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Abstract

:

A novel Pulse-Width-Modulation (PWM) quasi-resonant active-clamp phase-shifted full-bridge converter is presented and analyzed in this paper. In the proposed topology, an active-clamp switch and a clamp capacitor that resonates with the leakage inductance of transformer are employed at the secondary side. The active-clamp circuit helps all of the primary switches in achieving both zero-voltage switching (ZVS) turn-on and nearly zero-current switching (ZCS) turn-off over the entire load range, and resets the primary current during the freewheeling interval. The operation of the active-clamp circuit eliminates voltage ringing across the rectifier. In addition, the secondary diodes can achieve ZCS turn-off, which removes the reverse recovery problem of diodes, and the active-clamp switch can achieve ZCS turn-on. A 3.5-kW prototype was built to verify the performance of the proposed converter. A maximum efficiency of 97.6% was achieved under a 2-kW load, and an efficiency of more than 96% was achieved even under a light load.
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1. Introduction


The on-board chargers of electric vehicles (EVs) typically consist of an alternating current/direct current (AC–DC) converter and a DC–DC converter. The AC–DC converter transforms commercial AC into DC with a power factor correction function, and the DC–DC converter charges batteries via a certain charge method, such as constant-current/constant-voltage charging [1,2,3]. Efficiency and compactness are the most important factors in optimization during charger design because fuel efficiency is one of the most crucial factors that characterizes EV performance. For the DC–DC converters of on-board chargers, a traditional phase-shifted full-bridge (PSFB) converter is often adopted because the zero-voltage turn-on for all of the primary switches is possible. However, PSFB converters have several drawbacks [4,5,6,7] such as a narrow zero-voltage switching (ZVS) range for the lagging leg switches, a circulating current that increases conduction loss, duty cycle loss, voltage oscillations, and a reverse recovery current of the rectifier diodes.



The literature reports two main technical solutions to the disadvantages of PSFB converters. One solution is to extend the ZVS range for lagging leg switches by creating an auxiliary-current source, ia (as shown in Figure 1a), which preserves sufficient inductive energy to discharge the output capacitors of the switches during transition. The auxiliary-current source can be realized through the large leakage inductance of the transformer or an external inductor connected in series with the transformer [8]. However, a large inductance at the primary side leads to a large duty cycle loss. In this case, the turns ratio of the transformer needs to increase to obtain the required output voltage. However, this results in an elevated voltage stress of the output rectifier diodes. The auxiliary-current source, ia, can be realized via the other methods such as current-enhancement techniques [9,10] or a hybrid PWM technique with a shared lagging leg [11]. However, these auxiliary-current source networks can be implemented in exchange for increases in the volume, cost, and power loss of a converter.



The other solution is to reset the circulating current and to dampen the voltage ringing by creating a blocking-voltage source, vblock (as shown in Figure 1b), which creates a higher voltage than the input source. The blocking-voltage source can be created by placing a large blocking capacitor at the primary side [12] or by using a passive clamp circuit [12,13,14,15,16,17] or an active-clamp circuit [18,19,20,21] at the secondary side. Normally, a secondary clamp circuit is preferred because it does not require a large capacitor that increases the volume and cost. In References [22,23,24,25], a blocking-voltage source was created at the secondary side of the voltage-doubler topology [22,23,24,25]. This technique utilizes the resonance between the leakage inductor of the transformer and the secondary rectifier capacitor to deliver energy. However, it has some disadvantages, such as the relatively large current rating of the rectifier diodes, the incomplete elimination of the circulating current, and the dependence of the zero-current switching (ZCS) condition for the primary switches on the load current. The common idea behind both passive and active circuits is to utilize the resonance between the clamp capacitor and the leakage inductor of the transformer. Since the clamp capacitor has a higher voltage than the primary side of the transformer due to resonance, the energy transfer from the primary side to the secondary side is blocked during the freewheeling interval. While the resonance between the leakage inductor of the transformer and the clamp capacitor cannot be controlled in passive clamp techniques, it can be controlled in active-clamp techniques by the active switch. Normally, the active-clamp switch is controlled two times in a switching cycle, and the discharge of the clamp capacitor and the decay of the primary current are triggered by the turn-on of the active-clamp switch.



A performance comparison of PSFB converters with several kinds of passive and active-clamp circuits is shown in Table 1.



