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Abstract 
 

This paper proposes a synchronous switching technique for a Vienna rectifier that uses carrier-based pulse width modulation 

(CB-PWM). A three-phase Vienna rectifier, similar to a three-level T-type converter with three back-to-back switches, is used as 

a PWM rectifier. Conventional CB-PWM requires six independent gate signals to operate back-to-back switches. When internal 

switches are operated synchronously, only three independent gate signals are required, which simplifies the construction of gate 

driver circuits. However, with this method, total harmonic distortion of the input current is higher than that with conventional 

CB-PWM switching. A reactive current injection technique is proposed to improve current distortion. The performance of the 

proposed synchronous switching method and the effectiveness of the reactive current injection technique are verified using 

simulations and experiments performed with a set of Vienna rectifiers rated at 5 kW. 

 

Key words: Current distortion near the zero-crossing point, Reactive current injection method, Synchronous switching method, 
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I. INTRODUCTION 

Environmental pollution is an important issue that has 

increased interest in the use of electric and hybrid electric 

vehicles as technologies for ecological conservation. The 

supply of electric vehicles decreases the global demand for 

oil, which creates additional economic benefits by reducing 

fuel costs [1]-[3]. The Vienna rectifier is typically used in 

electric vehicles [4]-[6]. 

Non-generative-boost voltage-source pulse width modulation 

(PWM) rectifiers that are connected to the grid with a unity 

power factor are known as Vienna rectifiers [7]-[9]. Vienna 

rectifiers are efficient three-level converters that help reduce 

the total harmonic distortion (THD) of input currents 

compared with two-level converters [10]-[12]. Moreover, 

Vienna rectifiers are used in various applications, such as 

wind turbine systems and telecommunication power systems 

[8]-[11], [13]-[15]. The topology of the Vienna rectifier is 

similar to a general three-level T-type converter (Fig. 1). The 

number of power devices is decreased by replacing the 

external switches with diodes. 

Unidirectional Vienna rectifiers have a phase difference 

between the current and the reference voltage because of the 

filter impedance and power factor of the rectifier. The 

direction of the phase current and the reference voltage of a 

Vienna rectifier should be the same to avoid phase current 

distortion near the zero-crossing point [16]. 

PWM has been the subject of intensive research in power 

electronics and is widely employed to control power converters. 

A variety of modulation techniques have been studied to 

improve the performance of Vienna rectifiers in a range of 

applications. Hysteresis is a switching method that can 

control the input current as a sinusoidal waveform [17]. This 

method has variable switching frequency through the 

operation of the reference current and the hysteresis band. 

The hysteresis method guarantees fast dynamic response, but 

achieving the optimal design of the input filter is difficult. 

Constant switching frequency is used in carrier-based PWM 

(CB-PWM). Sinusoidal modulating signals in CB-PWM are 

compared with triangular carrier signals to generate the output 

voltage. An advantage of the carrier-based switching method 

is its ability to obtain the duration of active and zero vectors 

easily. This method needs two independent modulation signals 

to operate the back-to-back switch of each phase. 

The various switching methods of the Vienna rectifier have  
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Fig. 1. Topology of the Vienna rectifier. 

 

been studied [16], [18]-[20]. A discontinuous conduction 

mode (DCM) control with light load conditions is proposed 

in [18]. The currents are distorted because the relationship 

between the average half-bridge voltage and the duty cycle 

becomes nonlinear. The sampled currents are also not equal 

to the average currents. The present study analyzes the current 

patterns according to the switching states and calculates the 

duty cycles for DCM to achieve sinusoidal currents. However, 

this method is difficult to implement because many cases 

have the current patterns and the calculation of DCM duty 

cycles is complicated. The CB-PWM method for a variable 

power factor is proposed in [16]. This switching method adds 

the compensation voltage to the three-phase reference voltage 

for the variable power factor without current distortion. 

However, the region where the compensation is possible is 

limited by the modulation index. The new CB-PWM switching 

method for a discontinuous PWM (DPWM) is proposed in 

[19]-[20] and is implemented in a similar way as in [16]. In 

the region where the requirement is violated, the reference 

voltage is settled to zero by adding the offset voltage. The 

zero clamping region is expanded as the modulation index 

decreases. Much of the harmonic voltages are generated and 

increases the THD of the current. 

