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Abstract

:

Vienna rectifiers are widely used, but they have problems of zero-crossing current distortion and midpoint potential imbalance. In this paper, an improved hybrid modulation strategy is proposed. According to the phase difference between the reference voltage vector and the input current vector, the dynamic current crossing distortion sector is divided at each phase current crossing, and the discontinuous pulse width modulation strategy is adopted in the sector to suppress the redundant small vector mutation and improve the current crossing distortion. To solve the problem of midpoint potential balance, a space vector modulation strategy is adopted outside the sector to control the midpoint potential balance by allocating the time of small vector action by voltage balance factor. Finally, the effectiveness of the proposed method is verified by simulation and experiment.
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1. Introduction


With the development of science and technology, the functions of industrial products have become more and more powerful, the system complexity has become higher and higher, and the correlation between systems has become closer. The nonlinear load is affected more and more, because when the nonlinear load in the system works abnormally, the power supply quality of the power supply is often affected, and the performance index of the sensor is affected by the power supply quality. Therefore, it is necessary to improve the power supply quality of the sensor power supply. The Vienna rectifier [1,2] uses a bidirectional switching structure and has lower power consumption and cost than the traditional three-phase six-switch two-level PWM rectifier. It is widely used in wind power generation systems [3,4], aircraft power supply systems and electric vehicle charging piles [5,6] due to its high power density and no dead zone driven by the power switch.



The performance of the Vienna rectifier is largely affected by the modulation strategy. The traditional discontinuous pulse width modulation strategy [7,8] (DPWM) adopts the five-stage synthesis method, which has low power consumption [9] and no zero-crossing distortion, but poor midpoint voltage balance ability [10]. The space vector modulation strategy [11,12,13] (SVPWM) adopts the seven-stage synthesis method, which has good midpoint potential regulation ability [14], but hysteresis and mutation [15] will occur when current passes zero, thus reducing power quality. The literature [16] proposed an improved spatial voltage vector modulation strategy. By calculating the relation between the midpoint potential fluctuation value and the correction amount needed to eliminate the vector error, the correct vector action time is obtained, which improves the input current quality, but only applies to the case of small DC side capacitance. The literature [17] proposed CBPWM based on dual carrier and dual modulation waves, which can be equivalent to VSVPWM. It solves the problems of complex SVPWM partition, large computation of vector action time and large power consumption. However, the input current distortion is not considered. In response to input current distortion caused by buffer circuits and parasitic capacitors in switch devices of Vienna rectifiers, the literature [18] proposes a carrier-based discontinuous space vector modulation method with variable clamping interval, which has better input current quality than conventional DPWM. However, the midpoint potential balance ability is poor. The literature [7] proposed an improved DPWM method to adjust midpoint voltage by using a redundant clamp mode. It improves the efficiency of the rectifier and reduces the power consumption of the rectifier. The literature [19] proposed a new type of hybrid modulation method, the dynamic adjustment factor combined with capacitive voltage deviation control, to improve the ability of Vienna rectifiers’ midpoint voltage balance.



In view of the above research background, combining the advantages of various modulation strategies, a hybrid modulation strategy based on current zone clamp mode is proposed, according to the phase difference between current and voltage, the current zero crossing distortion region is calculated automatically. In this sector, the DPWM modulation mode is adopted to improve the current zero crossing distortion and improve the current quality. In view of the defect that the DPWM modulation strategy cannot balance the midpoint, the SVPWM modulation strategy is adopted in the current zero crossing distortion area to make the system have better midpoint voltage regulation ability.




2. Vienna Rectifier Working Principle and Current Distortion Causes


Figure 1 shows the structure of the T-type three-phase Vienna rectifier. ea, eb, and ec are the three-phase AC voltage sources. L is the filter inductance of the three-phase AC side, R is the equivalent series resistance of the three-phase AC side.



Sa, Sb, and Sc are bidirectional power switches connected to the neutral point on the DC side. Each bidirectional power switch consists of two MOSFET switch components and two diodes. C1 and C2 are filter capacitors on the DC side, and RL is the load.



