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Abstract

:

LLC resonant converters are prone to generating a large inrush current during the start-up process, which will cause damage to the resonant elements and threaten the safe operation of the circuit. In this study, we investigate the soft-start method to suppress the inrush current of an LLC resonant converter. Based on the traditional frequency-decreasing method, we integrate PWM control to broaden the output voltage gain range during the start-up. Additionally, to ensure the smooth establishment of the output voltage, the controller performs the closed-loop control of the duty cycle and frequency in sequence based on the rate of output voltage rise. A prototype experiment based on STM32F334C8T6 is established to experimentally validate the presented soft start-up method. The experiment results indicate that the soft start-up method improves the start-up performance, reduces the maximum inrush current by 47.5% compared with that of the frequency-decreasing method, and builds up the output voltage quickly. The start-up process is smooth, which improves the reliability of the LLC resonant converter.
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1. Introduction


An LLC resonant converter features the zero-voltage switching (ZVS) of primary switches and the zero-current switching (ZCS) of rectifier diodes with a wide load range and has the advantages of soft switching, high efficiency, and a wide output voltage range. It is a high-performance converter that is widely used. An LLC resonant converter is prone to sizeable resonant inrush currents during the start-up, which can lead to large current and voltage stresses on the powered devices. Additionally, the inrush current damages the powered devices, resulting in converter failure and easily triggering overcurrent protection, which interferes with the resonant converter’s regular operation [1,2,3].



In order to achieve the safe and smooth start-up of an LLC resonant converter, numerous studies have been undertaken. The frequency-decreasing start-up method is the most commonly used method for LLC resonant converters. The converter starts to operate at a frequency higher than two times the resonant frequency and gradually reduces the operating frequency to achieve a soft start-up [4,5,6]. The advantage of the frequency-decreasing method is its simplicity of implementation. It reduces the voltage gain by increasing the initial frequency, which is then gradually lowered to the operating frequency to finish the converter’s start-up procedure. The disadvantage is that it is challenging to initially implement a high frequency due to the limited switching performance of the components, which prevents the converter gain at start-up from being considerably low and makes it difficult to effectively suppress the inrush current during the start-up.



The pulse width modulation (PWM) controlled method is also widely used. In Ref. [7], a variable duty cycle soft start-up method based on the optimal current limiting curve is proposed, and the relationship between the start-up current and frequency is provided. This strategy has a certain suppression effect on the resonant current at low start-up frequencies. In addition, the control process is simple but less versatile since the variable duty cycle curve is solidified in a digital controller. In Ref. [8], the mathematical relationship between the initial start-up frequency and the zero-time current is given. The start-up process gradually expands the duty cycle from 0 to 0.5 in an open-loop manner, and the frequency is fixed at the resonant frequency    f r   . This method avoids the switching losses caused by a high-frequency start-up and reduces the stress on the driver and control chip. The main characteristics of the phase-shift control method are analyzed in Refs. [9,10], and a soft start-up method based on phase-shift control is presented. The broadening curve of the duty cycle is constructed to establish the output voltage quickly and smoothly. The start-up time can be changed by altering the time factor, which can effectively suppress the inrush current, but the phase shift is only applicable to the full-bridge circuit, limiting its range of applicability. In Ref. [11], the authors use a hybrid PWM + PFM control method to suppress the inrush current and vary the duty cycle and frequency linearly from the initial value, respectively, to suppress the inrush current. The hybrid control method of PWM + PFM is also used in Ref. [12], which offers an intelligent switching mechanism between the two control strategies of PWM and PFM and reduces the peak currents on the primary and secondary sides by 93% and 90%, respectively. In addition, some controllers with a poorer switching frequency control resolution can still use this strategy, but they take longer to start up. Based on hybrid control, Ref. [13] introduces the maximum resonant current as a limiting condition and offers a numerical calculation based on an optimization strategy for a soft start-up. This method can effectively suppress the resonant current. However, using the maximum resonant current as a limiting condition is insufficient for ensuring the smooth establishment of the output voltage. Instead, this paper proposes a fixed growth rate of the output voltage as a limiting condition.