Two devices are in the same state (ON or OFF) when the 

back-to-back switches are operated synchronously. An 

advantage of the proposed method over the conventional 

CB-PWM is that the number of modulation signals is halved. 

Therefore, the volume and cost of the power converter can be 

reduced because the gate driver circuit is simplified. Vienna 

rectifiers are generally operated in a continuous conduction 

mode. However, the current cannot flow to the neutral point 

when the back-to-back switches are turned off near the 

zero-crossing point. Thus, a different current path is generated 

compared with the path generated using the conventional 

CB-PWM. Therefore, in this region, a DCM is initiated, and 

DCM switching states are added [21]. Thus, input currents 

around the zero-current point are more distorted with this 

method compared with the conventional CB-PWM [22]. 

This study proposes a synchronous CB-PWM switching 

method. When internal switches are synchronized, the number 

of modulation signals can be reduced by half. As a result, 

costs are reduced with the proposed CB-PWM method 

because only half the gate driver circuits are used. However,  

 

Fig. 2. Modulation signals for the CB-PWM. 

 

 

 

Fig. 3. Impedance angle of the Vienna rectifier. 

 

an algorithm is necessary to improve the current quality 

because current distortion with the proposed switching 

method is worse if no algorithm is applied at the zero- 

crossing point. The optimal reactive current is injected to solve 

this distortion problem. The effectiveness of the proposed 

switching method is demonstrated using PSIM simulations and 

experiments. 

 

II. GENERAL VIENNA RECTIFIER 

The topology of the Vienna rectifier is shown in Fig. 1. The 

Vienna rectifier consists of three back-to-back switches, six 

diodes, and a grid-connected L-filter. The modulation signals 

of a three-level system are illustrated in Fig. 2, in which each 

phase has two modulation signals: a positive modulation 

signal and a negative modulation signal. The positive and 

negative modulation signals are used to control SW2 and SW1, 

respectively. SW1 maintains the ON state when SW2 is 

triggered. Conversely, SW2 maintains the ON state when 

SW1 is triggered. 

Positive and negative modulations are used for each phase. 

Thus, a three-phase Vienna rectifier requires six modulation 

signals. With a Vienna rectifier, the sign of the input current 

should also correspond to the sign of the reference voltage 

(Vx_ref). The quality of the current depends on whether this 

requirement is satisfied in all phases. The quality of the 

current depends on whether this requirement is satisfied in all 

phases. The grid current is distorted (Fig. 3) if the 

requirement is unsatisfied around the zero-crossing point 

because of filter impedance. The phase difference between 

the grid current and Vx_ref, which is caused by a delay due to 

the filter impedance, is called the impedance angle (θz). Vx_ref  
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Fig. 4. Equivalent circuit of the Vienna rectifier. 

 

 
Fig. 5. Block diagram of the control scheme for the Vienna 

rectifier. 

 

must have a phase of θz in reference to the grid voltage (Vx) to 

control the grid current as a sinusoidal waveform. The phase 

difference between Vx_ref and the grid current (Ix) is treated as 

θz when Vienna rectifiers are operated with a unity power 

factor because Ix and Vx share the same phase. 

Fig. 4 illustrates the equivalent circuit of the Vienna 

rectifier. The phases of Vx and Ix are the same in the unity 

power factor condition. Vx_ref has a phase of θz in reference 

to Vx. This study only considers the resistor and filter inductor 

in calculating θz. The voltage equation for Fig. 4 can be 

indicated as 

, ( ) 2 ,x ref Z x f x s f xV V R I j f L I             (1) 

where Rf is the resistance, fs is the line frequency, and Lf is the 

filter inductance. 

Equation (1) can be rearranged as  
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With Equation (2), θz can be calculated as 
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(3) 

θZ can be calculated as the filter impedance for the grid 

voltage at unity power factor. This study uses Equation (3) in 

the reactive current injection algorithm. 

A double control loop is typically used to control the 

Vienna rectifier. This control scheme is shown in Fig. 5. The 

outer loop is a DC voltage controller to regulate the DC voltage.  

 

Fig. 6. Currents and reference voltages for CB-PWM. 

