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Abstract

:

A DC converter with the benefits of reverse power capability, less switching loss and wide voltage operation is presented and implemented for wide input voltage applications such as fuel cell energy, photovoltaic (PV) system and DC wind power. Two full bridge resonant circuits are used in the presented converter to achieve bidirectional power flow capability and reduce switching losses on active devices. To overcome the wide input DC voltage variation problem for fuel cell energy and PV solar panel, the topology morphing between the half bridge circuit and full bridge circuit is adopted on the primary side to obtain low (or high) voltage gain under a high (or low) input voltage condition. Therefore, the stable DC voltage is controlled at the load side by using the variable switching frequency modulation. The studied hybrid CLLC converter is tested by a 1 kW prototype and the performance is verified and confirmed by experiments.
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1. Introduction


DC and AC renewable power conversions with power converters [1,2] have been studied and presented to lessen the effect of global warming. For DC renewable power such as DC wind generators, photovoltaic (PV) solar panels and fuel cell stacks, the output voltage of these renewable clean energy sources is unstable and related to the wind speed and light intensity. Energy storage units [3] are required to save energy from the renewable energy or restore energy to the output load. Between the renewable power and storage components, bidirectional power converters are needed to achieve bidirectional power operation. Bidirectional converters have been presented and used in electric vehicle systems [4] or energy storage systems based on battery stacks. A multi-input transformer-coupled Half bridge bidirectional DC converter was implemented in [5,6] for household applications. Three power converters are used in this circuit topology to implement a 500 W prototype circuit. The main drawback is high component counts. In [7], the possible circuit topologies for electric vehicle applications are presented. The buck-boost DC converter is used between high voltage battery stacks and low voltage battery to achieve battery charge and discharge. In [8], a three-input boost converter without electric isolation was proposed in hybrid electric vehicle applications. The three ports of this DC/DC converter are the PV panel terminal, fuel cell terminal and battery stacks. Battery stacks can be charged from either a PV panel or a fuel cell. In [9], a half bridge converter with the pulse-width modulation plus phase-shift control was presented to achieve bidirectional power operation. However, this circuit topology is a two-stage DC/DC converter. The main drawbacks are the high circuit counts and low efficiency. A dual active bridge converter with two half bridge circuits [10] or a full bridge circuit was proposed in [11,12] to achieve bidirectional power flow capability. Two control variables, phase-shift and duty cycle, are used to control the power flow. Thus, the control algorithm of this circuit topology is a little more complicated than the other bidirectional DC converters with only duty cycle control. Bidirectional resonant converters with two half bridge circuits were presented in [13] to achieve bidirectional power operation for electric vehicle applications. The primary and secondary sides of the isolated transformer are symmetric to ensure that the voltage transfer functions for both the forward and backward power operations are similar. In [12,14], the full bridge based bidirectional resonant converters were presented for DC power distribution. The bidirectional resonant converters are easy to implement by using the analog or digital control algorithm to realize a voltage step-down or step-up operation. However, the drawback of the bidirectional resonant converters in [12,13,14] is the limit or narrow input (or output) voltage range operation.



A new resonant converter is studied and presented to realize wide input voltage operation, low switching loss and bidirectional power flow operation. Symmetric resonant circuits are adopted in the proposed circuit to realize the forward and reverse power operations. The variable frequency control is selected to generate the switching signals of power switches and the equivalent resonant circuit is controlled under an inductive load characteristic. Therefore, the active switches are turned on under zero voltage to reduce switching loss on power semiconductors. For forward power operation, the power switches on the high voltage side are operated as active devices to regulate the load voltage and the power switches on the low voltage side are operated as the synchronous switches. For reverse power operation, the active switches on the low voltage side are operated as active switches and the active switches on the high voltage side are active as synchronous switches. In order to overcome the limit voltage range problem on conventional resonant converters, the primary-side resonant circuit is operated as the half bridge (or full bridge) circuit structure to obtain low (or high) voltage gain according to input voltage range. Therefore, the proposed converter can be operated within a wide voltage operation. The adopted bidirectional resonant converter can be used in renewable power conversion with a wide voltage variation characteristic such as DC wind power, fuel cell power, solar power and a battery charger/discharger system. In Section 2, the circuit structure of the developed circuit is discussed. In Section 3, the circuit operations are presented. In Section 4, the circuit characteristics of the presented circuit are analyzed. The circuit components and experiments are derived and presented in Section 5 to demonstrate the performance of the studied circuit. A conclusion of the proposed circuit is presented in Section 6.




