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Abstract: The Vienna rectifier is a widely adopted solution for high-power rectification due to its efficiency and

straightforward design. However, its performance can degrade under unbalanced three-phase voltage conditions,

leading to current zero-crossing distortion and compromised dynamic response. This paper investigates the causes of

these distortions, identifying a phase shift between the input current and the grid voltage as a primary factor, and

proposes an effective distortion phase identification strategy. Furthermore, the dynamic performance is enhanced

through improved current reference calculations and a refined power feedforward strategy. This approach optimizes the

system’ s response to load changes and maintains output voltage stability under unbalanced conditions. Simulation

results validate the effectiveness of the proposed methods in reducing current distortion and improving overall

performance.
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0 Introduction

In scenarios such as electric vehicle fast charg-
ing stations and data centers, there is a significant
presence of direct current (DC) loads, while the
power supply originates from a three-phase alternat-
ing current (AC) power grid. Consequently, high-
power and highly reliable rectifiers are required to
achieve the AC-to-DC conversion. In this context,
various three-phase rectifier topologies have been
such as three-level

developed, diode-clamped

PWM rectifiers, flying capacitor three-level PWM

rectifiers, and Vienna rectifiers'"”

. Among these,
the Vienna rectifier is distinguished by its high reli-
ability, relatively simple circuit topology, and lower
implementation cost, making it widely adopted in
various applications. Therefore, it has become a
prominent subject of extensive research and develop-
ment.

Current research primarily focuses on aspects

such as current control algorithms, modulation tech-
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niques, and DC side voltage balance control*”’,

typically assuming an ideal power grid as the input.
To accommodate grid fluctuations and complex
power supply environments, it is essential to ad-
dress the stable operation of the Vienna rectifier un-
der conditions of unbalanced three-phase voltage'®.
Under unbalanced grid conditions, the Vienna recti-
fier experiences power fluctuations due to input volt-
age asymmetry, leading to oscillations in the output
voltage. To enhance control strategies, it is essen-
tial to segregate positive and negative sequence com-
ponents for individual regulation'”’ or to improve co-
ordinate transformation'® for better voltage control.
When faced with unbalanced input voltages, the Vi
enna rectifier loses synchronization between the in-
put current and the grid voltage, which leads to
power oscillations and consequently causes varia-
tions in the DC output voltage.

However, discrepancies between the Vienna

rectifier’ s input current and the grid voltage may
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lead to modulation irregularities and current zero-
crossing distortion'”’. Addressing zero-crossing dis-
tortion requires precise evaluations of phase dispari-
ties and timing, utilizing clamping modulation
waves to minimize current distortion'"""". Neverthe-
less, thorough assessments for zero-crossing com-
pensation increase computational complexity due to
control methods based on positive and negative se-
quence separation, which diminishes the practicality
of this approach. Furthermore, incorporating load

current feedforward''?

within the control loop en-
hances system dynamics by enabling quick adapta-
tion to load changes, thereby maintaining output
voltage stability. The challenge lies in ensuring the
input power reference responds in real time to load
changes. In balanced three-phase scenarios, merely
forwarding the d-axis load current suffices. Howev-
er, under unbalanced conditions, relying solely on
the positive sequence d-axis load current will result
in inaccuracies, impair dynamic performance, and
compromise output voltage stability.

To address the control issues under the afore-
mentioned unbalanced conditions, this paper propos-
es an optimized control strategy. The effectiveness
of the proposed methods is verified through simula-
tions under both steady-state and dynamic load con-
ditions, including various levels of grid voltage im-
balance. Notably, even with a 60% voltage drop in
one phase, the proposed method maintains stable
operation. Despite slight overmodulation, current
quality is significantly improved. Compared with tra-
ditional positive-negative sequence separation meth-
ods, the proposed approach reduces computational
complexity and is easier to implement. Additional-
ly, the load feedforward strategy enhances the dy-
namic response, maintaining output voltage stability
during load transients.

The paper is organized as follows: Section 1
elaborates on the operational principles of the Vien-
na rectifier under balanced grid conditions, followed
by an in-depth analysis of current zero-crossing dis-
tortion phenomena and corresponding detection
methodologies. Section 2 systematically presents
the current reference calculation framework under

unbalanced voltage conditions, while introducing a

novel dynamic response enhancement strategy to im-
prove transient performance. Section 3 demon-
strates comprehensive simulation studies validating
the proposed approaches, and Section 4 provides ex-
perimental verification through hardware implemen-

tation.