 

A current controller is used in the inner loop to control the 

power factor and amplitude of the input current. The current 

controller can be implemented in a synchronous coordinate 

frame. The synchronous angle is estimated using a phase lock 

loop to transform the coordinate frame. Reference voltages 

obtained by the current controller are used to generate the 

PWM signals. 

 

III. PROPOSED SYNCHRONOUS CB-PWM 

SWITCHING METHOD 

With conventional CB-PWM, one back-to-back switch is 

clamped to the ON state, while the other switch is triggered 

during a half period of the grid voltage. Thus, the states of the 

power devices are switched independently of each other, and 

the conventional CB-PWM method requires six modulation 

signals. This study proposes that the back-to-back switches 

are operated synchronously, and only three modulation 

signals are required with this method. The back-to-back 

switches are triggered simultaneously when the proposed 

technique is used. Thus, the number of gate driver circuits 

and the cost and size of the system can be reduced. 

A. Conventional CB-PWM Switching Method 

When the CB-PWM method is used with a Vienna rectifier, 

an offset voltage (Voffset) is added to the three-phase reference 

voltage (Vx,ref = Va,ref = Vb,ref = Vc,ref) to expand the modulation 

index. Voffset is calculated as 
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(a) SW1 : ON, SW2 : OFF     (b) SW1 : ON, SW2 : ON 

 (P State)          (O state)  

Fig. 7. Current flow in Region 1 with conventional CB-PWM. 

 

 

(a)                    (b)  

Fig. 8. Current flow in Region 2 with the conventional CB-PWM 

switching method. (a) SW1: ON, SW2: ON  (O State). (b) SW1: ON, 

SW2: OFF (O state). 

 

where Vm is the magnitude of the reference voltage, Vmax is 

the maximum voltage, and Vmin is the minimum voltage of 

Vx,ref. 

This study adds the reference voltage when the offset 

voltage (Vx,ref,offset) is calculated as 

, , , .x ref offset x ref offsetV V V                (6) 

Fig. 6 shows the reference voltages and grid currents of the 

rectifier. The requirement that the direction of the phase 

current and the reference voltage of the Vienna rectifier are 

the same is satisfied in Region 1. Fig. 7 shows the current 

path in Region 1 according to switching state. SW2 is toggled 

between the ON and OFF states. SW1 is clamped to the ON 

state when Va,ref is positive. As the current flows through the 

neutral point, the switching state is O when SW2 is ON. With 

the current flowing through D1, the switching state is P when 

SW1 is ON. 

θz is the phase difference between the current and the 

reference voltage of the Vienna rectifier. This phase difference 

is used to define Region 2, where θz is not as stated. 

Deviation from the definition of θz leads to distortions of the 

currents around the zero-crossing point. Fig. 8 shows the 

current path in Region 2 according to the switching state. 

SW1 is clamped to the ON state because Va,ref remains 

positive. The current flows through the neutral point and the 

 

Fig. 9. Output voltages of the rectifier and corresponding 

switching states in Region 2 with the conventional CB-PWM 

switching method. 

 

 

Fig. 10. Currents and reference voltages for the synchronous 

CB-PWM. 

 

switching state is maintained at O regardless of the switching 

state of SW2. Fig. 9 shows the sequence of the voltage vector 

in this region. 

B. Proposed Synchronous CB-PWM Switching Method 

The reference voltages for the proposed CB-PWM switching 

method are used in the same way as for the conventional 

CB-PWM method. 

The grid currents and reference voltages are shown in Fig. 

10. The requirement on the sign of the input current and 

voltage reference is satisfied in Region 1. When SW1 and 

SW2 are turned on at the same time, current flows through 

the neutral point and the switching state is O. When SW1 and 

SW2 are turned off at the same time, the current flows 

through D1 and the switching state is P. The current path is as 

depicted in Fig. 7 when the proposed switching method is 

used in Region 1. Consequently, the performance of the  
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(a)                     (b)  

Fig. 11. Current flow in Region 2 with the proposed CB-PWM 

switching method. (a) SW1: OFF, SW2: OFF (N State). (b) SW1: 

ON, SW2: ON (O state). 

 

 
Fig. 12. Voltage and input currents of the rectifier during DCM. 

 

Vienna rectifier is the same regardless of the switching 

method. 

