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ABSTRACT Vienna rectifiers have gained popularity in recent years for AC to DC power conversion for many industrial 

applications such as welding power supplies, data centers, telecommunication power sources, aircraft systems, and electric 

vehicle charging stations. The advantages of this converter are low total harmonic distortion (THD), high power density, and 

high efficiency. Due to the inherent current control loop in the voltage-oriented control strategy proposed in this paper, good 

steady-state performance and fast transient response can be ensured. The proposed voltage-oriented control of the Vienna 

rectifier with a PI controller (VOC-VR) has been simulated using MATLAB/Simulink. The simulations indicate that the input 

current THD of the proposed VOC-VR system was below 3.27% for 650V and 90A output, which is less than 5% to satisfy 

the IEEE-519 standard. Experimental results from a scaled-down prototype showed that the THD remains below 5% for a 

wide range of input voltage, output voltage, and loading conditions (up to 2 kW). The results prove that the proposed rectifier 

system can be applied for high power applications such as DC fast-charging stations and welding power sources. 

INDEX TERMS Front-end Converters, High Power Applications, Power Factor, Total Harmonic Distortion, Vienna Rectifier, 

Voltage Oriented Controller.

I. INTRODUCTION 

AC to DC converters with regulated DC output voltage is 

used as front-end converters for different applications such 

as electric vehicle chargers, telecommunication applications, 

welding power sources, data center, and motor drives [1, 2]. 

The power required for EV charging stations and welding 

power sources is high, which means that the voltage and 

current rating at the power converters must be higher than 

the voltage and current required for other applications such 

as motor traction [3, 4]. The unidirectional boost rectifier 

known as Vienna rectifier is used as a front-end converter 

[5]. This converter is well known for its topological structure 

advantages such as high efficiency, high power to weight 

ratio, low total harmonic distortion in the line current, unity 

power factor at the grid, and the small size of the filter 

compared to conventional three-phase rectifiers [6]. The 

Vienna rectifier is ideal for high power applications owing to 

the high power to weight ratio, high efficiency, and low 

voltage stress [7, 8].  

In recent years, the core of the power electronics systems is 

the controller unit, which has been subjected to intensive 

research. The basic controller used in a power converter is a 

proportional-integral (PI) controller. However, it is 

challenging to achieve an accurate linear mathematical 

model of the system required for the PI controller [9]. 

Moreover, the PI controller often struggles to work 

satisfactorily under parameter variations, nonlinearity, and 

load disturbances [10].  

In literature, different control methods are used in AC to DC 

converters for high power applications such as welding 

power sources and electric vehicle charging stations. The 

most popular power controllers for EV charging stations are 

power factor correction controllers (PFC) [11], direct power 

controller (DPC) [12], voltage-oriented controller (VOC) 

[13], and their combination DPC-SVM [14]. Voltage 

oriented controller is commonly used as a power controller 

for power factor correction in active front-end converters. 

Table 1 shows the comparison of different controllers. 
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TABLE I. COMPARISON OF DIFFERENT CONTROLLERS 

Ref. Power 

converter 

Power 

controller 

% 

THD 

Remarks 

[15] Diode-
Bridge 

rectifier 

PFC 
controller 

Current 

Controller 

6.22 This converter is 
connected to the 

Buck-Boost 

converter for EV 
charging 

applications. 

[16] SEPIC 
Converter 

Genetic 
Algorithm 

based PFC 

controller 

1.68 This system is 
controlled by an 

intelligent controller, 

which improves the 
settling time. 

(Settling time = 

0.3s). 
[17] Three-

phase diode 

bridge 

rectifier 

Direct Power 

Controller 

(DPC) 

2.01 The power converter 

is used for low-

power DC 

applications. 

[12] Three-

phase 
controlled 

rectifier 

DPC 

controller 

4.6 The power 

converters are used 
for renewable energy 

applications. 

[18] Inverter DPC 
controller 

6.4 The DPC controller 
regulates the grid 

side voltage in 

inverter applications. 
[19] Three-

phase 

controlled 
rectifier 

Voltage 

Oriented 

Controller 

0.28 The VOC controller 

with a fuzzy logic 

controller is used for 
induction motor 

drive applications 

[14] Three-
phase 

controlled 

rectifier 

DPC-SVM 4 This controller is 
used for Induction 

motor applications. 

Table 1 demonstrates the combination of a conventional 

controller with an intelligent controller can improve the 

transient analysis of the system and reduce total harmonic 

distortion in the input current compared to an individual 

controller. Furthermore, different converters used in the 

literature are applicable to lower power DC applications and 

traction applications.  

In this paper, a novel design of EV charging system 

consisting of voltage-oriented controller with a Vienna 

rectifier (VOC-VR) is proposed for high power applications. 

The proposed system is a hybrid control structure consisting 

of voltage-oriented controller with PI controller for the 

Vienna rectifier, which is used for EV charging stations. 

