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ABSTRACT

The increasing demand for high-efficiency AC-DC conversion in modern power systems, such as Electric
Vehicle (EV) charging, renewable energy integration, and industrial motor drives, has intensified research
into advanced modulation techniques for Vienna rectifier. Conventional 6-sector Space Vector Pulse
Width Modulation (SVPWM) strategies often suffer from limited modulation flexibility and insufficient
performance at low modulation indices, where high DC-link voltage operation is required. To address
these challenges, this paper proposes a modified discontinuous modulation signal based on a novel 12-
sector SVPWM combined with a topology-aware switching scheme and modulation offset injection. A
seven-segment switching sequence is designed for the proposed 12 sectors, enabling effective generation of
Discontinuous PWM (DPWM) waveforms, improved current shaping, and Power Factor Correction
(PFC). The simulation results indicate that the proposed method achieves a 9.24% reduction in Total
Harmonic Distortion (THD) in the low-modulation region (7.<0.50) compared to the conventional method.
Furthermore, dynamic tests confirm robust transient response under DC-link voltage steps, stable
capacitor voltage balancing, and minimized switching commutation. These results demonstrate that the
proposed modulation approach significantly enhances power quality, efficiency, and dynamic
performance, making it a promising solution for next-generation high-performance Vienna rectifier
systems.
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I INTRODUCTION Unir'lterrl'lptib'le Poyver Systems (UPS)' [1-3]. Their wi'despread

use is primarily driven by their capability to ensure high input

Pulse Width Modulation (PWM) rectifiers have garnered Power Quality (PQ), maintain near-unity Power Factor (PF),
significant attention across a wide range of applications,  and precisely regulate the DC-link voltage via controlled
including  EV  chargers, wind  energy systems, semiconductor switching [4]. Among various PWM rectifier
telecommunication power supplies, welding equipment, and topologies, the Vienna rectifier, as illustrated in Figure 1,
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stands out as an effective solution for unidirectional AC-DC
conversion. Its three-level structure, reduced number of
Controllable Power Switches (CPSs), and the ability to limit
device voltage stress to half of the DC-link voltage collectively
enable high efficiency, compact design, and robust
performance [5-6]. To enhance the modulation performance of
the Vienna rectifier, several techniques have been explored,
including Carrier-Based PWM (CB-PWM), Space Vector
Modulation (SVM), and SVPWM. While CB-PWM is simple
to implement, it suffers from increased midpoint voltage ripple
and poor DC-link voltage utilization [7, 8]. Conversely, SVM
offers improved current quality and better midpoint voltage
control, though at the expense of increased computational
complexity due to sector identification and coordinate
transformation [9, 10]. To overcome this trade-off, simplified
SVPWM methods have been introduced, combining the
benefits of CB-PWM and SVM by directly generating
switching signals based on preselected voltage vectors and
triangular carrier comparison [11, 12]. The switching sequence
plays a critical role in these methods. In particular, the five-
segment sequence, which leads to DPWM, reduces switching
losses by eliminating redundant commutations, making it
suitable for high-efficiency applications [13]. However, it may
restrict voltage vector synthesis in certain regions.
Alternatively, the seven-segment sequence, although more
common in other multilevel converters, can improve input
current quality, thermal distribution, and voltage balance.
Despite its benefits, its use in Vienna rectifiers remains
underexplored.

. +
Ve
+
0 RléVm‘
—y,
Dn’:\'?l)h.‘\‘fnu\'f D, D.; @

Fig. 1.

Topological structure of the Vienna rectifier.

This work proposes a novel 12-sector SVPWM strategy
that incorporates a seven-segment switching sequence and a
modulation offset injection algorithm for the Vienna rectifier.
The method enhances vector resolution and introduces
controlled zero-voltage intervals to reduce switching
commutations. The resulting discontinuous modulation
waveforms are compared with a triangular carrier to generate
efficient switching signals within the linear modulation index
region, thereby preventing distortion of high-amplitude input
currents. Operating in the linear region also enables the
proposed rectifier to achieve higher output-voltage boosting
capability as the modulation index decreases. This approach
aligns with the rectifier's operational constraints while
improving PQ and reducing losses. Comprehensive simulation
studies validate the effectiveness of the proposed method
compared to the conventional 6-sector SVPWM.