There are two kinds of variations in terms of active-clamp topologies, as shown in Figure 2. The active-clamp circuit was connected across the output filter inductor in Reference [26] (Figure 2a), while it was connected across the rectifier bridge in References [18,27,28] (Figure 2b). However, the topology in Figure 2a requires an additional diode Dfw for freewheeling when it is applied to topologies with a center-tapped transformer. In other studies, these active-clamp circuits were further modified by adding an auxiliary transformer [20], a diode [19], or even a buck converter [21]. However, these topologies are expensive and complex due to the additional components, which leads to lower efficiency of the converters.



One of the significant contributions of the proposed active-clamp control method when compared to previous methods is the ZCS turn-off of the leading-leg switches, as shown in Table 2. It can be noted from the switching schemes shown in References [18,26] that the active-clamp switch S5 is turned on after the leading-leg switch S1 is turned-off. In conventional PSFB converters, since the primary current is equal to the reflected load current nIo when the leading leg switch S1 is turned off, it is not possible to achieve ZCS turn-off for the leading-leg switches. In Reference [27], the active-clamp switch S5 is turned on before the leading-leg switch S1 is turned off. However, since the resonance frequency of Llk and Cclamp is significantly lower than the switching frequency, the maximum voltage across the clamp capacitor is equal to the reflected input voltage nVS during a switching period. Therefore, the primary current increases continuously until the switch S1 is turned off, which leads to hard-switching turn-off of the switch S1, which is the same as conventional PSFB converters.



In order to achieve ZCS turn-off for the leading-leg switches in active-clamp PSFB converters, a novel method is proposed to realize the blocking-voltage source across the secondary rectifier bridge before the active switch S5 is turned on. In the proposed method, the resonance frequency of Llk and Cclamp is selected to be even higher than the switching frequency. When the active-clamp switch S5 is turned on, Llk starts resonating with Cclamp, and the voltage across the secondary rectifier bridge is increased higher than the reflected input voltage nVS. Thanks to this blocking-voltage source, the primary current decreases quickly to be equal to the magnetizing current before the leading-leg switch S1 is turned off. It is necessary to minimize the magnetizing current to archive a nearly ZCS turn-off condition for the leading switch S1, while the ZVS turn-on condition is maintained.



ZCS turn-off is especially important for converters employing insulated-gate bipolar transistors (IGBTs) since they suffer from the tail-current problem [18]. The minority carrier in an IGBT can be swept out before turning off if the ZCS turn-off of the IGBT switch is achieved. Then, it is possible to increase the switching frequency of the converter without lowering efficiency, which makes it attractive for the wide-load-range and high-power applications where IGBTs are predominantly used as power switches.



In this paper, a new control scheme for active-clamp PSFB converters is proposed (as shown in Figure 2b), including the design of the clamp capacitor to achieve ZCS turn-off for the leading-leg switches, while maintaining all of the advantages of conventional active-clamp techniques. It should be noted that, although the topologies in References [18,27] and the proposed converter are the same, the operating principles, and hence, the performances of the converters are totally different. In the proposed converter, the leakage inductance of the transformer resonates with the clamp capacitor. The converter operates at a fixed resonant frequency and the output voltage is regulated by phase shift control, while the active switch S5 is controlled to achieve the ZCS turn-off condition for the primary switches. The outstanding characteristics of the proposed converter are as follows:

	▪

	
ZVS turn-on for all of the primary switches over the entire load range.




	▪

	
Nearly ZCS turn-off for all of the primary switches over the entire load range.




	▪

	
Complete elimination of the circulating current during freewheeling, which eliminates its associated losses.




	▪

	
No reverse recovery for the secondary rectifier diodes.




	▪

	
Little duty cycle loss.




	▪

	
Elimination of the voltage ringing at the secondary circuit.




	▪

	
High efficiency over the entire load range.









This paper consists of five sections. The introduction is given in Section 1. The operational principle of the proposed zero-voltage zero-current switching (ZVZCS) converter is analyzed in Section 2, and an analysis of the proposed converter is presented in Section 3. To validate the proposed converter, a 3.5-kW prototype was built and the experimental results are shown in Section 4. Finally, some conclusions are given in Section 5.




2. Operational Principle of the Proposed Quasi-Resonant ZVZCS PSFB Converter


The circuit configuration of the proposed converter is exactly the same as that presented in Reference [18]. The proposed converter, shown in Figure 2b, differs from the conventional active-clamp PSFB converter [18] in terms of the leakage inductance of the transformer, Llk, and the clamp capacitor, Cclamp, constituting a resonant tank, which makes the primary current a quasi-sinusoidal waveform. The function of the auxiliary switch, S5, is to hold off the resonance between Llk and Cclamp for a period of time. S5 is turned on to reset the primary current during freewheeling, which creates a ZCS turn-off condition for the primary switches. The output voltage is regulated by the phase-shifted control scheme of the primary-side switches.



