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Abstract

:

The inductor inductor capacitor (LLC) resonant topology has become more popular for deployment in high power density and high-efficiency power converter applications due to its ability to maintain zero voltage switching (ZVS) over a wider input voltage range. Due to their ease of operation and acceptable accuracy, frequency domain-related analytical methods using fundamental harmonic approximation (FHA) have been frequently utilized for resonant converters. However, when the switching frequency is far from the resonant frequency, the circuit currents contain a large number of harmonics, which cannot be ignored. Therefore, the FHA is incapable of guiding the design when the LLC converter is used to operate in a wide input voltage range applications due to its inaccuracy. As a result, a precise LLC converter model is needed. Time domain analysis is a precise analytical approach for obtaining converter attributes, which supports in the optimal sizing of LLC converters. This work strives to give a precise and an approximation-free time domain analysis for the exact modeling of high-frequency resonant converters. A complete mathematical analysis for an LLC resonant converter operating in discontinuous conduction mode (DCM)—i.e., the boost mode of operation below resonance—is presented in this paper. The proposed technique can confirm that the converter operates in PO mode throughout its working range; in addition, for primary MOSFET switches, it guarantees the ZVS and zero current switching (ZCS) for the secondary rectifier. As a function of frequency, load, and other circuit parameters, closed-form solutions are developed for the converter’s tank root mean square (RMS) current, peak stress, tank capacitor voltage, voltage gain, and zero voltage switching angle. Finally, an 8 KW LLC resonant converter is built in the hardware-in-loop (HIL) testing method on RT-LAB OP-5700 to endorse the theoretical study.
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1. Introduction


The LLC-RC has received a great deal of attention due to its high power density, soft switching, and high-efficiency operation. It has been used in many industrial applications, such as on-board battery chargers, panel TVs, adapters for electronic equipment, server power supplies, light-emitting diode drivers, and so on [1,2,3,4,5]. This converter has the benefit of accomplishing ZVS for a wider input voltage and load range, allowing it to run at high frequencies without sacrificing efficiency due to switching losses, resulting in smaller component sizes and higher power density. By placing an additional inductor in parallel with the series resonant converter (SRC), an LLC-RC is formed as shown in Figure 1. Light load regulation concerns in SRC can be overcome by adding this third resonant element. Therefore, it permits the converter to be operated in boost mode (i.e., voltage gain > 1) and increases the efficiency. Furthermore, at no additional cost, the added inductor may be combined with the transformer as the magnetizing inductance. Nonetheless, this topology is challenging to evaluate due to its various resonant components and different operation modes [6].



The LLC-RC operates in three subintervals, namely P, O, and N. When the magnetizing inductor voltage is a positive output voltage, then that subinterval is called the P-subinterval. Similarly, when the magnetizing inductor voltage is a negative output voltage, then that subinterval is called the N-subinterval. In both the above subintervals, the current runs in the secondary rectifier, while in the O-subinterval, the output voltage will not appear across the magnetizing inductor. Therefore, in the O-subinterval, no current flows through the secondary rectifier. These three subintervals form the basis of LLC-RC’s 11 major operating modes, which are PO, PN, PON, O, and OPO modes below resonance and O, P, OP, NP, OPO, and NOP modes above resonance [7]. The O and OPO operating modes occur over the whole switching frequency range with no load and low output power, respectively. In the PO operation mode, for example, during half of the switching period, the LLC-RC initially operates in the P-subinterval and then in the O-subinterval. Similarly, for the PON operation mode, the LLC-RC initially operates in the P-subinterval, followed by O, and finally operates in the N-subinterval [8].



Analysis techniques have a significant impact on the precision and efficiency of the parameter design in LLC-RC design. There are four major analytical techniques for the LLC-RC based on the current literature, a list of which is provided below:




	
Frequency-domain analysis (FDA) [4];



	
Frequency domain with time-domain partial correction [9];



	
Frequency domain with time-domain complete correction [10]; and



	
Time-domain analysis (TDA) [11,12,13,14,15,16].








FHA is a popular frequency-domain resonant converter analysis approach that considers voltage and current waveforms as purely sinusoidal at the fundamental frequency and ignores additional high-order harmonics [17,18]. Although FHA offers a simple approach to calculating the DC gain, the precision diminishes when the switching frequency moves away from the resonant frequency as the voltage and current waveforms become non-sinusoidal. In practice, however, FHA can be enhanced by taking account of high-order distortions [19,20] or integrating parasites into the analysis [21]. Furthermore, harmonic analysis approaches fail to uncover the LLC converter’s different operating modes.



Numerous design techniques based on FDA have been recommended because of the ease of FDA. For instance, in [22], the magnetizing inductor value   L m   is governed by comparing the loads. The magnetizing inductance must satisfy   R  e q    = 2 π  ×   f s   ×   L m   for the operating point to be at its most efficient, where   f s   is the switching frequency. A voltage gain and power factor requirement must be taken into account when selecting an inductor’s inductance.