II.  OPERATING ANALYSIS OF THE VIENNA
RECTIFIER

The operation of the Vienna rectifier is primarily
determined by the direction of the input current and the
switching states of the CPSs in each bridge arm. During the
positive half-cycle, when both CPSs are turned ON, the current
flows through the path vi—Lix—Rx—Sxi—Dxs, as shown in
Figure 2(a), where the subscript k denotes the corresponding
phase (i.e., a, b, ¢). When both CPSs are OFF, the current
bypasses the bidirectional switch and flows through vi—Li—
Ri—Dy,,—Cy, as depicted in Figure 2(b). Conversely, during
the negative half-cycle, if both CPSs are ON, the conduction
path reverses to Sxo—~Dxi—Rx—Lx— vy, as portrayed in Figure
2(c). When both CPSs are OF, current flows through C,—Dx,
—Ryx—Lx—Vx, as illustrated in Figure 2(d). This current path
analysis confirms the absence of short-circuit conditions
between bridge arms. It demonstrates the rectifier’s ability to
generate three distinct output voltage levels: +Vq4/2, 0, and
—V4/2, each limited to half the DC-link voltage. Moreover, the
voltages across the two output capacitors naturally alternate
throughout the switching cycle. Therefore, when the CPSs are
properly controlled to satisfy these operating conditions,
inherent voltage balancing between the capacitors can be
achieved without the need for additional control circuitry.
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Current direction analysis of Vienna rectifier: (a)—(b) positive input

Fig. 2.
current with CPSs ON and OFF, respectively; (c)—(d) negative input current
with CPSs ON and OFF, respectively.

II.  12-SECTOR DISCONTINUOUS SVPWM BASED
ON THREE-PHASE CURRENT DIRECTION

According to rectification principles, the main objective of
a rectifier is to deliver the phase current with the highest
instantaneous value to the load. To achieve this, the switching
states of the CPSs in each phase must be configured to ensure
that the phase carrying the maximum input current
continuously conducts through the appropriate path, thereby
maintaining a unity PF. In the proposed Vienna rectifier, this
goal requires dynamic adaptation of the CPS switching states to
real-time current conditions to optimize conduction and power
transfer. However, when the SVM technique is applied to
generate modulation waveforms, the original switching states
of certain voltage vectors may differ from those in the
conventional space vector diagram. This matter is illustrated in
Figure 3, which compares the original switching states with
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those determined by the space vector diagram. Such
mismatches can result in suboptimal current shaping or
unintended power flow, which must be carefully addressed
during modulation design. To resolve this issue, the proposed
approach introduces a topology-aware correction mechanism
that aligns SVM-generated modulation waveforms with the
Vienna rectifier's inherent operating principles. This ensures
proper current shaping, optimized power flow, effective

capacitor  voltage balancing, and improved overall
performance.
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Fig. 3. Relationship between the proposed 12-sector and three-phase
current direction based on the conventional 6-sector SVM.

The proposed 12-sector space vector division, denoted as
PS; (i=1,2,...,12), is determined based on the real-time sign of
the three-phase line currents. This finer segmentation enables
more precise control of the current path in accordance with the
instantaneous current direction. In contrast, the conventional
SVM employs only 6 theoretical voltage sectors, VS; (j = 1,2,
...6), assuming balanced and symmetrical three-phase voltages
such that v,+vy+v=0. These voltages are transformed into a
two-axis stationary off reference frame using the Clarke

Transformation:
1 1
1 —= —=|[Va
Va 2 2
= v (1)
=)o B —fu’%]

The average value of the reference voltage vector (Vier),
which rotates continuously within the space vector diagram,
can be determined using the general expression of space vector
synthesis. This value is represented in the of} frame and is
given by:

—

. 2T AT
Vier = Vg + jvg = g[vaefo +v,e’s + vce’?] 2)

For example, when V. lies within sector VSi, it is
synthesized using the adjacent non-null vectors Vi, V», and null
vectors Vo, V7, ensuring volt-second balance across the
switching period (Ts). The SVM principle is then articulated as:
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4 — 2 To To 1 . \/5
VierTs = ;Vdc [tl Tttt (tz +7) (—E +]7) +
To 1.3
2 (_ 2/ 7)] 3

where t; and t, are the dwell times for the non-null vectors
Vi and V», respectively, and Ty is the combined duration of the
two null vectors (to+t7). To solve for the dwell times t; and tp,
(3) is separated into its o and  components:

V3 [V3 1 V3
tl = V—dc[?UaTS — EvﬁTS] , tz = V_m[vﬁTS]’TO = TS -
t, —t, 4

In conventional modulation designs for the Vienna
rectifiers, a five-segment switching sequence technique using
two non-null vectors and only one null vector (e.g., V;=[111])
is commonly applied to achieve DPWM. However, this study
proposes an improved seven-segment switching sequence
strategy aligned with the newly defined 12-sector SVPWM.
For instance, when V. falls within VS, it overlaps proposed
sectors PS; and PSy;. Within PS;, a symmetric seven-segment
sequence V7V2ViVoV1 V2V is employed, corresponding to the
switching logic sequence [111]-[110]-[100]-[000]-[100]-[110]-
[111]. Each binary vector represents the switching states of the
bidirectional switches S,, Sp, and Sc. Based on this pattern, the
conduction intervals for each bridge leg (Ta, Tb, and T.) are
described in:

To=t,+t,+To/2,Ty =ty +Tp/2,T, =To/2 (5)

The new modulation waveform equations in the aff frame
are generated from these time intervals as:

SERETr e EIe

|vm“ 2 avg

1B
{ Vmb = 3~ 5y [V3v, — 3] (6)
|

\/—
kUmczi—ch[\/?Ua'FU‘g]

Using this approach, modulation signal expressions for all
proposed 12 sectors can be systematically developed. The
resulting modulation waveforms for a-phase (vma) over a full
switching cycle are shown in Figure 4(a).

IV. DISCONTINUOUS PWM GENERATION USING
MODULATION OFFSET INJECTION

A. Analysis of Modulation Signals

In conventional 7-segment switching schemes, the space
vector diagram is rearranged to produce continuous switching
patterns, ensuring balanced three-phase voltage synthesis for
three-phase inverters. This typically results in symmetrical
modulation signals centered around a reference axis, with
amplitude proportional to the modulation index, as illustrated
in Figure 4(a). However, directly applying these signals in the
Vienna rectifier does not yield the desired DPWM behavior
due to its unidirectional current flow and bidirectional switch
architecture. To enable discontinuous operation, the switching
states must be adjusted based on the current direction and
topological constraints of the proposed rectifier. This
adjustment modifies the modulation signals such that, during
peak input current intervals, discontinuities appear while
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maintaining symmetry elsewhere. Figure 4(b) presents these
characteristics. However, outside these intervals, the
modulation signals still exhibit symmetrical behavior similar to
the conventional continuous PWM. This behavior contrasts
with the ideal modulation signals for PWM-controlled rectifiers
operating in the Discontinuous Conduction Mode (DCM),
where the modulation signal is expected to be clamped to the
reference axis and vary its amplitude only toward the
maximum value of 1. In some cases, the signal may be clamped
at logic "1" and decrease toward the reference axis, depending
on input current direction and switching constraints [14, 15].
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Fig. 4. A-phase modulation signals for m,=0.6, 0.8, and 1.0: (a)
conventional SVPWM, (b) modified discontinuous SVPWM, and (c)
proposed discontinuous SVPWM with offset injection.
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B. Modulation Offset Injection

Based on the working analysis of the Vienna rectifier, it is
essential that the CPS in each bridge arm remain continuously
turned ON during the time when the corresponding phase input
current reaches its peak. To meet this requirement, the
modulation waveforms previously displayed in Figure 4(b) are
refined by superimposing a modulation offset signal (Vf),
defined as:

1_
Vpmp =~ (7

where ma is the SVM modulation index (O<ma<1.0),
calculated from the Vref and DC-link voltage as:

_ \/EVTe f

a =

e (®)

This offset is uniformly applied across all proposed 12
sectors to maintain proper switching alignment with the
conduction requirements of the Vienna rectifier. The resulting
updated modulation signals incorporate both the sector-based
switching logic and the injected offset, enabling accurate
DPWM generation. An example of the offset-modified
waveform for the a-phase CPS is shown in Figure 4(c). Finally,
the gate signals are derived by comparing these updated
modulation waveforms with a 12 kHz triangular carrier using a
standard PWM comparator. A summary of the resulting new
modulation signal equations for all phases across the 12 sectors
is presented in Table I.