To simplify the analysis, the output filter inductance is presumed to be large enough for consideration as an ideal current source, IO. Some circuit parameters are defined as follows:

	▪

	
Characteristic impedance


 Zr=n2LlkCclamp. 



(1)








	▪

	
Resonant angular frequency


 ωr=1n2LlkCclamp. 



(2)








	▪

	
Resonant frequency


 fr=ωr2π. 



(3)








	▪

	
Switching period Ts and switching frequency fs









Figure 3 illustrates the key working waveforms, and Figure 4 shows the equivalent circuits of the proposed converter. The operation modes can be divided into nine modes in half of a switching period. The operating principles are explained below.



Mode 0 (Prior to t0) (see Figure 4a): In this mode, the magnetizing current, iLm, circulates through the switches, S1 and S3, and all of secondary rectifier diodes participate in constituting a freewheeling path for the output inductor current, iLo.


 iD1=iD3=iLo2. 



(4)






 ISec=0. 



(5)







Mode 1 (t0−t1) (see Figure 4b): The switch, S3, turns off at t0 and the magnetizing current, iLm, starts charging the output capacitance of S3 and discharging that of S4. After the output capacitance of S4 is fully discharged, the voltage across S4 drops to zero, and the body diode of the latter switch becomes forward biased and achieves the ZVS turn-on condition. To attain the ZVS operation of the lagging-leg switch, S4, the energy stored in the magnetizing inductance, ELm_t0, needs to satisfy Equation (6).


 ELm=12LmiLm2(t0)≥12(2Coss)Vs2. 



(6)







The minimum dead time, tdead time_lagging, required to guarantee the ZVS operation of the lagging-leg switches can be calculated using Equation (7).


 ΔtMode 1=t1−t0=tdead timelagging=2CossVs|iLm(t0)|. 



(7)







Mode 2 (t1−t2) (see Figure 4c): At t1, the switch, S4, is turned on with ZVS. The input voltage, Vs, is applied to the leakage inductance of the transformer, Llk. The primary current, iPri, increases monotonically according to the slope in Equation (8).


 diPri(t)dt=VsLlk. 



(8)







Because iPri does not reach the reflected output inductor current, iLo, a power transfer does not occur from the primary side to the load. Meanwhile, iLm linearly increases as a function of time according to Equation (9).


 iLm(t)=iLm(t1)+VsLm(t−t1). 



(9)







This mode ends when iPri reaches the reflected output current, Io. The time interval in this mode, ΔtMode 2, can be calculated from Equation (10).


 ΔtMode 2=t2−t1=nIOLlkVs. 



(10)







Mode 3 (t2−t3) (see Figure 4d): At t2, iPri reaches Io, and the diodes D1 and D4 become forward biased. Llk starts resonating with Cclamp. ipri is the sum of the resonant current, and the PWM current, iLo, reflected to the primary side and can be expressed as Equation (11).


 iPri(t)=1n[nVs−vC_clamp(t2)]1Zrsinωr(t−t2)+nIO+iLm(t). 



(11)







This mode ends at t=t3 when the current iC_clamp decreases to zero. The clamp capacitor is charged at its peak voltage at t=t3, where ωr(t3−t2)=π.


 vC_clamp(t3)=2[nVS−vC_clamp(t2)]+vC_clamp(t2). 



(12)







The operating interval in this mode, ΔtMode 3, can be calculated in the form of Equation (13).


 ΔtMode 3=t3−t2=πωr. 



(13)







Mode 4 (t3−t4) (see Figure 4e): Because half of the resonance is completed at t3, the primary current is the same as the reflected secondary inductor current. Cclamp is charged to its peak voltage and maintained at its value during this mode. The voltage across the rectifier, vrect, is clamped to the value in Equation (14).


 vrect=vC_clamp−vDS5. 



(14)







This mode ends when the active-clamp switch, S5, is turned on.



Mode 5 (t4−t5) (see Figure 4f): This mode begins with the ZCS turn-on of S5. Cclamp starts resonating with the leakage inductor. Since ipri is reset, the secondary current, isec decays to zero, and is expressed as Equation (15).


 isec(t)=IO−ΔvCclampZrsinωr(t−t4). 



(15)







Because isec=0 at t=t5, Equation (15) can be written as Equation (16).


 IO−ΔvCclampZrsinωr(t5−t4)=0. 



(16)







Therefore, the time interval in this mode, ΔtMode 5, can be calculated using Equation (17).


