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Rectifiers, Harmonic distortion. 
Due to the remarkable evolution of power electronics, and consequently, the viability of more flexible, compact and efficient new devices, it noted an increase in the number of electrical loads that use some kind of electronic power converter. It is estimated that approximately 50% of the electricity is electronically processed before being actually used. This results in the sinusoidal currents in the power circuit. Therefore, there is talk of harmonic distortion of current due to the presence of nonlinear loads (electronic power converters) connected to the mains 

equipment that process energy electronically operate through an AC power source, but always te stage of AC-DC conversion (rectifiers). In this context, due to its wide industrial application, the rectifiers, particularly in Graetz setting, are the most common sources of problems the injection of harmonic current power system. Thus, supply of load is made from the DC obtained in the rectifier’s 5]. The presence of harmonic components of current in the system is additional losses and heating d capacitors, faulty thermo 

magnetic breakers due to increased internal temperature caused by the vacurrent, increase in neutral current,in conductors; errors in conventional instruments for measuring energy consumproblems. Due to the considerable increase of electronic power processing devices in various segments of industry as well as in those numerous equipment of residential use, it becomes necessary to control and limit this current harmonic content injected into the distribution systems. This can be done through the development of pre-regulator converters for performing not only reduction of harmonic levels of current, but also to correct the input power factor (PF) and control voltage on DC In this regard, this paper proposes a new hybrid single-phase rectifier capable of reducing the total current harmonic distortion due to the presence of nonlinear loads, correction of PF and high operational reliability. The great advantage providedrectifiers is the combination robustness, reliability and simplicity of diode uncontrolled rectifiers with reduced weight and volume provided by switched converters, which operate at high switching frequency. This way, the nominal rating of the hybrid structure can be drastically improved with no 
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impairment to the overall efficiency of the rectifier, which cannot be achieved with conventional PWM rectifiers without increasing costs considerably [6-13]. The proposed single-phase hybrid rectifier consists of an uncontrolled single-phase rectifier (Rect-1), coupled in parallel with single-phase switched converter (Rect-2), as illustrated in Figure 1. It is noteworthy that the main advantages of using hybrid rectifiers at the pre-regulator stage with power factor correction for connecting electronic converters are: a.  Greater overall efficiency of the structure, since the switched converters process reduce portion of active power delivered to the load. b. Lower cost when compared with conventional switched pre-regulated converters with unitary PF, since the semiconductor devices used in these structures are designed for rated power. c. Flexibility in meeting the restrictions imposed by the standard IEC610003-4, since the current to be imposed on the AC mains supply can take different forms depending on the desired THD. d. Simple, inexpensive and efficient control technique. As illustrated in figure 2, the drawn current from the network (iin) will be the composition of that required 

by the uncontrolled rectifier (iL1) and the portion of the switched converter (iL2). The waveform of current iL2 will be directly responsible for the final characteristic of the waveform of the AC power supply. Aiming at validating the overall front-end rectifier structure, simulation results are given to verify the proposed methodology accuracy at providing DC link from power electronics converters connection at high input factor and low harmonic distortion of input current.  2. THE CONFIGURATION AND OPERATIONAL 2. THE CONFIGURATION AND OPERATIONAL 2. THE CONFIGURATION AND OPERATIONAL 2. THE CONFIGURATION AND OPERATIONAL PRINCIPLE OF THE PROPOSED HYBRID RECTIFIER.PRINCIPLE OF THE PROPOSED HYBRID RECTIFIER.PRINCIPLE OF THE PROPOSED HYBRID RECTIFIER.PRINCIPLE OF THE PROPOSED HYBRID RECTIFIER.    As shown in Figure 1, the proposed single-phase front-end hybrid rectifier is composed by the combination of two rectifier groups. The first one is a single-phase diode rectifier operating in discontinuous current mode (DCM), named Rect-1; and the second is a switched converter, named Rect-2, operating with imposed input current in order to obtain nearly sinusoidal AC line current. The proposed hybrid rectifier power circuit is shown in Figure 2.  
 

 Figure 1:  Composition of the proposed hybrid rectifier. 

