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Abstract

:

A novel unidirectional hybrid PFC rectifier topology based on SEPIC and boost converters is proposed, which is applicable to various industrial applications such as electric vehicle charging stations, variable speed AC drives, and energy storage systems. Compared to other rectifiers, the proposed SEPIC-boost-based rectifier exhibits continuous current on the AC side, lower voltage stress on the active switches, a wider range of DC output voltage, no auxiliary DC-DC converters, and a high step-up static voltage gain operating with low input voltage and a low step-up static gain for the high-input-voltage operation. These traits allow the SEPIC-boost-based rectifier to utilize smaller input-side harmonic filtering inductors and adopt active switches with lower voltage ratings, resulting in reduced conduction losses. Additionally, the proposed rectifier features power factor correction and high boost/buck voltage-gain capabilities, simplifying control for electric vehicle charging and expanding its range of applications. In this paper, the operating principle of the novel topology is presented first, and then the mathematical model of the proposed rectifier is built. Based on this, the comparison between the proposed topology and conventional boost and SEPIC converters is given. Furthermore, the control strategy, including the high-power-factor control and the balancing control to the DC capacitor voltages, is discussed. Finally, to validate the accuracy of the proposed rectifier’s theoretical research, a 500-W SEPIC-boost rectifier system has been constructed in the laboratory, generating a 200/120 Vdc output voltage from a 155 Vpk/50 Hz power source.
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1. Introduction


With the growing utilization of power electronic equipment, active power factor correction (PFC) has become indispensable for various power supplies and renewable energy systems available in the market today. This is particularly evident in various power supplies and renewable energy systems available today, including photovoltaic systems, fuel cell stacks, energy storage systems, and electric vehicle charging stations [1,2,3,4,5,6,7,8]. For power supplies with certain power rating, a front-end PFC converter is essential to provide a higher power factor (PF) and reduce the total harmonic distortion (THD) to meet the harmonic current and PF requirements, such as IEC61000-3-2 [9].



Boost-type converters are widely used as active PFC rectifiers in conventional rectifiers due to their simple structure, low cost, and excellent performance in terms of efficiency and power factor. However, as the required voltage gain becomes higher, conventional boost converters that change their step-up gain by adjusting the duty cycle are no longer suitable. This is because high voltage gain will result in a duty cycle close to 1, leading to high losses including switching losses and diode reverse recovery losses. Additionally, the voltage stress of active switches is comparatively large under the higher output voltage occasions; in this case, the conventional boost converter no longer satisfies the above demand. Therefore, in practice, the voltage gain is commonly limited to lower than 5.



To overcome these limitations and achieve higher voltage gain, several enhanced boosting solutions have been proposed, including isolation transformers, switched capacitors, coupled inductors, and cascaded converters. However, isolation transformers, while capable of achieving step-up and step-down functions, have drawbacks such as significant weight, volume, and cost, making their design complex and expensive [10]. Switched capacitors offer advantages in terms of high-power density and the use of only power switches and clamped capacitors. Nonetheless, they suffer from high-current transients, which can reduce both power density and efficiency, limiting their application in some cases. Moreover, as the output voltage increases, the number of switched-capacitor stages also increases, requiring additional clamped capacitors, diodes, and current snubbers [11,12]. In recent years, coupled inductor-based have been good alternatives for high-voltage-gain converters in medium-power applications. The voltage gain is determined by the turn ratio of the coupled inductor. However, the inherent leakage inductance of coupled inductors can result in high voltage stress on the switches, leading to reduced system efficiency [13,14]. Considering the drawbacks mentioned above, cascaded boost converters have become an attractive choice, offering advantages such as high gain, simple structure, and low voltage stress [15,16,17]. By connecting two or more basic boost converters in cascade, a larger voltage gain can be achieved while reducing the voltage stress and switching losses. Nonetheless, the cascade boost converter will cause the energy to be processed multiple times, which reduces the system efficiency.



However, in certain specialized scenarios, there is a need for a wider range for the output voltage of the rectifier. These scenarios include specific power sources such as mining power supplies and adjustable DC power supplies, as well as electric vehicle charging stations, centralized battery charging stations, and energy storage systems [18,19]. Furthermore, there are countries with poor power quality, characterized by weak grid infrastructure and significant voltage fluctuations. In such cases, an active step-up and step-down PFC converter capable of accommodating a wide input voltage range is required [20]. Consequently, these industrial applications demand a continuously adjustable output voltage over a wide range to enable high step-up static gain operation at low input voltage and low step-up static gain operation at high input voltages. However, traditional cascaded boost PFC converters no longer meet these requirements, as their DC-link bus voltage must be higher than the maximum input peak voltage to ensure proper rectifier operation.



