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Abstract

:

In this study, a novel smart efficiency tracking (SET) algorithm for GaN-based LLC resonant converter for quick battery charging of light electric vehicles is proposed. Conventional frequency modulation (FM) method, single pulse width modulation method (S-PWM) and discontinuous operation mode method (DOM) are used to track the converter efficiency which varies for different loading conditions during the battery charging process. First, the charging modes are explained to define the efficiency variation clearly. Then, the theoretical background of GaN-based LLC resonant converter is presented and the details of design study are given. Third, the principles of three different switching control strategies, the modeling study and the simulation results are put forward. Finally, the details of the implementation of three different switching strategies are presented for the validation of the study. Furthermore, the implementation of the design and its impact on battery charging are discussed. The proposed efficiency tracking method is validated with a 20% efficiency increase for the low loading conditions of GaN-based LLC converter.
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1. Introduction


In this paper, a smart efficiency tracking algorithm of GaN-based LLC resonant converter for quick charging of light electric vehicle batteries is proposed. Conventional frequency modulation (FM) method, S-PWM method and discontinuous operation mode method (DOM) principles are used to track the GaN-based LLC resonant converter efficiency throughout the whole cycle of the battery charging process, including constant current charging, i.e., fast charging, and constant voltage charging, i.e., slow charging.



With the increasing mobility and impact of improvements in electric and hybrid electric vehicles, research on battery problems becomes important and urgent. Battery issues such as life cycle, charge and health estimation are addressed with new methods and technologies. On the other hand, fast or quick charging is essential to make electric vehicles more desirable. Nowadays, long charging times seem to be the number one reason for the fading tendency to use more electric vehicles. Solutions for shorter charging times lie in more powerful charging supplies and high efficiency power electronic circuits. Researchers are pursuing the design of smaller and lighter charging circuits with exceptionally high efficiencies. So, fast or quick charging of batteries, especially Li-Ion batteries, is an eventual target for today’s power electronic circuit designers. New methods or novel circuit topologies are proposed continuously for improving fast charging process. In that effort, the LLC resonant converters have a special place due to their high power densities, higher efficiencies, small size and lighter structures. Because of their unique features, they are capable of transferring DC power with the highest possible efficiency in both directions, i.e., grid-to-battery and battery-to-grid [1,2].



Bidirectional power flow capability, high efficiency, high power density, high gain and galvanic isolation features of the dual active bridge PWM converter and LLC/CLLC resonant converter make those topologies the most convenient solutions for battery charging systems. There are many previous and ongoing pieces of academic research on those topologies [3,4]. Comparison of these two topologies over their advantages and disadvantages is one of the most discussed topics for academic researchers [5,6].



The dual active bridge converter has a simple design and can be easily controlled by a conventional PWM duty cycle method [7]. Both LLC and CLLC resonant converters are controlled by frequency modulation, so the design details of the two converters are mostly identical to each other except their resonant tank circuit [8,9]. Design details of both LLC and CLLC resonant converters are handled step by step in design guidelines of semiconducter manufacturers [10]. Smart grids and automotive applications are the main usage areas of LLC and CLLC resonant converters [11,12]. There are different types of studies on LLC resonant converters in the literature, such as matrix converter topologies which combine power factor correction (PFC) rectifier and LLC resonant converters [13].



Generally, battery voltage differs in a wide range during the charging process. There is a substantial amount of academic research on modifying circuit topology or control of the LLC resonant converters by adding auxiliary components to increase the converter efficiency [14,15]. As an example, the high efficiency operation of the LLC resonant converter can be satisfied by tracking the converter efficiency with the help of the perturb and observe method [16,17].



The low loss GaN switching components implementation is another way to increase the efficiency of DAB and LLC converters. The comparison of GaN and SiC switching components has been one of the most popular power electronics topics in recent years [6,7,9,18,19].



Synchronous rectification increases the efficiency of LLC resonant converters by driving the gates of secondary side switching components when the negative current flows through the switches, i.e., through their body diodes. Drive timing of the secondary side switching components is adjusted according to drain-source voltage (V    D S   ) measurement or drain-source current (I    D S   ) measurement [20,21]. There are also some studies on modulating the switching frequency of LLC converters by using synchronous rectification [22].