2. Circuit Schematic of the Developed Converter


Figure 1 gives the circuit blocks of a conventional bidirectional battery charger between high voltage Li-ion battery stacks and low voltage Li-ion battery stacks in electric vehicle applications. The voltage step-up and step-down DC converters are needed to achieve bidirectional power flow control. The possible voltage step-up and step-down converters are full bridge converters, as shown in Figure 2a, and resonant converters with a half bridge circuit, in Figure 2b, or a full bridge circuit, in Figure 2c. These circuit topologies have high circuit efficiency and low switching losses. Resonant converters are much more attractive due to their high efficiency and fewer circuit components by using the variable switching frequency modulation. Figure 3a gives the equivalent circuit of a resonant tank in a resonant converter. Vin,F and nVo,F are the root-mean-square values of the input and output voltages at the fundamental switching frequency. Rac is the ac equivalent load resistor on the transformer primary side. Due to the variable switching control, the relationship between voltage gain Mac and switching frequency index F = fsw/fr (where fsw and fr are the switching frequency and resonant frequency) is provided in Figure 3b. The voltage gain Mac is related to the load condition Q and switching frequency index F. If the switching frequency fsw > resonant frequency fr, i.e., F > 1, the power switches, such as S1 and S2, are tuned on at zero voltage and the converter has less magnetzing current loss. If the resonant converter is perated at fsw < fr, i.e., F < 1, then the rectifier diodes are turned off at zero current and power switches are turned on at zero voltage. However, the resonant converter operated at low switching frequency will result in more magnetizing current loss.



The disadvantages of the unidirectional DC converters for a battery charger are the required step-up and step-down circuits to ensure that more circuit components are needed. The conventional bidirectional converters with a high circuit efficiency are the dual active bridge (DAB) converter (Figure 4a) and the CLLC resonant converter shown in Figure 4b,c. Two full bridge PWM circuits are used in the DAB converter. By controlling the leading or lagging angle between the leg voltages Vab and Vcd in Figure 4a, power can be transferred from Vin to Vbat or from Vbat to Vin. However, the control algorithm of the DAB converter is more complicated than the CLLC resonant converter to achieve bidirectional power conversion. Figure 4b,c give the CLLC resonant converters with a symmetric half bridge circuit structure and a symmetric full bridge circuit structure, respectively. When power is transferred from Vin to Vo in Figure 4b, S1 and S2 on the left-hand side are operated as active switches with variable switching frequency modulation and S3 and S4 on the right-hand side are operated as synchronous switches. When power is transferred from Vo (right-hand side) to Vin (left-hand side) in Figure 4b, S3 and S4 are activated as power switches and S1 and S2 are activated as synchronous switches.



Figure 5a shows the circuit diagram of the presented circuit with the advantages of a soft switching operation of active switches, bidirectional power flow operation and wide input voltage operation. A full bridge resonant circuit is used on the left-hand (high voltage) side. Similarly, a full bridge circuit with Q1~Q4 devices is adopted on the output side. Figure 5b shows the equivalent circuit when the converter is operated at a forward power operation when Vin is in a low voltage range. Switch S5 is off and the full bridge resonant circuit with switches S1~S4 is operated on the left-hand side (input side). Figure 5c gives the equivalent circuit when Vin is in a high voltage range under a forward power flow operation. Switch S5 is on and S3 and S4 are off. The half bridge resonant circuit with switches S1 and S2 is controlled by using the variable switching frequency modulation to control the power flow from Vin to Vo. For a forward power transfer operation, Q1~Q4 on the output side are operated as the synchronous switches. If the proposed converter is operated as the reverse power transfer from Vo to Vin as shown in Figure 5d, Q1~Q4 are controlled by using a variable switching frequency modulation and a voltage doubler rectifier with synchronous switches S1 and S2 being used on left-hand side of the proposed converter. Then, the voltage Vin is controlled at the desired voltage value under a high voltage range. Based on the above three operating circuits, the studied resonant converter can achieve the bidirectional power flow and wide voltage range operation compared to the conventional bidirectional converters shown in Figure 4. Table 1 gives the comparisons between the proposed bidirectional resonant converter, conventional CLLC resonant converter and dual active bridge converter. One can observe that the proposed converter has two more power switches compared to the full bridge CLLC converter and the dual active bridge converter. However, the proposed converter has a much wider input voltage range than the other circuit topologies in Table 1.