The current path in Region 2 for the proposed CB-PWM 

switching method is shown in Fig. 11. The switching state is 

as depicted in Fig. 8(b) when both switches are ON. 

Therefore, the current flows through the neutral point, and the 

switching state is O. However, the current path to the neutral 

point is blocked when SW1 and SW2 are turned off, and 

different voltage vectors are injected, as shown in Fig. 11(a). 

These conditions cause a voltage error between the output 

voltage and the reference voltage. Current distortion is thus 

worse at the zero-crossing point due to the voltage error. 

When both switches are OFF, current flows through D2 and 

the switching state becomes N [Fig. 11(a)]. The current 

rapidly decreases to zero in this switching state. No current 

flows, and the DCM is initiated after the current reaches zero 

(Fig. 12). Fig. 12 shows the input currents and the associated 

voltages at DCM to illustrate the additional switching state. 

These switching states adversely affect the current quality  

 

Fig. 13. Output voltages of the three phases in Region 2 with the 

proposed CB-PWM method. 

 

TABLE I 

SI BASE POSSIBLE WITCHING STATES IN DCM 

No. DCM DCM used in this paper 

1 xPO O 

2 PxO X 

3 xNO O 

4 NxO X 

5 OPx X 

6 OxP O 

7 ONx X 

8 OxN O 

9 POx O 

10 xOP X 

11 NOx O 

12 xON X 

SUM 12 6 

 

unlike those depicted in Fig. 9. The additional switching 

states from the DCM are listed in Table I. “x” indicates that 

no current flows in the related phase. The number of possible 

switching states in one-phase DCM is 12. The voltage vectors 

injected by DCM depend on the phase of the reference 

voltage. With the proposed switching method, DCM is found 

at the right side of the zero-crossing point of the current 

because Vx,ref lags the current by the impedance angle. 

Therefore, this study only uses half of the possible 12 voltage 

vectors introduced by DCM. Fig. 13 shows the applied 

voltage vector sequence in Region 2. The [NPO] and [xPO] 

voltage vectors are additional and unnecessary compared with 

the voltage vectors depicted in Fig. 9. These unnecessary 

voltage vectors further distort the current around the zero- 

current point in each phase. 

C. Improvement Algorithm of the Current Distortion 

Here, we propose a reactive (d-axis) current injection 

technique to improve grid current distortion. The Vienna 

rectifier is operated in a non-unity power factor condition.  
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Fig. 14. Phase differences depending on the impedance angle and 

power factor angle. 

 

 

When injecting the d-axis current, a phase difference called 

the power factor angle (θpf) occurs. Current distortion can be 

improved by compensating θpf for θZ. 

In the non-unity condition, the power factor can be 

classified as either the leading power factor or the lagging 

power factor, depending on the phases of the grid current and 

the grid voltage. Fig. 14 shows the phase differences between 

the current and the reference voltage depending on the 

impedance angle and the power factor angle. Vx,ref is 

separated by θZ, as shown in Fig. 14. To compensate for θZ, a 

lagging power factor angle is selected. Vx,ref and Ix indicate the 

same phase when the optimal d-axis current is injected. In 

this case, the requirement is satisfied in the overall region, 

and the current distortion problem in Region 2 can be solved. 

Therefore, θpf should be obtained using the same value as 

θZ for calculating the optimal reactive current. θpf can be 

obtained simply using Ide and Iqe as [17]: 

2

1

2 2
cos .

qe

pf

de qe

I

I I
 

 
 
 
 

             
(7) 

First, θpf should be obtained from sin(θpf) by injecting the 

appropriate d-axis current. If θpf is sufficiently small, then 

sin(θpf) can be approximated to θpf. In the range where θpf is 

between 0° and 20°, sin(θpf) is approximated to θpf within 2% 

error. In the experimental conditions, the maximum value of 

θZ is roughly 7° so θpf can be estimated within 1% error. 

Therefore, the influence of the estimation error on (9) is 

extremely small. On the basis of (7) and (8), θpf can be 

expressed as 

2sin 1 cos .pf pf                 (8) 

2

2 2
sin .de

pf pf

de qe

I

I I
  


             (9) 

 
 
Fig. 15. Power factor based on impedance angle. 

 

Assuming that θZ and θpf are the same, Ide can be calculated 

as  

2 2

2
.