The most efficient operating point of the LLC converter is that the resonant current is purely sinusoidal. To satisfy the high efficiency operation of the LLC resonant converter in full range of battery voltage, the input voltage (V    i n   ) is altered to follow the battery voltage when the LLC resonant converter operates in resonance continuously [19,23,24]. Using different PFC topologies and replacing resonant converter with DC/DC topologies by implementing the variable DC link voltage strategy are also mentioned in literature [25,26].



Low-load condition occurs with the decrease in battery charging current. Low or light loading is detected by measurement of average input current or monitoring the control signal voltage [27,28]. Decision of the control method type is handled accordingly.



Magnetizing current of the LLC resonant converter causes an extra power loss during the low-load operation. Circulation current is decreased by adjusting the dead-time between switching signals of two phase legs of primary full bridge to provide the high efficiency operation point. There is also some literature about this method [29,30]. The Light-load condition of the LLC resonant converter is the main focus of the research about phase-shift control [31,32].



Burst mode or DOM is one of the most convenient operation methods of DC/DC converters and there are several pieces of research about burst mode operation [28]. On-time and off-time optimization studies are important to observe the output voltage and current of the converter [33,34]. Off-on transition of the LLC resonant converter is also a critical issue for controlling the inrush current of the converter to increase the efficiency [35].



Combining two or three operation methods of the LLC resonant converter is another preferred topic to examine high efficiency operation. Dead-time control and discontinuous operation modes are used together to propose a new hybrid control technique [36]. Another well-known technique is the frequency modulation technique which is used in a wide operation range of LLC resonant converters and dead-time control is used under low load condition of battery charging process [37].



In the study, a new method which is dedicated to obtain the highest available efficiency is implemented for a novel switch (GaN) LLC converter. The novel approach tracks the converter efficiency for varying loading conditions during fast battery charging. The aim of the studied algorithm is to monitor the efficiency and to keep or alter the operation mode of the converter according to the monitored efficiency and loading condition. Three different operation modes are implemented to achieve the highest possible efficiency. The proposed smart efficiency tracking algorithm can be defined as a “monitor-and-change” scheme. Thus, during the whole charging process the efficiency of the converter can be kept at the highest value.




2. LLC Resonant Converter as a Battery Charger


Due to the advantages, such as high efficiency, high power density, low switch stress, wide range output regulation and relatively easy-to-control features, LLC converters are widely preferred in isolated battery charging applications.



Nowadays, fast battery charging systems and onboard chargers for electric vehicles mostly rely on LLC resonant converters due to their high efficiency and high power performances. Besides the mentioned superiorities, for low output power levels at low output current, i.e., higher switching frequencies, output voltage regulation becomes difficult and efficiency is reduced dramatically. The conventional battery charging characteristics via an LLC converter are shown in Figure 1. Due to varying ambient conditions and therefore charging durations, the time span is given as per unit in which unit time symbolizes the end of the charging process. During constant current charging, battery voltage increases almost linearly at the beginning, and efficiency increases due to closing to the nominal (rated) operation point of the converter. The output voltage of the converter is controlled to keep the charging current under the rising voltage. However, the state of charge (SoC) of the battery reaches 80% approximately and then the charging procedure is changed and shifted to a constant voltage region, wherein the charging current diminishes due to the total transferred charge to battery. For providing a decaying current, the output voltage of the LLC converter is reduced as well. To decrease output voltage, switching frequency of LLC converter is increased, when charging process nears to its end, wherein the efficiency of LLC converter also reduces substantially.



Efficiency peaks when the output power is at its maximum as expected, whereas it is diminished due to the increased switching frequency. As is seen in Figure 1, the efficiency of the LLC converter is below 75% at a quarter of the total charging time. When the total charging process is considered, the efficiency variation implies a substantial amount of energy loss. On the other side, when the frequency is increased, the operation point of the converter moves to the off-resonance region. However, the essential requirement is to provide higher efficiencies at the light loading conditions which cover an important portion of the battery charging process, and is the aim of this study.



So the fundamental idea underlying the presented study is to obtain the highest possible efficiency for the overall operation region of the LLC converter during battery charging.