The switch component Sa is used as an example to analyze the working mode of the Vienna rectifier. Sx = 0 (x = a, b, c) indicates that the switch component Sx is disconnected, and Sx = 1 indicates that the switch component Sx is closed. ix > 0 indicates that the current direction is from the AC side to the DC side. ix < 0 indicates that the current direction is from the DC side to the AC side. As shown in Figure 2, when Sa = 0 and ia > 0, the current flows through the diode to the positive terminal of capacitor C1, and the Uao branch voltage is 1/2 Vdc. When Sa = 0 and ia < 0, the current flows from the negative terminal of capacitor C2 to AC measurement, and the Uao branch voltage is −1/2 Vdc. When Sa = 1, the current is connected to O point and the Uao branch voltage is 0. It can be seen that the Vienna rectifier’s space vector consists of 25 basic vectors, as shown in Figure 3, including 6 large vectors, 6 medium vectors, 12 small vectors, and 1 zero vector, divided into 6 large sectors, and each large sector is divided into 6 small sectors. In the figure, the letter P represents that the bridge arm voltage of the phase is 1/2 Vdc (P level), the letter N represents that the bridge arm voltage of the phase is −1/2 Vdc (N level), and the letter O represents that the bridge arm voltage of the phase is 0 (O level).



As shown in Figure 4, Ed is the input voltage, UL is the inductive voltage, id is the input current, Vref is the reference voltage vector, because there is a filter inductor L on the AC side. The input current generates a voltage UL on the filter inductor L, whose phase is 90° ahead of the input voltage Ed, resulting in a phase difference θ between the reference voltage Vref and the input current id. When Vref does not pass through zero of phase b, the current id has passed through zero and the sign changes from negative to positive. According to the working principle of Vienna rectifiers, at Sb = 0 the bridge arm voltage is positive or negative depending on the direction of the current. Therefore, the vector [ONN] is replaced by [OPN], as shown in Figure 5 in actual work, resulting in the wrong trigger signal and thus distortion of input current.



According to the phase relationship in Figure 4, the θ expression can be obtained, where ω is the angular frequency of the AC power supply.


  θ = arctan    U L     E d    = arctan   ω L  i d     E d     



(1)







There are six zero-crossing distortion regions in one cycle, and the distribution is shown in Figure 6. The replacement of redundant vectors is shown in Table 1.




3. Improved Hybrid Modulation Strategy


According to the previous analysis of the causes of current zero-crossing distortion, it can be known that to overcome the distortion of the current near the zero-crossing point, it is necessary to ensure that any phase current changes from positive to negative or from negative to positive without causing sudden changes of redundant small vectors (such as [PPO] [OON]) that appear in pairs. Therefore, the corresponding phase voltage vector is clamped to zero when the current crosses zero.



The discontinuous pulse width modulation strategy (DPWM) meets the above-mentioned requirements that the current zero-crossing does not cause a sudden change of the redundant small vector, but there are problems that the current ripple is large and the midpoint potential cannot be adjusted. The space vector modulation strategy (SVPWM) has a small current ripple and a good ability to adjust the midpoint potential, but the disadvantage is that the current will be distorted when it crosses zero.



To sum up, according to the complementary advantages and disadvantages of these two modulation methods, this paper proposes a hybrid modulation strategy. First, the system detects the phase difference θ between the reference voltage and the input current and designs a zero-crossing distortion sector with an angle slightly larger than θ according to the phase difference, as shown in Figure 7. In the zero-crossing distortion sector, the Vienna rectifier adopts a discontinuous pulse width modulation strategy to solve the problem of current zero-crossing distortion. The space vector modulation strategy is adopted in the non-zero-crossing distortion sector, and the midpoint potential is adjusted by dynamically distributing the time of the small vector action by the balance factor, which ensures the balance of the midpoint potential.



Figure 8 shows the operation of the reference voltage vector in sectors 3, 4, 5, and 6. When the reference voltage is in the distortion region I, the five-stage modulation mode is adopted, and the seven-stage modulation mode is adopted in other regions. The modulation mode, clamping mode, and corresponding switch sequence of different sectors are shown in Table 2.



Figure 9 shows the working conditions of the reference voltage vector in sectors 1 and 2. When the reference voltage is in the distortion region I, a five-segment modulation method is adopted, and a seven-segment modulation method is adopted in other regions. The modulation modes, clamping modes, and corresponding switching sequences of different sectors are shown in Table 3.



Midpoint potential balance control is one of the important conditions for the Vienna rectifier to work stably. The midpoint potential of the Vienna rectifier is controlled by the charge and discharge of the capacitor from the current flowing through the two midpoints of the output capacitor. The basic vectors of the Vienna rectifier are divided into large, medium, small, and zero vectors according to the different switching modes and current directions described in the previous section.