Prior designs of AC/DC converters for high power 

applications employed a hybrid controller using 

conventional three-phase controlled rectifiers, which 

requires input and output filters with high rating to mitigate 

the input current THD [13, 14, 16, 20]. This led to reduced 

efficiency and power density of the system. To address this 

issue, a novel design of integrating Vienna rectifier with a 

VOC and PI controller for high power applications is 

proposed. Using Vienna rectifier, transient stability is 

improved, and for an output voltage of 650 V/ 90 A, the THD 

is reduced to less than 5%, which satisfies the IEEE-519 

standard. The proposed novel design outperforms existing 

AC/DC power converters for high power applications by 

significantly reducing the input current THD and increasing 

the power density. 

II. VIENNA RECTIFIER 

The Vienna rectifier topology includes six active 

semiconductor switches, either MOSFET or IGBT, and six 

diodes. The three-phase three-level Vienna rectifier topology 

is shown in Fig. 1. The voltage stress on each diode and 

semiconductor switches is 𝑉𝑑𝑐 2⁄ . Three inductors on the 

input AC side and two capacitors are parallelly connected on 

the DC side. The neutral point of the grid is associated with 

the neutral point of the DC link. Fig. 2 shows the operation 

of the three-level Vienna rectifier for the current path of one 

leg at each mode. The remaining two legs perform the same 

operation with a 120° phase difference. 
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FIGURE 1. The proposed electric vehicle charger is based on Vienna 

rectifier with a VOC controller (VOC-VR) system. 
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FIGURE 2. Four modes of operation of Vienna rectifier topology 

In mode 1, when a reference voltage is a positive half cycle 

and controlled switches (IGBTs/MOSFETs) are OFF, the 

diode D1 conducts. During this time, the current flows 

through VaLsRsD1C1 as shown in Fig. 2(a). In mode 2 

operation, when a reference voltage is positive half cycle 

with controlled switches are ON, switches S1𝑆2 conducts and 

current flows through VaLsRsS1S2 as shown in Fig. 2(b). In 

mode 3 operations, when a reference voltage is negative half 

cycle with controlled switches are ON, switches S1𝑆2 

conducts and the current flows through S1S2RsLsVa as shown 

in Fig. 2(c). In mode 4 operation, when a reference voltage 

is negative half cycle with controlled switches are OFF, the 

current flows through C2D2RsLsVa as shown in Fig. 2(d). 
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TABLE II. VIENNA RECTIFIER AND ITS APPLICATIONS 

Ref. 
Power 
Control

ler 

% 

THD 

Pow

er 

Fact
or 

Applicati

on 
Remarks 

[21] 
SVPW

M 
3.99 0.98 - 

The control 

technique has 
strong dynamics 

of equilibrium. 

The midpoint 
fluctuation is 

minimal, and the 

current distortion 
on the source side 

is eliminated to 

null. 

[22] 

Conve
ntional 

PFC 

Control
ler 

1.46 0.96 

EV 

Applicati

on 

The PFC 

controller is used 

for low-power 

applications such 

as a slow charging 

station for EVs. 

[23] 

VC 

based 

on 
hystere

sis 

current 
control 

4 0.96 
MEA 
Applicati

on 

Vienna Rectifier is 

used for More 

Electric Aircraft 
applications. The 

conversion 

efficiency is more 
than 95%. 

[24] 

Mixed 

Signal 
based 

Control 

4.7 0.98 

Onboard 

EV 

Charger 

The Vienna 

Rectifier is used 
for the onboard 

charger with a 

0.99 power factor, 
4.7% THD, and 

98% efficiency. 

[25] - - 0.98 

EV 

Battery 

Charger 

SiC-based Vienna 

Rectifier is used 

for an EV battery 

charger. This type 
of design is used 

for high-power, 

high-frequency 
applications. 

[26] - - 0.98 
EV 
Charger 

The Vienna 

Rectifier is used 
for an EV charger 

with a vector 

control strategy. 
High power factor, 

good dynamic 
stability, and small 

midpoint potential 

fluctuations. 

[27] 

New 

Synerg
etic 

Vector 

control 

- 0.99 
EV 

Charger 

New Synergetic 

Controller consists 

of a vector 
controller that is 

used to reduce the 

losses in EV 
chargers. 

[28] 

Sensorl

ess 

Voltag
e 

control 

1.5 - 

Telecom

municati

on 
Applicati

on 

The Vienna 

Rectifier is used 
for 

telecommunicatio

n applications with 
sensorless control.  

[29] 

PC 

with 
Space 

vector 

- - 

Wind 

Energy 
Applicati

ons 

The Vienna 

Rectifier is used as 
a front-end Wind 

energy converter. 

modula

tion 

The current ripple 

is reduced, and the 

neutral point 
voltage is 

regulated by the 

offset voltage 
determined by the 

Vienna rectifier’s 

neutral point 
voltage model. 

[30] 

Direct 
Power 

Control 

Strateg
y 

1.84 - 

High 

power 
applicatio

ns 

The Direct Power 

Control Strategy 
for Wind energy 

system improves 

the power factor at 
the source side and 

reduces the THD 

to less than 5% to 
satisfy the IEEE-

519 Standards. 

It is observed from Table 2, Vienna Rectifier is applicable 

for high power applications such as welding power sources, 

wind energy conversion systems, electric vehicle charging 

stations, and telecommunication power sources. Different 

power controllers have been used in Vienna Rectifier for 

high power applications, such as vector controller, SVPWM 

controller, predictive controller, and dead-beat controller. 