 ΔtMode 5=t5−t4=1ωr[sin−1(IOZrΔvCclamp)]. 



(17)







As deduced from Equation (16), Equation (18) should be satisfied to guarantee the ZCS turn-off of the primary switches and rectifier diodes.


 IO≤ΔvCclampZr. 



(18)







Mode 6 (t5−t6)(see Figure 4g): Although the primary switches, S1 and S4, are still turned on in this mode, only a small magnetizing current flows in the primary side since the rectifier diodes become reverse-biased by vC_clamp. Hence, the ZCS turn-off condition for S1 can be achieved at t6. At the secondary side, the energy stored in the clamp capacitor is continuously discharged to the load.



Mode 7 (t6−t7) (see Figure 4h): Because S1 is turned off at t6, the magnetizing current flowing in the primary side charges and discharges the output capacitor of the primary switches, S1 and S2, respectively. Then, the body diode of S2 conducts and gets ready for ZVS turn-on.



The minimum dead time, tdead time_leading, required for guaranteeing the ZVS operation of the leading-leg switches can be calculated using Equation (19). Actually, the time interval of this mode is the same as that of Mode 1 in Equation (7).


 ΔtMode 7=t7−t6=tdead timeleading=2CossVs|iLm(t7)|. 



(19)







Mode 8 (t7−t8) (see Figure 4i): S2 is turned on with ZVS at t7. Because the secondary switch, S5, is still on, the discharge current of Cclamp is equal to IO. This mode ends when S5 is turned off at t8. The time interval of this mode can be calculated through Equation (20).


 ΔtMode 8=t8−t7=CclampIo[nVs−vCclamp(t8)]. 



(20)







Mode 9 (t8−t9) (see Figure 4j): After S5 is turned off at t8, the output inductor current iLo flows through all of the rectifier diodes. Thus, vrect is zero. Only iLm flows through the primary side of the transformer. In this mode, the secondary side of the converter operates in a similar manner to that in Mode 0. Because the other half of the operation is symmetric to the operation modes explained above, it is omitted here.




3. Analysis of the Proposed Converter


3.1. Voltage Conversion Ratio


The voltage conversion ratio, (M=VOnVs), can be derived from a simplified equivalent circuit model obtained by equating the energy, Ws, supplied by the input source and the energy, Wo, absorbed by the load, as shown in Figure 5. In the proposed converter, the energy is only transferred to the load during the effective duty cycle time (DTs/2) between t0 and t6, as shown in Figure 4. This operation can be simply represented by a switch, Sm, operating with a duty cycle D at twice the switching frequency, 2fs. In the equivalent circuit model, the input voltage source and the leakage inductance of the transformer are reflected to the secondary side. While the rectifying function of the rectifier diodes is represented by the diode, Dm, to keep the current from flowing in the forward direction only, the freewheeling function of the rectifier diodes in Mode 9 is represented by Dfwl.



By equating Ws to Wo during a single switching cycle, the DC-voltage gain, M, can be obtained as Equation (21). The detailed derivation procedure for the voltage gain of the proposed converter can be found in Appendix A.


 M=VonVs=1πF[ρ2+π+sin−1(ρ)+1ρ(1+1−ρ2)]+ΔtMode 4Ts/2, 



(21)




where F=fs/fr, ρ=IoZrΔvC_clamp, and ΔtMode 4=t4−t3.



As shown in Equation (21), the proposed converter possesses both resonant converter and PWM converter characteristics since the voltage gain depends on ρ, the switching frequency, F, and the effective duty cycle ΔtMode 4.



Because ρ<1 is the condition required to obtain ZCS turn-off of the leading-leg switches, the M value of the proposed converter can be drawn as shown in Figure 6, where the duty cycle, ΔtMode 4Ts/2, is constant at 0.3. Figure 6 shows that the M value of the proposed converter does not change sharply when 0.7<ρ<1. Therefore, this region is preferred for the practical design of the converter.



The magnitude of M in the proposed converter is also proportional to F. Therefore, the voltage gain increases when the switching frequency increases, as shown in Figure 7, which shows that the characteristics of the proposed converter are the same as those of a resonant converter. If the switching frequency, fs, is fixed, the voltage gain is proportional to the effective duty cycle, as illustrated in Figure 7, which shows that the characteristics of the proposed converter are the same as those of a PWM converter.




3.2. ZVS Turn-On for All Primary Switches Regardless of the Load


In the proposed converter, the primary current in Mode 6 and Mode 0 is equal to ILm before S2 or S4 is turned on, as shown in Figure 8. If the energy stored in Lm is sufficient for discharging the Coss of the switch and the parasitic capacitor of the transformer, the converter can create ZVS turn-on conditions for both S2 and S4, regardless of the load. Therefore, Equation (22) should be satisfied to achieve ZVS turn-on conditions for all primary switches.