1

qe Z

de

Z

I
I






                   
(10) 

When (10) is used, the optimal reactive current can be 

injected, thereby reducing the current distortion.  

In case the reactive current is injected, when substituting 

(10) into (7), θpf can be represented by only θZ. θpf is 

expressed as 

 1 2cos 1 .pf Z  
              

(11) 

Following (11), the power factor is also represented by θZ. 

 21 cos .Z pf  
               

(12) 

The power factor depending on θZ is shown in Fig. 15, 

where 0.15 rad/s in the x-axis corresponds to 10°. The power 

factor decreases as θZ increases. θZ consistently exists in the 

Vienna rectifier and is affected by the filter inductance and 

the grid current. In the experimental condition, the maximum 

value of θZ is approximately 0.12 rad/s at the rated power. 

The power factor of the proposed algorithm is slightly 

lower than that of the conventional CB-BPWM because of 

the injection of the reactive current. However, the magnitude 

of the reactive current is small compared with that of the 

active current. Thus, the Vienna rectifier can control the 

power factor to near unity. The distortion of the grid current 

is likewise reduced without a large change in the power 

factor. 

The information of the power factor and the impedance 

angle must be used to implement the proposed algorithm. 

Here, we consider the fundamental component. The power 

factor can be simply approximated by (7) with the active and 

reactive currents, which are calculated by the sampled grid 

current. The impedance angle can be also obtained by the 

filter inductor and the sampled grid voltage and current. 

When harmonic currents occur because of the distorted grid 

voltage, an error occurs in the calculated power factor angle 

and impedance angle. This error can be reduced by using the  
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Fig. 16. Simulated currents and switching signals for the 

conventional CB-PWM. 

 

 

Fig. 17. Simulated currents and switching signals for the 

synchronous CB-PWM. 

 

TABLE II 

SIMULATION PARAMETER 

Parameter Value 

Line-to-line voltage 220 Vll,rms 

Line frequency 60 Hz 

Filter inductance (Lf) 3.5 mH 

Filter resistance (Rf) 0.5 Ω 

DC-link voltage 450 V 

DC-link capacitor 550 uF 

Rated power 5 kW 

Switching frequency 10 kHz 

Control period 100 us 

 

 

digital low pass filter on DSP, because the grid voltage and 

current used in the calculation appear as DC components 

when only the fundamental components are considered. 

 

Fig. 18. Results of simulations performed using the proposed 

algorithm for improving current distortion. 

 

 
(a) 

 
(b) 

Fig. 19. Performance of the proposed method under distorted 

voltage. (a) 5th: 3%, 7th: 2%. (b) 5th: 5%, 7th: 3%. 

 

IV. SIMULATION RESULTS 

Simulations were implemented using a PSIM tool to 

demonstrate the effectiveness of the synchronous CB-PWM 

technique with the algorithm for improving current distortion 

for a Vienna rectifier. The simulation parameters are listed in 

Table II. The circuit used in the simulation is depicted in 

Fig. 1. 

The simulated grid currents and switching signals of the 

a-phase when the conventional CB-PWM technique is used are 

presented in Fig. 16. The switching signals are asynchronous, 

and the input currents are distorted near the zero-current point 

when the relevant requirement is not satisfied, as shown in the 

figure. THDi is approximately 6.5%. 

The simulation results of the synchronous CB-PWM 

switching method are shown in Fig. 17. The switching signals 

are synchronous, and SW1 and SW2 are switched 

simultaneously. In comparison with the results depicted in 

Fig. 16, the grid currents around the zero crossing are more  
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Fig. 20. Prototype of a Vienna rectifier used in the experiments. 

 

distorted because of the injection of the unnecessary voltage 

vectors. THDi increases to 11.2%. 

The effectiveness of the proposed algorithm for improving 

current distortion seen with the synchronous CB-PWM 

switching method is shown in Fig. 18. The distortion of the 

grid currents is reduced by injecting the optimal reactive 

current, thereby equalizing the phase of the current and the 

reference voltage (Fig. 14). In the rated power condition, the 

q-axis current is 20 A and the d-axis current is 2.5 A. The 

magnitude of the reactive current is extremely small compared 

with the active current. Consequently, the power factor is 

controlled to near unity. In addition, THDi is approximately 

1.2%, which is an approximate 10% improvement compared 

with the results in Fig. 17. 