3. Circuit Operation


3.1. Forward Power Operation under Low Input Voltage Range


If the proposed circuit is controlled at a low input voltage range and forward power operation, the electric power is flowed from Vin terminal to Vo terminal. Power switch S5 is off, S1~S4 are triggered with variable switching frequency modulation and Q1~Q4 are controlled as synchronous switches. Since S1~S4 all have a 0.5 duty cycle, the leg voltage Vab is a square voltage waveform. The PWM signals are shown in Figure 6a. The converter has six or four operating modes in every switching cycle under fsw (switching frequency) less or greater than fr (resonant frequency). Figure 6b–g illustrate the equivalent circuits. For the system analysis, the resonant components are assumed as Lr,p = n2Lr,s and Cr,p = Cr,s/n2, where n = np/ns to have the same resonant frequency for both the primary and secondary sides.




	
Mode 1 [t0~t1]: At t0, S1, S4, Q1 and Q4 are on. The current iLr,p flows through S1, Lr,p, Cr,p, T and S4. The current iLr,s flows through Q4, Lr,s, Cr,s, T, Q1 and Co. Therefore, the leg voltages Vab = Vin and Vde = Vo. The resonant frequency is about    f r  = 1 / ( 2 π    L  r , p    C  r , p     )  . The primary and secondary currents, iLr,p and iLr,s, increase.



	
Mode 2 [t1~t2]: For fr > fsw (i.e., F < 1), the secondary side current, ir,s, is decreased to 0 at t1. Then, Q1 and Q4 turn off. The resonant frequency becomes    f p  = 1 / ( 2 π   (  L  r , p   +  L  m , p   )  C  r , p     )   in mode two.



	
Mode 3 [t2~t3]: At t2, S1 and S4 turn off and iLr,p discharges CS2 and CS3. If Equation (1) is established, vCS2 and vCS3 are 0 V at t3.


   i  L m , p , p k   ≥  V  i n       2  C  S , e q      L  r , p        



(1)




where CS,eq = CS1 = CS2 = CS3 = CS4 and iLm,p,pk is the peak value of iLm,p.



	
Mode4 [t3~t4]: At t3, vCS2 = vCS3 = 0 and DS2 and DS3 are forward biased due to iLr,p > 0. In this mode, S2, S3, Q2 and Q3 are on. In this mode, Vab = −Vin, Vde = −Vo and iLr,p and iLr,s both decrease.



	
Mode 5 [t4~t5]: At time t4, iLr,p = iLm,p and iLr,s = 0. Thus, the synchronous switches Q3 and Q2 are off. Cr,p, Lr,p and Lm,p are resonant.



	
Mode 6 [t5~Tsw + t0]: S2 and S3 turn off at t5 and iLr,p will discharge CS1 and CS4. Since CS1~CS4 are much less than Cr,p, the discharge time in mode six is fast enough to be neglected in the system analysis. The one switching cycle is ended at time Tsw + t0.









3.2. Forward Power Operation under High Input Voltage Range


If Vin is in the high input voltage range, S5 turns on and S3 and S4 are off (Figure 5c). The half bridge resonant circuit is operated on the left-hand side to obtain less voltage gain compared to the full bridge resonant circuit (Figure 5b). The half bridge resonant circuit in Figure 5c has the same PWM signals and equivalent mode circuits as the full bridge resonant circuit in Figure 6. Therefore, the discussions of the circuit analysis for forward power flow operation and high input voltage range condition are neglected in this section.




3.3. Reverse Power Operation


Figure 5d gives the circuit structure of the proposed converter operated as a reverse power flow condition from Vo (load side) to Vin (input side). Since the primary-side voltage Vin is controlled at 400 V (in high voltage range) under reverse power operation, S5 turns on and S3 and S4 are off. The full bridge resonant circuit with active switches Q1~Q4 are used and controlled on the right-hand side of the proposed circuit. The voltage doubler rectifier with synchronous switches S1 and S2 are used on the left-hand side. Figure 7 illustrates the PWM signals and mode circuits of the presented circuit under reverse power operation.




	
Mode 1 [t0~t1]:vCQ1 = vCQ4 = 0 at t0 and iLr,s will flow through the diodes DQ1 and DQ4 due to iLr,s < 0. Therefore, active devices Q4 and Q1 turn on under zero voltage and Vde = Vo. Since iLr,p (t0) > 0, synchronous switch S1 is on and Vac = Vin.