The different types of intelligent controllers have been 

combined with conventional controllers to improve the 

stability of the system, which increases the complexity of the 

system. The proposed system consists of Voltage Oriented 

Controller for Vienna Rectifier (VOC-VR). The proposed 

system reduces the harmonics in the input source current, 

improves the power factor at the grid side, and improves the 

stability of the system.   

III. VOLTAGE ORIENTED CONTROLLER 

The operation of AC to DC power converters strongly 

depends on the implemented control structure. The operation 

of a voltage-oriented controller is based on dual vector 

current controllers (DVCC) [31]. Voltage-oriented control is 

used to mitigate the following problem: 

• Output DC voltage ripples 

• Total harmonics distortion in the input current 

• Input power factor at the grid side 

The voltage-oriented controller consists of a voltage 

controller and a current controller. The current control 

algorithm has two independent current controllers, which 

will work in the positive and negative synchronous reference 

frames (SRF). The positive SRF is used to control the 

positive current component, which rotates in a clockwise 

direction, whereas the negative SRF is used to control the 

negative current component, which rotates in the opposite 

direction. Since the currents occur as DC values in their 

frame in SRF, a tracking controller does not need to be built. 

Due to this advantage, the PI controller is adequate to solve 

the problems above. 

The root of VOC approach is the field-oriented controller 

(FOC) for induction motors, which offers fast and dynamic 



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3068653, IEEE Access

                                         Gowthamraj R et. al.: Voltage Oriented Controller based Vienna Rectifier for Electric Vehicle Charging Stations 

responses using current controller loops. The VOC technique 

used for power electronic converters has been widely known 

in its theoretical aspects [32]. The pulse width modulation 

approach is added to the control system to improve the 

features of the VOC system. The minimization of 

interference (disturbance) can be done by using the VOC 

technique. By applying hysteresis Pulse Width Modulation 

(PWM) technique, the system performance has improved. 

The variable switching frequency of the power converters 

raises the stress in power switching, resulting in large input 

and output filters. 

The proposed approach applies the VOC technology for 

regulating the charging mechanism with reduced current 

harmonics in the grid, as shown in Fig. 3. The voltage-

oriented controller primarily works in the two-phase 𝛼𝛽0 

and dq0 domains where Clark and Park transformation 

matrices are implemented, as shown in equations (1) and (2), 

respectively. 

[

𝑣𝑠𝛼

𝑣𝑠𝛽

𝑣0

] = √
2

3

[
 
 
 
 1 −

1

2
−

1

2

0
√3

2
−

√3

2
1

√2

1

√2

1

√2 ]
 
 
 
 

[

𝑣𝑠𝑎

𝑣𝑠𝑏

𝑣𝑠𝑐

]                                                 (1) 

[
𝑣𝑑

𝑣𝑞
] = [

𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
−𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃

] [
𝑣𝑠𝛼

𝑣𝑠𝛽
]                                           (2) 

where, 𝑣𝑠𝑎, 𝑣𝑠𝑏 , 𝑣𝑠𝑐 are the three-phase source voltages in the 

ABC domain, 𝑣𝑠𝛼 , 𝑣𝑠𝛽, 𝑣0, 𝑣𝑑, 𝑣𝑞  are the source voltages in 

the 𝛼𝛽0 and dq0 domains, and 𝜃 is the operating phase of the 

power system. A similar transformation approach is applied 

to convert the three-phase source current 𝑖𝑆𝑎𝑏𝑐 as shown in 

Fig. 3. 
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FIGURE 3. The control structure of voltage-oriented controller with PWM 

technique. 

AC side control variables become the DC signals by 

modifying the transformation technique. The proportional-

integral controllers easily eliminate steady-state errors 

according to the following approaches [13]: 

𝑣𝑑,𝑟𝑒𝑓 = 𝐾𝑝(𝑖𝑆𝑑,𝑟𝑒𝑓 − 𝑖𝑆𝑑) + 𝐾𝑖(𝑖𝑆𝑑,𝑟𝑒𝑓−𝑖𝑆𝑑)𝑑𝑡              (3) 

𝑣𝑞,𝑟𝑒𝑓 = 𝐾𝑝(𝑖𝑆𝑞,𝑟𝑒𝑓 − 𝑖𝑆𝑞) + 𝐾𝑖(𝑖𝑆𝑞,𝑟𝑒𝑓−𝑖𝑆𝑞)𝑑𝑡               (4) 

𝐾𝑝 and 𝐾𝑖 = PI controller gains 

𝑖𝑆𝑑 and 𝑖𝑆𝑞  = input current in the dq0 domain,  

𝑖𝑆𝑑,𝑟𝑒𝑓 and 𝑖𝑆𝑞,𝑟𝑒𝑓  = reference signals for 𝑖𝑆𝑑 and 𝑖𝑆𝑞   

By applying an inverse park transformation, the operation of 

the Vienna rectifier has been controlled, as shown in Eq. (5); 

after obtaining the reference voltage 𝑣𝑑,𝑟𝑒𝑓  and 𝑣𝑞,𝑟𝑒𝑓  which 

is used to derive the gate switching pulses 𝑆𝑎𝑏𝑐 . The VOC 

operation involving the overall domain transformation 

process is summarized in Fig. 4. 