The current distortion under the distorted grid voltage is 

shown in Fig. 19. The conventional CB-PWM switching 

method is used before 0.5 s, and the proposed switching 

method with the optimal reactive is applied after 0.5 s. To 

simulate the distorted grid, we add the fifth and seventh 

harmonic voltages, which are injected with a ratio based on 

the magnitude of the grid voltage, to the simulation condition. 

Before 0.5 s, THDi is increased compared with that in Fig. 16 

because of the distorted voltage. When the proposed method 

is used, THDi drastically decreases after 0.5 s. However, the 

current distortion by the distorted voltage remains, though the 

current distortion by the proposed switching method and 

impedance angle disappears, as shown in Fig. 19. Therefore, 

the THDi of Fig. 19 is higher than that of Fig. 18. 

 

V. EXPERIMENT RESULTS 

This section presents the results of experiments conducted 

to verify the performance of the proposed synchronous 

CB-PWM switching method with an optimal reactive current 

injection to improve current quality. The parameters of the 

experiment are the same as the simulation parameters listed 

in Table II. 

Experiments were conducted using a set of prototypes of a 

Vienna rectifier rated at 5 kW (Fig. 20). The prototype consists  

 
(a) 

 
(b) 

 
(c) 

Fig. 21. Experiment results in the rated load condition. (a) 

Conventional CB-PWM. (b) Proposed synchronous CB-PWM. (c) 

Proposed synchronous CB-PWM and optimal reactive current 

injection. 

 

of a control board, a power board, and filter inductors. A 

digital signal processor (TMS320F28335 DSP) is used in the 

control board. The power board comprises the rectifier and 

the filter inductor. The THD and power factor of the current 

were measured using a WT3000 power analyzer.  

The experimental results at rated power conditions are 

shown in Fig. 21. Under these conditions, the Vienna rectifier 

controls the DC-link voltage to 450 V. The performance of the 

conventional CB-PWM is presented in Fig. 21(a). Distortion of 

the input current occurs at the zero-crossing point, and lower 

order harmonics such as the 5th, 7th, 11th, and 13th appear, 

as shown in the fast Fourier transform in Fig. 21(a). These 

results are similar to those in the simulations. THDi is 

approximately 6.6%. 

The results of experiments conducted with the proposed 

CB-PWM technique are shown in Fig. 21(b). When the 

proposed synchronous CB-PWM switching method is applied, 

unnecessary voltage vectors are injected in the region in  

Filter inductor

Control board

Power stack
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(a) 

 
(b) 

 
(c) 

Fig. 22. Experiment results in 1 kW load condition. (a) 

Conventional CB-PWM. (b) Proposed synchronous CB-PWM. (c) 

Proposed synchronous CB-PWM and optimal reactive current 

injection. 

 

 

Fig. 23. Variation of THDi based on switching methods. 

 

which the direction of the current and voltage of the rectifier 

is different. These voltage vectors increase the distortion of 

the input current at the zero-crossing point. The magnitudes  

 

Fig. 24. Variation of power factor based on switching methods. 

 

 

Fig. 25. Efficiency according to switching methods. 

 

of the 5th, 7th, 11th, and 13th harmonics, as shown in Fig. 

21(b), are larger than those in Fig. 21(a). Therefore, THDi 

increases to 12.8% compared with the results depicted in 

Fig. 21(a).  

The performance of the current injection technique with 

synchronous CB-PWM is shown in Fig. 21(c). The magnitudes 

of the 5th, 7th, 11th, and 13th harmonics are reduced and 

current distortion around the zero-crossing point is improved 

compared with the results shown in Figs. 21(a) and 21(b). 

THDi is approximately 1.1%, which is a 5% improvement 

compared to Fig. 21(a). We inject an optimal reactive current 

of 2.5 A to improve current quality. Given that the magnitude 

of the reactive current is extremely small compared with the 

active current (20 A), the Vienna rectifier can control the 

power factor to almost unity. Hence, the power factor is 

measured as 0.991 by the power analyzer, which is extremely 

close to a unity power factor. 