3. Topology and Design


3.1. Proposed Topology and Operation Intervals


In this study, the conventional full-bridge LLC resonant converter topology is used by implementing GaN power transistors shown in Figure 2. The fast charging process is conceived for the battery pack of a light electric vehicle so that it can be implemented in the laboratory environment. At the secondary side, another bridge topology which enables synchronous and bidirectional operations is applied for rectification. An LLC transformer links the primary and secondary sides and provides a non-ideal inductance amount to fulfill the resonant operation. The resonant tank can be considered as a harmonic filter tuned by the varying switching frequency.



In Figure 3, the six operation intervals of the LLC converter and their related waveforms are shown. Each operation interval has an impact on the overall performance of the converter.



Interval-1 covers the dead-time for the transistors and there is no power transfer to the secondary during that operation interval. The primary current charges the terminal capacities of S    P 3    and S    P 4    whilst the capacities of S    P 1    and S    P 2    are discharged. After that charging and discharging process, the primary current finds its path through D    P 1    and D    P 2    and provides zero voltage switching (ZVS) operation. Figure A1 shows the power transfer during Interval-1.



In Interval-2, S    P 1    and S    P 2    switches are turned on and the power flow through the transformer is shown in Figure A2. The primary current is forced to commutate from negative to positive by applied positive voltage. Meanwhile, D    S 1    and D    S 2    are on at the secondary side to provide the load DC voltage. The DC voltage applied to the primary side causes an alleged linearly rising magnetizing current through L   m  . Via C   r   and L   r  , the electrical resonance phenomenon occurs and provokes a sinusoidal current through the primary winding. When the magnetizing current exceeds the winding current, the power transfer is halted and Interval-2 ends.



At Interval-3, the secondary current, I   s  , is not contributing to the output filter capacitor charging whilst the power transfer is ended by the termination of the current ringing, i.e., resonance. The primary current, now equal to the magnetizing current, continues to rise until S    P 1    and S    P 2    are turned off, and the operation interval is ended with that termination. The power flow for Interval-3 is given in Figure A3.



Interval-4 covers the dead-time for the pair of S    P 3    and S    P 4    and for that interval there is no power transfer as it is shown in Figure A4. The primary current charges the terminal capacities of S    P 1    and S    P 2    whilst the capacities of S    P 3    and S    P 4    are discharged. After the charging and discharging process, the primary current is directed to the path of D    P 3    and D    P 4    and the ZVS operation is satisfied.



For Interval-5, the pair of S    P 3    and S    P 4    is turned on and power is transferred to the secondary. Due to the negative applied voltage to the transformer primary, the current is forced to shift from positive to negative. Basically, Interval-5 is the counterpart of Interval-2 for S    P 3    and S    P 4    transistors, and the power flow can be seen in Figure A5.



At Interval-6, because of the tendency of the ringing primary current, the sinusoidal current falls below the magnetizing current, such that the magnetizing current now gains dominance. The current rises to zero until S    P 3    and S    P 4    go to off-state. Due to soft decaying of the secondary current, D    S 3    and D    S 4    also become extinct softly. The interval ends by turning off S    P 3    and S    P 4 .    The power flow is given in Figure A6.




3.2. Design


Because of the complicated impedance circuit of the LLC resonant converter, the resonant operation is determined by two operation conditions which are depicted by two resonance frequencies. The first operation is characterized by infinite load resistance which coincides with no-load or open circuit operation and the resonant frequency f    R 1    is given by Equation (1). The second resonant frequency f    R 2    is for zero load resistance which shows short circuit operation and is given by Equation (2).


          f  R 1    =   1  2 π    L r   C r              



(1)






          f  R 2    =   1  2 π    (  L r  +  L m  )   C r              



(2)







Theoretically, the first frequency is used for light loading conditions and the second one is for heavy loading conditions. However, mostly it is not practical to operate the circuit around the first frequency because of the low impedance value causing a high current demand. The voltage gain of LLC resonant converter is given by Equation (3).


          M g   =    n ·  V o    V  i n            



(3)







The normalized frequency is defined as the ratio of switching frequency to resonance frequency, as given in Equation (4).


          f n   =    f  s w    f 0           



(4)







   L n   , the normalized inductance is given in Equation (5).