To overcome these challenges, much research has been conducted and several typical topologies have been presented in a number of technical studies. On the other hand, buck-type PFC rectifiers offer the possibility of voltage step-down. However, they lack a pure sinusoidal input current due to the appearance of the dead zones within the waveform when the instantaneous input voltage is below the output DC voltage [21]. Consequently, buck PFC rectifiers often exhibit limited PF and high current distortion, making it difficult to comply with current harmonic requirements, particularly in lighting applications [22]. Furthermore, a modified SEPIC converter was proposed in [23] to achieve low-switch-voltage operation and high static gain at low line voltages. However, in order to reduce active switch voltage stress, this modified structure is unable to operate with an output voltage lower than the input voltage, thereby limiting the adjustable range of the output voltage. The authors of [24] proposed a voltage-double high-power factor SEPIC rectifier for higher output voltage applications, which causes reduced voltage stress on the semiconductors for the same output voltage level or supplies double the gain of the output voltage with the same voltage stress. However, this kind of converter cannot achieve low step-up static gain at higher input voltage application, which is not applied to wide input voltage occasions. Meanwhile, the static gain of a SEPIC rectifier is lower than that of a boost converter under boost conditions, and the voltage stress of active switches is higher than that of dual boost converters.



To address the aforementioned issues, this paper proposes a novel unidirectional hybrid rectifier based on SEPIC and boost converters, which is utilized to obtain a high step-up static voltage gain operating with low input voltage and a low step-up static gain for the high-input-voltage operation. The objective of the hybrid PFC rectifier is to combine the advantages of the boost converter and SEPIC converter to achieve a wide range of continuously adjustable output voltage and in particular to further improve their performance at low input voltage.



The structure of this paper is as follows. Section 2 presents the basic principles of the proposed rectifier, including the topology configuration, the steady-state mathematical model, and the comparison of step-up and step-down functions. On this basis, double closed loop control strategy is presented, with emphasis on the DC capacitor voltage control and the high power factor control in Section 3. Simulation and experimental results are provided in Section 4 to verify the validity of the proposed topology and theoretical findings. Finally, the conclusions are summarized in Section 5.




2. Analysis of the Operating Principles of the Novel Topology


2.1. Configuration of the Novel Topology


Figure 1 shows the proposed novel unidirectional hybrid single-phase rectifier topology, in which Si and Di (i = 1, 2) are active switches and fast recovery diodes, respectively. Each of the active switches Si can operate in two states: “on” corresponds to the “1” state, while “off” corresponds to the “0” state, and d1 and d2 are the duty cycles of S1 and S2, so two active switches with different states will have a total of four operating modes from (0, 0) to (1, 1). vo1, vo2 and vb denote the voltages of capacitors Co1, Co2 and Cb, respectively; vo, vs and vi represent the DC-link voltage, the power supply voltage and the AC input voltage of the diode rectifier, respectively. iL1 and iL2 denote the currents of inductors L1 and L2, and R1 and R2 are the equivalent resistance of load. It should be noted that in Figure 1, vo, vo1, vo2, vs, vi, vb, and iL1 are all the average variables in one switching cycle, which are defined by:


  x =     x ( t )      T S    =  1   T S       ∫ 0   T s     x ( t ) d t     ,    x = v   o r   i  



(1)







To simplify the analysis, only the positive half period of the input current iL1 will be taken as an example to carry out the following discussion. Assuming that the circuit shown in Figure 1 is operating in continuous conduction mode (CCM), all the operating modes and corresponding current flowing paths are shown in Figure 2, and relevant electrical waveforms are showcased in Figure 3.



In each operating mode, the branch currents will flow in different paths; correspondingly, the capacitors Co1, Co2, and Cb and the inductors L1 and L2 will be in the status of charging or discharging. For example, when the circuit operates in mode (1, 0) as shown in Figure 2, S1 is in the “on” state, but S2 is in the “off” state. Correspondingly, the split capacitor Co1 is in the discharging state and the split capacitor Co2 is in the charging state. Meanwhile, the capacitor Cb is in the discharging state and the inductor L2 is in the charging state. In summary, the operating status of Co1, Co2, Cb, and L2 and the input voltage vi of the diode rectifier are all summarized in Table 1.