 Figure 2:  Power circuit of the proposed hybrid rectifier. 
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  One can observe that the AC line current is a result of the summation of currents iL1 and iL2 (iL1 + iL2), provided that current iL1 is the classical input current of single-phase diode rectifier operating in DCM and iL2 is the input current of the switched converter imposed by a suitable control strategy following the desired sinusoidal reference, as shown in Figure 3 and described as follows: 

 Figure 3:  Individual rectifier current waveforms and the synthesized input current of the proposed hybrid rectifier. From 0 to From 0 to From 0 to From 0 to tttt1111:::: the diode bridge rectifier (Rect-1) is blocked, i.e. the output voltage is higher than the input. Therefore, the current imposition through inductor L2 starts, following the sinusoidal reference. During this period, the diode rectifier (Rect-1) is out of operation. From tFrom tFrom tFrom t1111    to tto tto tto t2222:::: the input voltage is higher than the output voltage, hence the diode bridge rectifier starts conducting and current iL1 starts increasing due to Vin . In this instant, Rect-1 starts providing energy to the load and therefore, the switched converter (Rect-2) power contribution starts decreasing, represented by the current iL2 decrease which follows the imposed sinusoidal reference current. From tFrom tFrom tFrom t2222    to tto tto tto t3333:::: only Rect-1 provides energy to the load. During this period, the AC input current is equal to the current flowing through the inductor L1 of Rect-1. 

From tFrom tFrom tFrom t3333    to tto tto tto t4444:::: the switched converter starts operating again following the sinusoidal imposed reference. Current iL1 reaches zero in t4 once output voltage gets higher than the input voltage, Vin; hence, the diode rectifier is out of operation. From tFrom tFrom tFrom t4444    to π :to π :to π :to π : only the switched converter provides energy to the load, since the diode rectifier is blocked by the output voltage. Thus, during this period of time, the input line current is equal to the switched converter input current. Finally, it should be noted that the switched converter imposed current waveform is responsible for defining the final AC input line current waveform; providing therefore a considerable reduction of its harmonic components. It is important to outline that despite the unusual waveform, the frequency spectrum of the input current is in accordance with harmonic content restrictions imposed by international standard IEC61000-3-4, as demonstrated in the theoretical and simulations results herein.     3.3.3.3.    ANALYTICAL ANALYTICAL ANALYTICAL ANALYTICAL MMMMODELING OF THE HYBRID ODELING OF THE HYBRID ODELING OF THE HYBRID ODELING OF THE HYBRID RECTIFIERRECTIFIERRECTIFIERRECTIFIER    In order to employ the concept of hybrid rectifiers presented in [9, 10] in single-phase systems, it is necessary to implement an ordinary diode rectifier in DCM. The DCM operation can be assured when the inductor and capacitor input filters are very small and large, respectively. In the limit as the inductor value goes to zero and the capacitor value goes to infinite, the AC input current approximates to an impulse function, as shown in Figure 4.  As one can observe, the AC input current is discontinuous once the diode rectifier bridge conducts for less than one-half of the AC line period; or during a time interval less than 180°.  3.1 Analysis of single3.1 Analysis of single3.1 Analysis of single3.1 Analysis of single----phase diode rectifier in DCM.phase diode rectifier in DCM.phase diode rectifier in DCM.phase diode rectifier in DCM.    The analysis of diode rectifier operating in DCM can be divided into two cases which correspond to the inductor current waveforms shown in Figure 4, [14, 15]. In both cases, conduction of the diode bridge rectifier begins when the AC input voltage, Vin, is higher than the output voltage across the filter capacitor, Vco, illustrated in Figure 5.  
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 Figure 4:  Inductor current waveform of a diode bridge rectifier operating in DCM. 

  Figure 5:  Inductor current waveform of a diode bridge rectifier operating in DCM.  The angle θ1 is defined as the value of θ at this instant, leading to the following relation: LMNLOP = RSTUV                                                      (1)  The angle θ2 is defined as the value of θ at the instant the inductor current, iL2reaches zero. The case 1, illustrated in Figure 4(a) refers to the operational condition where the inductor current returns to zero at the same half cycle of the AC line voltage; thus, θ2 < π. Case 2, illustrated in Figure 4(b), occurs when the inductor current extends to the next half cycle of the AC line voltage.; hence, θ2 > π. Therefore, for case 1, the inductor current can be expressed as SY(U) = LOPZ[ [\]RUV − \]RU − (U − UV)RSTUV]         (2) The angle θ2 can be obtained from   [\]RUV − \]RU_ − (U_ − UV)RSTUV] = 0               (3) 