When the large vector acts, the three-phase currents are not directly connected to the midpoint O, but flow through the upper busbar capacitor C1 and the lower busbar capacitor C2, and the midpoint potential is not affected, so the large vector does not affect the midpoint potential.



When the zero vector acts, the three-phase input currents are all connected to point O. According to Kirchhoff’s current law: at any node in the circuit, at any time, the sum of the currents flowing into the node is equal to the sum of the currents flowing out of the node. That is ia + ib + ic = 0. Therefore, the zero vector does not affect the midpoint potential, either.



When the mid-vector acts, the midpoint O of the two capacitors is connected to one-phase current in the three-phase current, so the midpoint potential depends on the flow direction of the connected phase current. If the current is positive, the midpoint potential rises, and if the current direction is negative, the midpoint potential falls.



Since small vectors exist in pairs, they are divided into positive small vectors (such as [P O O][P P O]) and negative small vectors (such as [O N N][O O N]). When the positive small vector acts, the current flows from the positive terminal of the capacitor C1 and flows back to the AC measurement from the O point, resulting in a drop in the midpoint potential. When the negative small vector acts, the current flows in from the midpoint O of the two capacitors and flows out from the negative terminal of the capacitor C2, resulting in an increase in the midpoint potential.



To sum up, the large vector and the zero vector have no influence on the midpoint potential, while the medium vector and the small vector can influence the midpoint potential. Among them, the influence of the medium vector on the midpoint potential depends on the direction of the current and cannot be controlled. Therefore, the equilibrium of the midpoint potential can be controlled by choosing the time of action of the small vector.



Assume that the voltage difference between the upper and lower capacitors is ΔU, and k is the voltage balance factor. KP is the proportional coefficient, and KI is the integral coefficient.


  Δ U =  U  c 1   −  U  c 2    



(2)






  k = KP × Δ U + KI × Δ U        k ∈ [ − 1 , 1 ]   



(3)






  T s z = 0.5   1 + k   T s  



(4)






  T s f = 0.5   1 − k   T s  



(5)







Taking the first large sector as an example, the modulation timing diagram after adding midpoint balance control to SVPWM is shown in Figure 10. In Figure 10, the horizontal axis is the time of vector action, and the vertical axis is the voltage vector condition of each small sector in sector I. When the midpoint voltage is high, that is, when the voltage difference between the positive and negative capacitors on the DC side is ΔUdc > 0, the balancing loop regulator outputs k > 0. At this time, the action time of the positive small vector becomes longer, and the action time of the negative small vector becomes shorter, which reduces the midpoint voltage. In the same way, when the midpoint voltage is low, the output of the balancing loop regulator is k < 0. The action time of the negative small vector becomes longer, and the action time of the positive small vector becomes shorter, which increases the midpoint voltage.




4. Discussion


To verify the effectiveness of the proposed hybrid modulation strategy, a simulation model of the 5 kW Vienna rectifier was built by MATLAB/SIMULINK, and the three-phase input current, line-to-neutral voltage, and midpoint potential difference were simulated. In order to verify the performance of the improved hybrid modulation strategy proposed in this paper under different modulation ratios and different output voltages, simulations were carried out for the modulation ratio m = 0.51, the output voltage Vdc = 400 V, m = 0.86, Vdc = 600 V. Simulation parameters are shown in Table 4.



Figure 11 shows the simulation waveform when the modulation ratio m = 0.51 and the output voltage Vdc = 400 V using the traditional modulation method. From the three-phase input current iabc waveform diagram, it can be seen that the harmonic distortion is more serious at the zero-crossing of each phase current, and the total harmonic distortion rate reaches 4.15%. From the line-to-neutral voltage Vao waveform, it can be seen that there is a “voltage jump” at the zero-crossing of the a-phase current, and the overall line-to-neutral voltage has a certain amplitude fluctuation. It can be seen from the midpoint potential waveform that the voltage difference between the upper and lower capacitors at the zero-crossing of the a-phase current reaches the maximum 1.2 V, and the midpoint potential difference fluctuates greatly.