Furthermore, to realize the optimal control of the soft start-up process, some researchers have developed trajectory control approaches. In Refs. [14,15,16], the optimal trajectory control strategy is applied to monitor the instantaneous values of the output voltage and current. Then, the required frequency and pulse width are calculated in real time to implement a safe soft start-up that can effectively suppress the inrush current. However, this requires the high-level computational ability of the controller. Based on the simplified optimal trajectory control method, an adaptive initial frequency method is introduced in Refs. [17,18] to limit the current stress over a wide input voltage range. It can achieve an optimal transient response with less CPU memory compared to that of the conventional trajectory control strategy, but the requirement of the digital controller is still huge. In Ref. [19], other authors also proposed a short-circuit protection method using burping based on the optimal trajectory control method. When a sudden increase in load current is perceived, the thermal stress is further reduced by burping. By analyzing the small-signal characteristics of resonant capacitors, a digital charge control method is proposed [20]. It has an obvious effect of inrush current suppression, but the control analysis process is slightly complicated.



Additionally, some researchers aim to reduce the inrush current in the resonant cavity by decreasing the charging current of the output capacitor. A soft-shift start-up modulation technique for dual active bridge converters was suggested in Ref. [21], which can restrict the inrush current, while charging the dc-link capacitor charging device. Nevertheless, its usage scenarios are restricted, and its application to LLC resonant converters is more challenging. In Ref. [22], the authors also studied dual active bridge converters and determined that a quick and efficient start-up can be realized by controlling the gate signal of the first cycle to eliminate the magnetic bias. The disadvantage is also the limited usage scenario. Refs. [23,24] proposes a start-up strategy of power electronic transformer energy feedback, ensuring a steady increase in the output current. Ref. [25] also employs a soft start-up mechanism by regulating the charging current of the output capacitor and extends the limitations of charging current by adopting two distinct types of capacitor multipliers. This method modifies the hardware circuit and is less flexible.



In summary, the main contribution of this paper is as follows.



To address the problem that an LLC resonant converter tends to generate a large inrush current during the start-up, a closed-loop hybrid soft-start method is proposed under the condition of a constant rise rate in output voltage. During the start-up, the LLC resonant converter uses closed-loop control to sequentially adjust the duty cycle and frequency based on the rate of rise in the output voltage. This method ensures that the output voltage is smoothly established at a fixed rate. To validate the control method presented in this paper, a 1000 W half-bridge LLC resonant converter prototype is established. The results of the experiment show that the presented control method improves the start-up reliability of the converter. Compared with the frequency-decreasing method, the maximum inrush current is reduced by 47.5%, the output voltage is quickly built up, and the start-up process is smooth.



The remainder of this paper is organized as follows. The LLC resonant converter start-up process is analyzed in Section 2, and calculations are performed to determine the curve of duty cycle versus voltage gain as well as the relationship between starting frequency and inrush current value. In Section 3, the proposed start-up method is described and verified using simulation. A physical platform of a half-bridge LLC resonant converter is established in Section 4 to validate the accuracy of the proposed method by comparing it with commonly used start-up methods. Section 5 provides concluding remarks.




2. Analysis of the Start-Up Process of an LLC Resonant Converter


2.1. LLC Resonant Converter Topology Analysis


Figure 1 shows a circuit diagram of a half-bridge LLC resonant converter. It consists of three parts: the half-bridge circuit, the resonant circuit, and the rectifier filter circuit. In the half-bridge circuit, the power MOSFETs    Q 1    and    Q 2    are alternately conducted with a 50% duty cycle. The resonant circuit is composed of the resonant capacitor    C r   , the resonant inductor    L r   , and the excitation inductor    L m   . The diodes    D 3    and    D 4   , along with the capacitor    C f   , form the rectifier filter circuit.    R L    is the load resistor. The simulation parameters used in this section are as follows: the converter output power is 200 W, the resonant capacitance    C r    is 3.3 μF, the resonant inductor    L r    is 2 μH, and the excitation inductor    L m    is 6 μH.



