjfazowe. Proponowana struktura
multipoziomowego przeksztatcania energii elektrycznej umozliwia otrzymanie tréjfazowego, pieciopoziomowego falownika napiecia. W uktadzie
sterowania wykorzystano sterowanie $lizgowe (sliding mode) z modulatorem wektorowym. Zaprezentowano kilka wynikéw badar proponowanej
struktury z uzyciem tego typu uktadu sterowania. Z otrzymanych wynikéw mozliwe jest potwierdzenie uzyskania napie¢ wielopoziomowych oraz
efektywno$ci proponowanego uktadu sterowania. (Przeksztaftnik wielopoziomowy bazujacy na trzech jednofazowych falownikach napiecia).

Keywords: Multilevel converter, Scott transformer, sliding mode controller.
Stowa kluczowe: Przeksztattnik wielopoziomowy, transformator Scotta, sterownik $lizgowy.

Introduction

The standard three-phase inverter has been used in
many distinct applications, however its use is quite limited,
particularly regarding its output voltage levels, since it only
allows three phase-to-phase output voltage levels. In order
to obtain more output voltage levels one can use multilevel
inverters, which has been used in several industrial
applications over the last decades. From the industry point
of view these converters present several attractive features,
like reduced current and voltage harmonics on the ac side,
high voltage capability and low dv/dt's. These power
converters have been extensively studied, not only
regarding topology but also their modulation strategy and
performance. Several multilevel topologies have been
proposed, where the most relevant are: the neutral point
clamped [1]-[4], the flying capacitor [5]-[8] and the cascaded
H-bridge inverter [9]-[11]. A hybrid multilevel topology has
also been proposed [12], being this topology is similar than
the cascaded H-bridge inverter but uses only one DC
source.

In addition to the above attractive features of the
multilevel inverters, in medium and high-power applications
features like safety and robustness are also important. For
this purpose isolated systems in low frequency are used,
being multilevel converters associated with line-frequency
power transformers proposed. Three single-phase or one
three-phase transformer are usually the option, however
another type of transformers has also been used. Power
converters with special line-frequency transformers such as
Scott or LeBlanc have also been proposed [13]-[15]. These
special transformers allow deriving two-phase currents from
a three-phase power source or vice-versa.

Given the above considerations a new three-phase
power conversion structure is proposed, based on a
multilevel power inverter and on a Scott transformer. The
considered multilevel power converter has a five-level
cascade structure. The output of the multilevel power
inverter provides two 90 degrees shifted phase voltages
while the Scott transformer provides the desired three-
phase system.

Several control methodologies have been proposed for
multilevel power converters, such as the sinusoidal PWM
extended to multiple carrier arrangements [16]-[18] or the
sliding mode control [19]-[20]. Sliding mode control, being

one of the most fast and robust techniques, will be used for
controlling the proposed power converter. In this way, a
vectorial sliding mode controller adapted to this power
converter will be proposed. Simulation results are presented
in order to illustrate the converter performance.

This paper is organized in five sections. After this
introduction the proposed multilevel inverter based on Scott
transformer is presented in Section Il. In section Il it is
presented the developed theoretical expressions for the
study of this multilevel converter. The control system for the
proposed system is described in Section IV. Some
simulation results obtained from the proposed converter are
presented in Section V. Finally, in section VI, the
conclusions of the work are synthesized.

Proposed multilevel power converter
Fig. 1 shows the new power conversion structure for a
three-phase multilevel inverter.
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Fig.1. Proposed conversion structure

This topology uses two dc sources and three single-
phase voltage source converters in order to maximize the
output voltage. A 2-to-3 phase transformer is used at the
output of the voltage source converters. Due to the
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connection of the three single-phase inverters, at the output
of the power converter structure a five level voltage is
obtained (2V,V,0,-V,-2V). One of the drawbacks of this
topology is that two of the single-phase inverters withstand
a voltage of 2V.

The transformer uses a three-phase core with a winding
system as presented in Fig. 2 (a). This transformer is known
as Scott transformer.

a

Ia

N4

Fig.2. Scott transformer Connections

The primary windings of the Scott transformer are fed by
two different voltages Vap(t) and Veq(t). These voltages are
generated by the power converter with a phase angle 90°
between them. The secondary windings are the three-
phase system Vg(t), Vs(t) and Vr(f). The phasorial diagram
is presented in Fig. 3.
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Fig.3. Voltage vectors of the Scott transformers

System model

In order to obtain suitable theoretical expressions for the
study of the proposed multilevel converter with their control
system, ideal power switches will be assumed. In this way,

the states of the switches of the k' , ke{1,2,3,4,5,6}, power
converter leg can be represented by the time dependent

variable ,ie{1,2,3}, je{1,2}, defined by (1).

1) L L if Sjj is ON A Sjis OFF
Y| 0 i S is OFF A Sjis ON

The output multilevel voltages Va and Vi are
dependent of the switches states. So, according condition
(1) these output voltages are obtained by (2).

