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PROPOSED SYMMETRICAL 5-LEVEL AC-DC VIENNA
RECTIFIER FOR HIGH PERFORMANCE APPLICATION

DE XUAT CHINH LUU VIENNA5 - MUC DOI XUNG CHO CAC UNG DUNG HIEU SUAT CAO

ABSTRACT

Vienna rectifier with reduced number of switches has been receiving wide
interest in the past years to improve the input power quality of rectifier systems.
In this paper, a review of three phase 3-level Vienna and configuration of 5-level
structure from 3-level Vienna topology are presented. Moreover, Phase Opposite
Disposition (POD) and Phase Disposition (PD) Pulse Width Modulation (PWM)
control are proposed and compared to eliminate the low frequency harmonic in
the line current and to achieve unity power factor at the rectifier input terminal.
In this paper, the performance and feasibility of the proposed single phase and
three phase 5-level Vienna topologies are verified by simulation.

Keywords: Vienna converter, PWM, Phase Opposite Disposition, Phase
Disposition, Rectifier.

TOM TAT

Chinh luu Vienna véi s6 luong han ché céc van ban dan dong/cét d va dang
nhan dwoc nhiéu sw quan tm chd y véi muc dich ci thién chét luong dién nang
dau vao cta cac hé thong chinh luu. Trong bai bdo nay, danh gia so do Vienna 3-
mic ba pha va cau triic so d Vienna 5 mikc tir so d0 Vienna 3-mikc durgc trinh
hay. Thém vao dd, hai phirong phap digu khién diéu ché do rong xung POD va PD
duoc dé xuat va so sanh dé giam cac thanh phan song hai tén s6 thap cla dong
dién diau vao va oo duoc hé s6 cong suét bang mdt & dau vao cta bo chinh luu.,
Trong bai bao nay, hiéu suét va tinh kha thi clia céc so do Vienna 5-mitc mdt pha
va bap ha duoc kiém nghiém bang m phéng.
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1. INTRODUCTION

The general trend in power electronics has been to
switch power semiconductors at increasingly high
frequencies in order to minimize harmonics and reduce
passive component sizes. However, the increase in
switching frequency increases the switching losses which
become significant at high power levels. Several methods
for decreasing switching losses and, at the same time
improving power quality, have been proposed including
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constructing  resonant converters and multilevel
converters. Among these, the topology proposed by Kolar
in 1994 called the 3-level Vienna has the additional benefits
of reduced controlled switch count in addition to the
general the benefits of 3- level converter. This converter is
used in telecommunication power system [1], wind turbine
systems [2, 3], and power factor correction system [4]. Thus,
due to the opportunities of competitive cost reduction, 3-
level Vienna is generally considered attractive. In this paper,
3 phase 3 level Vienna is presented in Section Il. Then
proposed extension 5-level topology is presented in
Section lll, compared modulation PWM control methods is
presented in Section IV. The concluding section presents
computer simulations results verifying.

2. THREE PHASE 3-LEVEL VIENNA RECTIFIER

One of the realizations of the unidirectional topology
with reduced count of controlled switches Vienna Rectifier
is show in fig. 1. In each phase leg, only one controlled
switch is used. With assumption of continuous conduction
mode (CCM), the rectifier pole voltages (v, Vi Ven) have a
definite sate determined by on/off states of controlled
switches and the polarity of line currents at any instant of
operation. For instance, if the line current i, is positive and
the controlled switch Tra is off, the voltage between the
converter pole A and dc bus midpoint N, van is Vdc/2. The
conduction path for this case is illustrated in figure 2a. If the
line current ia is positive and the controlled switch Tra is
ON, the voltage van is 0 in which case the conduction path
is illustrated in Fig 2b. Similarly, if the current ia is negative,
the voltage van can be either —-vdc/2 if the switch Tra is OFF
or 0 if the switch Tra is ON ass illustrated in Fig 2c and d,
respectively. This operating principle also applies to phase
legs B and C. To avoid low frequency (lower than the
switching frequency) harmonics in line currents, the
rectifier phase voltages must be free of low frequency
harmonics except for triple harmonics, which may present
on the modulation signals to increase the fundamental
component without invoking over modulation.