According to the theory of fundamental wave analysis, the transformer secondary circuit can be equivalently transformed [26], as shown in Equation (1):


   R  a c   =  n 2   8   π 2     R L   



(1)







The LLC resonant circuit can be equated to a linear circuit that transfers energy to the load,    R  a c    , and the equivalent circuit, as shown in Figure 2.



Based on Figure 2, the DC gain of an LLC resonant converter can be expressed as:


  G =  1        1 +  1 k    1 −  1   f n 2         2  +  Q 2       f n  −  1   f n       2       



(2)




where   k =  L m  /  L r    denotes the inductance ratio,    f r  = 1 / 2 π    L r   C r      represents the resonant frequency,    f s    indicates the converter’s switching frequency,    f n  =  f s  /  f r    is the normalized frequency, and   Q =    L r  /  C r    /  R  a c     is the quality factor.



Figure 3 shows the gain curves of the converter at various quality factors. As illustrated in Figure 3, the voltage gain is equal to 1 at the resonance point (   f n  = 1  ). To the right of the peak gain curve, there is a gradual decrease in the gain as the frequency increases. Furthermore, the rate at which the gain decreases slows down as time progresses. Therefore, an LLC resonant converter typically uses the frequency-decreasing method to facilitate a soft start. The initial frequency of the start-up exhibits a relatively high value, whereas the gain is low during this period. As the frequency decreases gradually, the gain increases and the output voltage builds up. Once the start-up is finished, the resonant converter transitions into regular operation.




2.2. Soft Start Process Analysis


Figure 4 depicts the simulation waveforms of the resonant cavity current and the output voltage when the converter adopts the frequency-decreasing approach. The initial frequency is set to   2  f r   . The simulation waveform shows that the frequency-decreasing method has an obvious suppression effect on the inrush current. The output voltage exhibits a gradual increase, resulting in a smooth build-up, and the converter completes the soft start-up in 20 ms. Meanwhile, we note that there is a large inrush current during the moment of start-up. The peak current exceeds 50 A, which significantly harms the powered components within the converter. This is probably because of the following reasons. Since the output capacitor voltage is zero at the moment of start-up, it is equivalent to a short circuit at the converter output circuit. At this time, the excitation inductor is clamped close to 0.



As the start-up progresses, the output capacitor voltage gradually rises from 0 V, the clamping voltage of the excitation inductor gradually rises, and the inrush current in the resonant cavity gradually decreases.



The excitation inductance    L m    can be considered to be short-circuited at the initiation time of the converter. Consequently, the instantaneous input impedance    Z  i n  0      of the resonant cavity can be determined as follows:


   Z  i n       0    =   j ω  L r  +  1  j ω  C r       



(3)




where   ω = 2 π  f s   . The inrush current    i  i n  0      is:


   i  i n  0    =    V  i n        Z  i n  0         



(4)







The ratio of the inrush current    i  i n  0      to the RMS resonant current    i r     _ r m s     at the start-up instant is represented as:


  η =    i  i n  0       i  r _ r m s      



(5)







Based on Equation (5), the relationship curve between the initial starting frequency and  η  can be depicted in Figure 5. It is evident that there is an inverse relationship between the initial frequency and the amplitude of the peak inrush current. At the initial start-up frequency of   2  f r   , the inrush current reaches 211% of the resonant current. However, when the initial frequency is set to   3  f r   , the peak surge current is reduced to 119% of the resonant current. This phenomenon can be explained as follows. In the initial few switching cycles, the establishment of the output voltage has not been completed, and the impedance of the resonant cavity is minimal. To effectively limit the inrush current, it is necessary to set the initial frequency at the highest possible level to enhance the impedance of the resonant cavity. However, in practice, due to the maximum operating frequency constraint of powered switching devices, drivers, and controllers, the initial start-up frequency of resonant converters is usually set to   1.5  f r  ∼ 2  f r   , which is insufficient to entirely suppress inrush current. Actually, there exists a theoretical possibility to suppress the inrush current by reducing the duty cycle of the drive signal during the initial stages of start-up, which is equivalent to decreasing the input voltage supplied to the resonant cavity.