 12Lm(ΔILm2)2=12Lm(DVs4Lmfs)2>43CossVs2, 



(22)




where ΔILm is the peak-to-peak value of iLm, and Coss is the output capacitance of the metal-oxide-semiconductor field-effect transistor (MOSFET) switches. Hence, Lm can be calculated from Equation (22) in the form of Equation (23).


 Lm<3Dmin2128Cossfs2, 



(23)




where Dmin  is the minimum effective duty when the output voltage is at its minimum.





4. Experimental Results


To validate the features of the proposed converter, a prototype converter (as shown in Figure 9) was designed using the specifications shown in Table 3. Table 4 and Table 5 show the design parameters and information on the components used in the prototype circuit, respectively.



Figure 10 shows experimental waveforms of the proposed converter when the output power is 3 kW. In Figure 10a,b, both the leading-leg and lagging-leg switches can achieve ZVS turn-on and ZCS turn-off. Figure 10c shows voltage and current waveforms of the primary and secondary sides of the transformer, respectively. During freewheeling, only a small magnetizing current flows through the primary side of the transformer. Therefore, the conduction loss due to the circulating current can be minimized.



Figure 10d illustrates voltage and current waveforms of the rectifier diode, D1. The voltage ringing of the rectifier successfully clamps to 580 V with a 400-V input. In addition, the reverse-recovery problem of the rectifier diodes does not exist in the proposed converter since the diode current, iD1, smoothly decreases before the diode, D1, becomes reverse-biased.



Figure 11a shows waveform of the active clamp switch, S5. The ZCS turn-on operation of S5 can be achieved due to the resonance between Llk and Cclamp. Figure 11b shows voltage and current waveforms of the clamp capacitor. vC_clamp increases to a peak value of 580 V when iC_clamp decays to zero. vC_clamp starts decreasing when the switch, S5, turns on due to the discharge current of the clamping capacitor.



Figure 12a shows the ZVS turn-on operation of S3 under a light-load condition at 300 W of output power. The inductive energy stored in Lm is sufficient for discharging the output capacitor of the switches under a light-load condition. The ZVS turn-on condition of the proposed converter is independent of the load, as mentioned previously.



Figure 12b,c show the ZCS turn-off operations of S1 and S3, respectively. When the input voltage is 400 V, the output voltage is 250 V (minimum value) and the load is 2.5 kW. In this case, the Δt4 of Mode 4 is reduced to zero, and the converter operates similar to a ZCS quasi-resonant converter. iPri becomes equal to iLm before the leading-leg switches turn off.



Figure 13 shows efficiency curves of the prototype converter. Efficiency curves of the prototype converter at three different output voltages of 250 V, 400 V, and 420 V over the load range between 500 W to 3.5 kW are presented. A maximum efficiency of 97.6% was achieved at an output voltage of 420 V and a 2-kW load when the input voltage was 380 V. The proposed converter exhibits high efficiency under light-load conditions (>96%).




5. Conclusions


In order to improve the performance of conventional PSFB converters, a novel quasi-resonant active-clamp circuit with a new hybrid switching scheme was introduced in the proposed method. The resonant tank is formed by the leakage inductance of the transformer and the clamping capacitor. Unlike the other control schemes with active-clamp circuits in previous research, the proposed method is capable of achieving ZVS turn-on and nearly ZCS turn-off of the primary switches over the entire load range and input voltage range. Moreover, the circulating current during the freewheeling mode and the voltage ringing across the rectifier were completely eliminated. As a result, the proposed converter can achieve high efficiency across the load range. The proposed converter is highly suitable for applications with wide variations in input voltage and load such as battery chargers and power converters for renewable energy sources.
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Appendix A


To derive the DC gain of the proposed converter, the dead-time intervals between (t0−t1) and (t5−t7) were neglected because they are relatively short with respect to the switching period Ts. Therefore, the nine modes of operation (from Mode 0 to Mode 9) were simplified to six main modes, as shown in Figure A1.
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Figure A1. Simplified equivalent circuit model of the proposed converter. (a) Mode 2: inductor charging stage; (b) Mode 3: capacitor resonant charging stage; (c) Mode 4: inductor constant current stage; (d) Mode 5: capacitor resonant discharging stage; (e) Mode 6 (Model 8): capacitor linear discharging stage; (f) Mode 9: freewheeling stage. 