[
𝑣𝛼,𝑟𝑒𝑓

𝑣𝛽,𝑟𝑒𝑓
] = [

𝑠𝑖𝑛𝜃 −𝑐𝑜𝑠𝜃
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃

] [
𝑣𝑑,𝑟𝑒𝑓

𝑣𝑞,𝑟𝑒𝑓
]                                  (5) 

 

FIGURE 4. Overall domain transformation sequences involved in the 

voltage-oriented controller technique. 

The transformation consists of Park’s transformations and 

Clarke’s transformation. Clarke’s transformation is used to 

convert the three-phase quantities (phases A, B, C) into the 

two-phase stationary quantities (𝛼 and 𝛽). The Park’s 

transformation converts stationary two-phase (𝛼 and 𝛽) into 

the rotating reference frame (d and q). Similarly, using the 

inverse park’s transformation technique, the rotating 

reference frame (d and q) has been converted into a 

stationary reference frame (𝛼 and 𝛽). Furthermore, the 

stationary reference frame is converted into a three-phase AC 

system using inverse Clarke’s transformation technique. 

IV. METHODOLOGY 

The proposed Vienna rectifier with VOC controller (VOC-

VR) is a three-phase three-level rectifier, which is controlled 

by the voltage-oriented controller algorithm. The proposed 

system includes a three-phase AC system, a Vienna rectifier 

controlled by a VOC algorithm, and a DC link capacitor. 

Feedback voltage from the EV’s load-side battery is 

generated using current and voltage controllers for the 

closed-loop operations. The VOC controller performs two 

main functions: (1) DC output voltage regulation to a pre-

determined value, and (2) the regulation of the total input 

harmonic distortion and maintaining in phase with the 

voltage to provide unity power factor. The proposed VOC-

VR system is shown in Fig. 5. 

3 Phase 

to

 2 Phase

Stationary

to

Rotating

Control 

Process

Rotating to

Stationary
Modulation

Phase A

Phase B

Phase C

Phase A

Phase B

Phase C

dd

q
q

AC ACDC

2 Phase 

System 3 Phase 

System

3 Phase 

System

Stationary Reference Frame Stationary Reference FrameRotating Reference Frame



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3068653, IEEE Access

Gowthamraj R et. al.: Voltage Oriented Controller based Vienna Rectifier for Electric Vehicle Charging Stations                                                    

 
 

D1

D4

D3

D6

D5

D2

C1

C2

R LoadVa

Vb

Vc

Rs

Rs

Rs

Ls

Ls

Ls Voltage 

Sensor

Decoupled 

Controller

Gate Switching Pulses
ADC

dq to abc

PWM 

generator

Gate driver 

circuit

Carrier Signal

Voltage 

sensor

Current 

sensor

ADCADC

abc to dqabc to dq

PLL

VIENNA RECTIFIER

S1 S2

S3 S4

S5 S6

 

FIGURE 5. Overall Circuit Configuration of the proposed VOC-VR 

system. 

The de-coupler controller is the key feature of the proposed 

VOC control algorithm, as shown in Fig. 6. Three PI 

controllers were used in the proposed control circuit. The 

first PI controller is a current controller that controls the 

internal loop of 𝑖𝑑 current component. This controller is used 

to estimate the reference voltage signal 𝑣𝑑_𝑟𝑒𝑓 by minimizing 

the error between 𝑖𝑑 with 𝑖𝑑_𝑟𝑒𝑓 . Second PI controller is also 

called a PI current controller, which reduces 𝑖𝑞  current 

component to 0 by managing the inner loop of 𝑖𝑞  a current 

component which is used to estimate the voltage reference 

voltage signal 𝑣𝑞_𝑟𝑒𝑓 . Third PI controller is a voltage 

controller, which is used to manage the output loop of DC-

link voltage 𝑉𝑑𝑐. This controller is used to estimate reference 

current signal 𝑖𝑑_𝑟𝑒𝑓  by comparing measured 𝑉𝑑𝑐 with its pre-

determined reference voltage 𝑣𝑑_𝑟𝑒𝑓. The voltage-oriented 

controller must transform input from three-phase current and 

decouple into active 𝑖𝑑 and reactive 𝑖𝑞  components, 

respectively. Regulating the decoupled active and the 

reactive components minimizes errors between required 

reference and calculated values of the active and reactive 

components. The DC link voltage control method controls 

the active current component 𝑖𝑑 which aims to achieve an 

active power flow balance in the systems while the reactive 

current component 𝑖𝑞  is controlled to 0 to provide a unity 

power factor at the input side. 

 

FIGURE 6. The control circuit of the decoupled controller for the 

voltage-oriented controller technique. 