2.3. Analysis of the Effect of the Duty Cycle on the Starting Current


Assume that  D  represents the duty cycle of the drive signal,   T s   denotes the period,    V  g s 1     and    V  g s 2     represent the gate drive of the MOSFETs    Q 1    and    Q 2   , respectively. The drive waveform is shown in Figure 6. When the upper bridge arm MOSFET    Q 1    is activated, the input voltage of the resonant cavity is    V  i n    . When the MOSFET    Q 2    is activated, the resonant cavity input voltage is 0 V. When both    Q 1    and    Q 2    are deactivated, the resonant cavity voltage is    V  i n   / 2  .



Mathematically, the resonant network input voltage    V  a b     can be represented as:


   V  a b   ( t ) =       V  i n     0 ≤ t < D  T s         V  i n    2    D  T s  ≤ t <    T s   2      0      T s   2  ≤ t <    T s   2  + D  T s         V  i n    2       T s   2  + D  T s  ≤ t <  T s        



(6)







Using the fundamental wave analysis method for modeling, the resonant network input voltage    V  a b     is obtained:


   V  a b   ( t ) =    V  i n    2  +   ∑  n = 1  ∞        V  i n     π n   ( 1 − cos n π ) sin ( π n D ) cos     2 π n  T  ( t −   D T  2  )        



(7)







The root mean square (RMS) value    V  a b 1     of the fundamental component of    V  a b     is expressed as:


   V  a b 1   =    2  sin   D π    π   V  i n    



(8)







The DC gain of the converter with the duty cycle  D  is given as:


   M  D  = sin   D π   ⋅  1        1 +  1 k    1 −  1   f n 2         2  +  Q 2       f n  −  1   f n       2         = sin   D π   ⋅ G   



(9)







Figure 7 shows the correlation between the duty cycle and the normalized DC gain. Clearly, when the duty cycle is low, it is evident that the gain is also low. As the duty cycle grows, the voltage gain also rises and the output voltage climbs gradually. This shows that the output voltage can be controlled by adjusting the duty cycle. During a soft start-up, the duty cycle can be modified to regulate the rising slope of the output voltage. This leads to a decrease in the charging current of the output capacitor. Additionally, by adjusting the duty cycle before frequency modulation, the zero-moment gain of the converter can be further reduced. A gradual increase in the duty cycle during the start-up corresponds to a gradual increase in the switching time of the MOSFET. The applied voltage to the resonator exhibits a gradual increase, leading to a corresponding gradual increase in the start-up current and the suppression of the inrush current.



Furthermore, Equation (9) demonstrates that the output voltage can be controlled by manipulating both the switching frequency    f s    and the duty cycle  D . It is indicated that the output voltage is regulated with two degrees of freedom. Figure 8 shows the gain surface with different switching frequencies and duty cycles using the PWM + PFM hybrid control strategy. Obviously, the gain can be diminished to 0 by adjusting the duty cycle to 0 at a start-up frequency of   2  f r   . This implies that the simultaneous use of two control variables, i.e., the duty cycle and the switching frequency, reduces the stress on the controller.




2.4. Constraints on the Start-Up


The ideal start-up condition of the LLC converter is that the output voltage grows at a constant rate to a steady state [9]. During the start-up, the output capacitor is charged, and the output voltage gradually builds up. The charging current of the output capacitor can be denoted as    I  c f   =  C f    d  V  c f     d t    , where    C f    is the output capacitance and    V  c f     is the output capacitor voltage. At the end of the charging process, the voltage    V  c f     across the capacitor is equivalent to the rated output voltage of the converter. It is evident that the higher the resonant current, the higher the charging current    I  c f     and the shorter the output voltage build-up time. Therefore, during the start-up, the charging current    I  c f     can be controlled by adjusting the growth rate of the output voltage, resulting in a steady increase in converter start-up current and a smooth implementation of a soft start.