2.2. Mathematical Modeling


Applying KVL and KCL to the topology shown in Figure 1 yields the following mathematical model:


       L 1    d  i  L 1     d t   =  v s  − ( 1 −  d 1  ) (  v b  +  v  o 1   ) − ( 1 −  d 2  )  v  o 2        L 2    d  i  L 2     d t   = ( 1 −  d 1  )  v  o 1   −  d 1   v b       C b    d  v b    d t   =  i  L 1   ( 1 −  d 1  ) −  d 1   i  L 2        C  o 1     d  v  o 1     d t   =  i  c 1   = (  i  L 1   +  i  L 2   ) ( 1 −  d 1  ) −  i  o 1        C  o 2     d  v  o 2     d t   =  i  c 2   =  i  L 1   ( 1 −  d 2  ) −  i  o 2   .      



(2)







Considering that the proposed rectifier is connected with a conventional three-level neutral point clamped (NPC) converter, the control target of the DC capacitor voltages vo1 and vo2 at the steady state is determined as


   v  o 1   =  v  o 2   =    v o   2   



(3)







In a switching cycle, the input current iL1 is considered as a constant value. Based on the volt-second balance principle, substituting (3) into (2), the following relationship can be obtained:


       v b  =   1 −  d 1     d 1     v  o 1   =   1 −  d 1     d 1       v o   2      λ =    v o     v s    =   2  d 1    1 −  d 1   d 2         



(4)




where λ is the voltage transfer ratio of proposed rectifier. Combining (4) and Figure 1, the corresponding voltage stress vs1 and vs2 of S1 and S2 can be deduced as


       v  s 1   =  v b  +  v  o 1   =   1 −  d 1     d 1       v o   2  +    v o   2  =    v o    2  d 1         v  s 2   =  v  o 2   =    v o   2       



(5)







Equation (5) shows that compared to the dual SEPIC converter, the proposed hybrid rectifier has an active switch S2 with lower voltage stress.



Since the proposed rectifier is a buck-boost rectifier and (4) gives the relationship between the voltage transfer ratio λ and the duty cycles d1 and d2, the boundary of boost and buck function can be deduced as


  λ =    v o     v s    =   2  d 1    1 −  d 1   d 2    = 1 ⇒  d 2  =  1   d 1    − 2  



(6)







As shown in Figure 4, the voltage conversion ratio varies with the duty cycles d1 and d2. It is seen from (6) that, to achieve the buck and boost function of the proposed rectifier, d1 and d2 should satisfy


  0 <  d 2  ≤  1   d 1    − 2 ( Buck ) ,  1   d 1    − 2 <  d 2  < 1 ( Boost )  



(7)







The comparison between the proposed hybrid rectifier and other conventional rectifiers is as follows. The voltage transfer ratio λp of a conventional SEPIC converter is given by


   λ p  =    d 1    1 −  d 1     



(8)







Figure 5a illustrates that the proposed rectifier starts to boost at a smaller duty cycle and achieves a larger boosting range by regulating d2. In situations where the voltage transfer ratio λ surpasses λp, a significant step-up in the static voltage gain can be achieved for higher output voltage scenarios. This condition is met when the following relationship holds true:


  1 > λ =   2  d 1    1 −  d 1   d 2    >  λ p  =    d p    1 −  d p    ⇒ 2 −  1   d 1    <  d 2  < 1  



(9)







It can be concluded from (9) and Figure 5a that the proposed hybrid rectifier can achieve a higher step-up static voltage gain than a conventional SEPIC converter by regulating d2.



The voltage transfer ratio λb of a conventional boost converter is given by


   λ b  =  1  1 −  d 1     



(10)







Based on (6) and (10), the comparison diagram between λ and λb is indicated in Figure 5b. It can be concluded from Figure 5b that the voltage transfer ratio λb of the conventional boost converter is larger than λ of the proposed rectifier. In all duty cycle ranges, λb remains greater than 1, rendering the traditional boost converter unsuitable for applications requiring lower output voltage or higher input voltage. Conversely, the proposed topology exhibits the voltage transfer ratio λb below 1, the low duty cycle range. This indicates that the output DC-link voltage can be set lower than the peak input voltage, making it particularly suitable for scenarios requiring lower output voltages or wider input voltage ranges. In order to ensure that the proposed topology operates in buck mode, the duty cycle d2 should satisfy


  0 <  d 2  <  1   d 1    − 2  



(11)







It can be concluded from the above analysis that compared to the conventional boost and SEPIC converters, the proposed rectifier is especially effective for obtaining a high step-up static voltage gain operating with low input voltage and a low step-up static gain for the high input voltage operation, which is suitable for a wider range of input voltage applications.