The characteristics of two PI current controllers and PI 

voltage controllers are given in equation (6) - equation 

(8).[13] 

  𝑣𝑑_𝑟𝑒𝑓 = 𝑣𝑑 + 2𝜋𝑓𝐿𝑠𝑖𝑞 − (𝐾𝑝1 (𝑖𝑑𝑟𝑒𝑓
− 𝑖𝑑) +

𝐾𝑖1 ∫ (𝑖𝑑𝑟𝑒𝑓
−𝑖𝑑) 𝑑𝑡)                                                                           (6) 

𝑣𝑞_𝑟𝑒𝑓 = 𝑣𝑞 − 2𝜋𝑓𝐿𝑠𝑖𝑑 − (𝐾𝑝2(0 − 𝑖𝑞) + 𝐾𝑖2 ∫(0−𝑖𝑞) 𝑑𝑡)

             (7) 

𝑖𝑑_𝑟𝑒𝑓 = 𝐾𝑝3 (𝑉𝑑𝑐𝑟𝑒𝑓
− 𝑉𝑑𝑐) + 𝐾𝑖3 ∫(𝑉𝑑𝑐_𝑟𝑒𝑓 − 𝑉𝑑𝑐) 𝑑𝑡      (8) 

𝐾𝑝1, 𝐾𝑖1 𝐾𝑝2, 𝐾𝑖2 𝐾𝑝3, 𝐾𝑖3 = gain values PI current controller  

𝐿𝑠 = source inductance.  

The switching frequency for the current control loop will be 

larger than the bandwidth 𝛼𝑖 [33], 

𝛼𝑖 < 2𝜋
𝑓𝑠

10
                                                                                               (9) 

𝐾𝑝1 = 𝐾𝑝2 = 𝛼𝑖𝐿𝑠and 𝐾𝑖1 = 𝐾𝑖2 = 𝛼𝑖𝑅𝑠                                  (10) 

where, 𝛼𝑖 (rad/s) = current controller bandwidth. 

For the voltage control loop, the PI controller is tuned by 

using a DC link capacitor as the following [34, 35]: 

𝐾𝑝3 ≥ 𝐶𝑑𝑐1𝜔 and 𝐾𝑖3 ≥ 𝐶𝑑𝑐1𝜔/2                                (11) 

where damping factor  is equal to 0.707 and 𝜔 is angular 

frequency. Using initial values, tuning and modifications are 

made, which strengthens the proposed charging technique. 

V. SIMULATION RESULTS 

This section presents the simulation results of a VOC-based 

Vienna rectifier circuit. The performance of the proposed 

controller for high-power applications that require 600V/100A 

DC output is evaluated. The simulation parameters applied for 

the proposed system are summarized in Table III. 

TABLE III. SPECIFICATION OF A VOC BASED VIENNA RECTIFIER 

(VOC-VR)  

Parameter Symbol Unit Value 

Resistor Load 𝑅𝑙𝑜𝑎𝑑 Ω 20 

Input inductance 𝐿𝑓 mH 5 

Grid frequency f Hz 50 

Switching 
frequency 

𝑓𝑠 kHz 12 

Input resistance  𝑅𝑓 Ω 5 

Source voltage 

(AC- RMS) 

𝑉𝑖𝑛 V 440 

Output voltage 𝑉𝑑𝑐 V 600 

Current controller 𝐾𝑝1 𝑎𝑛𝑑 𝐾𝑝2 - 67 

Current controller 𝐾𝑖1 𝑎𝑛𝑑 𝐾𝑖2 - 1.7× 104 

Voltage controller 𝐾𝑝3 - 0.00027 

Voltage controller 𝐾𝑖3 - 0.017 

Vienna rectifier with VOC controller has been simulated in 

MATLAB Simulink, and results are shown in Fig. 7 and Fig. 

8. The input-current waveforms are shown in Fig. 7. The 

input-current harmonics for Vienna rectifier without a VOC 

controller and with a VOC controller are shown in Fig. 8 (a) 

and (b), respectively. From Fig. 7 and Fig. 8, it can be seen 

that the proposed control technique ensures THD of the input 

+
+

+

+

+
+

++

+

+

2πfL

0

PI Current Controller

PI Current Controller

PI Voltage Controller

Decoupled 

Controller
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current is less than 3.27%, and the system maintains the unity 

power factor at the source side. Therefore, the proposed 

VOC-VR system has been proven to be applicable for high 

power applications with reduced total harmonic distortion to 

the connected grid. In a previous work [36], Vienna Rectifier 

with the PFC controller ensured an input current THD of 

1.46%. However, the output voltage of the PFC controller 

with the Vienna rectifier was around 200V, which cannot be 

used for high power applications such as DC fast chargers 

for electric vehicles and welding power sources [36]. Hence, 

voltage-oriented controller with the PWM method for 

Vienna rectifier gives better performance than the previous 

work.  

 

FIGURE 7. Input current waveform of the proposed VOC-VR system with 
440 V RMS IN and 650 V DC OUT 

 

FIGURE 8. Total harmonic distortion of the proposed VOC-VR system 

with 440 V RMS IN and 650 V DC OUT. 

Fig 9. shows that the proposed system can maintain the DC 

output voltage at an optimal level of 650V. The results from 

this system also show that DC current has been maintained 

approximately at 90A, which can be used for EV fast 

charging and welding applications [13]. By scaling down the 

proposed system and optimizing PI parameters in the VOC 

controller, the rectifier can be used for slow charging 

scenarios (250 V / 40 A output) as shown in Fig. 10 whereas, 

the Vienna rectifier with PFC controller can maintain the DC 

voltage up to 200V with 16.5 A [36]. As a consequence, the 

Vienna rectifier with a PFC controller can only be used for 

slow charging applications (Level 1 charging). The transient 

analysis has been performed by studying the system 

performance in the case of an instantaneous increase in the 

load by a factor of 2. The DC output voltage during the 

transient condition is shown in Fig. 11.  