As shown in Fig. 1, the AC side of the system can be
described as three inductors, connected between three
phase mains and three dependent voltage sources. For
each phase loop the Kirchhoff Voltage Law equation is:
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-1 <d,, bg, be < 1 are the average duty cycle. Since VON is
a zero sequence component, it has no effect on the mains
currents and can be further omitted. In case the controller
operates, vo has a low value and maybe considered as a
small disturbance due to the DC-link unbalance.
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Fig. 2. Conduction paths for phase-leg A when (a) the line current is positive
and the controlled switch is OFF; (b) the line current is positive and the controlled
switch is ON; (c) the line current is negative and the controlled switch is OFF; (d)
the line current is negative and the controlled switchis ON
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3. EXTENSION 5-LEVEL VIENNA TOPOLOGY FROM 3-
LEVEL VIENNA TOPOLOGY

Fig. 3 shows the proposed 5-level extension of the 3-level
Vienna thanks to one extra cell for the positive AC
conduction and one extra cell for the negative AC
conduction. Fig. 3¢, shows the 5-level Vienna and connection
between DC/4 source and DC/2 source by two diodes. It
should be note, in any case, that flying capacitors which are
rated only at the switching frequency, must withstand only
Vdc/4 and sustain Amps-Second only on a half of AC period.
These properties which are very important, allows a very low
rating of the flying capacitors, low RMS current and low size
compared to the 3-level Vienna topology.

The operating states of power circuit are analyzed when
the circuit current is positive (Tab. 1). The advantage of this
configuration is due to the two redundancy states of the
circuit that naturally balance the two voltages of the flying
capacitor.
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Fig. 4. lllustrates the current flow paths when the circuit current is positive.
When the switch Trl, Tr2 are OFF (a); Tr1 OFF, Tr2 ON (b); the switch Trl, Tr2 are
ON (c); TrLON, Tr2 OFF (d)

4. THREE PHASE 5-LEVEL VIENNA RECTIFIER AND
MODULATION STRATEGY IN 5-LEVEL OPERATION

The Vienna rectifier keeps all general advantages with the
respect to the Power Factor Correction (PFC) multi-level
converter with exception that it is unidirectional converter
which implies limitations regarding reactive power handling.
However, due to the presence of the inductor on the AC side
the electromagnetic interference (EMI) capacitor needed to
comply with the harmonic requirements is small. Moreover,
this rectifier is by nature 5-level converter which allows
smaller values of input inductance.

Switching methods for the Vienna rectifier were
proposed in [2, 5, 6, 7, 8, 9].These methods satisfy the
important requirement for normal operation of the Vienna
rectifier: the sign of the current should be the same as the
sign of the voltage [1, 2, 5, 6, 7, 8, 9]. Therefore, the Vienna
rectifier has a limitation in its power factor variation.
Among these switching methods, the hysteresis switching
methods are proposed for controlling the input currents as
sinusoidal waveforms. In [1, 2] the sinusoidal reference
current and its hysteresis band are used to operate the
switching device. However, the hysteresis switching
methods do not guarantee a constant switching frequency
in the input voltage. Therefore, these methods make it
difficult to design the input filter. Pulse width modulation
methods have been proposed as solution for the problem
of hysteresis switching methods. This method ensures a
constant switching frequency.