          L n   =    L m   L r           



(5)







The quality factor of the converter depends on the loading and is given in Equation (6).


          Q e   =       L r   C r      R e           



(6)







LLC resonant converter gain equation is given in Equation (7).


         M g   =       L n  ·  f n 2       L n  + 1  ·  f n 2  − 1  + j    f n 2  − 1  ·  f n  ·  Q e  ·  L n              



(7)







Equivalent load resistor of the LLC resonant converter R   e  , is given in Equation (8).


          R e   =    8 ·  n 2    π 2   ·   V o   I o           



(8)







The quality factor is found as 1.8 for maximum loading conditions and 0.2 for minimum loading conditions.



The normalized inductance L   n   is found as 26, which is quite high for conventional LLC converters. However, this value enables wider gain change with off-resonance operation, which is bringing a more versatile converter for dedicated battery charging applications.



According to the mentioned parameters, the gain characteristics of the converter can be obtained as the function of switching frequency, as it is seen in Figure 4: the fixed gain for varying loading at the resonance frequency.



The basic parameters of the designed LLC converter are presented in Table 1.



The gate voltage V    G S    of GaN switching elements shall be around +6 V DC and −3 V DC. In this paper, the gate drive circuit of GaN devices are designed as shown in Figure 5 by using application note [40] from GaN System Inc. Half-bridge switching power circuit is constructed and printed circuit board (PCB) drawing is prepared by considering the application note [41].



Application note [42] is examined and PCB production, soldering of GaN devices to the board is completed accordingly.




3.3. Transformer Design


The transformer is the most essential element of LLC resonant converter and directly affects the operation of the converter. The design is quite different than conventional designs. To provide an inductance for resonant operation, the transformer is intentionally designed to be imperfect by creating extra leakage inductance and small magnetizing inductance, such that the equivalent inductance of transformer contributes to resonant operation. Thus, separating primary and secondary windings and adding a substantial air gap to the ferromagnetic core are essential requirements for the transformer.



A special ferromagnetic core selection is made [43] and the transformer is designed according to the following criterion.


          W a   A c   =     P o   D  c m a      K t   B  m a x   f           



(9)







W   a  A   c  , P   o  , D    c m a   , K   t   and B    m a x    are the product of window area and core area, output power, current density, topology constant of core and maximum magnetic flux density, respectively. The number of turns of primary and secondary are calculated from the application of Faraday’s law to square wave primary voltage.


          N p   =    V  i n    4 ·  B  m a x   ·  A e  · f           



(10)






          N s   =    V o   V  i n    ·  N p          



(11)







N   p  , V    i n   , A   e  , f, N   s  , V   o   are the primary winding turn, input voltage, cross section area, frequency, secondary winding turn and output voltage, respectively. The air gap length added to ferromagnetic core is calculated using the following equations.


          L  g a p    =    4 · π ·  A e    A  L r e q            



(12)






          A  L r e q    =    L m   N p 2           



(13)







L    g a p   , A    L r e q   , L   m   are the air gap length, required inductance factor and magnetizing inductance, respectively. The calculated parameters of the designed LLC resonant converter transformer is presented in Table 2.



The principal transformer structure is given in Figure 6. Litz-wire is preferred in winding design to overcome the problems of skin and proximity effects.





4. Simulation Study and Experimental Work


In this paper, the conventional frequency modulation method, single pulse PWM method and discontinuous mode operation method have been used for improving GaN-based LLC resonant converter efficiency during whole battery charging process.



The simulation model of the LLC resonant converter, which is built in PSIM 64-bit version 9.0, is given in Figure 7. The parameters which are used in the model are presented in Table 1.



To obtain switching signals, a voltage controlled oscillator sub-model is formed as shown in Figure 8.



Figure 9 shows the experimental setup specially designed for the study.



The block diagram of the experimental setup is given in Figure 10.



The input DC-link voltage is obtained from a variable AC transformer and a bridge rectifier. The resonance tank current is captured by a 2 MHz bandwidth isolated current probe and the voltages are measured by 100 MHz 4-channel oscilloscope via 2 kV differential voltage probes.