1 Causes of Current Zero-Crossing

Distortion and Identification
Methods
1.1 Principle of Vienna rectifier under

three-phase balanced conditions

The primary control objectives of the Vienna
rectifier are the regulation of the DC voltage and the
correction of the power factor. When the grid volt-
age becomes unbalanced, the operating state of the
rectifier will change accordingly. To further analyze
this process and elucidate the causes of zero-cross-
ing distortion, the following sections will first pres-
ent the fundamental structure and operational princi-
ples of the Vienna rectifier under balanced condi-
tions.

The main circuit topology of the Vienna rectifi-
er is illustrated in Fig.1. This topology includes
boost inductors L,, L,, L. on the AC side, diodes
D,—Dy, bidirectional switches S,, S,, S., and filter-
ing capacitors C, and C, on the DC side. In this ar-
rangement, D,, D,, S,, D;, Ds, S,, along with
Ds, D, and S,, collectively form the a, b, and ¢
three-phase bridges. Each switch S,, S,, S, consists
of two switch devices connected in series in a re-
verse configuration, with one terminal connected to
the midpoint of each phase bridge (a, b, ¢) and the

other terminal connected to the midpoint M of the
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Fig.1 Main circuit topology of the Vienna rectifier
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two DC side filtering capacitors. v,, v,, v, represent
the three-phase supply voltages, while v, denotes
the output voltage. R, signifies the load resistance.
7. and i_ are the currents from bridge to the capaci-
tor and 7, 1s the current from swatches to the middle
point of capacitors.It is specified that the direction of
the three-phase input currents in Fig.1 is defined as
the positive direction.

Under stable operating conditions, the mid-
point between the AC and DC sides of the Vienna
rectifier only contains fundamental frequency compo-
nents. Therefore, this circuit can be considered as
three single-phase circuits combined. To facilitate
the explanation of its working principle, it can be as-
sumed that the voltage between the AC and DC
measurement points M and N is zero, which effec-
tively achieves three-phase decoupling. This as-
sumption allows for the examination of the individu-
al voltage vector relationships of the single-phase cir-
cuits. Fig.2 illustrates the vector relationship dia-
gram of the phase voltage for phase a. ¢ is the phase
angle between the grid voltage and the voltage v,y
which is the voltage from point A to point M. It is
evident that the grid voltage and the voltage wave-
forms of the switches v,y together determine the in-
ductor voltage. Since the grid voltage is an uncon-
trollable input variable, the inductor voltage can be
regulated by adjusting the voltage of the switches,
thereby influencing the inductor current. Consider-
ing the phase voltage differences among the three
phases and the midpoint potential difference vy be-
tween the AC and DC sides, the following equation

can be formulated as

dl‘u

L U, 7 UaN—" Uy Uam — Uun
dz

L — Uy~ Upn—7Us — Upm~— Umn
dz
d,

L =V, UeNn— U, Ucm — Umn
dz

where L 1s the inductor value of L,, L, and L,. v
with different capital subscripts denote the voltage
difference between two points. For example, vy
represents the voltage from point A to point M, and

then we get

Uanr + Vv + Ven
Vam — (2)

Fig.2 Voltage vector diagram of phase «

According to the analysis above, the fundamen-
tal component of the three-phase switch voltages are
all sinusoidal waveforms with a phase difference of
120°, and fundamental component of vy is zero,
which is consistent with the analysis above. There-
fore, as long as the analysis and modulation of the
switch voltages can be determined, the current
closed-loop control can be achieved.

As the voltage across the switches is influenced
by their states and the voltages at the midpoint of
the rectifier bridge, it is essential to integrate this
with the modulation approach for analysis. When
the switches are conducting, the voltage across
them is zero. Conversely, when the switches are
turned off, their voltage depends on the direction of
the mput current: When the input current is posi-
tive, it flows through the upper diode, resulting in
the voltage across the switches being equal to the
upper capacitor voltage, which is v,/2; When the in-
put current is negative, it flows through the lower
diode, causing the voltage across the switches to be
the lower capacitor voltage,, which is —v,/2.

Under balanced three-phase conditions with a
power factor of 1, as previously mentioned, the cur-
rent phase is the same as the grid voltage. The volt-
age drop across the inductor due to current flow is
minimal, indicating that the grid voltage (current)
is in phase with the switch voltages. If a reverse cas-
caded carrier modulation method is employed, the
modulation principle dictates that the ratio of the fun-
damental component in the diagram to the modula-
tion wave amplitude is Kpyy. Consequently, the reg-
ulation of the current in phase a can be considered as
being achieved through the control of the modula-
tion wave wvy,, which also applies to the other two

phases.
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1.2 Causes and identification methods of

zero-crossing distortion

As mentioned earlier, controlling the modula-
tion wave adjusts the fundamental component of the
switch voltages, which helps regulate the inductor
voltage and control the input current. However, this
analysis assumes that the current phase matches the
grid voltage. When the three-phase voltages are un-
balanced, we need to recalculate the input current to
maintain constant instantaneous power and prevent
voltage fluctuations at the output.