 
FIGURE 9. DC output voltage and output current of the Vienna rectifier 
with VOC controller with 350 V AC RMS input and 650 V DC output 

voltage. 

 

FIGURE 10. DC output voltage and output current of the Vienna rectifier 
with VOC controller with 350 V AC RMS input and 220 V DC output 
voltage for slow charging stations 

 

FIGURE 11. DC output voltage for the transient condition during the 
load variations 

VI. EXPERIMENT SETUP 

A scaled-down demonstrator, the Vienna rectifier board with 

a resistive load, has been set up to verify the proposed 

voltage-oriented controller for the Vienna rectifier. The 

digital controller is preferred due to the limitations of design 

complexity, slow dynamic response, and high component 

costs by conventional analog controllers. The digital 

controller in the proposed system has been developed using 

a TMS320F28337xD microcontroller. The experimental 
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setup of the proposed system is shown in Fig 12 and 13. It 

consists of input filters, a Vienna rectifier board, output 

filters, and a digital controller board. The input voltage and 

current were measured using a power analyzer. The PCB 

board of Vienna rectifier with TMS320F28337xD 

microcontroller is shown in Fig. 14. The MOSFET model 

used in the rectifier was 65C7190, and the diode model was 

C4D08120A. The primary filter inductor was 3 mH in each 

phase, the total output capacitance was 180 𝜇F, and the 

switching frequency of the rectifier was 50 kHz.  

 

FIGURE 12. Block Diagram of three-phase Vienna Rectifier with a 
TMS320F28337xD prototype. 

 

FIGURE 13. The experimental setup of the Vienna Rectifier with a 
TMS320F28337xD 

 

FIGURE 14. Board View of Vienna Rectifier with TMS320F28337Xd 

 

A. INDUCTOR DESIGN 

The harmonics in the switching frequency will be reduced by 

using the input inductor (𝐿𝑖). Among other considerations, 

the design of the inductor depends on current ripple and the 

selection of the core material that can withstand the current 

ripple.  

V= 𝐿𝑖(
𝑑𝑖

𝑑𝑡⁄ ), gives the voltage across the inductor. The 

voltage equation for Vienna rectifier is, 

(
𝑉𝑏𝑢𝑠

2
− 𝑉𝑟𝑚𝑠) = 𝐿𝑖 ∗  

∆𝑖𝑝𝑝

𝐷∗𝑇𝑠
                                         (12) 

where the time 𝑇𝑠 = 1
𝐹𝑠𝑤

⁄  is switching period, and 𝐷 is duty 

cycle. The current ripple ∆𝑖𝑝𝑝 is,  

∆𝑖𝑝𝑝 =
𝐷∗𝑇𝑠∗ (

𝑉𝑏𝑢𝑠
2

−𝑉𝑟𝑚𝑠) 

𝐿𝑖
                                          (13) 

The duty cycle 𝐷 = 𝑚𝑎 ∗ sin (𝜔𝑡), where 𝑚𝑎 is the 

modulation index and input voltage 𝑉𝑟𝑚𝑠 = 𝐷 ∗ (
𝑉𝑏𝑢𝑠

2⁄ ), 

then current ripple can be derived as, 

∆𝑖𝑝𝑝 =
𝑉𝑏𝑢𝑠

2
∗ 𝑇𝑠∗ 𝑚𝑎∗sin(𝜔𝑡)∗(1−𝑚𝑎 sin(𝜔𝑡))

𝐿𝑖
                      (14) 

It is clear from equation 14, the peak ripple changes in a 

sinusoidal manner. Equation 15 gives the maximum value by 

differentiating equation 14.  
𝑑(∆𝑖𝑝𝑝)

𝑑𝑡
= 𝐾{cos(𝜔𝑡) (1 − 𝑚𝑎 sin(𝜔𝑡)) −

𝑚𝑎 sin(𝜔𝑡) cos(𝜔𝑡)} = 0                                       (15) 

At sin(𝜔𝑡) = 1 (2 ∗ 𝑚𝑎)
⁄ , the maximum current ripple has 

been attained, and it is derived in Equation 16.  

∆𝑖𝑝𝑝 =
𝑉𝑏𝑢𝑠

2
∗ 𝑇𝑠

4∗𝐿𝑖
                                                       (16) 

𝐿𝑖 = 
𝑉𝑏𝑢𝑠

2

4∗𝐹𝑠𝑤∗∆𝑖𝑝𝑝𝑚𝑎𝑥

                                                (17) 

Using equation (17), required inductance can be calculated, 

and suitable core material can be selected for inductor 

design. 

B. OUTPUT CAPACITOR SELECTION 

The ripple in the DC output voltage will be minimized by 

placing a capacitor at the output side. Output capacitor value 

can be calculated using equation (18) based on the output 

voltage ripple specification. 