3. Hybrid Control-Based Closed-Loop Soft Start-Up Method


In order to meet the practical requirement for a fast and smooth establishment of the output voltage, researchers must take into account not only the suppression of the peak inrush current during the start-up but also the minimization of the start-up time. This paper presents a novel hybrid control-based closed-loop soft start-up method that combines PWM and PFM. The start-up process is carried out in two distinct phases. A control block diagram is illustrated in Figure 9, and a control flow chart is shown in Figure 10. The first stage uses PWM control for initiation with a fixed frequency of   1.5  f r  ∼ 2  f r   . The duty cycle gradually increases from 0 to 0.5 before transitioning to the second stage. The second stage uses frequency-decreasing control to continue the soft start process until the output voltage is established and the start-up process is finished. During the start-up, the converter performs closed-loop control based on the output voltage rise rate and changes the duty cycle or frequency of the drive signal in real time. Different PI controllers are used for the first stage and the second stage, respectively. This method enables the real-time control of the start-up process. Once the output voltage    V o    is detected at the rated value    V  s e t    , the soft start-up is terminated and the converter is switched to regular operation mode.



The following uses a hybrid control-based closed-loop control method to simulate and verify the soft start-up process. The simulation software used in this paper is Matlab-Simulink version R2021b. The simulation parameters are configured as follows: the rated input voltage is 300 V and the output voltage is 48 V, respectively, the rated output power is specified as 1000 W, the resonant frequency is set to 68 KHz, and the initial start-up frequency is set to 136 KHz.



Figure 11 shows the soft start-up simulation waveform with a start time of 40 ms. The resonant current increases steadily during the start-up, with a maximum value of 14 A. The output voltage exhibits a gradual increase, characterized by a rise rate of 1.2 V/ms. At 40 ms, the output voltage of the converter reaches 48 V, and the converter completes the soft start and switches to regular operation.



Figure 12 shows the soft start simulation waveform with a start time of 20 ms. During the start-up phase, the resonant current gradually rises until it reaches a maximum value of 15 A, which is 1 A higher than the peak resonant current observed with a start-up time of 40 ms. The output voltage exhibits a gradual increase initially, with a rate of 2.4 V/ms. At 20 ms, the output voltage reaches a level of 48 V, and the converter completes the soft start process and starts operating normally.



From the above analysis, it can be concluded that the hybrid control-based closed-loop soft start-up method can effectively suppress the inrush current at the starting instances. A shorter start-up time is associated with a faster build-up of output voltage and a higher peak inrush current, whereas a longer start-up time is linked to a slower rise in output voltage and a lower peak inrush current. Therefore, in practical applications, the voltage rise slope should be reasonably designed according to the soft start time requirement of the converter to achieve a soft start.




4. Experimental Verification


To validate the effectivity of the presented soft-start method, a 1000 W half-bridge LLC resonant converter is constructed in this study. Figure 13 presents a schematic diagram. Figure 14 presents a photograph.    R  f 1     and    R  f 2     are voltage divider resistors. The control chip is STM32F334C8T6, a custom-designed chip by ST specifically designed for power supply control. This chip is equipped with a high-resolution timer capable of reaching an equivalent frequency of up to 4.608 GHz and a control accuracy of 217ps [27]. The main design parameters of the half-bridge LLC converter are shown in Table 1.