Figure 12 shows the simulation waveform when the modulation ratio m = 0.51 and the output voltage Vdc = 400 V using the improved hybrid modulation method. From the three-phase input current iabc waveform diagram, it can be seen that the harmonic distortion has been greatly improved at the zero-crossing of each phase current, and the total harmonic distortion rate is only 1.39%. From the line-to-neutral voltage Vao waveform, it can be seen that the positive and negative voltage switching is smooth and fast at the zero-crossing of the a-phase current, and the problem of the voltage jumping up and down is solved. It can be seen from the midpoint potential waveform that the fluctuation of the midpoint potential difference is small, and the voltage difference between the upper and lower capacitors is 0.2 V.



Figure 13 shows the simulation waveform when the modulation ratio m = 0.86 and the output voltage Vdc = 600 V using the traditional modulation strategy. From the three-phase input current iabc waveform diagram, it can be seen that there is harmonic distortion at the zero-crossing of each phase current, and the total harmonic distortion rate reaches 3.86%. From the Vao waveform of the line-to-neutral voltage, it can be seen that there is a certain amplitude fluctuation in the a-phase voltage. From the midpoint potential waveform, it can be seen that the midpoint potential difference fluctuates greatly, and the voltage difference between the upper and lower capacitors at the zero-crossing of the a-phase current reaches 1.38 V.



Figure 14 shows the simulation waveform when the modulation ratio m = 0.86 and the output voltage Vdc = 600 V using the improved hybrid modulation method. From the three-phase input current iabc waveform diagram, it can be seen that the harmonic distortion at the zero-crossing of the current is small, and the total harmonic distortion rate is only 1.74%. From the line-to-neutral voltage Vao waveform, it can be seen that the positive and negative voltage switching is smooth and fast at the zero-crossing of the a-phase current, and there is no problem of voltage jumping up and down. From the midpoint potential waveform, it can be seen that the fluctuation of the midpoint potential difference is small, and the voltage difference between the upper and lower capacitors is 0.15 V.



In order to further verify the correctness and practicability of the proposed improved modulation strategy, a 5 kW Vienna rectifier prototype was built and verified by experiments. The DSP chip is TMS320F28021, the switching device MOSFET is SPW47N60C3, and the diode is RHRG30120. The three-phase grid voltage was provided by a 9 kVA voltage regulator. The parameters used in the experiment were consistent with those in the simulation.



Figure 15 shows the experimental waveforms of the input current under different modulation strategies. Figure 15a is the experimental waveform of the input current of the traditional modulation strategy. It can be seen that the quality of the input current waveform is poor, and the harmonic distortion is more serious at the zero-crossing of the current, with THD = 4.52%. Figure 15b is the experimental waveform of the input current for the improved hybrid modulation strategy. As can be seen from the figure, compared with the traditional SVPWM modulation strategy, the current waveform has a higher sine degree, and the current zero-crossing harmonic distortion problem is greatly improved, with THD = 2.28%. In order to verify the performance of the modulation strategy proposed in this paper under the conditions of different modulation ratios and different output voltages, the input current waveforms were collected when the modulation ratio m = 0.86 and Vdc = 600 V. Figure 15c is the experimental waveform of the input current of the traditional modulation strategy. It can be seen that the input current waveform has obvious harmonic distortion, and the current sine is poor, THD = 4.06%. It can be seen from Figure 15d that the sine of the input current waveform of the improved hybrid modulation strategy is significantly better than that of the traditional SVPWM modulation method, and there is no current zero-crossing harmonic distortion, THD = 2.21%. In conclusion, the proposed method achieves the purpose of improving the current quality, and its effectiveness and universality are also verified.



Figure 16a,c are the line-to-neutral voltage waveforms under different modulation ratios and output DC voltages of the SVPWM modulation strategy. It can be seen that in actual work, the traditional SVPWM line-to-neutral voltage fluctuates greatly, and the voltage is unstable, which greatly interferes with the performance of the Vienna rectifier. In contrast, Figure 16b,d adopt the improved hybrid modulation strategy, the line-to-neutral voltage waveform fluctuation is small, and the stability is effectively improved. It is verified that the proposed improved modulation strategy has better line-to-neutral voltage stability performance.



Figure 17a,c are the experimental waveforms of the midpoint potential difference of the traditional modulation strategy under two modulation ratios and output voltage conditions. It can be seen that the voltage fluctuation on the upper and lower two capacitors of the traditional modulation strategy is relatively large. The neutral point potential balance is an important condition for the stable operation of the Vienna rectifier. When the voltage fluctuation of the two capacitors is too large, the Vienna rectifier will fail and stop working. Figure 17b,d are the experimental waveforms of the midpoint potential difference using the improved hybrid modulation strategy. It can be seen from the figure that in the case of different modulation ratios and output voltages, the proposed improved hybrid modulation strategy can ensure that the midpoint potentials of the two capacitors at the output of the Vienna rectifier are balanced and the fluctuations are small, with good stability.