	
Mode 2 [t1~t2]: ir,p = 0 at time t1 and S1 turns off. The components Lr,s, Lm,s and Cr,s are resonant on the right-hand side of the equivalent circuit.



	
Mode 3 [t2~t3]: Q1 and Q4 turn off at time t2 and iLr,s will discharge CQ2 and CQ3. CQ2 and CQ3 can be discharged to zero voltage if Equation (2) is satisfied.


   i  L m , s , p k   ≥  V o      2  C  Q , e q      L  r , s        



(2)




where CQ,eq = CQ1 = CQ2 = CQ3 = CQ4 and iLm,s,pk is the peak value of iLm,s.



	
Mode4 [t3~t4]: vCQ2 and vCQ3 are decreased to 0 at t3. DQ2 and DQ3 are conducting due to iLr,s > 0. In mode four, active switches Q2, Q3 and synchronous switch S2 are on. Therefore, Vde = −Vo and Vac = −Vin.



	
Mode 5 [t4~t5]: iLr,p = 0 at t4 and S2 turns off. Cr,s, Lr,s and Lm,s are resonant.



	
Mode 6 [t5~Tsw + t0]: Q2 and Q3 turn off at t5 and iLr,s discharges CQ1 and CQ4 due to iLr,s < 0. At Tsw + t0, this switching cycle is completed.










4. Circuit Characteristics


The active devices on the presented circuit are controlled with a variable switching frequency modulation. For the low voltage range, switch S5 turns off and S1–S4 are operated as the full bridge resonant converter to have high voltage gain. For a high voltage range, S3 and S4 are off and S1, S2 and S5 are operated as half bridge resonant converters to have less voltage gain. Q1–Q4 are operated as synchronous switches for the full bridge rectifier under forward power operation.



In Figure 8, the input and output terminals of the equivalent resonant circuit are square voltage waveforms. If the left-hand side (primary side) of the proposed converter is operated at full bridge or half bridge circuit, the leg voltage Vab = ±Vin or Vac = ±Vin/2 under forward power operation. Similarly, Vde = ±Vo on the right-hand side (secondary side) of the presented circuit. The circuit characteristic of the studied circuit is based on the fundamental switching frequency analysis. The resonant tank for both forward and reverse power operations are shown in Figure 8. Ro,ac and Rin,ac are the fundamental ac resistances for forward and reverse power operations, respectively.


   R  o , a c   =   8  n 2   R o     π 2     



(3)






   R  i n , a c   =   2  R  i n      π 2   n 2     



(4)







The fundamental root-mean-square leg voltage Vab,F is expressed in Equations (5) and (6) for full bridge resonant circuit and half bridge resonant circuit.


   V  a b , F   =   2  2   V  i n    π     



(5)






   V  a c , F   =    2   V  i n    π   



(6)







Similar, the fundamental root-mean-square leg voltage Vde,F is expressed in Equation (7).


   V  d e , F   =   2  2   V o   π   



(7)







The voltage transfer functions in Figure 8a under forward power operations are given in Equations (8) and (9) for a low and high input voltage range, respectively. The voltage transfer function in Figure 8b under reverse power operation is given in Equation (10).


   M  a c , F , L o w   ( s ) =   s  L  m , p   / /  (  s  n 2   L  r , s   +    n 2    s  C  r , s     +  R  o , a c    )    s  L  r , p   +  1  s  C  r , p     +  [  s  L  m , p   / /  (  s  n 2   L  r , s   +    n 2    s  C  r , s     +  R  o , a c    )   ]    ×    R  o , a c     s  n 2   L  r , s   +    n 2    s  C  r , s     +  R  o , a c      



(8)






   M  a c , F , H i g h   ( s ) =   s  L  m , p   / /  (  s  n 2   L  r , s   +    n 2    s  C  r , s     +  R  o , a c    )    s  L  r , p   +  1  s  C  r , p     +  [  s  L  m , p   / /  (  s  n 2   L  r , s   +    n 2    s  C  r , s     +  R  o , a c    )   ]    ×    R  o , a c     s  n 2   L  r , s   +    n 2    s  C  r , s     +  R  o , a c      



(9)