Under unbalanced conditions, the input current
may not be in phase with the modulation wave,
making the previous analysis invalid, as shown in
Fig.3, where i, . is the reference of current of phase
a, vy, the modulation wave and V, the steady-state
value of the output voltage v,. This mismatch can
cause significant distortions in the input current,
lowering the power factor and leading to output volt-
age fluctuations. Additionally, these current distor-
tions affect the modulation wave during current loop
adjustments. As a result, the voltages across the
switches will be opposite to the original PWM lev-
els, further worsening distortions in the other phase

currents.
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Fig.3 Current waveform diagram under unbalanced

condition

Based on the previous analysis, the phase shift
between the current reference and the modulation
wave causes modulation errors. While calculating
this phase shift and adjusting the modulation wave
to prevent current distortion is feasible, the process
is complex and demands significant computational
resources. To simplify the process, the signs of the
current reference and the modulation wave can be di-
rectly assessed. By injecting the modulation wave
with opposite signs as zero-sequence values into the

three-phase modulation wave, compensation for ze-

ro-crossing distortion can be achieved. If the current
is in a distorted region, the modulation wave phase
can be clamped to zero, ensuring that the switches re-
main continuously on, allowing the current to natural-

ly cross zero without distortion which shown in Fig.4.
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Fig.4 Current waveform with compensation

Thus, effective clamping is enabled by deter-
mining the polarity of the modulation wave relative
to the actual current. It is important to note that if
one phase is distorted and the modulation wave is
clamped, the modulation waves of the other two
phases should be adjusted similarly. This ensures
that the zero-sequence component is consistently ap-
plied to the three-phase modulation wave during
clamping, preventing distortions in the currents of
the other phases, as shown in Fig.5. vy, means the

zero~sequence modulation component.
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Fig.5 Distortion detection and modulation wave

compensation

2 Improvement Methods for Dy-
namic Response Under Unbal-

anced Grid Conditions

2.1 Calculation of current reference and power

feedforward method

Under balanced three-phase conditions, a load
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current feedforward method is employed to enhance
the system’ s dynamic response to load fluctuations.
This method feeds the load current forward to the
current reference, enabling the input power to quick-
ly match the output power and ensuring output volt-
age stability. The feedforward value serves as the d-
axis current reference, aligning with its physical sig-
nificance, as shown in Fig.6.

However, when the three phases are unbal-
anced, the current reference is divided into positive
and negative sequence dq references. Consequent
ly, feeding the load current forward to the d-axis
current introduces errors, diminishing the effective-
ness of the feedforward method in improving dynam-
ic performance and leading to steady-state errors.
To facilitate analysis, the power expression under

unbalanced conditions is first provided as

Pin Udp ‘qu Udn vqn idp
Q'“ — Up —Ugp — Up Uan iqp (3)
sz Uy " Uan — Uy Ugp iqrz

P, Udn Ugn Vap VgpdLlan

where “in” denotes the DC component of the output
power, “in2” the secondary component of the input
power, “dp” the positive sequence d-axis compo-
nent, “dn” the negative sequence d-axis compo-
nent, “gp” the positive sequence g-axis component,
and “gn” the negative sequence g-axis component.
During control, an appropriate current reference
must be calculated to eliminate pulsating compo-
nents, ensuring that the input power consists solely
of the DC component P,,.

When the three phases are unbalanced, the for-

mula for calculating the current reference is
—1

Tap ret Vyp Uy U U P

Lgpret | Yp T Vs Ugn  Uan 0 (4)
idrz _ref U~ U Uy  Uap 0

- Vin  Ugn Vg Uy 0

The current reference expression can be solved

as
Lap ref Uap
i(/p,rcf :% Ugp (5)
T gy ref 3K | —vy,
l.qu,ref U
where
K=1},+ v, — vl — v, (6)

If the load current is fed forward to the positive

Fig.6 Output voltage control block diagram (without power

feedforward)

sequence -axis during this time, it will affect every
element in the power vector due to the coupling of
the voltage matrix, resulting in pulsations in the out-
put power and limited improvement in dynamic re-
sponse. To address this issue, the load current feed-
forward method can be enhanced. Essentially, the
purpose of load current feedforward is to calculate
the theoretical value of the input current based on
the load current and output power. This allows the
output power to be fed forward before the current
reference calculation stage. Considering the feedfor-
ward link, the current reference calculation should
be

1

Tap Vg Uy UV Ugn P+ v.i,
i’l/’ — UQP - UJP _ vqu Udn O
idrl Upm " Uan — Uy Vg 0
Lan Uan Ugn Vap Uy 0

(7)
The control model at this time can be modified

to the one shown in Fig.7.