5. Conclusions


According to the working principle of the Vienna rectifier, this paper analysed the causes of current zero distortion, according to the DPWM modulation strategy and the advantages and disadvantages of SVPWM modulation strategies, and a neutral voltage balance factor is proposed as a hybrid modulation strategy for improvement. According to the phase difference between the reference voltage vector and the input current, the zero-distortion region of the overcurrent is divided. In this region, DPWM modulation is adopted to avoid the change of redundant small vectors caused by the phase difference and improve the zero-crossing distortion of the current. In other regions, SVPWM modulation is used to adjust the action time of small vectors in real time by the designed voltage balance factor, which improves the midpoint potential imbalance and improves the current quality. Finally, the effectiveness of the proposed strategy is verified by simulation and experiment.







Author Contributions


Conceptualization, Y.L. and Y.W.; methodology, Y.W.; software, Y.W.; validation, X.G. and S.H.; investigation, X.G.; resources, S.H.; data curation, Y.W.; writing—original draft preparation, Y.W.; writing—review and editing, Y.W.; visualization, Y.W.; supervision, Y.L.; project administration, Y.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, X.; Sun, Y.; Wang, H.; Su, M.; Huang, S. A Hybrid Control Scheme for Three-Phase Vienna Rectifiers. IEEE Trans. Power Electron. 2018, 33, 629–640. [Google Scholar] [CrossRef]

	



Wang, T.; Chen, C.; Liu, P.; Zhu, W.; Duan, S. A Current Control Method with Extended Bandwidth for Vienna Rectifier Considering Wide Inductance Variation. IEEE J. Emerg. Sel. Top. Power Electron. 2021, 9, 590–601. [Google Scholar] [CrossRef]

	



Lee, J.-S.; Lee, K.-B.; Blaabjerg, F. Predictive Control with Discrete Space-Vector Modulation of Vienna Rectifier for Driving PMSG of Wind Turbine Systems. IEEE Trans. Power Electron. 2019, 34, 12368–12383. [Google Scholar] [CrossRef]

	



Satpathy, A.S.; Kastha, D.; Kishore, N.K. Vienna Rectifier-Fed Squirrel Cage Induction Generator Based Stand-Alone Wind Energy Conversion System. IEEE Trans. Power Electron. 2021, 36, 10186–10198. [Google Scholar] [CrossRef]

	



Cittanti, D.; Gregorio, M.; Bossotto, E.; Mandrile, F.; Bojoi, R. Full Digital Control and Multi-Loop Tuning of a Three-Level T-Type Rectifier for Electric Vehicle Ultra-Fast Battery Chargers. Electronics 2021, 10, 1453. [Google Scholar] [CrossRef]

	



Bak, Y.; Kang, H.-S. Control Methods for Performance Improvement of an Integrated On-Board Battery Charger in Hybrid Electric Vehicles. Electronics 2021, 10, 2506. [Google Scholar] [CrossRef]

	



Zhang, L.; Zhao, R.; Ju, P.; Ji, C.; Zou, Y.; Ming, Y.; Xing, Y. A Modified DPWM with Neutral Point Voltage Balance Capability for Three-Phase Vienna Rectifiers. IEEE Trans. Power Electron. 2021, 36, 263–273. [Google Scholar] [CrossRef]

	



Zou, Y.; Xing, Y.; Zhang, L.; Zheng, Z.; Liu, Z.; Hu, H.; Wang, T.; Wang, Y. Dynamic-Space-Vector Discontinuous PWM for Three-Phase Vienna Rectifiers with Unbalanced Neutral-Point Voltage. IEEE Trans. Power Electron. 2021, 36, 9015–9026. [Google Scholar] [CrossRef]

	



Li, K.; Wei, M.; Xie, C.; Deng, F.; Guerrero, J.P.; Vasquez, J.C. Triangle Carrier-Based DPWM for Three-Level NPC Inverters. IEEE J. Emerg. Sel. Top. Power Electron. 2018, 6, 1966–1978. [Google Scholar] [CrossRef]

	