   M  a c , R   ( s ) =   s  L  m , s   / /  (  s  L  r , p   /  n 2  +  1  s  n 2   C  r , p     +  R  i n , a c    )    s  L  r , s   +  1  s  C  r , s     +  [  s  L  m , s   / /  (  s  L  r , p   /  n 2  +  1  s  n 2   C  r , p     +  R  i n , a c    )   ]    ×    R  i n , a c     s  L  r , p   /  n 2  +  1  s  n 2   C  r , p     +  R  i n , a c      



(10)







From Equations (8)–(10), three voltage gains under three different circuit operations are expressed as follows:


  |  M  a c , F , L o w   ( Q , F , K  ) |  =   n  V o     V  i n     =  1      [ 1 +  1 K  −  1  K  F 2    ]  2  +  Q 2    [ F ( 2 +  1 K  ) −  1 F  ( 2 +  2 K  −  1  K  F 2    ) ]  2       



(11)






  |  M  a c , F , H i g h   ( Q , F , K  ) |  =   2 n  V o     V  i n     =  1      [ 1 +  1 K  −  1  K  F 2    ]  2  +  Q 2    [ F ( 2 +  1 K  ) −  1 F  ( 2 +  2 K  −  1  K  F 2    ) ]  2       



(12)






  |  M  a c , R   ( Q ′ , F ′ , K ′  ) |  =    V  i n     2 n  V o    =  1      [ 1 +  1  K ′   −  1  K ′ F  ′ 2    ]  2  + Q  ′ 2    [ F ′ ( 2 +  1  K ′   ) −  1  F ′   ( 2 +  2  K ′   −  1  K ′ F  ′ 2    ) ]  2       



(13)




where   Q =    L  r , p   /  C  r , p     /  R  o , a c    ,   Q ′ =    L  r , s   /  C  r , s     /  R  i n , a c    ,   K =  L  m , p   /  L  r , p    ,   K ′ =  L  m , s   /  L  r , s     and   F = F ′ =  f  s w   /  f r   . From Equations (11)–(13), one can observe three voltage gains have the same transfer function with different dc voltage values. Thus, the voltage gains of the proposed converter can be plotted in Figure 9.




5. Prototype and Experimental Results


The proposed circuit is implemented to demonstrate and verify the effectiveness of the studied circuit. The basic electric specifications are Vin = 100–400 V, Vo = 48 V, Po = 1 kW and fr = 100 kHz. When Vin = 100–200 V, the full bridge resonant circuit (S5 is off) is used on the primary side. If Vin = 200–400 V, the half bridge resonant circuit (S5 is on and S3 and S4 are off) is adopted on the left-hand side. For reverse power operation, the source voltage (Vo) is from 42 to 48 V and the load voltage (Vin) is controlled at 400 V. From the voltage gain Equations (11)–(13), the reverse and forward power operations have a similar transfer function. Thus, the prototype circuit design is based on the forward power operation and low input voltage range (Vin = 100–200 V). In order to make the design easier, the resonant components on the primary and secondary sides are assumed as Cr,p = Cr,s/n2 and Lr,p = n2Lr,s. First the turns ratio, n, is calculated at Vin,max = 200 V. The minimum voltage gain |Mac,F,Low|min is set at 1 under Vin,max = 200 V and Vo = 48 V. The turn-ratio n is obtained in Equation (14).


  n = |  M  a c , F , L o w    |  min   ×    V  i n , max      V o    = 1 ×   200   48   = 4.166  



(14)







In the experimental circuit, the selected primary turns and secondary turns are 24 and 6, respectively. Therefore, the transformer turns ratio becomes n = 24/6 = 4. According to the selected turns ratio n = 4, the proposed converter operated at a forward power operation under a low input voltage range has minimum and maximum voltage gains in Equations (15) and (16). Figure 10 gives the gain curves under the K = 5 condition.


  |  G  a c , F , L o w    |  min   =   n  V o     V  i n , max     =   4 × 48   200   = 0.96  



(15)






  |  G  a c , F , L o w    |  max   =   n  V o     V  i n , min     =   4 × 48   100   = 1.92  



(16)







From the gain curves in Figure 10, one can observe the quality factor Q < 0.2 can obtain the corresponding switching frequency index F from Vin,min = 100 V to Vin,max = 200 V. In this prototype circuit, Q = 0.2 is selected and the switching frequency index can be obtained as F = 0.46 under Vin,min = 100 V and F = 1.03 under Vin,min = 200 V. From Equation (3), Ro,ac is calculated as follows:


   R  o , a c   =   8  n 2   R o     π 2    =   8 ×  4 2  × (   48  2  / 1000 )     3.14159  2    ≈ 30   Ω  