Figure A1. Simplified equivalent circuit model of the proposed converter. (a) Mode 2: inductor charging stage; (b) Mode 3: capacitor resonant charging stage; (c) Mode 4: inductor constant current stage; (d) Mode 5: capacitor resonant discharging stage; (e) Mode 6 (Model 8): capacitor linear discharging stage; (f) Mode 9: freewheeling stage.
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Based on the simplified model in Figure 5, during half of a switching period, (Ts2), the energy supplied by the input source, nVs, is equal to the energy absorbed by the load.


 <nvs(t)>Ts/2<is(t)>Ts/2 = <vO(t)>Ts/2<iO(t)>Ts/2, 



(A1)




where < > is the average value.



In the steady state, <nvs(t)>Ts/2=nVs;  <vO(t)>Ts/2=VO; <iO(t)>Ts/2=IO.



From Equation (A1), the voltage conversion ratio, M, of the proposed converter is given by


 M=VOnVs=<is(t)>Ts/2IO, 



(A2)




where <is(t)>Ts/2 is the average value of the secondary current is(t).


 <is(t)>Ts/2=1Ts/2∫tt+Ts/2is(t)dt. 



(A3)






 <is(t)>Ts2=1Ts/2[∫t1t2is(t)dt+∫t2t3is(t)dt+∫t3t4is(t)dt+∫t4t5is(t)dt] =1Ts2(q1+q2+q3+q4). 



(A4)







The charge quantities q1, q2, q3, and q4 are the areas under the is(t) waveform during Mode 1, Mode 2, Mode 3, and Mode 4, respectively, as shown in Figure A2.
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Figure A2. Secondary current and clamp capacitor voltage waveforms. 






Figure A2. Secondary current and clamp capacitor voltage waveforms.
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The first term is the triangular area, which can be calculated using Equation (A5).


 q1=∫t1t2is(t)dt =12(t2−t1)IO =12[(n2Llk)IOΔvC_clamp ]IO =121ωr[(n2Llk)IOωrΔvC_clamp ]IO. 



(A5)







Note that ΔtMode 2=t2−t1=(n2Llk)IOΔvC_clamp , from Equation (10). By substituting for ωr from Equation (1) and Equation (2), Equation (A5) becomes


 q1=12IOωrρ, 



(A6)




where ρ is the normalized load, which it is defined as


 ρ=IoZrΔvC_clamp. 



(A7)







The second term of Equation (A4) can be calculated as


 q2=∫t2t3is(t)dt=∫t2t3IOdt+∫t2t3ΔvC_clamp Zrsinωr(t−t2)dt; q2=IO(t3−t2)+ΔvC_clamp Zr1ωr[1−cosωr(t3−t2)]. 



(A8)







Substituting for ΔtMode 3=t3−t2 from Equation (13), Equation (A8) becomes


 q2=πωrIO+2ΔvC_clamp Zr1ωr=πωrIO+2ωr1IoZrΔvC_clamp IO; q2=IOωrπ+2IOωr1ρ. 



(A9)







The third term of Equation (A4) can be calculated using Equation (A12).


 q3=∫t3t4is(t)dt=IO(t4−t3)=IOΔt4. 



(A10)







The third term of Equation (A4) can be calculated using Equation (A11). Note that ρ is defined as IoZrΔvCr in Equation (A7).


 q4=∫t4t5is(t)dt=∫t4t5IOdt−∫t4t5ΔvC_clamp Zrsinωr(t−t4)dt; q4=IO(t5−t4)+ΔvC_clamp Zr1ωr[cosωr(t5−t4)−1]=IO(t5−t4)+IOωr1ρ[cosωr(t5−t4)−1]. 



(A11)







From Equation (15), the term cosωr(t5−t4) can be expressed as


 cosωr(t5−t4)=1−sin2ωr(t5−t4). 



(A12)







Substituting (t5−t4) from Equation (16), Equation (A7), and Equation (A12) into Equation (A11) gives Equation (39).


 q4=IO1ωr[sin−1(IOZrΔvC_clamp )]+IOωr1ρ[1−(IOZrΔvC_clamp )2−1]; q4=IOωrsin−1(ρ)+IOωr1ρ(1−ρ2−1). 



(A13)







From Equation (A6), Equation (A9), Equation (A10), and Equation (A13), Equation (A4) becomes


 <is(t)>Ts2=1Ts/2IOωr[ρ2+π+sin−1(ρ)+1ρ(1+1−ρ2)]+IOΔt4Ts/2. 