𝐶 = (
1

3
)

𝑃𝑎𝑐

4∗𝑓∗ (𝑉2−(𝑉−∆𝑉)2)
                                        (18) 

where, 

f = Grid frequency 

𝑃𝑎𝑐  = AC power (input power) and 

∆𝑉 = change in input voltage 

 

C1

C2

Load

C2000 Microcontroller

TMS320F28337xD

Three Phase AC Source

Filter Vienna Rectifier DC Output side

Vdc
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VII. EXPERIMENTAL RESULTS 

The proposed VOC-based Vienna Rectifier has been 

experimentally tested to provide constant DC voltage at low 

input current THD. It is observed from Fig. 15 and 16 that 

input voltage and current show sinusoidal waveforms when 

the rectifier was tested with varying load (𝑉𝐴𝐶 =
280 𝑉 𝑅𝑀𝑆). The power measured during these experiments 

was 612W and 1364 W. The total harmonic distortion for 

input current was recorded at 2.5% for 612 W operation. The 

total harmonic distortion for input current was observed 

0.96% for 1364 W operation, as shown in Fig.16. The 

experiments were done for an input voltage of 350 𝑉𝐴𝐶  and 

output voltage of 700V DC. In these tests, the recorded total 

harmonics distortion of input current was 7% for the output 

power of 960W and 3.5% for the output power of 1865W, as 

shown in Fig. 17 and Fig. 18, respectively. As input current 

THD is less than 5% in most cases, the IEEE-519 standard is 

satisfied, and the system provides a good power factor at the 

input side. The DC voltage at the output side is constant, and 

it is maintained at 600V or 700V – similar to the reference 

voltage. Table IV demonstrates the experimental results of 

the Vienna rectifier with a VOC controller for the input 

voltage of 208 V AC RMS and output voltage of 600 V DC. 

The tests were carried out for different load conditions. The 

DC output voltage is shown in Fig. 19. 

 

FIGURE 15. Input Voltage and Current Waveforms for 208 𝑽𝑨𝑪, 600V DC, 

612W and THD = 2.5% 

 
FIGURE 16. Input Voltage and Current Waveforms for 208 𝑽𝑨𝑪, 600V DC, 
1364W and THD = 0.96% 

TABLE IV. EXPERIMENTAL RESULTS WITH 208 𝑉𝐴𝐶 , 600 V DC 

OUTPUT VOLTAGE, AND VARYING LOAD  
𝐕𝐛𝐮𝐬 (
V)

(𝐀𝐂 −
𝐑𝐌𝐒) 

𝐕𝐨𝐮𝐭 

(V) 

𝐏𝐢𝐧 

(W) 

𝐈𝐨𝐮𝐭 

(A) 

𝐏𝐨𝐮𝐭 

(W) 

Efficie

ncy 

THD % PF 

300.5 598.5 74 0.117 70.069 0.946 23.20% 0.8623 

300 598.35 124.4 0.2 119.16 0.962 17% 0.9203 

299.8 598.57 245.1 0.4 239.58 0.977 8.09% 0.9775 

299 598.26 481.3 0.788 471.78 0.980 3% 0.997 

299.6 598.47 623.2 1.027 612.98 0.981 2.54% 0.995 

299.4 598.36 858.6 1.416 841.85 0.980 1.71% 0.994 

299.1 598.15 1001.8 1.632 980.46 0.978 1.52% 0.997 

299.82 599.8 1150.2 1.878 1125.5 0.978 1.22% 0.998 

298.8 598.68 1399.6 2.278 1364.6 0.974 0.96% 0.999 

 

FIGURE 17. Input Voltage and Current Waveforms for 350 𝑽𝑨𝑪, 700V DC, 

960W and THD = 7% 

 

FIGURE 18. Input Voltage and Current Waveforms for 350 𝑽𝑨𝑪, 700V DC, 
1865W and THD = 3.5% 

TABLE V. EXPERIMENTAL RESULTS WITH 350 𝑉𝐴𝐶 , 700 V DC 

OUTPUT VOLTAGE, AND VARYING LOAD  
𝐕𝐛𝐮𝐬 (
V)

(𝐀𝐂 −
𝐑𝐌𝐒) 

𝐕𝐨𝐮𝐭 

(V) 

𝐏𝐢𝐧 

(W) 

𝐈𝐨𝐮𝐭 

(A) 

𝐏𝐨𝐮𝐭 (W) Efficie

ncy 

THD 

% 

PF 

351.2 700.41 101.7 0.136 95.86 0.9419 29.10 0.7516 

351.7 701.61 265.8 0.38 259.74 0.9779 22 0.9319 

352 701.87 581.3 0.829 574.82 0.9862 11.29 0.9832 

351.6 701.56 900.6 1.28 890.65 0.9878 7 0.9936 

351.9 701.64 1094.5 1.573 1082.24 0.9876 6.23 0.9964 

351.7 701.37 1354.4 1.942 1341.53 0.9917 5.46 0.9952 

351.4 701.28 1558.3 2.214 1535.46 0.9876 4.80 0.9968 

351.2 700.86 1884.7 2.56 1864.98 0.9884 3.50 0.9984 
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FIGURE 19. DC output voltage of 600 V DC with 612W load 

Table V demonstrates the experimental results of the Vienna 

rectifier with a VOC controller for the input voltage of 350 

V AC RMS with 700 V DC output voltage. The test results 

are carried out with different load conditions. Harmonics in 

the experimental input current for 350 V AC RMS and 700 

V DC output are shown in Fig. 20. From Fig. 20, it can be 

observed that the odd harmonics in the input current have 

been eliminated [37], which will reduce the size of the 

filtering components. This again proves that the efficiency of 

the overall system has been improved with the VOC 

controller. 