θ2 can be evaluated by numerically solving the transcendental equation presented in (3). Thus, one can obtain the value of U_ that satisfies (3) and at same time, is less than π.    3.23.23.23.2 Analysis of the Analysis of the Analysis of the Analysis of the parallel switched converter.parallel switched converter.parallel switched converter.parallel switched converter.    Boost converters have been traditionally used as front end wave shaping systems. But, in order to be applied as a parallel path in the proposed single-phase hybrid rectifier, non-isolated Boost converters are technically impracticable. Since during the period of time when the input line voltage is higher than the DC output voltage, the Boost current continues increasing, even when the switch is open. It should be emphasized that for isolated Boost converters fed through the single-phase transformer, there is a galvanic isolation and, as a result, such structure can be employed; but with the obvious drawbacks of requiring extra magnetic devices; i.e higher volume, weight and cost. On the other hand, SEPIC converters behave naturally as an input current source; allowing for the waveform of the input current be imposed with a suitable control strategy. In contrast to the Boost converter behavior, when the switch of the SEPIC converter is opened, the series capacitor assures, at any operating condition, the decrease of the current flow through the input inductor. Thus, the imposition of the input current does not strongly depend on the level of the output voltage (DC link voltage), as depicted in Figure 5. Therefore, the switched converter associated in parallel connection with diode rectifier must operate as an input current source in order to compose the input line current, assuring high power factor and low THD.     3.3 3.3 3.3 3.3 Analysis of the Analysis of the Analysis of the Analysis of the pppproposed singleroposed singleroposed singleroposed single----phase hybrid phase hybrid phase hybrid phase hybrid rectifier.rectifier.rectifier.rectifier.    Analytically, the principle of operation of the proposed structure can be described in five different stages taking into account a half-cycle of 50Hz, as portrayed in Figure 5. In this figure, one can observe the theoretical waveforms of the output voltage (Vco), the input voltage, (Vin), the SEPIC input inductor current, (iL2), the reference current, (Iref), and diode rectifier input current, (iL1) as a function of θ. From the analysis of Figure 5, it is possible to select the power semiconductor switch and the magnetic elements through determination of current iL1 and iL2 equations.  
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In the intervals:  0 to θ1 and θ4 to π, only SEPIC converter provides power to the load, therefore: `N aLMNab = cde − LMNf                             (4) During the intervals:  θ1 to θ2 and θ3 to θ4, both SEPIC converter and diode rectifier provide power to the load, therefore: `N aLMNab = cgV + cde − LMNf                     (5) In the interval θ2 to θ3, only the diode rectifier provides power to the load, therefore: `N aLMNab = cgV − LMNf                               (6)     4.4.4.4.    DESIGN GUIDELINE FOR DETERMINATION OF DESIGN GUIDELINE FOR DETERMINATION OF DESIGN GUIDELINE FOR DETERMINATION OF DESIGN GUIDELINE FOR DETERMINATION OF EACH RECEACH RECEACH RECEACH RECTIFIER GROUP POWER CONTRIBUTIONTIFIER GROUP POWER CONTRIBUTIONTIFIER GROUP POWER CONTRIBUTIONTIFIER GROUP POWER CONTRIBUTION....    As stated in section 3, the input inductor of Rect-1 must be designed to operate in DCM. The proposed design guideline provides a precise way of determining the optimum value of the diode rectifier input inductor and tackles the input line current composition at low THD with maximum diode rectifier output power contribution. In this context, two considerations must be outlined: Firstly, the higher is the conduction time diode rectifier (θ1 to θ4 in Figure 5), the higher is its power contribution. Secondly, the switched converter input current must follow a sinusoidal reference and its power contribution must be enough to achieve an input line current in accordance with IEC61000-3-4.     4.1 4.1 4.1 4.1 Project assumptionsProject assumptionsProject assumptionsProject assumptions    In steady state and taking into account a lossless system, the input active power is equal to the active output power in the load. Therefore, LOP(hijk)√2 m1no p SOP_ (U)aUq
r = LMN(jst)_ R             (7) 