TABLE L THREE-PHASE MODULATION SIGNAL
EQUATIONS FOR THE PROPOSED 12-SECTOR
PSs New modulation waveform equations
vma—lvmb—1+—— [\/_vu 3173],
1
m,
v,’nc=1+—a——[\/_va+vﬁ]
m
v,’na=1+—a——[\/§vu+vﬁ],
2
73
mb—1+7——[ \/_vu+3vﬁ] Upe =1
r a
X Vma—1+7—m[\/§‘l7a],
) r m ﬁ r
Umb=1+7a—F[VB],‘UmC=1
vT’na=1+%_E[ \/_Ua] U b_l
4 , V3
vmc=1+7—F[v]
m
vma=1+7a——[ \/_va+vﬁ] Vpp =1,
5
m
Ume = 14+ —a——[\/_va+3vg]
m
Uma = Lo, =1+ —a——[ \/_Ua+17;;]
6
mg
Ve =14 ———[ V3v, — 31;6]
m
U, 1vmb—1+—a——[ \/_va+3vﬁ]
7 ’ m,
Vmc=1+7__[_\/§‘l7 +1}B]
m
Vg = 1+—a——[ V3v, — 3vﬁ],
8
mb—1+———[\/_v BvB],v,’le
m 3
Upme =1 a_i[_\/gva]v
9 22l
r a ‘/§ r
vmb=1+m7_m[_vﬁ]' Umczl
m,
v,’,,a=1+—a——[\/_va] Vpp =1,
10 m
Umc=1+7—m[— ]
_1+———[fv v,
11
m,
v, b—lvmc—1+—a——[ \3v, — 317,3]
m,
vma—lvmb—1+—a——[\/_v ]
12
m, 3
v,’nc=1+7a v, [\/_va+3vﬁ]

V. RESULTS AND DISCUSSION

To verify the feasibility and performance of the proposed
12-sector SVPWM modulation strategy with modulation offset
injection for the Vienna rectifier, a simulation model was built
using MATLAB/Simulink. The key parameters of the power
stage utilized in the simulation are summarized in Table II. In
addition, a conventional vector-based current control method is

www.etasr.com

Tubburee et al.: A Modified Discontinuous Modulation Signal Based on 12-Sector SVPWM with ...



Engineering, Technology & Applied Science Research

Vol. 16, No. 1, 2026, 32662-32668 32666

employed to ensure accurate input current shaping and regulate
the DC-link voltage under varying operating conditions [16].

Figure 5 compares the current THD input of the
conventional 6-sector SVPWM and the proposed 12-sector
SVPWM, both operated without a PFC controller. The
proposed method consistently achieves lower THD across most
of the modulation index (ma) range. In the low-modulation
region (ma<0.50), a notable improvement is observed: the
average THD decreases from 29.47% (conventional) to 26.74%
(proposed), corresponding to a 9.24% relative reduction. At
higher modulation indices (ma>0.5), the gap narrows; however,
the proposed technique continues to yield superior
performance, maintaining THD levels between 23% and 24%,
compared to 25%-26% for the conventional approach. These
results highlight the suitability of the proposed method for
Vienna rectifiers operating as unidirectional boost-type
converters, where low-modulation index operation is common
due to high DC-link voltage requirements.

TABLE II. MAIN CIRCUIT PARAMETERS USED IN THE
SIMULATION
Parameters Symbols Value
AC input voltage (RMS) V., Vy, Ve 110V
Fundamental frequency f) 50Hz
Input inductance Ly 5 mH
Input resistance Ry 5Q
Rated power Preed 5 kW
DC-link capacitance C,and C, 2200 puF
~ 40
S
E 35
§ Conventional 6-Sector SVPWM
I 30
s
= 25
E 20 Proposed 12-Sector SVPWM
0.20 0.40 0.60 0.80 1.00
Modulation Index (m,)
Fig. 5. Input current THD comparison between the proposed 12-sector

and conventional 6-sector SVPWM methods without PFC control.
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Fig. 6. Steady state results of the proposed rectifier operating under the

conventional 6-sector SVPWM with PFC controller: (a) the 6-sector signal,
(b) a-phase voltage and current waveforms, (c) a-phase current THD.