Hashempour, M.M.; Yang, M.-Y.; Lee, T.-L. An Adaptive Control of DPWM for Clamped-Three-Level Photovoltaic Inverters with Unbalanced Neutral-Point Voltage. IEEE Trans. Ind. Appl. 2018, 54, 6133–6148. [Google Scholar] [CrossRef]

	



Shen, J.; Chen, J.; Gong, C. Analysis and Improvement of Steady-State and Dynamic Performance of SVPWM Based Three-Phase VIENNA Rectifier. In Proceedings of the 2019 22nd International Conference on Electrical Machines and Systems (ICEMS), Harbin, China, 11–14 August 2019; pp. 1–6. [Google Scholar] [CrossRef]

	



Ali, S.; Sood, V.K. Simplified SVPWM Method for the Vienna Rectifier. In Proceedings of the 2019 20th Workshop on Control and Modeling for Power Electronics (COMPEL), Toronto, ON, Canada, 17–20 June 2019; pp. 1–8. [Google Scholar]

	



Cheng, H.L.; Huang, J. Research on SVPWM Control Strategy of Three Phase VIENNA Rectifier. In Proceedings of the 2018 5th International Conference on Systems and Informatics (ICSAI), Nanjing, China, 10–12 November 2018; pp. 166–170. [Google Scholar]

	



Ramasamy, S.; Reddy, D.; Saravanan, S.; Babu, C.B.; Kancheepuram Chennai India Manufacturing. Comparative Analysis of RBFN and Fuzzy-SVPWM Controller Based Boost Type Vienna Rectifier for 1kW Wind Energy Conversion System. J. Green Eng. 2018, 8, 177–200. [Google Scholar] [CrossRef]

	



Wang, T.; Chen, C.; Duan, S.; Zhu, W.; Liu, T. An Improved Space-Vector Modulation for Vienna Rectifier to Eliminating Current Distortion around Zero-Crossing Point. Trans. China Electrotech. Soc. 2019, 34, 3854–3864. [Google Scholar]

	



Yang, Q.; Shi, J. Vienna rectifier with midpoint potential fluctuations improves SVPWM strategy. Power Electron. 2021, 55, 130–133. [Google Scholar]

	



Wang, J.; Gao, Y.; Jiang, W. A carrier-based implementation of virtual space vector modula-tion for neu-tral-point-clamped three-level inverter. IEEE Trans. Ind. Electron. 2017, 64, 9580–9586. [Google Scholar] [CrossRef]

	



Zhu, W.; Chen, C.; Duan, S.; Wang, T.; Liu, P. A carrier-based discontinuous PWM method with varying clamped area for Vienna rectifier. IEEE Trans. Ind. Electron. 2019, 66, 7177–7188. [Google Scholar] [CrossRef]

	



Song, W.; Xing, F.; Yang, H.; Empringham, L.; De Lillo, L.; Wheeler, P.; Li, J.; Zhong, J.-R. A hybrid control method to suppress the three-time fundamental frequency neutral-point voltage fluctuation in a VIENNA rectifier. IEEE J. Emerg. Sel. Top. Power Electron. 2016, 4, 468–480. [Google Scholar] [CrossRef]

	



Minibock, J.; Kolar, J. Comparative theoretical and experimental evaluation of bridge leg topologies of a three-phase three-level unity power factor rectifier. In Proceedings of the 2001 IEEE 32nd Annual Power Electronics Specialists Conference, Vancouver, BC, Canada, 17–21 June 2001. [Google Scholar] [CrossRef]








[image: Sensors 22 06607 g001 550] 