3. Control Strategy of the Hybrid Rectifier


3.1. Double Closed-Loop Control Strategy


The control strategy discussed in this section should be able to achieve the following basic goals, which include keeping the DC capacitor voltages in balance, controlling the DC-link voltage constant at a given value, and achieving the high input power factor of the rectifier. To achieve these control goals, a combined control strategy of a voltage outer loop based on a PI controller and a current inner loop based on a PR controller is adopted in this paper. The block diagram of the double closed-loop control strategy is shown in Figure 6. The outer voltage loop is utilized to maintain the DC output voltage constant by employing a PI controller. The output signal of the voltage loop is taken as the input current reference of the current inner loop. With help of the phase-locked loop, the reference current signal output by the outer loop voltage controller can be expressed as


   i  L 1  ∗   = [   k  p v   (  v o ∗  −  v o  ) +  k  i v     ∫  (  v o ∗  −  v o  ) d t    ]    v s     V m    sin ( ω t + φ )  



(12)




where kpv is the proportional gain and kiv denotes the integrational gain. Vm and φ are the amplitude and phase information of the power supply voltage, respectively, and ω is the rotational angular frequency of the power supply voltage.



The inner current loop is adopted to control the input current by taking advantage of the proportional-resonance (PR) control to accurately track the AC reference current signal and ensure that it is in phase with the power supply voltage [25]. The transfer function of the PR controller is as follows:


   G i  ( s ) =  k  p i   +   2  k r   w c  s    s 2  + 2  k r   w c  s +  w o 2     



(13)




where kpi and kr are proportional gain and resonant gain, respectively, while ω0 and ωc represent the resonant frequency and cut-off frequency. A block diagram of the double closed-loop control strategy transfer function is shown in Figure 7.




3.2. Balancing Control of the DC Capacitor Voltage


The proposed rectifier consists of a SEPIC converter and a boost converter. Due to the different voltage transfer ratio between the boost converter and the SEPIC converter, if the additional DC capacitor voltage balancing control is not adopted, this will lead to the voltage unbalancing between vo1 and vo2. The detailed analysis is as follows.



It is seen from (2) in the previous section that the capacitor currents ic1 and ic2 of the DC side are given by


       i  c 1   =  C  o 1     d  v  o 1     d t   = (  i  L 1   +  i  L 2   ) ( 1 −  d 1  ) −  i  o 1        i  c 2   =  C  o 2     d  v  o 2     d t   =  i  L 1   ( 1 −  d 2  ) −  i  o 2   .      



(14)







Based on the third line of (2), the inductor current iL2 can be expressed as


   i  L 2   =  i  L 1   (  1   d 1    − 1 )  



(15)







Substituting (15) into (14), ic1 and ic2 can be deduced as


       i  c 1   =  C  o 1     d  v  o 1     d t   =  i  L 1   (  1 /   d 1    − 1 ) −  i  o 1        i  c 2   =  C  o 2     d  v  o 2     d t   =  i  L 1   ( 1 −  d 2  ) −  i  o 2   .      



(16)







d is defined as the duty cycle of the rectifier, which is employed to control the DC-link voltage. When the DC capacitor balancing control loops are disabled in the rectifier, d1 and d2 should satisfy


  d =  d 1  =  d 2  .  



(17)







Substituting (17) into (16), (16) can be rewritten as


       i  c 1   =  C  o 1     d  v  o 1     d t   =  i  L 1   (  1 / d  − 1 ) −  i  o 1        i  c 2   =  C  o 2     d  v  o 2     d t   =  i  L 1   ( 1 − d ) −  i  o 2   .      



(18)







Since the average of ic1 and ic2 in a line-frequency cycle is equal to zero, based on (18), the relationship between the load current averages and the duty cycle d can be expressed as


         i  o 1    ¯  =    i  L 1   ( 1 / d − 1 )  ¯         i  o 2    ¯  =    i  L 1   ( 1 − d )  ¯       



(19)




where io1 and io2 can be considered as the constant values when vo1 and vo2 are in the steady state. However, when the duty cycle d varies with time, due to 1/d − 1 ≠ 1 − d, which will also lead to the average of iL1(1/d − 1) not equalling iL1(1 − d), that is, io1 ≠ io2, and further affect the voltage balancing of vo1 and vo2 even under the balanced load, then, in order to achieve the voltage balancing between vo1 and vo2, the duty cycle variations ∆d1 and ∆d2 are added to d1 and d2, that is


   d 1  = d + Δ  d 1  , and  d 2  = d + Δ  d 2   



(20)







Substituting (20) into (16), ic1 and ic2 can be rewritten as


       i  c 1   =  i  L 1   (  1   d 1  + Δ  d 1    − 1 ) −  i  o 1        i  c 2   =  i  L 1   ( 1 − d − Δ  d 2  ) −  i  o 2   .      