Fig.7 Output voltage control block diagram

From the model above, it is clear that the es-
sence of this feedforward is power feedforward, en-
suring the matching of input and output power to
prevent excessive fluctuations in the output voltage.

According to the calculation process shown in
Fig.5 of the main text, the method proposed in this
paper requires a total of three multiplications, three
judgments, and three subtractions. It is assumed
that the DSP model used is F2812. In the F2812,
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multiplication operations can usually be completed
by using the hardware multiplier. When performing
fixed-point multiplication using the IQMath library,
generally, one multiplication operation can be com-
pleted within one clock cycle (because the F2812
has a single-cycle multiplier). The judgment opera-
tion is usually a logical comparison instruction. In
the F2812, logical comparison instructions can gen-
erally also be completed within one clock cycle. The
subtraction operation can also be quickly completed
by using the hardware arithmetic logic unit (ALU),
and generally, one subtraction operation can be exe-
cuted within one clock cycle. Therefore, under nor-
mal circumstances, the increased computational
load is approximately equivalent to 10 DSP clock cy-
cles, accounting for about 0.6% of the switching cy-
cle. Hence, the increased computational load of the

method proposed in this paper is extremely low.

3 Simulation Verification

This section conducts simulation studies to ver-
ify the previous analysis, with a concise interpreta-
tion of the results. The simulation parameters are

given in Table 1.

Table 1 Simulation parameters

Parameter Value
AC voltage/V 311
AC frequency/Hz 50
Output voltage/V 750
Output power/kW 15
Switching frequency/kHz 100
Filter inductance/pH 250
DC-link capacitance/pF 800

Fig.8 shows the steady-state voltage and cur-
rent waveforms under a 20% voltage drop in phase
a at full load. At 0.06 s, the proposed zero-crossing
distortion suppression method is activated, effective-
ly mitigating the current distortion. To analyze the
mechanism of distortion reduction, Fig.9 compares
the modulation signals before and after applying the
In Fig.9(a),

waveform distortion is observed due to abnormal

suppression algorithm. significant
modulation and the response of the current control-
ler. In contrast, Fig.9(b) demonstrates that by

clamping the modulation signals at their respective

zero-crossing points, the current can naturally cross
zero without distortion. Fig.10 further presents the
DC-link voltage waveforms. After the algorithm is
used, the voltage ripple is significantly reduced
from 2 V to approximately 0.5 V peak-to-peak, indi-

cating improved DC-side performance.
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(@) vp Vi, V.
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-25¢

_50 1 1 1 1 1

0.00 0.02 0.04 0./06 0.08 0.10 0.12
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(®) i,y iy, 7,
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Fig.8 Steady-state input voltage and current waveforms
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Fig.9 Steady-state modulation waveforms
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Fig.10 Steady-state output waveforms

Figs.11, 12 depict the system response to a
step load decrease (from full load to half load) with-
out using the proposed feedforward method. The
current decreases slowly, resulting in a delayed re-
duction in input power while the load power halves

abruptly. This mismatch leads to a capacitor over-
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Fig.12 Full load to half load output voltage waveform

(without feedforward)

charge, causing an output voltage overshoot of ap-
proximately 18 V.

In contrast, when the proposed feedforward
strategy is used, the current reference is updated in
real time according to power balance, enabling fast
current reduction and suppressing the voltage over-
shoot. The corresponding waveforms are shown in
Figs.13, 14, where the output voltage ripple is limit-
ed to around 5 V.

Fig.15 illustrates the three-phase current and
modulation waveforms under extreme imbalance,
with a 60% voltage drop in phase A. Before 0.46 s,
no suppression is applied, and the current is severe-

ly distorted. After 0.46 s, the zero-crossing suppres-
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Fig.13 Full load to half load input voltage and current

waveforms (with feedforward)

Fig.15 Three-phase currents and modulation waves under

60% voltage sag in phase a

sion method is enabled. Although slight overmodula-
tion occurs due to the imbalance, the current quality
improves significantly, and the distortion is largely
eliminated.