The modulation consists in providing the input AC
voltage with the minimum THD and the balancing
management of the two flying capacitors. In 5-level
operation, two carriers have to be used. A first approach is

shown in Fig. 5a) and consists in extending the 3-level
modulator with two others interleaved carriers phase-
shifted of m (named Opposite Phase Disposition carriers).
This solution can be used if the natural balancing property
is realized through an additional input filter tuned at the
switching frequency. Here, this approach is not matching
with a fault-handling strategy because the reduction of the
apparent frequency in fault mode creates a resonance with
the input filter that is tuned at the same frequency. A
solution can be to use a low frequency active balancing by
controlling the different duty cycles. Even if the balancing is
realized, Fig. 5b) shows that this first solution gives a non-
optimized leg-leg voltage due to the phase variation £m of
the voltage harmonic at the apparent switching frequency
when the modulation level crosses {-%2, 0, ¥2}. However, Fig.
6 shows a second interesting solution (named Phase-
Disposition carriers) owing to four stacked carriers that
exhibit in Fig. 8 an optimized leg — leg waveform due to the
suppression of the voltage harmonic at the apparent
switching frequency in leg-leg connection. In this second
solution, the voltage balancing is more complex that the
phase-shifted strategy. A state machine has to be
introducing [10] but it will not be detailed in this paper.
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Fig. 5. a) POD Modulation PWM control b) Simulation results of 5-level leg
voltage and 9-level leg-leg voltage with POD PWM control

Table 1. Analyzes the operating states of power circuit when the circuit current is positive

Ctrl_Tr, | Ctrl_Tr, vV Tr, V_Tr, V_Ds, V_Ds, Vinput Cdvel/dt Cdvc2/dt
0 0 Vdc/4 Vdc/4 0 Vde/2 no switch Vde/2 0 0
0 1 Vdc/4 0 Vdc/4 switch Vdc/4 no switch Vdc/4 +l. 0
1 1 0 0 Vdc/4 switch Vdc/4 no switch 0 0 0
1 0 0 Vdc/4 0 Vdce/2 no switch Vdc/4 -l 0

S6 44.2018 e Tap chi KHOA HOC & CONG NGHE | 37



CONG NGHE

mA  port_11

1.00
A

050 RV MV V VYV VY VY VYV YVYYVY VALV AN Y v Y

N AT AT AAAATATATATAYATAY AAPARAYY
o AAAAMANAAAAAAMAMAAANNAAANMANANN

LT
[

port12  port21  port22  mB

AMANMANANN

AAAAAAA

400.00
200.00

=
=
=

—

I |
[T

=
=
=
=

-200.00

-400.00

VA-VB

0.50K
ok LA L 1)

T TV T e A A A A

=0.50K

8.00 820 8.40 8.60 8.80 9.00
Time (ms)

Fig. 6. PD Modulation PWM control and simulation results of leg input
voltage and input current IAC and leg-leg input voltage

4. SIMULATIONS

The simulations are performed to verify the
performance of the proposed three- phase 5-level Vienna.
For simulation purposes a 4kW 5-level Vienna system
simulation has been conducted using PSIM software. The
simulation parameters are listed in Tab. 2.

Simulation results are shown in Fig. 7 and Fig. 8.
Obviously, the phase current remains sinusoidal and in
phase with the voltage. The voltage unbalance is very low
with zero average (Fig. 8) and the 5-level output voltage
one leg and 9-level output voltage leg-leg are stable and
accurate (Fig. 8). Fig. 7 and Fig. 8 show the current and
voltage waveforms when the PD modulation PWM control
using state machine is applied. The main advantage of this
structure is that the line current is sinusoidal and power
factor is unity.

Table 2. Simulation parameters

Parameter Value
Supply network 230V/50 Hz
Input inductor 160mH
Each output capacitor 2400 pF
Each flying capacitor 40 pF
Nominal load 40Q
Total output voltae 800V
Each DC link source 400V
Switching frequency 40 kHz
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Fig. 7. Typical simulated waveforms for start-up regime of 4kW 5-level Vienna
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Fig. 8 Simulation results of one leg input voltage and input current I, and
leg-leg input voltage with PD modulation PWM control using state machine

6. CONCLUSIONS

This paper is aimed to reduce the number of fully
controlled semiconductor switch of 5-level Vienna rectifier.
Then the three phase 5-level Vienna rectifier is introduced.
The proposed POD and PD PWM control are presented and
compared. The input current shaping, multi-level input
voltage and output voltage regulation are simulated by
PSIM software to verify the results.
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