(21)







Based on the first and second lines of (2) in Section 2, the DC-link voltage vo can be deduced as


   v o  =   2  v s     1 /   d 1    −  d 2     



(22)







Under the balanced load, when the DC capacitor balancing control loops are disabled in the rectifier, substituting (17) into (22), vo can be rewritten as


   v o  =   2  v s     1 / d  − d    



(23)







For the unbalanced load, when the duty cycle variations ∆d1 and ∆d2 are taken into consideration, substituting (20) into (22), vo can be deduced as


   v o  =   2  v s     1 / d  − d +  1 /  ( d + Δ  d 1  )   −  1 / d  − Δ  d 2    .  



(24)







Combining (23) and (24), it can be concluded that the values of ∆d1 and ∆d2 will affect the balance of the DC-link voltage vo, and in order to achieve the control decoupling from vo, the duty cycle differences ∆d1 and ∆d2 should satisfy


   1  d + Δ  d 1    −  1 d  − Δ  d 2  = 0  



(25)







By simplifying (25), ∆d1 and ∆d2 should satisfy


  Δ  d 1  =   −  d 2  Δ  d 2    1 + Δ  d 2  d   = − d × ( 1 −  1  1 + Δ  d 2  d   ) .  



(26)







It is seen from (26) that the relationship between ∆d1 and ∆d2 is nonlinear and complex. To simplify the control strategy, the value of ∆d2d is considered to be approximately zero. Correspondingly, the value of ∆d1 is equal to zero. Meanwhile, to avoid the effect of ∆d2 on vo, the bandwidth of the DC capacitor voltage is set lower than the outer voltage loop, which will lead to ∆d2 << d.



When the DC-link voltage vo is controlled at the voltage reference, to achieve the voltage balancing between vo1 and vo2, the current difference between ic1 and ic2 is defined as in. Combining (21) and ∆d1 = 0, the current difference can be deduced as


   i n  =  i  c 1   −  i  c 2   =  i  L 1   [  1 d  − 1 − ( 1 − d ) ] −  i  o 1   +  i  o 2   + Δ  d 2   i  L 1   .  



(27)







Equation (27) indicates that the unbalanced DC capacitor current caused by io1 ≠ io2 or iL1(1/d − 1) ≠ iL1(1 − d) can be regulated by the duty cycle variation ∆d2. Thus, based on (27), the following relationship can be obtained:


   C  o 1     d  v  o 1     d t   −  C  o 2     d  v  o 2     d t   = Δ  d 2   i  L 1   .  



(28)







Considering that the DC capacitors satisfy Co1 = Co2 = C, by applying the Laplace transformation to (28), the following dynamic equations are obtained


  Δ  d 2  ( s ) =    v  o 1   ( s ) −  v  o 2   ( s )    i  L 1   S C   .  



(29)







Equation (29) shows that the duty cycle variation ∆d2 is responsible for controlling the balancing of the capacitor voltages vo1 and vo2, and the modulation index difference ∆m is utilized to generate ∆d2, where kpd and kid are the proportional gain and integrational gain of the DC capacitor voltages loop, respectively. In the controller of the DC capacitor voltage vo2, ∆m is generated by the PI controllers and the basic control structure is shown in Figure 8.





4. Simulation and Experimental Verifications


To validate the proposed novel topology and its corresponding control strategy, simulations were conducted in the MATLAB/Simulink environment. Additionally, an experimental platform was set up, as illustrated in Figure 9.



Our experimental setup featured a TMS320F28335 DSP as the core controller, and the rectifier was constructed using discrete IGBTs (IKA10N60T) and diodes (VS-MUR820PBF). The Hall voltage sensor employed was VSM025A, and the Hall current sensor utilized was CSM005A. The key parameters utilized in both the simulation and experimental setup are listed in Table 2. The simulation waveforms of the proposed rectifier are presented in Figure 10, Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15.



Figure 10, Figure 11, Figure 12 and Figure 13 depict the simulation waveforms of the proposed rectifier operating in boost mode. Figure 10 shows the simulation waveforms of input current iL1 and power supply voltage vs of the rectifier operating under high power factor. Figure 11 shows the input current harmonics of the rectifier, and a THD of 2.60% indicates an acceptable input current quality. Figure 12 shows the input voltage of the single-phase diode bridge rectifier, which demonstrates that the novel rectifier can achieve approximately three voltage levels operation under the given DC output voltage 200 V, which is consistent with the theoretical analysis. Figure 13 gives the simulation waveforms of vo, vo1, and vo2. It can be observed that the DC capacitor voltages vo1 and vo2 reach the reference voltage 100 V rapidly with a very small static error, and the DC output voltage vo is controlled stably at 200 V.



To verify the proposed capacitor voltage balancing control strategy, R1 jumps from 250 W to 125 W, while R2 jumps from 250 W to 375 W in the simulation. Figure 13 also shows that the DC capacitor voltages vo1 and vo2 and the DC-link voltage vo deviate from their stable value at the beginning of the load change, and then return to balanced again rapidly under the proposed DC capacitor voltage balancing control strategy.