 where: Vin(peak) is the peak value of the input voltage, Vco(avg) is the average value of the output voltage, R is the  load resistance and iin (θ) is the input current.  The diode rectifier input current is given by (2) and the SEPIC converter input current is given by Sg_(U) = cviwRSTU                   (8) where Iref is the peak value of the sinusoidal reference current.     4.4.4.4.2222    Power contribution of each rectifier groupPower contribution of each rectifier groupPower contribution of each rectifier groupPower contribution of each rectifier group    Considering an infinite output capacitor (Co), the output voltage is constant and equal to Vco, therefore the load power is 

xN = LMN_R                                    (9) The diode rectifier and SEPIC converter power contributions are given by (9) and (10), respectively.     xyiMz{V = |h LMN_f                     (10) 
xyiMz{_ = }1 − |h~ LMN_f            (11) where kp is the ratio of diode rectifier power contribution in relation to the total output power.  4.3 4.3 4.3 4.3 Angles θAngles θAngles θAngles θ1111    and θand θand θand θ4; 4; 4; 4;     and inductance Land inductance Land inductance Land inductance L1111        As presented in (1), the initial conduction angle of current iL1can be found from (12) RSTUV = LMNLOP(hijk)           (12)   In the analysis presented in section 3, current iL1 is defined by SgV(U) = F(U) = LOP(hijk)Z[V [\]RUV − \]RU − (U− UV)RSTUV]          (13) Since current iL1 is a function of angle θ, for each initial conduction angle θ1, a final angle θ4 is defined, as well as a maximum value for function F(θ). Thus making θ4 ≤ π, (Figure 5 ), and solving (3) through an iterative way, a minimum initial conduction angle of 46.43° (θ1(min) ) is found. In this limit situation, where θ4 = π, current iL1 maximum value can be found by equating the derivative of iL1(θ) to zero. Hence,    cgV(�j�) = 2LOP(hijk)Z[V �\]RUV − �n2 − UV� RSTUV� (14) One can associate this limit situation to the maximum current contribution of Rect-1. Moreover, the diode rectifier power contribution can also be found from (15).  xyiMz{V = LMNcgV(jst) = |h LMN_f              (15) Substituting θ1 = 46.43° and θ4 = 180° in (14), the maximum average value of current iL1 is cgV(jst{�j�) = 0.1154 mLOP(hijk)Z[V o             (16) Therefore, substituting (16) into (15), the maximum power contribution of Rect-1 is cgV(jst{�j�) = 0.1154 mLOP(hijk)LMN o m fnZ[Vo (17) Finally, for a given load condition and defining the maximum power contribution of Rect-1 and the desired output voltage, the input filter inductor value of Rect-1 can be found from (17).     
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4.4 4.4 4.4 4.4 Angles θAngles θAngles θAngles θ2222    and θand θand θand θ3333    and the reference current to be and the reference current to be and the reference current to be and the reference current to be imposed in imposed in imposed in imposed in inductor inductor inductor inductor     LLLL2222        For obtaining low THD at the input, the input line current must follow a sinusoidal reference current. Besides, aiming at the limitation of the SEPIC converter power contribution, the peak value of the SEPIC converter input inductor current (iL2) must be less than the peak value of current iL1. Thus, one can find the reference current value as well as the values of angles θ2 and θ3 as a function of the parameter K, which represents the relation between the peak value of the reference current and the peak value of current iL1. � = cviwcg�(����)                                (18) 
Substituting (14) in (18), the reference current is given as cviw = 2�LOP(hijk)Z[V �\]RUV − �n2 − UV� RSTUV� (19) From Figure 5, one can see that the angles θ2 and θ3 correspond to the intersection of iL1(θ) and Iref(θ) curves. Therefore, 2� �\]RUV − �n2 − UV� RSTUV�= [\]RUV − \]RU_− (U_ − UV)RSTUV]             (20) 2� �\]RUV − �n2 − UV� RSTUV�= [\]RUV − \]RU�− (U� − UV)RSTUV]     (21) Equations (20) and (21) can be solved to obtain the values of   θ2 and θ3. Another condition that must be satisfied by K, θ2 and θ3 in order to obtain the SEPIC converter power contribution is that the average value of the instantaneous input power must be equal to the active power delivered to the load. It means that equation (22) holds.  Hence, one can define K = 0 and θ2 = θ1 initially. The convergence of (20) is verified and θ2 is increased until both terms in (20) are equal for the same value of K. Since (20) is satisfied, a partial value of θ2 is found. For obtaining θ3, one can define θ3 = θ2 partially. For the same K used to obtain θ2 partial, θ3 is increased until (21) is satisfied and a partial value of θ3 is found. Finally, one can verify if (22) is also satisfied; and if not true, K is increased and new 