4.1. Conventional Frequency Modulation (FM) Operation Mode


In Figure 11, the simulation results including the primary current and voltage, battery current and voltage are given while the resonance operation implies nearly pure sinusoidal current and full-load. The experimental results for the same full-load operation condition in which primary current is sinusoidal are given in Figure 12.



The resonant operation is accomplished at 218 kHz switching frequency which is defined by the modeling study and the available transformer inductance and resonant capacitor values.



The voltage and current of the transformer primary and the battery voltage and current are given in Figure 13 for the simulation study of a 3 A charging current, which indicates partial loading at 270 kHz switching frequency. Figure 14 shows the experimental measurements of the voltage and current of the transformer primary and the battery voltage and current for the 3 A charging current at 270 kHz switching frequency.



The experimental efficiency data obtained by various loading conditions are presented in Table 3. As expected, for the light loading conditions, i.e., reduced charging current, the converter efficiency also inevitably decreases.




4.2. Single Pulse Width Modulation (S-PWM) Operation Mode


In Figure 15, the simulation results, including the primary current and voltage, battery current and voltage, are given for 75% duty ratio at the resonance frequency, while the charging current is lower than 3 A. The experimental results for the same 75% duty ratio operation while the charging load is light, i.e., the charging current is below 3 A, are given in Figure 16. As it can be seen in the given figures, the primary current tends to be discontinuous because of light loading and canceled magnetizing current.



The experimental efficiency data obtained by different loading conditions are presented in Table 4. The efficiency decreases for the duty ratios lower than 75%. Therefore, the operations for the duty ratios not exceeding 75% must be avoided due to the abrupt efficiency fall.




4.3. Discontinuous Operation Mode (DOM)


During the discontinuous operation, the primary current at the resonance frequency is let to flow for a certain number of periods, and then the current flow is halted for another number of periods and the operation is repeated cyclically. So, this process can be described as an intermittent current operation at resonance. Thus, another duty ratio which is different from conventional PWM is defined. Sometimes this type of control is called the integral control. The important point is to monitor the output voltage and current; if the charging voltage drops below a predetermined voltage level, another number of primary current periods are provided for keeping the output voltage almost constant. This operation is similar to the burst operation in switch-mode power supplies.



In Figure 17, the simulation results including the primary current and voltage and the battery current and voltage are given for 25% DOM duty ratio which coincides with a charging current below 2 A. The experimental results for the same operation are given in Figure 18.



The experimental efficiency data set is given in Table 5 for DOM. As it can be seen, the efficiency remains in the 84–88% interval for low DOM duty ratios. As a rule of thumb, for the charging currents not exceeding 2 A, DOM is used effectively. The problem with the DOM operation is to monitor and control the output voltage effectively. Only the output current is controlled to overcome any output transient. Even the resonant switching implies high dynamics, the overall operation of circuit has slower dynamics. So, the inrush current during DOM is not causing any harm or high transients at the output port. However, for large power LLC converters and small value output capacitors, an effective inrush current control may be required.





5. Proposed Algorithm


By analyzing the results given in Table 3, Table 4 and Table 5 with different switching modes, single PWM and DOM modes are evaluated as advantageous for the charging currents below 3 A. For the charging currents of 3 A and below, the efficiency of the LLC resonant converter is lower than 75%, as shown in Figure 1. By means of single PWM and DOM switching strategies, the efficiency is kept over 80%, as it is given in Figure 19. For the constant current charging mode, the LLC resonant converter is run at the conventional resonance operation which enables the maximum charging power. To keep the charging current at 20 A, the switching frequency is altered from 250 kHz down to 218 kHz. Then, for shifting to constant voltage charging, the switching frequency is increased to obtain the lower charging currents and the voltage control starts with a charging current of 4 A, and the efficiency is reduced to 85%.



While the current is between 2 A and 4 A, the S-PWM operation mode is applied between 100% to 75% S-PWM duty by setting the switching frequency to a fixed frequency of 218 kHz. If a lower charging current is requested, the switching frequency is kept at 218 kHz and the DOM control is started.



For charging currents under 2 A, the full DOM is employed. By means of that operation, the battery is fully charged without decreasing the charging efficiency to a level lower than 80%. The achieved improvement of efficiency via S-PWM and DOM is presented in Figure 20. Especially for low charging currents, a 20% increase in efficiency is obtained.