Figure 15 shows the resonant cavity current    I r    and the output voltage    V  o u t     plots using the frequency-decreasing start-up stage in Ref. [4]. The initial frequency is   2  f r   . Oscilloscope channel 2, represented by the blue line, displays the current of the resonant cavity, while channel 4, represented by the green line, shows the output voltage. Figure 15a exhibits a start-up time of 20 ms, while Figure 15b demonstrates a start-up time of 40 ms. The results indicate that the frequency-decreasing approach can efficiently suppress the total resonant cavity current. However, during the first few cycles of the start-up, the output voltage quickly builds up to approximately 60% of the rated output voltage. This stage generates a huge inrush current, reaching an amplitude of 19.5 A, whereas the RMS value of the resonant current during normal operation is 8.8 A. The ratio of the inrush current to the RMS value of the resonant current is 221%, which aligns closely with the findings depicted in Figure 5. When the start-up time is set to 40 ms, the current inrush at the instant of start-up is 19.8 A, which is almost unchanged from the inrush value at the start-up time of 20 ms. This indicates that the initial inrush current in the frequency-decreasing method is not influenced by the duration of the start-up process.



Figure 16 presents a plot of the resonant cavity current    I r    and the output voltage    V  o u t     of the converter using the open-loop hybrid start-up method as proposed in Ref. [11]. Figure 16a exhibits a start-up time of 20 ms, whereas Figure 16b demonstrates a start-up time of 40 ms. The suppression of the resonant cavity current is achieved with a further reduction in the converter gain by decreasing the duty cycle before performing the start-up of the frequency reduction method. The results indicate that the maximum current is 19.2 A when the start-up time is 20 ms, and 16.5 A when the start-up time is 40 ms. Clearly, the hybrid start-up method is successful in effectively suppressing the current inrush during the start-up zero moment. Furthermore, it is evident that a longer start-up time enhances the effectiveness of the current suppression. Due to the linear change in the duty cycle and frequency, the output voltage cannot be smoothly established, and there is still a significant inrush current.



Figure 17 shows the resonant cavity current and output voltage plots using a closed-loop hybrid soft-start method. This method can significantly suppress the inrush current by imposing a limitation on the rate of growth of the output voltage. We can observe a smooth rise in the resonant cavity current and the output voltage. Specifically, as shown in Figure 17a, the output voltage reaches 48 V at 20 ms and a complete soft start with a maximum resonant current of 13.8 A. In Figure 17b, the start-up time is 40 ms, and the maximum resonant current reaches 12.3 A. The maximum resonant current of the closed-loop hybrid start-up method is considerably lower compared with both the frequency-decreasing start-up approach and the open-loop hybrid start-up approach. Meanwhile, as the soft start time increases, the shock in the resonant current at start-up decreases, resulting in a reduced impact on the resonant cavity.



Finally, in order to make a comprehensive comparison of the three start-up methods, the maximum current inrushes at start-up for each method are demonstrated and compared in Figure 18. Table 2 summarizes the effects of the three methods. It is evident that the maximum start-up current of the frequency-decreasing strategy is 19.5 A, and it does not decrease with an increasing start-up time. The start-up current of the open-loop hybrid start-up strategy is 19.2 A. Although increasing the start-up time can reduce the current shock, the peak current remains at 16.5 A. The hybrid closed-loop soft-start method effectively mitigates the inrush current during the start-up by limiting the rate of output voltage growth. Specifically, the overcurrent is restricted to 1.8 A for a start-up time of 20 ms and a mere 0.3 A for a start-up time of 40 ms. Compared with the frequency-decreasing method and the open-loop hybrid start-up method, the inrush current is reduced by 47.5% and 45% at the start-up time of 20 ms, and the inrush current is reduced by 62.5% and 35% at the start-up time of 40 ms, respectively. Moreover, the requirements of the controller are relatively minimal.