Vap =(rs171=731712+711-712) Ve

)

Vea =(r32721-730722+721-722) Ve

From equations (1) and (2), it is possible to verify that
this converter presents 25 combinations (labelled 0 to 24)
Vab, Vea or vectors (Fig. 3). Table 1 shows the output
voltage vectors according to the state of the switches.

Vcd

Fig.3. Output voltage vectors of the power converter

Table 1. Voltage vectors according the switching states

Sat | S3s2 | Sx | S» | Su | Sz | Va Ved N°
0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 -V 0 5
0 0 0 0 1 0 +V 0 1
0 0 0 0 1 1 0 0 0
0 0 0 1 0 0 0 -V 7
0 0 0 1 0 1 -V -V 6
0 0 0 1 1 0 +V -V 8
0 0 0 1 1 1 0 -V 7
0 0 1 0 0 0 0 +V 3
0 0 1 0 0 1 -V +V 4
0 0 1 0 1 0 +V +V 2
0 0 1 0 1 1 0 +V 3
0 0 1 1 0 0 0 0 0
0 0 1 1 0 1 -V 0 5
0 0 1 1 1 0 +V 0 1
0 0 1 1 1 1 0 0 0
0 1 0 0 0 0 0 0 0
0 1 0 0 0 1 -V 0 5
0 1 0 0 1 0 +V 0 1
0 1 0 0 1 1 0 0 0
0 1 0 1 0 0 0 -2V 21
0 1 0 1 0 1 -V -2V 20
0 1 0 1 1 0 +V -2V 22
0 1 0 1 1 1 0 -2V 21
0 1 1 0 0 0 0 +2V 13
0 1 1 0 0 1 -V +2V 14
0 1 1 0 1 0 +V +2V 12
0 1 1 0 1 1 0 +2V 13
0 1 1 1 0 0 0 0 0
0 1 1 1 0 1 -V 0 5
0 1 1 1 1 0 +V 0 1
0 1 1 1 1 1 0 0 0
1 0 0 0 0 0 0 0 0
1 0 0 0 0 1 -2V 0 17
1 0 0 0 1 0 +V 0 1
1 0 0 0 1 1 0 0 0
1 0 0 1 0 0 0 -V 7
1 0 0 1 0 1 -2V -V 18
1 0 0 1 1 0 +2V -V 24
1 0 0 1 1 1 0 -V 7
1 0 1 0 0 0 0 +V 3
1 0 1 0 0 1 -2V +V 16
1 0 1 0 1 0 +2V +V 10
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1 0 1 0 1 1 0 +V 3
1 0 1 1 0 0 0 0 0
1 0 1 1 0 1 -2V 0 17
1 0 1 1 1 0 +2V 0 9
1 0 1 1 1 1 0 0 0
1 1 0 0 0 0 0 0 0
1 1 0 0 0 1 -2V 0 17
1 1 0 0 1 0 +2V 0 9
1 1 0 0 1 1 0 0 0
1 1 0 1 0 0 0 -2V 21
1 1 0 1 0 1 -2V -2V 19
1 1 0 1 1 0 +2V -2V 23
1 1 0 1 1 1 0 -2V 21
1 1 1 0 0 0 0 +2V 13
1 1 1 0 0 1 -2V +2V 15
1 1 1 0 1 0 +2V +2V 1"
1 1 1 0 1 1 0 +2V 13
1 1 1 1 0 0 0 0 0
1 1 1 1 0 1 -2V 0 17
1 1 1 1 1 0 +2V 0 9
1 1 1 1 1 1 0 0 0

Considering that the magnetization current of the Scott
transformer can be neglected, then from the MMF
equations the following expression can be obtained:

V3

1 1
Nilg+5NyIg =5 Ny Ip =0
From Kirchhoff current law and considering (3), the

equation that gives the relationship between the secondary
and the primary side currents is given by (4).

o L

I V3
(4) [R M, L2 {Ia}
S A NEAL B2

Iy oo

7

Similarly the three-phase output voltages are given by
the following equation:

13
Vas 2 2
G ML B[V
a2 2|
TR
-1 0

Control of the proposed system

To control the multilevel inverter a vector sliding mode
controller will be used. The sliding mode controller will be
obtained from the controllable canonical form of the system
model. The controller should impose that, in each switching
period T, the output voltages V,, and V. average values
must be equal to their reference average values (6).

1 (T 1 (T
?IOVabg‘ef d _FIOVab dr = Vap = 0

(6)

1 (T 1 (T
FJ‘OVCd—ref dt—?J‘OVcd dt:chd =0

From the previous assumption, a sliding surface
S(ean,ca,t) can be obtained. Equation (7) shows the sliding
surface that allows to enforce the control goal Vi, ca=Vab cd refs
where Kap,cq is used to impose the switching frequency.

(7) S (eah,cd N ) = ka;fd .T[ (Uub,ud ref Uab,cr] ) dr=0
0

The control strategy must guarantee that the system
trajectory moves towards and stays on the sliding surface
from any initial condition. This can be obtained by the
stability condition (8).