Figure 1. T type Vienna rectifier topology [20]. 
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Figure 2. Four working states of Vienna rectifier. (a) Sa = 0, ia > 0; (b) Sa = 0, ia > 0; (c) Sa = 0, ia > 0; (d) Sa = 0, ia > 0. 
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Figure 3. Space vector diagram of Vienna rectifier. 
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Figure 4. Vector relation of input voltage and current and vector diagram of large sector I space. 
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Figure 5. Ideal and actual voltage vector comparison. 
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Figure 6. Vienna rectifier Zero-Crossing Distortion Sector Diagram. 
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Figure 7. Zero-crossing distortion region in large sector I. 
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Figure 8. Operation of reference voltage vector in sectors 3, 4, 5, and 6. (a) The reference voltage vector is in the undistorted region of sector 5. (b) The reference voltage vector is in the undistorted region of sector 3. (c) The reference voltage vector is in the distortion region I. (d) The reference voltage vector is in the undistorted region of sector 4. (e) The reference voltage vector is in the undistorted region of sector 6. 
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Figure 9. Operation of reference voltage vector in sectors 1 and 2. (a) The reference voltage vector is in the undistorted region of sector 1. (b) The reference voltage vector is in the distortion region I. (c) The reference voltage vector is in the undistorted region of sector 2. 
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Figure 10. Modulation timing diagram of SVPWM after adding midpoint balance control. 
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Figure 11. Simulation results of three-phase input current, line-to-neutral voltage and midpoint potential difference with traditional modulation strategy (m = 0.51, Vdc = 400 V). 
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Figure 12. Simulation results of three-phase input current, line-to-neutral voltage and midpoint potential difference with improved hybrid modulation strategy (m = 0.51, Vdc = 400 V). 
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Figure 13. Simulation results of three-phase input current, line-to-neutral voltage and midpoint potential difference with traditional modulation strategy (m = 0.86, Vdc = 600 V). 
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Figure 14. Simulation results of three-phase input current, line-to-neutral voltage and midpoint potential difference with improved hybrid modulation strategy (m = 0.86, Vdc = 600 V). 
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Figure 15. Input current experimental waveforms: (a) traditional method, m = 0.51, Vdc = 400 V; (b) proposed method, m = 0.51, Vdc = 400 V; (c) traditional method, m = 0.86, Vdc = 600 V; (d) proposed method, m = 0.86, Vdc = 600 V. 
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Figure 16. Line-to-neutral voltage experimental waveforms: (a) traditional method, m = 0.51, Vdc = 400 V; (b) proposed method, m = 0.51, Vdc = 400 V; (c) traditional method, m = 0.86, Vdc = 600 V; (d) proposed method, m = 0.86, Vdc = 600 V. 
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Figure 17. Midpoint potential difference experimental waveforms: (a) traditional method, m = 0.51, Vdc = 400 V; (b) proposed method, m = 0.51, Vdc = 400 V; (c) traditional method, m = 0.86, Vdc = 600 V; (d) proposed method, m = 0.86, Vdc = 600 V. 
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Table 1. Redundant Vector Replacement Table.






Table 1. Redundant Vector Replacement Table.





	Distortion Area
	Zero-Crossing Current
	Ideal Vector
	Actual Vector





	I
	ib < 0 → ib > 0
	[O N N]
	[O P N]



	II
	ia > 0 → ia < 0
	[P P O]
	[N P O]



	III
	ic < 0 → ic > 0
	[N O N]
	[N O P]



	IV
	ib > 0 → ib < 0
	[O P P]
	[O N P]



	V
	ia < 0 → ia > 0
	[N N O]
	[P N O]



	VI
	ic > 0 → ic < 0
	[P O P]
	[P O N]
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Table 2. Modulation method, clamping method, and corresponding switching sequence of different sectors.






Table 2. Modulation method, clamping method, and corresponding switching sequence of different sectors.





	Sector
	Clamp Method
	Switch Sequence





	5
	-
	[ONN] [PNN] [PON] [POO] [PON] [PNN] [ONN]



	3
	-
	[ONN] [OON] [PON] [POO] [PON] [OON] [ONN]



	I
	B-O
	[POO] [PON] [OON] [PON] [POO]



	4
	-
	[OON] [PON] [POO] [PPO] [POO] [PON] [OON]



	6
	-
	[OON] [PON] [PPN] [PPO] [PPN] [PON] [ONN]
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Table 3. Modulation method, clamping method and corresponding switching sequence of sectors 1 and 2.






Table 3. Modulation method, clamping method and corresponding switching sequence of sectors 1 and 2.





	Sector
	Clamp Method
	Switch Sequence





	1
	-
	[ONN] [OON] [OOO] [POO] [OOO] [OON] [ONN]



	I
	B-O
	[POO] [PON] [OON] [PON] [POO]



	2
	-
	[OON] [OOO] [POO] [PPO] [POO] [OOO] [OON]
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Table 4. Key parameters of the simulation.






Table 4. Key parameters of the simulation.





	Parameter
	Value





	Three-phase voltage RMS /V
	AC 115



	Grid frequency/Hz
	50



	Switching frequency/kHz
	20



	Filter inductance/mH
	2



	DC-link capacitor/μF
	2000



	KP
	4



	KI
	0.3
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