An algorithm is developed for maximum available efficiency to shift among the operation modes as it is shown in Figure 21. In the flowchart, first it is checked whether constant voltage charging or constant current charging is necessary, then according to the battery charging current level, S-PWM or DOM is selected for optimum charging efficiency.




6. Conclusions and Future Aspects


In this study, an algorithm for transition among the operation modes of an LLC resonant converter during battery charging is proposed. As it is shown in Figure 20, a maximum 25% increase can be obtained for low power charging operation, which is a challenging operation mode for resonant converters in general. The transition mechanism among the three different operation modes is simple and easy to implement.



The S-PWM operation is useful only for a narrow operation region. If the duty ratio is less than 75% in a half period, a substantial efficiency loss is occurred due to the resonance operation between the magnetizing inductance and resonant tank capacitor.



In DOM operation, the emerging inrush current at each switching start causes extra loss in efficiency. In the planned future studies, the DOM operation will be analyzed further and an adaptive frequency modulation will be used to reduce the inrush current for optimal efficiency operation.



As a result of pursuing a wide operation range of efficiency, a multi-mode switching method and control techniques are applied for shifting among the mentioned modes and explained by simulation and experimental results. A maximum 25% increase in efficiency can be provided, which is quite high for efficiency-critical applications such as battery charging.
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Appendix A


Active components of the LLC resonant converter topology according to intervals (1 to 6) are shown below.
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Figure A1. LLC resonant converter topology interval-1. 






Figure A1. LLC resonant converter topology interval-1.
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Figure A2. LLC resonant converter topology interval-2. 






Figure A2. LLC resonant converter topology interval-2.
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Figure A3. LLC resonant converter topology interval-3. 






Figure A3. LLC resonant converter topology interval-3.
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Figure A4. LLC resonant converter topology interval-4. 






Figure A4. LLC resonant converter topology interval-4.
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Figure A5. LLC resonant converter topology interval-5. 






Figure A5. LLC resonant converter topology interval-5.
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Figure A6. LLC resonant converter topology interval-6. 






Figure A6. LLC resonant converter topology interval-6.
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Figure 1. Battery charge profile of LLC resonant converter. 
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Figure 2. LLC resonant converter topology. 
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Figure 3. Waveforms of LLC resonant converter and six (6) intervals of operation. 
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Figure 4. Gain vs. frequency curves of LLC resonant converter. 
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Figure 5. Gate drive block diagram of a GaN device. 
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Figure 6. Winding design of LLC resonant converter transformer. 
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Figure 7. Simulation model of LLC resonant converter. 
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Figure 8. Voltage controlled oscillator sub-model for LLC resonant converter simulation. 
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Figure 9. Experimental setup. 
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Figure 10. Block diagrams of the experimental setup. 
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Figure 11. LLC resonant converter FM simulation V   o   = 29.4 V, I   o   = 20 A, f    s w    = 218 kHz. 
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Figure 12. LLC resonant converter FM experimental results V   o   = 29.4 V, I   o   = 20 A, f    s w    = 218 kHz. 
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Figure 13. LLC resonant converter FM simulation V   o   = 29.4 V, I   o   = 3 A, f    s w    = 270 kHz. 
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Figure 14. LLC resonant converter FM experimental results V   o   = 29.4 V, I   o   = 3 A, f    s w    = 270 kHz. 
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Figure 15. LLC resonant converter S-PWM simulation V   o   = 29.4 V, I   o   = 2.3 A, f    s w    = 218 kHz, 75% S-PWM duty. 
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Figure 16. LLC resonant converter S-PWM experimental result V   o   = 29.4 V, I   o   = 2.3 A, f    s w    = 218 kHz, 75% S-PWM duty. 
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Figure 17. LLC resonant converter DOM simulation V   o   = 29.4 V, I   o   < 2 A, f    s w    = 218 kHz, 25% DOM duty. 
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Figure 18. LLC resonant converter DOM experimental results V   o   = 29.4 V, I   o   < 2 A, f    s w    = 218 kHz, 25% DOM duty. 
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Figure 19. Battery charge profile of LLC resonant converter with addition of the S-PWM and DOM. 
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Figure 20. Efficiency comparison of classical vs proposed methods. 
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Figure 21. One cycle flowchart of proposed algorithm. 
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Table 1. Design parameters of LLC resonant converter.
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	Parameter
	Value