(A14)







By defining the normalized F=fsfr and substituting Equation (3) and Equation (A2), Equation (A14) becomes


 M=VonVs=<is(t)>Ts/2IO=1πF[ρ2+π+sin−1(ρ)+1ρ(1+1−ρ2)]+Δt4Ts/2. 



(A15)
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Figure 1. (a) Auxiliary current source to achieve zero-voltage switching (ZVS) of lagging-leg switches; (b) blocking-voltage source for the reset of the primary current. 
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Figure 2. Two kinds of active-clamp circuits employed at the secondary side of the phase-shifted full-bridge (PSFB) converter: (a) the topology in Reference [26]; (b) the topologies in References [18,27,28]. 
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Figure 3. Key waveforms of the proposed converter. 
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Figure 4. Equivalent circuits of the proposed converter. (a) Mode 0 (Prior to t0); (b) Mode 1 (t0−t1); (c) Mode 2 (t1−t2); (d) Mode 3 (t2−t3); (e) Mode 4 (t3−t4); (f) Mode 5 (t4−t5); (g) Mode 6 (t5−t6); (h) Mode 7 (t6−t7); (i) Mode 8 (t7−t8); (j) Mode 9 (t8−t9)). 
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[image: Energies 11 02868 g004]







[image: Energies 11 02868 g005 550]





Figure 5. Simplified equivalent circuit model of the proposed converter. 
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Figure 6. Three-dimensional (3D) plot of the voltage gain, M, of the proposed converter when ΔtMode 4Ts/2 is constant. 
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Figure 7. Variation of the voltage gain, M, of the proposed converter depending on the duty variations at different load conditions. 
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Figure 8. Small duty cycle loss, minimized circulating energy, and no reverse-recovery problem in the proposed converter. 
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Figure 9. Picture of the proposed converter. 
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Figure 10. Experimental waveforms of the proposed converter at an output power of 3 kW. (a) Voltage and current waveforms of the lagging switch, S3; (b) voltage and current waveforms of the leading switch, S1; (c) voltage and current waveforms of the transformer; (d) voltage and current waveforms of the rectifier diode, D1. 
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Figure 11. Experimental waveforms of the proposed converter at an output power of 3 kW. (a) Voltage and current waveforms of the secondary active switch, S5; (b) voltage and current waveforms of the clamp capacitor, Cclamp. 
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Figure 12. Experimental waveforms of the proposed converter at light load and at minimum output voltage. (a) Voltage and current waveforms of the lagging switch, S3, at light load (0.3 kW); (b) voltage and current waveforms of the leading switch, S1, at minimum output voltage (250 V); (c) voltage and current waveforms of the lagging switch, S3, at minimum output voltage (250 V). 






Figure 12. Experimental waveforms of the proposed converter at light load and at minimum output voltage. (a) Voltage and current waveforms of the lagging switch, S3, at light load (0.3 kW); (b) voltage and current waveforms of the leading switch, S1, at minimum output voltage (250 V); (c) voltage and current waveforms of the lagging switch, S3, at minimum output voltage (250 V).



[image: Energies 11 02868 g012]







[image: Energies 11 02868 g013 550]





Figure 13. Efficiency curves of the proposed converter. 
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Table 1. Performance comparison of phase-shifted full-bridge (PSFB) converters with various clamp circuits. ZVS—zero-voltage switching; ZCS—zero-current switching; CDD—one capacitor and two diodes.
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Type

	
Ref

	
Topology

	
Soft-Switching Properties

	
Elimination of Losses

	
Description of Auxiliary Circuit and Drawbacks.




	
ZVS Turn-On for Lagging Leg

	
ZCS Turn-Off for Leading Leg

	
Circulating Current

	
Reverse Recovery Current

	
Duty Cycle Loss






	
Passive clamp [16]

	
[16]

	
Resonant CDD with 3 modes

	
✔

	
-

	
~90%

	
✔

	
✔

	
- Clamp circuit: 1 capacitor and 2 diodes.

- Hard-switching turn-off for leading-leg switches.




	
[13]

	
Resonant CDD with 1 mode

	
✔

	
-

	
~90%

	
✔

	
-

	
- Clamp circuit: CDD type.

- Hard-switching turn-off for leading-leg switches.

- Duty cycle loss due to the large leakage inductance for the ZVS turn-on of the lagging leg.




	
[14]

	
Modified CDD

	
✔

	
-

	
~85%

	
✔

	
✔

	
- Clamp circuit: 4 diodes and 2 capacitors.

- High component count for the clamp circuit.