Figure 14 and Figure 15 depict the simulation waveforms of the proposed rectifier operating in buck mode. When the rectifier is in buck mode, the DC-link voltage vo is controlled at 120 V. For the same output power and power supply voltage, the input current iL1 is consistent with the boost mode and will not be discussed here. However, the simulation waveforms of the input voltage of the single-phase diode bridge rectifier and the DC capacitor voltages vo1 and vo2 are different from the boost mode.



Figure 14 shows the DC capacitor voltages vo1 and vo2 simulation waveforms in buck mode. It is seen that the DC capacitor voltages vo1 and vo2 reach the reference voltage 60 V rapidly and return to balanced again rapidly under the load jump. The load jump has a smaller influence on the DC-link voltage vo, and vo also reaches the reference voltage 120 V rapidly. Figure 15 gives the input voltage of the single-phase diode bridge rectifier in buck mode.



The experimental results are shown in Figure 16, Figure 17, Figure 18, Figure 19, Figure 20 and Figure 21. Figure 16 gives the experimental waveforms of the input current iL1 and power supply voltage vs, which shows that the proposed rectifier is operating under high power factor with approximately sinusoidal input currents. The input current harmonic spectrum is shown in Figure 17. It shows that the input current contains some low-order harmonics (3th, 7th and 9th).



Figure 18 shows the experimental waveforms of the input voltage of the single-phase diode bridge rectifier operating under the given DC output voltage 200 V, which is consistent with the theoretical analysis. Figure 19 shows the experimental results of the DC-link voltage vo and the DC capacitor voltages vo1 and vo2 in boost mode. It can be seen that the DC capacitor voltages vo1 and vo2 reach the reference voltage 100 V rapidly with a very small static error, and the DC output voltage vo is controlled stably at 200 V. To verify the proposed capacitor voltage balancing control strategy, Figure 19 also indicates that vo1 and vo2, as well as vo, deviate from their references at load step transient, and return to being in balance again after about 100 ms.



When the rectifier is in buck mode, the DC-link voltage vo is controlled at 120 V. For the same output power and power supply voltage, the input current iL1 is consistent with the boost mode and will not be discussed here. Figure 20 indicates the experimental results of the DC-link voltage vo and the DC capacitor voltages vo1 and vo2 in buck mode. The experimental waveforms of the input voltage of the single-phase diode bridge rectifier operating under the given DC output voltage 200 V are shown in Figure 21.



Through simulation, Figure 22 has been obtained, which illustrates the performance of the proposed rectifier over wide load power conditions, depicting the curves of THD, PF, and efficiency as they vary with load power.



The above simulation and experimental results are consistent with the theoretical analysis, which verifies the correctness of the proposed balancing control strategy.




5. Conclusions


This paper introduces a novel SEPIC-boost-based power factor correction rectifier. Firstly, the limitations of traditional PFC are analyzed, and the notable performance characteristics of the proposed rectifier are discussed. This is followed by a detailed description of the operating principles, mathematical model, and control design of the proposed topology, and the overall operation of the proposed rectifier is analyzed through simulation and experimental analysis.



The topology structure, theoretical analysis, control strategy, and experimental verification of the rectifier represent the primary contributions of this paper. In comparison with other rectifiers, the proposed SEPIC-boost-based rectifier features continuous current on the AC main circuit, lower voltage stress on active switches, a wider range of DC output voltage, elimination of secondary DC-DC converters, and high static voltage gain operation at low input voltage as well as low static gain operation at high input voltage. This makes it more suitable for applications such as electric vehicle charging.