To further verify the method under different de-
grees of imbalance, Fig.16 presents the simulation
result for a 40% voltage drop in phase a. The meth-
od remains effective as long as excessive overmodu-

lation 1s avoided.
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Fig.16 Waveforms under 40% voltage sag in phase a

To evaluate the robustness of the proposed
feedforward method under various load types, a
pulsed load is simulated, where the output power re-
peatedly jumps between half and full load. As

shown in Fig.17, the output voltage maintains good
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quality, confirming the effectiveness of the method

regardless of load variation, where V,, means the

peak to peak value of voltage.
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Fig.17 Output voltage waveform under pulsed load

Finally, the influence of the proposed method
on the system power factor is evaluated based on the
definition in IEEE Std 1459—2010. According to
the standard, the power factor under unbalanced
conditions is defined as the ratio of total active pow-
er to total apparent power. The simulation is re-run
accordingly, and the resulting power factor trajecto-

ry is shown in Fig.18.
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Fig.18 Power factor wave with voltage sag

4 Experimental Verification

To verify the correctness of the theoretical anal-

ysis presented earlier, a hardware-in-the-loop
(HIL) verification platform was built and relevant
experiments were conducted. In the hardware-in-the-
loop experiment, the power circuit is calculated in

real-time in the real-time simulator, and the voltage

and current information is output to the controller
for control. This enables rapid verification of the cor-
rectness and effectiveness of the control method.
Fig.19 shows the basic structure of the experimental
platform. The main power circuit model is built us-
ing a laptop and downloaded to the simulator, and

the control program is written and downloaded to

i Digital T PWM
signals i

g i
DAC board

Fig.19 Hardware in the loop experimental platform

DSP controller

Laptop

structure diagram

the DSP for control. The DSP collects the analog
signals output by the simulator through the digital-
to-analog conversion board and outputs PWM sig-
nals to the simulator to complete the closed-loop
control, and the simulation waveforms are observed
through an oscilloscope.

For the zero-crossing distortion compensation
Figs.20,21 re-
spectively present the experimental results when the

phase a voltage drops by 20% and 40%. The algo-

algorithm proposed in this paper,

rithm proposed in this paper is enabled at the inter-
mediate moment, and it can be seen that the
zero-crossing distortion is well suppressed. Mean-
while, Fig.22 also presents the waveforms of the
output voltage before and after the algorithm is en-
abled. It can be seen that the output voltage ripple
becomes smaller after the algorithm proposed in this

paper is enabled.

Method disable

/(200 V + div')

i, /Q0A*div') i,/Q0A~div') i/(Q0A - div')
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Fig.20 Experimental waveform of 20% voltage sag in

phase a
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Fig.21 Experimental waveform of 40% voltage sag in

phase a

For the dynamic performance optimization
method proposed in this paper, Figs.23, 24 respec-
tively present the output voltage waveforms during
load shedding. Among them, Fig.23 does not use
the method proposed in this paper, while Fig.24 us-
es the method proposed in this paper to achieve a
smaller voltage ripple. To prove the adaptability of
the method proposed in this paper to pulsed loads
such as radar, Fig.25 presents the waveforms of the
output voltage v, and output current Z, under differ-
ent pulsed load conditions. The algorithm proposed
in this paper is enabled at the intermediate moment,
which can effectively achieve the stable control of

the output voltage.

Method disable

o -l
v,/2V e div')

A\, P Do D AN N
VW VY W

t/ (20 ms * div’")
Fig.22  Output voltage waveform comparison before and af-
ter enabling zero-crossing distortion compensation

algorithm

11 v,/ V

t/ (20 ms * div’)

35V

Fig.23  Output voltage waveform without proposed method
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t/(20ms * div")

Fig.24 Output voltage waveform with proposed method
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v,/(50V + div")

i/(10A «div')
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Fig.25 Output voltage and current waveforms
S Conclusions

This paper thoroughly analyzes the distortion
issues and load current feedforward challenges faced
by the Vienna rectifier under unbalanced three-phase
voltage conditions. It identifies that the primary
cause of current distortion is the phase discrepancy
between the current reference and the grid voltage,
leading to significant modulation errors. To address
these issues, a novel and straightforward compensa-
tion method is proposed to mitigate these distor-
tions. Furthermore, the paper critically evaluates
the limitations of traditional load current feedfor-
ward techniques under unbalanced voltage condi-
tions and explains their ineffectiveness. Building on
the principle of power conservation, an improved
feedforward approach is introduced, which enhanc-
es the system’ s dynamic performance under unbal-
anced conditions. To validate the proposed compen-
sation and feedforward methods, extensive simula-
tion analyses are conducted. The simulation results
demonstrate that the new approach significantly re-
duces distortion, improves load current response,
and optimizes overall system performance, effective-
ly addressing the challenges posed by three-phase

voltage imbalance.
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