(17)







The resonant components can be obtained as follows:


   L  r , p   = Q  R  o , a c   / ( 2 π  f r  ) ≈ 9.5    μ H   



(18)






   C  r , p   = 1 / ( 2 π Q  f r   R  o , a c   ) ≈ 265    nF   



(19)






   L  r , s   =  L  r , p   /  n 2  ≈ 0.6    μ H   



(20)






   C  r , s   =  n 2   C  r , p   ≈ 4.24    μ F   



(21)






   L  m , p   = K  L  r , p   ≈ 47.5    μ H   



(22)







Table 2 shows the circuit components used in the laboratory prototype. A voltage comparator with Vref = 200 V is selected to achieve wide input voltage operation. If Vin< or >200 V, then S5 is OFF or ON. The frequency control analog integrated circuit such as UCC 25600 is used to generate the gate signals of S1–S4 and Q1–Q4.



Figure 11, Figure 12, Figure 13 and Figure 14 provide the measured waveforms of the proposed circuit under the forward power operation and Figure 15 gives the test results under the reverse power operation. The proposed converter is operated at a full bridge (or half bridge) resonant circuit when Vin = 100–200 V (or 200–400 V). To avoid the circuit variation between the full bridge and half bridge circuits at Vin = 200 V, a ±2 V voltage tolerance is used to determine the low and high input voltage ranges. That means the full bridge (or half bridge) resonant circuit is used on the left-hand side of the proposed circuit under Vin = 100–202 V (or 198–400 V). Figure 11 and Figure 12 shows the test waveforms of the proposed converter under full bridge resonant circuit operation at Vin = 100 and 202 V, respectively. Figure 11a,b provide the measured PWM signals of S1–S4 under 20% and 100% loads at a Vin = 100 V input. Since the full bridge resonant circuit is used, S5 is off. One can observe S1–S4 have lower switching frequencies at a 100% load than a 20% load. Figure 11c,d provide the test results on the primary side and secondary side of the presented converter at the full load condition. From Figure 10, the proposed converter has a 1.92 voltage gain at Vin = 100 V and the switching frequency index F ≈ 0.47. That means the switching frequency fsw is less than the series resonant frequency fr. Therefore, power switches S1–S4 are operated at zero voltage switching and the synchronous switches Q1–Q4 are turned off zero current switching. The square waveform is generated on leg voltage vab. When vab is a positive (or negative) voltage in Figure 11c, iLr,p and vCr,p increase (or decrease). In Figure 11d, the voltage vCr,s becomes constant when iLr,s = 0. Similarly, the test results of the proposed converter operated at Vin = 202 V are provided in Figure 12. From Figure 10, one can observe that the proposed converter has a 0.96 voltage gain, and the switching frequency index is equal to 1.03. That means the switching frequency is greater than the series resonant frequency. Therefore, the waveforms iLr,p, vCr,p, iLr,s and vCr,s are quasi-sinusoidal signals in Figure 12c,d. Figure 13 and Figure 14 show that the measured waveforms of the proposed converter operated at a half bridge resonant circuit and forward power flow operation under Vin = 198 and 400 V, respectively. Under a half bridge resonant circuit operation, switch S5 is on and S3 and S4 are off. Power switches S1 and S2 are controlled by variable frequency modulation. Figure 13a,b give the gating signals of S1, S2 and S5 under 20% and 100% loads at a Vin = 198 V input. Due to the fact that the voltage gain at Vin = 198 V is greater than unity, the switching frequency fsw > resonant frequency fr and the synchronous switches can be turned off at zero current switching in Figure 13d. Similarly, the test results of the proposed circuit at Vin = 400 V input are provided in Figure 14. The switching frequency of the presented circuit at Vin = 400 V input has a lower voltage gain than the 198 V input case and the switching frequency is greater than the series resonant frequency. The quasi-sinusoidal waveforms are measured on iLr,p, vCr,p, iLr,s and vCr,s. Figure 15 gives the test results of the presented converter, operating at reverse power operation at Vin = 400 V, Vo = 48 V and a 100% load condition. The half bridge circuit is operated on the high voltage side. Q1–Q4 on the low voltage side are controlled as main power switches with variable frequency modulation and S1 and S2 on high voltage side are operated as the synchronous switches. Figure 15a,b show the PWM signals of Q1–Q4 at 20% and 100% loads. Figure 15c shows the waveforms vde, iLr,s and vCr,s on the low voltage side under a full load condition. Figure 15d shows waveforms iLr,p, vCr,p and Io,in on the high voltage side. Figure 16a–d give the PWM signals of S1 for Vin = 100, 198, 202 and 400 V, respectively, under forward power operation. Similarly, Figure 16e provides the measured signals of S1 under reverse power operation. From the measured results in Figure 16, one can observe that the power switch S1 is turned on at zero voltage switching under the forward power operation and Q1 is turned on at zero voltage switching under the reverse power operation. Figure 17 shows the PWM signals of S3–S5 under Vin = 100–400 V. When Vin is increased from 100 to 202 V, the proposed converter is operated at a full bridge circuit structure. Therefore, S5 is off and S3 and S4 are controlled with a variable frequency modulation. If Vin is increased from 202 to 400 V, the proposed converter is operated at a half bridge circuit structure. Thus, S5 is on and S3 and S4 are off. The measured circuit efficiencies of the proposed converter are 92.7, 91.5 and 93.1% at 100, 198 and 400 V input and the full load condition.