To further enhance performance, the existing three-level topology could be expanded to a five-level topology to further reduce the voltage stress on active switches, and ultimately reduce THD to achieve improved current waveforms on the AC main circuit.
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Figure 1. The proposed unidirectional hybrid single-phase rectifier topology. 
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Figure 2. All the operating modes and the corresponding current flowing paths of the rectifier. 
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Figure 3. Main waveforms of the proposed rectifier: (a) 0 < d < 0.5; (b) 0.5 ≤ d < 1. 
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Figure 4. Voltage transfer ratio of the proposed rectifier λ. 
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Figure 5. Comparison of voltage transfer ratio λ of the proposed rectifier: (a) with SEPIC rectifier; (b) with boost rectifier. 
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Figure 6. Diagram of the double closed-loop control strategy. 
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Figure 7. Block diagram of the system transfer function. 
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Figure 8. The basic control structure of the DC capacitor voltages loop. 
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Figure 9. The experimental prototype. 
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Figure 10. The power supply voltage vs and input current iL1 simulation waveforms. 
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Figure 11. The THD analysis of input current iL1. 
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Figure 12. The input voltage of the single-phase diode bridge rectifier in boost mode. 
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Figure 13. The DC capacitor voltages of the single-phase diode bridge rectifier in boost mode. 
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Figure 14. The DC capacitor voltages of the single-phase diode bridge rectifier in buck mode. 
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Figure 15. The input voltage of the single-phase diode bridge rectifier in buck mode. 
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Figure 16. The power supply voltage vs and input current iL1 experimental waveforms. 
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Figure 17. The input current iL1 harmonic spectrum. 
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Figure 18. The input voltage of the single-phase diode bridge rectifier experimental waveforms. 
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Figure 19. The experimental results of the DC-link voltage vo and the DC capacitor voltages vo1 and vo2 in boost mode. 
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Figure 20. The experimental results of the DC-link voltage vo and the DC capacitor voltages vo1 and vo2 in buck mode. 
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Figure 21. The experimental waveforms of the input voltage of the single-phase diode bridge rectifier in buck mode. 
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Figure 22. Performance of the presented rectifier under wide power conditions based on simulation: (a) supply current THD versus power curve; (b) operating power factor versus power curve; (c) efficiency versus power curve. 
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Table 1. The operating status of Co1, Co2, Cb, and L2 and the input voltage vi of the diode rectifier.
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	Modes
	S1
	S2
	L2
	Cb
	Co1
	Co2
	vi





	1
	1
	1
	C
	D
	D
	D
	0



	2
	1
	0
	C
	D
	D
	C
	vo2



	3
	0
	1
	D
	C
	C
	D
	vo1 + vb



	4
	0
	0
	D
	C
	C
	C
	vo1 + vo2 + vb







1 “C” denotes “charging” status and “D” denotes “discharging” status.













 





Table 2. Ratings and circuit parameters.
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System Rating and Parameters




	
power rating P

	
500 W

155 V




	
amplitude of phase-voltage vs




	
the DC-link voltage vo

	
200 V (Boost)

120 V (Buck)




	
switching frequency f

	
10 kHz




	
input side inductance L1

	
3 mH




	
output side inductance L2

	
2 mH




	
DC-link capacitors Co1 and Co2

	
470μF




	
output side capacitor Cb

	
47μF




	
Controller Parameters




	
input current controller’s bandwidth

	
1 kHz




	
DC-link voltage controller’s bandwidth

	
40 Hz




	
DC capacitor voltage controller’s bandwidth

	
10 Hz

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
®





media/file27.png
A

<«—— Loads Jump

— Vo2 |

— Vo1

|—V0

AAAAAAAAANAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAAAAANA
VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVWAVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV VY

[

<
£
<

VVVVVVVVVVVVVVVVVVVVVVVVVVVVVV VYV VVVVVVVVVVVVVVVVVVV VYV VYV VYV VVVVVVVVV VYV VY

>

2| _

/j\,vvvv'vvv VVVWVVVVVVV VVVWWVWWVVWWVWWVVVWWVWWVVVVVWVWWVVVVAAIAWVYVVVVV VWV VTV VWV VY VWWVYWWWWWYWY VYV VY

==
oo o

T Q

wasxoa

(A)93®I[0A

== — ]
R O =+ N

(A)eSeyj0A

=]

oo oo
BB FAL

(A)ISeyoA

1.0

) 0.6 0.8
Time(s)

04

0.2





media/file43.png
100

o v = g
K =N ®© *© ~
(%) ©uarYf

® N <+ o
=N =N =N N
N =N =N =N )
= s S S i
AOPV,] JdMOF
\n < e o -

(%) AQHI yo.Lm) dyddng

70

0.988

300 400 500 600 700 800 900
Load Power (W)

200

300 400 500 600 700 800 900
Load Power (W)

200

300 400 500 600 700 800 900
Load Power (W)

200

(c)

(b)

(a)





media/file44.png





media/file12.jpg
i,

e






media/file14.jpg
Am






media/file35.png
|
=

100.0(V/div)

- | 10.0(ms/div)

e IR SR

R S S .






media/file20.jpg
Fundamental (50Hz) = 6.449A , THD=2.60%

£l ] =
s S =
[EudwEpUny Jo ¥,

100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

0





media/file5.png
t: A A A A A t: A
=1 HE
Ts_2 S
AT o
v __ I IA‘ — ] — - - | .
= | = 2,
IR B S =
M
Z
IE
A 4
= N 3 N o 8 E 2
o o ~ R N ~ < <
t: t; A A t; A t: A
Z
F
AT
MY 4.
&~ Z
=S =
B S . U —_ Y N I EEN S
AT B ]
MY
== 2,
=S =
\ 4
= N 3 N o 8 E 2
« « ~ ~ o N s s