FIGURE 20. Input current THD in % for 350 VAC RMS IN and 700V DC OUT 
with 1865W 

Experimental power output vs. efficiency is shown in Fig. 

21. The efficiency is maintained above 95% for the different 

power ratings.  

 

FIGURE 21. Output power vs. efficiency for 350VAC-RMS IN and 700V 

DC OUT. 

Experimental power output vs. input current THD is shown 

in Fig. 22. The input current THD is less than 5% for most 

of the cases. Hence, the input current THD satisfies the 

IEEE-519. 

 

FIGURE 22. Output power vs. % THD for 350VAC-RMS IN and 700V DC 

OUT. 

Experimental power output vs. power factor is shown in Fig. 

23. Power factor is maintained between 0.8 and 1 for 

different loading conditions. The power factor for the 

proposed system achieves unity for the majority of loading 

conditions, 200W – 1500W. 

 

FIGURE 23. Output power vs. power Factor for 350VAC IN and 700V DC 

OUT. 
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VIII BENCHMARKING 

The proposed VOC-based Vienna rectifier (VOC-VR) 

system improves the rectifier designs from the past works. 

Table VI provides a comparison between the proposed 

system and the published rectifier systems for similar 

applications. The SEPIC converters and 3 phase-controlled 

converters are used for medium power applications, for 

example, wind power applications [38, 39]. The Vienna 

rectifier with the PFC controller has been used in low-power 

applications, including slow charging stations for electric 

vehicles. The voltage produced by the conventional PFC 

controller-based Vienna rectifier was approximately 200V 

DC, which is less than the proposed system [36]. This is 

mainly because the optimization of PI parameters in a 

conventional PFC controller is challenging for higher output 

voltage. The optimized PI parameters in the VOC controller 

give much better results compared to the PFC controller. 

Hence, the PFC controller-based Vienna rectifier system 

cannot be used in high-power applications like welding 

power sources or fast-charging DC stations.  

Moreover, the results show that design process of the 

proposed system is much simpler and use of VOC with the 

PWM modulator is ideal for specified applications such as 

EV charging stations and welding power. Using same input 

filter proposed in the VOC-VR system, the conventional 

Vienna rectifier designed for high-power applications could 

increase the input current distortion. Therefore, in order to 

minimize the total harmonic distortion in input current, the 

VOC-based PWM control is proposed for the Vienna 

rectifier. The simulation and experiment results show that the 

average input currents THD is less than 5% for most of the 

cases in the VOC-VR system. In other words, when the 

proposed system is used in EV fast-charging stations or 

welding power applications, it will not cause much 

distortions in the input current, and input power factor would 

be close to unity. 

TABLE VI. THE PERFORMANCE OF THE PROPOSED SYSTEM 

COMPARED WITH EXISTING SYSTEMS 

Power 

Converter 

Power 

Controller 

Control 

Structure 

%THD Application 

SEPIC 

Converter 
[38] 

Adaptive 

Neuro 
Fuzzy-logic 

Controller 

for single-
phase PFC 

controller 

Very 

complex 

1.68 This system is 

used for medium 
power 

applications.  

Three-
phase 

controlled 

rectifier 
[39] 

Direct 
Power 

Controller 

Complex 4.6 This system is 
used for wind 

energy 

applications 

Vienna 

rectifier 
[36] 

PFC 

controller 

Simple 1.46 Low power 

application such 
as slow charging 

stations 

Proposed 
System 

(VOC – 

VR) 

Voltage 
Oriented 

Controller 

Simple 3.25 This system is 
used for high 

power 

applications 

such as DC fast 

charging station 

and welding 
power 

application 

IX CONCLUSION 

In this research work, a three-level Vienna rectifier based on 

a voltage-oriented controller (VOC-VR) has been designed 

and experimentally tested. The proposed system has been 

simulated using MATLAB Simulink software targeting 

high-power applications such as DC-fast chargers for electric 

vehicles. The proposed controller for Vienna rectifier 

focused on combining voltage-oriented controllers with the 

PWM method. In proposed design, the reactive and unstable 

active currents are counteracted by the input and output 

filters and Voltage Oriented Controller (VOC) with Vienna 

rectifier. The proposed design also guarantees a sinusoidal 

current at the input side with minimum ripples and 

distortions. The system's power factor is maintained at unity, 

and total harmonic distortion of the input current is kept less 

than 5 %, which meets the IEEE-519 standard. The benefit 

of the proposed controller over conventional PFC controller 

has been demonstrated by simulations and experimental 

results. Low THD, good power factor, and smaller filtering 

requirements make the voltage-oriented controller-based 

Vienna rectifier an ideal candidate in electric vehicle 

charging stations.  
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