(8) S(eab’ecd )S(eab’ecd ) <0

To ensure the sliding surface (7), the switching law must
be select according to the conditions expressed in (9).

S€apca:1)>0=8(eupcd:) <0=Usped > Uaped

©)

S(eab,cd > t) <0= S(eab,cd > t) >0=> Uab,cd < Uab,cdref
In order to ensure this, the switching strategy must
select the proper values of V., from the available outputs.
From the analysis of the proposed topology it is possible to
verify that, there are 25 different output voltage
combinations. Table 2 show the relationship between the
output voltages levels of the inverter and the output voltage
vectors. To select one of the 25 vectors it will be used Table
1 and 2. In this way, at the output of the sliding mode
controller (7) a vectorial modulator will be used (Fig 4).

Table 2. Relationship between the output voltage levels and
voltage vectors

el | 0 | s2v
cd
+2V 15 14 13 12 11
+V 16 4 3 2 10
0 17 5 0 1 9
-V 18 6 7 8 24
-2V 19 20 21 22 23
b
Power Scott |
x |—
Converter “ Transformer
WVectorial
Modulator
tt v

-  Voltage
— =

SMC measurement

Fig.4. Control structure of the proposed power converter
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Fig.5. Five level hysteretic comparator

To implement the vectorial modulator, two five-level
hysteretic comparators (with hysteresis ¢in order to limit the
maximum switching frequency) are used. Fig. 5 shows the
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five-level hysteretic comparator that has been used. The
output of these comparators are the integer variables Aap
and Acg (Aab, Aca€{2;1;0;-1;-2}) corresponding to the five
selectable levels. These integer variables are related with
the desired desired 7V, and V. voltages. According
variables Aqp, Acg and table 1 the switches that must be on
are selected.

Simulation results

The behaviour of the proposed power converter and
their control system has been carried out by several
simulations. These results have been obtained using the
program Matlab-Simulink/Power System Blockset. For the
simulated system it was used the parameters presented in
table 3.

Table 3. System Parameters

Description Value
DC Source voltage 200V
Output Frequency 50 Hz
Output inductor 5mH
Output resistor 10Q
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Fig.6. Output voltage Vap of the power converter
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Fig.7. Output voltages Vap and V¢4 of the power converter
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Fig.8. Converter output currents /., and /4

Fig. 6 show one of the output voltage of the power
converter (va). As can be seen there are five levels with a
2Vdc maximum output voltage. Fig. 7 shows the output

voltages vap and veq. From this last figure it possible to verify
that the power converter output voltages are 90° phase-
shifted from each other. At the transformer output a RL load
was connected. Fig. 8 shows the converter output currents
Iap and Icq. As expected these currents are nearly sinusoidal
and 90° phase-shifted from each other with equal
amplitudes. The sinusoidal waveform is due to the RL load
and Scott transformer.

Fig. 9 shows the three-phase load currents I, Is and Ir.
From this result it is possible to verify that the output
currents are balanced and nearly sinusoidal. The obtained
results also show the effectiveness of the proposed control
system.

0 T ‘ T ‘ ‘ ‘ T T T

Current [A]

N S R
008 0085 003 009 01

1
0105 011 0.115
Time [s]

Fig.9. Three-phase load currents
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Fig.10. Output voltage Vap of the power converter for a change in
the voltage reference
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Fig.11. Converter output currents 7, and I,y for a change in the
voltage reference

To investigate the transient response of the system
controller new tests have been made. Figs. 10-12 show the
behaviour of the output voltages and currents of the power
converter and the three-phase load currents for a sudden
change in the voltage reference. The voltage reference
changes to 80% of its nominal value at 0.1 s.

Fig. 13 shows the behaviour of the three-phase load
currents for a sudden change in the load. At 0.1 s the load
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changes from 9,2 Q and 4,2 mH to 100 Q and 5 mH. From
these results it is possible to verify that the controller it is

not affected by the change of the system parameters.
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Fig.12. Three-phase load currents for a change in the voltage
reference
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Fig.13. Three-phase load currents for a load change

Conclusions

In this work it was presented a new configuration for a
three-phase dc/ac multilevel power converter. This structure
it is based on a three single-phase voltage source inverter.
This structure allows converting two dc voltages into two ac
voltages. In order to obtain a three-phase system, at the
output of the power converter structure a Scott transformer
is connected. This transformer is normally used to convert a
three-phase system into a two phase system. However, in
this structure it used in an inverse way. Then, it is possible
to obtain a multilevel three-phase system. To control the
proposed power converter structure it was used sliding
mode controller with a vectorial modulator. This fast and
robust converter allows obtaining the desired five level
output voltages. This topology is characterized by 25
different output voltage vectors. In this way, it was used two
five-level hysteretic comparators in order to implement the
vectorial modulator. The proposed multilevel structure has
been validated using computer simulations.
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