	Total Power—P   o  
	600 W



	Input Voltage—V    i n   
	200 V DC



	Output Voltage—V   o  
	25.9 V–29.4 V DC



	Resonant Capacitor—C   r  
	22 nF



	Transformer Leakage Inductor as Resonant Inductor—L   r  
	24.2  μ H



	Transformer Magnetising Inductor—L   m  
	630  μ H



	Transformer Turns Ratio—n
	6.15



	Transformer Core
	0T45530EC



	Primar Side GaN Switch
	4 × GS66508T [38]



	Secondary Side GaN Switch
	4 × GS61008T [39]



	Output Capacitor—C   o  
	560  μ F



	Input Capacitor—C    i n   
	560  μ F
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Table 2. Calculated parameters of designed LLC resonant converter transformer.
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	Parameter
	Value





	Transformer Core
	0T45530EC



	Flux Length—L    e    
	123 mm



	Cross Section Area—A   e  
	420 mm   2  



	Inductance Factor—A   L  
	9860 nH



	Max Flux Density—B    m a x   
	420 mT



	Primary Winding Turn—N   p  
	13 Turns



	Secondary Winding Turn—N   s  
	2 Turns



	Required Inductance Factor—A    L r e q   
	3730 nH



	Air Gap Length—L    g a p   
	0.14 mm
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Table 3. Conventional frequency modulation (FM) efficiency data.
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	f    sw    (kHz)
	V    in    (V)
	I    in    (A)
	V     o      (V)
	I    o    (A)
	Efficiency





	196
	200
	2.90
	26.84
	19.60
	88.9%



	218
	200
	2.83
	27.50
	20.61
	98.1%



	270
	200
	2.20
	22.20
	16.68
	81.9%



	312
	200
	1.50
	16.85
	12.65
	68.3%



	196
	200
	2.50
	27.36
	16.90
	90.3%



	218
	200
	2.50
	28.10
	17.60
	96.6%



	270
	200
	2.00
	23.53
	14.75
	84.4%



	312
	200
	1.43
	18.40
	11.49
	70.9%



	196
	200
	2.13
	28.10
	14.06
	90%



	218
	200
	2.13
	28.50
	14.30
	93%



	270
	200
	1.76
	25.20
	12.65
	87.6%



	312
	200
	1.29
	20.28
	10.19
	76.5%



	196
	200
	1.65
	28.90
	10.82
	91%



	218
	200
	1.66
	29.15
	10.92
	92.5%



	270
	200
	1.46
	26.90
	10.10
	89.4%



	312
	200
	1.16
	22.90
	8.58
	80.5%



	196
	200
	1.18
	29.70
	7.49
	89.8%



	218
	200
	1.17
	29.75
	7.51
	90.6%



	270
	200
	1.08
	28.35
	7.00
	87%



	312
	200
	0.92
	25.67
	6.20
	81.2%



	196
	200
	0.62
	30.25
	3.83
	85%



	218
	200
	0.61
	30.30
	3.86
	87.3%



	270
	200
	0.59
	29.50
	3.65
	82.7%



	312
	200
	0.55
	28.30
	3.40
	80%
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Table 4. S-PWM operation mode efficiency data.
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	Duty
	V    in    (V)
	I    in    (A)
	V     o      (V)
	I    o    (A)
	Efficiency





	75%
	200
	0.57
	29.80
	3.70
	87.7%



	50%
	200
	0.50
	27.00
	3.40
	82.3%



	25%
	200
	0.26
	17.85
	2.22
	61.5%
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Table 5. DOM efficiency data.






Table 5. DOM efficiency data.





	Duty
	V    in    (V)
	I    in    (A)
	V     o      (V)
	I    o    (A)
	Efficiency





	75%
	200
	0.59
	29.60
	3.79
	87.8%



	50%
	200
	0.57
	28.70
	3.74
	86.7%



	25%
	200
	0.52
	27.20
	3.50
	84.4%
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