Figures 6 and 7 illustrate the steady-state input current
quality of the Vienna rectifier operating with a PFC controller
under two modulation strategies. In Figure 6(a), the
conventional 6-sector SVPWM is applied. The magnified view
of the a-phase input current and its corresponding phase
voltage in Figure 6(b) shows that the current waveform is
nearly sinusoidal and in phase with the voltage. The measured
peak amplitude of the input current is 22.63 A, with a THD of
3.67%, as presented in Figure 6(c). In contrast, Figure 7
displays the proposed 12-sector SVPWM. The waveforms in
Figure 7(b) reveal improved current smoothness, reduced
distortion, and maintained phase alignment with the
corresponding phase voltage. Furthermore, the harmonic
spectrum in Figure 7(c) demonstrates a significantly lower
THD of 2.14%. This 1.53% reduction in THD confirms the
proposed method’s  superior harmonic  performance,
particularly beneficial for Vienna rectifiers requiring enhanced
input current quality.
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Fig. 7. Steady state results of the proposed rectifier operating under the

proposed 12-sector SVPWM with PFC controller: (a) the 12-sector signal, (b)
a-phase voltage and current waveforms, (c) a-phase current THD.
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Fig. 8. Dynamic response of the proposed rectifier under DC-link voltage

step changes: (a) DC-link voltage waveform, (b) the pole-to-neutral voltage
waveform, and (c) the voltage across the two output capacitors.

Figure 8 illustrates the dynamic performance of the
proposed Vienna rectifier in response to DC-link voltage steps.
In Figure 8(a), the output voltage rises from OV to 600V at
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startup and then to 800V at 0.30s, with a transient settling time
of approximately 12—15 ms, negligible overshoot, and minimal
oscillation, confirming fast DC-link regulation. The pole-to-
neutral PWM voltage (vao) in Figure 8(b) exhibits a three-level
waveform of +Vq/2, 0, and —Vy/2. A clear DPWM clamping
interval occurs at 0 V because the CPSs remain ON for about
3.33 ms in each half-cycle (=6.66 ms/cycle), corresponding to
one-third of the cycle. This significantly reduces switching
commutations and improves thermal distribution. Figure 8(c)
shows that the capacitor voltages vci and ver settle to
approximately Vg/2 within a few ms after each DC-link
voltage step and maintain excellent voltage balance. The
voltage ripples of both capacitors alternate within +2.5V of
Va/2 throughout operation without requiring any auxiliary
balancing circuitry. Their rapid convergence with minimal
deviation validates the correctness of the modified switching
states and the proposed modulation signals, which remain fully
consistent with the Vienna rectifier's inherent operating
constraints. Furthermore, the results confirm that the proposed
modulation strategy effectively coordinates with the widely
used vector-based current control method, enabling a robust
transient response as evidenced by the fast settling time and the
absence of overshoot or oscillatory behavior following abrupt
voltage changes. Such performance makes the approach well-
suited for high-power industrial drives and DC fast-charging
applications, where fast transient response and precise voltage
regulation are essential.

VI. CONCLUSION

This study proposed a modified discontinuous modulation
strategy for the Vienna rectifier, incorporating a novel 12-
sector Space Vector Pulse Width Modulation (SVPWM), a
topology-aware switching scheme, and a sector-based
modulation  offset-injection ~ method. @ The  proposed
methodology enabled the systematic generation of modulation
waveforms across all 12 sectors, thereby improving control of
conduction intervals and alignment with the rectifier’s
operating constraints. Simulation results obtained in
MATLAB/Simulink, both with and without Power Factor
Correction (PFC), validated the effectiveness of the approach.
In the low-modulation region (m,<0.50), the proposed method
achieved a 9.24% reduction in the Total Harmonic Distortion
(THD) of the input current compared to the conventional 6-
sector SVPWM. The PFC control further reduced the input
current THD, from 3.67% to 2.14%. Additionally, the dynamic
tests demonstrated rapid DC-link voltage recovery, reduced
switching commutations (one-third/cycle), and stable capacitor-
voltage balancing even under abrupt load variations. The
proposed 12-sector SVPWM technique improves current
quality, lowers switching losses, and dynamically controls
voltage. This makes it a suitable choice for high-performance
AC-DC conversion in applications like fast EV charging
systems and industrial motor drives. Future research may focus
on expanding the proposed strategy to address grid imbalances
and common-mode voltage reduction, incorporating predictive
or adaptive control, and validating the technique on hardware
prototypes to assess real-time implementation challenges.
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