5. Conclusions


An LLC resonant converter exhibits a propensity to generate a significant inrush current during the start-up, which is detrimental to the safe operation of the converter. The conventional approach to start-up is the frequency-decreasing method; however, it cannot completely suppress the inrush current. Therefore, this research introduces the PWM control method as an additional approach to the frequency-decreasing method. During the start-up phase, the duty cycle is initially raised from 0 to 0.5, followed by decreasing the frequency from   2  f r    to    f r   . This method can effectively increase the transformation range of the output voltage gain during the start-up. Furthermore, to ensure a smooth output voltage build-up, the converter implements closed-loop control of both the duty cycle and frequency, based on the rate at which the output voltage rises. The closed-loop hybrid start-up method guarantees a smooth and rapid build-up of the output voltage during the start-up, while also minimizing the inrush current. To validate the effectiveness of this method, a 1000 W half-bridge prototype is built. The experimental results show that the hybrid soft-start method proposed in this paper effectively mitigates the current inrush. The maximum inrush current is reduced by 47.5% and 45% compared with the traditional frequency-decreasing approach and the open-loop hybrid start-up approach, respectively, when the start-up time is 20 ms. The verification of the effectiveness of the proposed method was conducted.



Additionally, it is noteworthy that the larger the slope of the output voltage rise, the smaller the start-up time and the larger the peak of the start-up current. The smaller the slope of the output voltage rise, the slower the output voltage build-up time and the smaller the peak of the start-up current. Therefore, in practical applications, the voltage rise slope can be reasonably designed according to the requirements of the converter’s soft start-up time to achieve a soft start-up.
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Figure 1. The main circuit of the half-bridge LLC resonant converter. 
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Figure 2. LLC resonant converter equivalent circuit. 
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Figure 3. The gain curve of the LLC resonant converter (  k = 3  ). 
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Figure 4. The waveforms of the frequency-decreasing start-up method. (a) Resonant cavity current diagram. (b) Output voltage graph. 
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Figure 5. The relationship curve between start-up initial frequency and inrush current ratio. 
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Figure 6. The resonant cavity input voltage vs the gate drive. 
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Figure 7. Duty cycle versus the normalized gain of the resonant converter. 
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Figure 8. Gain surface based on the normalized switching frequency and the duty cycle. 
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Figure 9. Hybrid control-based closed-loop soft start-up control block diagram. 
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Figure 10. Closed-loop soft start-up flowchart based on hybrid control. 
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Figure 11. Simulation waveform with a start-up time of 40 ms. (a) Resonant cavity current diagram. (b) Output voltage diagram. 
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Figure 12. Simulation waveform with a start-up time of 20 ms. (a) Resonant cavity current diagram. (b) Output voltage diagram. 
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Figure 13. Half-bridge LLC resonant converter test prototype schematic. 
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Figure 14. Half-bridge LLC resonant converter test prototype. 
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Figure 15. The frequency-decreasing start-up method with an initial frequency of   2  f r   . (a) A soft start time of 20 ms. (b) A soft start time of 40 ms. 
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Figure 16. Open-loop PWM + PFM soft start-up method. (a) A soft start time of 20 ms. (b) A soft start time of 40 ms. 
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Figure 17. Closed-loop PWM + PFM soft start-up method. (a) A soft start time of 20 ms. (b) A soft start time of 40 ms. 
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Figure 18. Maximum current inrush during start-up for different start-up methods. 
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Table 1. Parameters for the half-bridge LLC resonant converter.
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	Symbolic
	Parameters
	Numerical Value





	    V  i n     
	Input voltage
	300   ( V )  



	    V  o u t     
	Output voltage
	48   ( V )  



	    P o    
	Output power
	1000   ( W )  



	    f r    
	Resonant frequency
	68   ( K H z )  



	   C r   
	Resonant capacitor
	220   ( n F )  



	   L r   
	Resonant inductor
	24   ( μ F )  



	   L m   
	Excitation inductance
	86   ( μ H )  



	    C 0    
	Output capacitance
	940   ( μ F )  










 





Table 2. Comparison of the effect of different start-up methods.
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	Initial Current Inrush
	Percentage of Inrush Current (20 ms/40 ms)





	Frequency-decreasing method [4]
	yes
	62.5%/65%



	Open-loop PWM + PFM method [11]
	no
	60%/37.5%



	Closed-loop PWM + PFM method
	no
	15%/2.5%
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