6. Conclusions


A wide voltage range DC converter with bidirectional power flow operation is presented, discussed and implemented for wide input voltage variation applications such as fuel cell and solar power conversion. The proposed converter can also be used for an electric vehicle charger between the DC nano-grid or micro-grid with 380 V DC bus voltage and electric vehicle high voltage battery stacks with 200–700 V battery voltage to achieve G2V (grid-to-vehicle) and V2G (vehicle-to-grid) operations. The symmetric resonant tank is used to achieve a bidirectional power operation. The resonant circuit is operated under a variable frequency modulation with an inductive load characteristic. Power switches can achieve a zero-voltage turn-on operation with less switching loss. According to the high or low input voltage range, half bridge or full bridge resonant structure is selected to achieve the low or high voltage gain of the presented circuit in order to control the load voltage. Compared to the conventional bidirectional resonant converters, the presented circuit can achieve a wide voltage range operation and a bidirectional zero voltage turn-on operation. Finally, the theoretical analysis of the presented bidirectional resonant circuit is confirmed by the experimental results.
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Figure 1. Circuit blocks of conventional bidirectional converter. 
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Figure 2. Possible circuit structures used in battery charger: (a) full bridge PWM converter, (b) half bridge resonant converter, (c) full bridge resonant converter. 






Figure 2. Possible circuit structures used in battery charger: (a) full bridge PWM converter, (b) half bridge resonant converter, (c) full bridge resonant converter.



[image: Energies 14 05186 g002]







[image: Energies 14 05186 g003 550] 





Figure 3. Resoant tank of resonant converter: (a) equivalent circuit, (b) voltage gain. 
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Figure 4. Bidirectional DC/DC converters: (a) dual active bridge structure with pulse-width modulation, (b) resonant circuit with half bridge structure, (c) resonant circuit with full bridge structure. 
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Figure 5. Proposed bidirectional resonant converter: (a) circuit configuration, (b) equivalent circuit under forward power flow and low input voltage range, (c) equivalent circuit under forward power flow and high input voltage range, (d) equivalent circuit under reverse power flow operation. 






Figure 5. Proposed bidirectional resonant converter: (a) circuit configuration, (b) equivalent circuit under forward power flow and low input voltage range, (c) equivalent circuit under forward power flow and high input voltage range, (d) equivalent circuit under reverse power flow operation.



[image: Energies 14 05186 g005]







[image: Energies 14 05186 g006a 550][image: Energies 14 05186 g006b 550][image: Energies 14 05186 g006c 550] 





Figure 6. The corresponding mode circuits under forward power operation and low input voltage range: (a) PWM signals, (b) mode 1, (c) mode 2, (d) mode 3, (e) mode 4, (f) mode 5, (g) mode 6. 
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Figure 7. The corresponding mode circuits under reverse power operation: (a) PWM signals, (b) mode 1, (c) mode 2, (d) mode 3, (e) mode 4, (f) mode 5, (g) mode 6. 






Figure 7. The corresponding mode circuits under reverse power operation: (a) PWM signals, (b) mode 1, (c) mode 2, (d) mode 3, (e) mode 4, (f) mode 5, (g) mode 6.