	
[12]

	
Two transformers connected in series and CDD

	
✔

	
-

	
~60%

	
✔

	
✔

	
- Primary side requires 2 transformers and 1 blocking capacitor.

- Low efficiency due to the transformer loss.




	
[17]

	
Primary active circuit and CDD

	
✔

	
-

	
~85%

	
-

	
✔

	
- Complex circuit: active auxiliary circuit for the ZCS turn-off of the leading leg, and passive CDD for the ZCS turn-off of the lagging leg.

- Low efficiency due to the loss of the primary auxiliary circuit.




	
[15]

	
Center-tapped rectifier reset

	
✔

	
-

	
~70%

	
-

	
-

	
- Complex auxiliary rectifier circuits: 3 diodes, 1 inductor, and 1 capacitor to reset the primary current.

- Hard-switching turn-off for the leading leg switches




	
Active clamp

	
[18]

[26]

[27]

	
Standard active clamp

	
✔

	
-

	
~85%

	
✔

	
-

	
- Hard-switching turn-off for the leading leg switches and the active-clamp switch.

- ZVS condition is realized by the leakage inductance leading to a duty cycle loss.




	
[20]

	
Auxiliary transformer and active clamp

	
✔

	
-

	
~85%

	
-

	
-

	
- Complex auxiliary circuit: a large air gap transformer, 2 voltage-divider capacitors, 4 rectifier diodes, and 1 smoothing auxiliary inductor to obtain ZVS turn-on for the leading leg switches.

- High voltage rating of the secondary side components and low efficiency.




	
[19]

	
Active clamp with a diode

	
✔

	
-

	
~80%

	
-

	
-

	
- Use of an additional diode with the active-clamp circuit.

- ZVS condition of the leading-leg switches over the entire load range cannot be guaranteed.




	
[21]

	
Active clamp with a buck converter

	
✔

	
-

	
-

	
-

	
-

	
- Complicated active-clamp circuit: another buck converter working in discontinuous conduction mode (DCM) is required to discharge the energy stored in the clamp capacitor.

- Unable to reset the circulating current at the primary side.




	
Proposed converter

	
✔

	
✔

	
~100%

	
✔

	
✔

	
- Same topology as Reference [20]. However, the switching scheme for the active-clamp switch is different, as shown in Table 2.

- Requires control circuit for the active switch.
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Table 2. Comparison of the control scheme, resonant tank, and voltage stress of the rectifier of the active-clamp circuits in Figure 2.
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Jung-Goo’s Control [18] (1998) (Topology in Figure 2b)

	
Seok’s Control [26] (2001) (Topology in Figure 2a)

	
Mohsen’s Control [27] (2009) (Topology in Figure 2b)

	
Proposed Control Scheme (Topology in Figure 2b)






	
Control schemes, primary current waveform

	
 [image: Energies 11 02868 i001]
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Resonant tank

	
fs= 100 kHz;

Llk= 3.6 µH;

Cclamp= 10 µF

	
fs= 50 kHz;

Llk= 10 µH;

Cclamp= 47 nF

	
fs= 100 kHz;

Llk= 4.1 µH;

Cclamp= 10 µF

	
fs= 30 kHz;

Llk= 20 µH;

Cclamp= 112 nF




	
Voltage stress across the rectifier

	
nVS+ΔVC_clamp<2nVS

	
2nVS

	
nVS

	
nVS+ΔVC_clamp<2nVS




	

	
fs: switching frequency; Llk: leakage inductor of transformer; Cclamp: clamp capacitor; iPri: primary current; Io: load current; n: secondary/primary transformer ratio; VS: source voltage
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Table 3. Design specification of the proposed converter.
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	Parameter
	Designator
	Value





	Input voltage nominal
	Vs
	380 V



	Output voltage range
	Vo
	250–420 V



	Maximum output power
	Po,max
	3.5 kW



	Switching frequency
	fs
	30 kHz



	Resonant frequency
	f0
	100 kHz
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Table 4. Parameter design results.
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	Parameter (Designator)
	Measured Value





	Turn ratio of the transformer (n1:n2)
	11:13



	Magnetizing inductance (Lm)
	828 µH



	Leakage inductance (Llk)
	20 µH



	Clamp capacitor (Cclamp)
	112 nF



	Filter output inductor (Lf)
	360 µH
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Table 5. Components used in the prototype converter.
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	Component
	Manufacturer
	Part #





	Primary-side switch (S1~S4)
	Infineon
	IPW60R041C6



	Active-clamp switch (S5)
	Fairchild
	FCH76N60N



	Rectifier diodes (D1~D4)
	Vishay
	HFA50PA60
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