(b)

(a)





media/file19.png
Current(A)

— Vs —ipn
20 200
15 150
10 100
5 50
0 0
=S -50
-10 -100
-15 | - » : ' -150
-20 | - - ! : =200
0.48 0.5 0.52 0.54 0.56 0.58 0.6

Time(s)

(UNCELA N





nav.xhtml


  electronics-13-00357


  
    		
      electronics-13-00357
    


  




  





media/file11.png
r ~

Sepic-Boost-
Based
Rectifier

lii—

HH-

fsi s,

\ A 4

sin(0) | |—>>_
MW Lag180. v
o
[er- i L
‘ - B
I?: l + Vo1= Vo2 _{'q.






media/file41.png
Vi

100.0(V/div)

10.0(ms/div)






media/file37.png
— V, 50.0(V/div) — Vo1 50.0(V/div) = Ve, 50.0(V/div)

100.0(ms/div)
e T

|

il !ﬂlﬂﬂ“' . | I .
| :
- :—> step tr%ansien}t- :
| : I :






media/file10.jpg
’ Vot
Sepic-Boost- >—
<$ Jesed v
Rectifier >—"
I E T S
i R
PLL| ¥
[
sin(0) 4 _:§>—
Mh—{Lagt v;L
+]_v,
PI [«
0 {_
. = Favave i






media/file40.jpg
— » 100.0(V/div)






media/file16.jpg





media/file3.png
+| |=

—
hll_|||_ =
L%
L= |
IN _ IN
|
b
TR
wﬁwﬁ
e — |e___¥
— | 1
N
— |
+ﬁ||v_
e M
+| ||||||| >
— _||K|_
i |
_ N
|
A
b
R /

e S e AU
_ 1T T
L1 ||
_>|__|J T
£ | _
lle — Y _
——" N “M
LI
vl _
S _
.,./l.U | | _
e o
_
| —
| s
_
b
|
_ \ 4
—— L
S !
L 11 I
_ _F _ |1
Nw_»l .v__
__A.llf
|_|))))IA|_ S
1IN _
N
T[T J_
+ Coo
T
1 1
_
Yo
_
| \ 4

0,0

0,1





media/file22.jpg
EEE

100

Voltage(V)

-2

100

Tor

oz

03

o4
Time(s)

105

106

o7

108





media/file25.png
-
£
-
J
wn
d >
5
(o]
R, S
o
)
1 ?
—
)
-
)
-
mE282°> S883]= Eg8sK-
(A)o8e)0A (A)aSeI0A (A)aSeI0A

1.0

] 0.6 0.8
Time(s)

0.4

0.2





media/file0.jpg
vy






media/file26.jpg
]

—Va_—Va
fe— Loads Jum,

—

Ziz88°

(Awmenon

ERE RS

[INEETON

NI

10

. 06 08
Time(s)

04

02





media/file34.jpg
Vi

100.0(V/div)

10.0msdiv)






media/file13.png
sin(6)

1

R+1/Cs [ ]






media/file31.png
— Vs 100.0(V/div) — i1 5.0(A/div)

10.0(ms/div) |






media/file39.png
— v, 20.0(V/div)

— Vo1 20.0(V/div) = Vs 20.0(V/div)

! : 100.0(ms/div)

St aid o
v

4 L PRRTTRE A
e Ll e T

—> step transient






media/file18.jpg
—V, —in

g

PP

-150

&
g

052 051 056 058
Time(s)

(ApseA





media/file9.png
T T T T T T 4.5 T T T T T T

SEPIC Boost

- Sepic-Boost (d2=0.2) 4 Sepic-Boost (d2=0.2) -
Sepic-Boost (d 2=0.4) Sepic-Boost (d2=0.4)
Sepic-Boost (d2=0‘6) 35T Sepic-Boost (d2=0.6) T
Sepic-Boost (d2=0.8) 3l Sepic-Boost (d2=0.8)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.2 0.3 0.4 0.5 0.6 0.7 0.8





media/file42.jpg
©

&

@





media/file23.png
300

g8 o
(o B ]

-100
=200

(A)aseI0A

=300

1.08

1.07

1.06

1.05

1.04

1.03

1.02

1.01

1.00

Time(s)





media/file36.jpg
— ¥, 50.0(V/div) — Vo1 50.0(V/div) = V52 50.0(V/div)
1 100.0(ms/div)

At A A ORI B A D A5 P
I

1

1

4 i
Bt e

1
|—> st