The results of experiments conducted at 1 kW load condition 

are shown in Fig. 22. Other experimental conditions are the 

same as those used to obtain the results in Fig. 21. The 

distortion of the current at the zero-crossing point is similar 

with that in Figs. 22(a), (b), and (c), unlike the results in Fig. 

21. In light load conditions, θZ is extremely small, such that 

the region in which the unnecessary voltage vectors are 
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injected is narrow. Therefore, the current distortion at the zero- 

crossing point is not severe. In Fig. 22(a), θZ is approximately 

1.3°. To compensate for θZ, 0.1 A reactive current is injected 

[Fig. 22(c)]. When comparing the THDi of Figs. 22(a) and (c), 

the results are similar by approximately 6%. 

Experiments between 1 and 5 kW were also conducted to 

verify the proposed control method with the entire load. 

Current distortion depends on the magnitude of the input 

current, as described by (3). The magnitude of THDi based 

on the variation of the load is illustrated in Fig. 23. In the 

light load condition, current distortion is not severe regardless 

of the switching method because the impedance angle is 

extremely small, as dictated by (3). Therefore, the THDi of 

both switching methods are similar. As the load increases, the 

THDi of the conventional CB-PWM also increases because 

of the larger impedance angle. When the proposed synchronous 

CB-PWM algorithm is used, THDi decreases as the load 

increases because, as shown in Fig. 21(c), the magnitudes of 

the lower order harmonics are reduced by injecting the 

optimal reactive current. Therefore, the quality of the input 

current improves compared with that of the conventional CB- 

PWM. 

The power factor based on the variation of the load is 

illustrated in Fig. 24. The optimal reactive currents are 0.10, 

0.40, 0.91, 1.61, and 2.53 A per additional 1 kW load. The 

optimal reactive current is injected as the load current varies. 

The magnitude of the reactive current is small compared with 

the active current of the entire load. θZ increases with the load, 

as shown in (3). The magnitude of the optimal reactive current 

also increases, thereby improving the current distortion, and it 

is determined by (10). The power factor decreases as θZ 

increases, as shown in (12). Therefore, the power factor of 

the high power condition is lower than that of the light power 

condition. The results show that the power factor decreases as 

the load increases (Fig. 24). However, the power factor is 

above 0.99 for all considered loads. Consequently, the 

Vienna rectifier can control the power factor to almost unity. 

The efficiency based on the switching methods is shown in 

Fig. 25. In the conventional CB-PWM, one of the back-to- 

back switches is triggered and the other is clamped to the ON 

state during a half period of the grid voltage. By contrast, in 

the proposed method, the back-to-back switches are operated 

synchronously. The switching number of the proposed method 

is twice as large as that of the conventional CB-PWM during 

a period of the grid voltage. However, in the almost region, 

the current path is the same as that in Fig. 7 regardless of the 

switching methods. When using the proposed switching 

method, in a switch in which current flows through anti- 

parallel diode, switching loss does not occur. Therefore, the 

mechanism of the power loss is the same as that for both 

switching methods. The experimental results indicate that the 

efficiency of both switching methods is similar for the entire 

load. 

VI. CONCLUSIONS 

We proposed a synchronous CB-PWM switching method 

for the Vienna rectifier with an algorithm to improve current 

distortion. The Vienna rectifier typically requires six modulation 

signals if the conventional CB-PWM method is used. With 

the proposed synchronous CB-PWM method, the number of 

modulation signals is reduced to three from six. Therefore, 

reducing the cost and volume of the system is possible by 

using simplified gate driver circuits. However, when this 

method is applied, unnecessary voltage vectors are generated 

because of DCM, and currents are distorted around the 

zero-crossing point. A representative THDi of 6.6% was 

observed with the conventional CB-PWM switching method; 

this value increased to 12.8% with the proposed CB-PWM 

switching method at the rated power condition. Here, we 

proposed an optimal reactive current injection technique to 

improve current distortion. The optimal reactive current can 

be obtained simply based on the system parameters using 

the power factor angle and impedance angle. When this 

technique was used, the THDi was improved to 1.2%. Thus, 

the power factor can be controlled to above 0.99 because the 

magnitude of the injected reactive current is extremely small 

compared with the active current. The effectiveness of the 

proposed synchronous CB-PWM method with the reactive 

current injection algorithm was verified via PSIM simulation 

and experiments. 
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