values of θ2 and θ3 are found until (20), (21) and (22) are satisfied simultaneously. Since the final values of K, θ2 and θ3 are found, for a given value of K, one can obtain the reference current peak value, Iref, from (18).     5. 5. 5. 5. CONTROL STRATEGYCONTROL STRATEGYCONTROL STRATEGYCONTROL STRATEGY    The applied PWM control technique is based on the imposition of the input line current at low THD in order to obtain high input factor. The DC link voltage is not controlled, so its value depends on the peak value of the input line voltage being defined in (1). Focusing on this subject, the proposed control technique tackles at first place the imposition of a quasi-sinusoidal input line current which is in conformity with IEC61000-3-4 standard. The second target goes towards the limitation of the switched converter power contribution in order to assure that the SEPIC converter will never assume the total power. Otherwise, the output becomes higher than the input and the diode rectifier will be disabled leading to the destruction of the SEPIC converter. Thus, in order to achieve the second target, the peak value of the imposed current, i.e. the SEPIC converter input current, must be kept less than the peak value of the diode rectifier input current. The schematic diagram of the proposed control circuit is shown in Figure 6. In order to impose quasi-sinusoidal waveform at the input of the proposed front-end converter, a sinusoidal reference signal must be obtained. High input power factor can be assured if the imposed current waveform is in phase with the input line voltage. Therefore, a sample of the input line voltage (Vin) must be rectified and taken to a multiplier circuit as depicted in Figure 6. At this point, it is important to emphasize that different load conditions cause variations on the DC link voltage and in the values of θ1 through θ4, since they strongly depend on the DC link voltage level. In this way, the waveform and the average value of the input inductor filter current (iL1) of diode rectifier also vary; and hence the final waveform of the input line current (iin). Due to iin variations, the power contribution of Rect-1 also varies.  

 xN =
��
��
��

��
�
�� LOP(hijk)�cgV(hijk)2n �U_ + n − U� − RSTU_\]RU_+RSTU�\]RU� �

 + LOP(hijk)_nZ[V �−\]RUV(−\]RU�−\]RU_) + 14 (\]R2U� − \]R2U_)+RSTUV(U�\]RU�−RSTU� − UV\]RU�)−RSTUV(U_\]RU_−RSTU_ − UV\]RU_) ���
�
��

��
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��                  (22) 
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 Figure 6: Closed loop control scheme for the proposed hybrid rectifier.  Therefore, aiming at implementing a closed-loop control strategy capable of assuring the accurate input line current composition and the desired SEPIC converter power contribution, current iin must be sensed and filtered in order to obtain a control voltage Vc which is used to update the reference current signal for different load conditions. As can be seen in Figure 6, at the output of the multiplier circuit one can obtain a reference signal proportional to the applied load Vref-1. In order to generate a PWM reference signal, a carrier signal (sawtooth voltage waveform, at 20 kHz) is compared with Vref-1. This comparison results in a PWM reference signal Vref-2. The suitable gain setup of the current sensor circuit assures that the reference current signal and hence the peak value of the SEPIC converter imposed current, iL2 is always smaller than the peak value of current iL1. Therefore, the desired input line current waveform can be imposed and, at the same time, the SEPIC converter power contribution is also limited to a desired value; since the maximum amplitude of the reference current signal is adjusted at rated power. Finally, the PWM reference signal, Vref-2, must be compared with the current flowing through the inductor L2  of the SEPIC converter to generate a high frequency gate drive signal for switch S1. Hence, the current through the inductor L2 will follow the imposed reference through a simple PWM control strategy [16, 17].     