[image: Energies 14 05186 g007a][image: Energies 14 05186 g007b]







[image: Energies 14 05186 g008 550] 





Figure 8. The resonant tank of the proposed converter at fundamental switching frequency: (a) forward power operation, (b) reverse power operation. 
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Figure 9. Voltage gains of the proposed converter. 
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Figure 10. Gain curves of the prototype circuit under low input voltage range and forward power flow. 
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Figure 11. Measured waveforms of the proposed converter operated at forward power flow and Vin = 100 V: (a) S1–S4 signals at 20% load power, (b) S1–S4 signals at 100% load power, (c) vab, iLr,p and vCr,p at full rated power, (d) iLr,s, vCr,s, iQ1 + iQ3 and Io at full rated power. 
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Figure 12. Measured waveforms of the proposed converter operated at forward power flow and Vin = 202 V: (a) S1–S4 signals at 20% load power, (b) S1–S4 signals at 100% load power, (c) vab, iLr,p and vCr,p at full rated power, (d) iLr,s, vCr,s, iQ1 + iQ3 and Io at full rated power. 






Figure 12. Measured waveforms of the proposed converter operated at forward power flow and Vin = 202 V: (a) S1–S4 signals at 20% load power, (b) S1–S4 signals at 100% load power, (c) vab, iLr,p and vCr,p at full rated power, (d) iLr,s, vCr,s, iQ1 + iQ3 and Io at full rated power.



[image: Energies 14 05186 g012]







[image: Energies 14 05186 g013 550] 





Figure 13. Measured waveforms of the proposed converter operated at forward power flow and Vin = 198 V: (a) S1, S2 and S5 signals at 20% load power, (b) S1, S2 and S5 signals at 100% load power, (c) vac, iLr,p and vCr,p at full rated power, (d) iLr,s, vCr,s, iQ1 + iQ3 and Io at full rated power. 
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Figure 14. Measured waveforms of the proposed converter operated at forward power flow and Vin = 400 V: (a) S1, S2 and S5 signals at 20% load power, (b) S1, S2 and S5 signals at 100% load power, (c) vac, iLr,p and vCr,p at full rated power, (d) iLr,s, vCr,s, iQ1 + iQ3 and Io at full rated power. 
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Figure 15. Measured waveforms of the proposed converter operated at reverse power flow: (a) Q1–Q4 signals at 20% load power, (b) Q1–Q4 signals at 100% load power, (c) vde, iLr,s and vCr,s at full rated power, (d) iLr,p, vCr,p and Io,in at full rated power. 
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Figure 16. Measured switch waveforms at full load: (a) S1 at Vin = 100 V and forward power operation, (b) S1 at Vin = 198 V and forward power operation, (c) S1 at Vin = 202 V and forward power operation, (d) S1 at Vin = 400 V and forward power operation, (e) Q1 at reverse power operation. 
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Figure 17. Measured waveforms of S3–S5 and Vin between Vin = 100 and 400 V. 
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Table 1. Comparisons between the proposed bidirectional resonant converter, conventional CLLC resonant converter and dual active bridge converter.
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	Topology
	Power Switches
	Split dc Capacitor
	Resonant Components
	Voltage Range, Power Rating





	Proposed converter
	10
	2
	4
	Vin = 100–400 V, Vo = 48 V, Po = 1 kW



	Half bridge CLLC converter
	4
	4
	4
	Vin = 400–600 V, Vo = 300–450 V, Po = 3.3 kW in [13]



	Full bridge CLLC converter
	8
	0
	4
	Vin = 382–408 V, Vo = 50 V, Po = 400 W in [12]



	Dual active bridge converter
	8
	0
	1
	Vin = 600 V, Vo = 300–450 V, Po = 10 kW in [12]
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Table 2. Circuit Components in the laboratory prototype.






Table 2. Circuit Components in the laboratory prototype.





	Items
	Parameter





	Primary side split capacitances C1, C2
	220 μF/400 V



	Primary side resonant capacitance Cr,p
	265 nF



	Primary side resonant inductance Lr,p
	9.5 μH



	Primary side magnetizing inductance Lm,p
	47.5 μH



	Primary side switches S1–S5
	GP50B60PD1 (600 V/33 A)



	Secondary side resonant capacitance Cr,s
	4.24 μF



	Secondary side resonant inductance Lr,s
	0.6 μH



	Secondary side switches Q1–Q4
	IPP05CN10N G (100 V/100 A)



	Secondary output capacitance Co
	3000 μH/100 V



	Transformer np:ns
	24:6 (PC40 EER42)
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