6666. . . . SIMULATION RESULTSSIMULATION RESULTSSIMULATION RESULTSSIMULATION RESULTS    To verify and demonstrate the operational effectiveness of the proposed single-phase, high power factor hybrid rectifier, the closed-loop circuit of Figure 6 was simulated. The circuit parameters of the simulation are summarized in Table 1.  Table 1: Simulation parameters Design specifications 1 Average output voltage, Vo(avg) = 540V 2 Active output power, Po = 10kW 3 Input voltage, Vin(rms) = 480V 4 Switching frequency = 20kHz Circuit parameter values 1 L1 = 9.5mH 2 L2 = L3 =  800μH 3 Co = 600μF 4 Cs = 10μF  For a given value of K, the input current waveforms of Rect-1 and Rect-2 are displayed in Figure 7. Shown in Figure 8 (a) are iL1, iL2 and Iref; where the tracking of iref by IL2 is clearly depicted. Sum of iL1 and iL2 gives the input line current waveform portrayed in Figure 8(b); wherein the input voltage waveform is also plotted. The output voltage of the hybrid rectifier is shown in Figure 9. For the achieved input current waveform, Fourier analysis is performed and the achieved frequency spectrum is compared with the harmonic content restrictions imposed by IEC 61000-3-4 as shown in Figure 10. 
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For different values of K, the final THD is found and the results are presented in Figure 11. Furthermore, Rect-1 and Rect-2 power contributions as a function of K are also portrayed in Figure 10. From the analysis of Figure 11, one can observe that with 40% of power 

contribution, the switched converter operates with an input inductor current that composes the input line current waveform with the desired harmonic spectrum, which is in accordance with IEC 61000-3-4. 

 Figure 7 : Simulated input inductor current waveforms of the proposed hybrid rectifier. 

 Figure 8 : Simulated waveforms of the proposed hybrid rectifier: (a) Reference current signal, iL1 and iL2 ; (b) Input current and voltage waveforms. 

 Figure 9 : Simulated waveform of the output voltage of the proposed hybrid rectifier. 

0.11 0.112 0.114 0.116 0.118 0.12 0.122 0.124 0.126 0.128 0.13
0

10

20

30

40

50
i
 L 1

i
 L 2

A n g l e (  r a d )

0.1 0.102 0.104 0.106 0.108 0.11 0.112 0.114 0.116 0.118 0.12
0

10

20

30

40

50

0.11 0.112 0.114 0.116 0.118 0.12 0.122 0.124 0.126 0.128 0.13
-100

-50

0

50

100

i
 r e f

        

i
 L 2

i
 L  1

i
 i n 

    =  i
 L 1

 + i
 L 2

        

A n g l e  ( r a d )

A n g l e ( r a d
( b )

0 . 1 7 *v
 i n 

        

( a )

0.1 0.105 0.11 0.115 0.12 0.125 0.13 0.135 0.14

-600

-400

-200

0

200

400

600

A n g l e  (  r a d  )

O 
u 

t 
p 

u 
t 

 v
 o

 l 
t 

a 
g 

e
[V

]



HHHHIGH IGH IGH IGH PPPPOWER OWER OWER OWER FFFFACTOR ACTOR ACTOR ACTOR HHHHYBRID YBRID YBRID YBRID RRRRECTIFIERECTIFIERECTIFIERECTIFIER,,,,                                C. I. Odeh  C. I. Odeh  C. I. Odeh  C. I. Odeh      
 

Nigerian Journal of Technology,   Vol. 33, No. 4, October 2014          434 

 Figure 10 : Comparison of the harmonic profile of the proposed hybrid rectifier and the harmonic content restrictions imposed by IEC 61000-3-4. 

 Figure 11 : Plot of power contributions of Rect-1 and Rect-2; THD; and Output voltage as a function of K     7777. . . . CONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONS    This paper presented the developmental analysis of a novel high power factor and low harmonic distortion single-phase, hybrid rectifier suitable for high power applications. The proposed structure is composed by an ordinary single-phase diode rectifier combined with parallel connected switched converter. It was demonstrated that the switched converter is capable of composing the AC input line current waveform, providing high power factor and low harmonic distortion. However, the switched converter power contribution is limited to 40% maximum of the load power, assuring robustness and reliability for the proposed front end structure. A simple PWM control technique was implemented in order to impose an input line current waveform in accordance with the harmonic content restrictions imposed by IEC 61000-
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