The LLC resonant tank characteristics can be calculated by iteratively setting the operational switching frequency upper and lower bounds. Using the ZVS operation constraints of the primary switches, the magnetizing inductor is calculated in [23]. After that, the resonant tank parameters can be calculated using the quality factor “Q” and inductor ratio “K” established using the voltage gain curve. The following are some of the drawbacks of frequency-domain analysis-based design techniques.



	
FDA-based design techniques are primarily reliant on engineering practice, such as how to choose the Q and K values, which is not universal, and the outcomes differ from one situation to the next;



	
Only the most basic soft switching and voltage gain needs are taken into account in the design.






An analytical approach combining the partial time-domain corrections and frequency domain is proposed in [9]. In this technique, the equivalent load in DCM is altered by using TDA. This method’s accurateness is considerably enhanced over FHA, but it still makes a large number of assumptions, which reduces its accuracy. For the LLC-RC, in [10], the authors developed an approach in which both the resonant factor and the equivalent load are adjusted, although the method of derivation is difficult and the accuracy increment is not apparent. The above-mentioned issues still remain despite efforts to increase accuracy through the methods of approaches based on FDA with partial and complete corrections in the time domain.



State space investigation is an additional option to be employed, which can describe the current and voltage waveforms accurately [24,25]. However, the interpretation and usage are convoluted and challenging. The literature available in [26,27] is based on operational modes and is mainly concentrated on analyzing the resonant voltage and current behavior according to different modes rather than calculating the DC gain. More valuable in directing the design is an exact DC gain characteristic rather than precisely stated current and voltage characteristics.



The LLC-RC has not been subjected to any additional assumptions in the TDA. There is a strong correlation between theoretical and actual results. The fundamental drawback of time-domain analysis is that it is difficult to solve nonlinear equations because of its complexity. Design techniques established on TDA have been developed to make maximum use of the LLC resonant tank. An automated computer-aided design technique based on the LLC converter power loss model is presented in [15], where the optimum design result may be reached by setting the parameters for the design variables to their limits. System voltage gain operating points are designed as the peak gain operating points of the LLC-RC in [8,14] depending on whether they are operating in PN or PON modes. The LLC resonant tank may be used to its full potential with this design technique; however, the ZVS operation for the primary switches may be compromised at the operating point of maximum gain. Additionally, the text fails to explicitly identify the optimization goal, which is mostly up to the designer. Because of the high processing requirements of these design methods, they are difficult to implement. It is necessary to solve all of the LLC-RC operation modes and boundary conditions in [15], which makes the design process more difficult. We need to find out about the PN and PON operating modes, as well as the boundary conditions that exist between them. Furthermore, because there is no set beginning point, there are a plethora of design options.



In this paper, a simplified analysis of the LLC resonant tanks’ DCMs has been thoroughly investigated in PO mode under the worst case instead of PN or PON modes. Due to the possibility of several resonant frequencies, DCM modeling for three or more resonant element converters based on FHA and prolonged descriptive function is highly approximate in nature. Numerous studies have attempted to solve analytical problems for multi-element resonant converters such as LLC, LCC, and LCLC using a state-space time domain method. Few authors have investigated the TDA operating above the resonant point of the LLC-RC. The majority of these publications make certain assumptions, such as a linear increasing magnetizing current, sinusoidal output current, and complete output diode conduction. The majority of these studies have focused solely on estimating the maximum voltage gain at or around the resonance point. In the current literature, there has not been much consideration devoted to the examination and derivation of closed-form solutions for ZVS angle, component stress, active power, RMS current, switch turn-off current, and other circuit design parameters in DCM mode. As a result, the circuit parameters are incorrectly selected.



This paper strives, by offering a precise model, to bridge this gap. LLC-RCs have demonstrated the exact derivation of the tank RMS current, tank capacitor voltage, converter voltage gain, peak stress, and ZVS. This research provides researchers with user-friendly technologies that allow them to quickly specify parameters, examine trade-offs, prototype the final product design quickly, and perform precise magnetic examination. As an action of the frequency, load, and other circuit parameters, closed-form solutions are developed for converter peak stress, tank capacitor voltage, voltage gain, ZVS angle, and tank RMS current. The rest of this article is structured in the following manner: the time-domain analysis introduction is presented in Section 2. Section 3 discusses the steady state time domain analysis. A complete step-by-step design procedure for LLC-RC is presented in Section 4. Then, the simulation and experimental results are presented in Section 5. Finally, the conclusions are provided in Section 6.




2. Time-Domain Analysis Introduction


The LLC-RC’s typical circuit is shown in Figure 1. During the first half of the switching cycle, there are three subintervals. As long as the voltage across the magnetizing inductor is held at (+  V o  )/n, the subinterval is defined as “P”. The subinterval is “N” when the voltage is held down at (  −  V o   )/n, and the “O” subinterval occurs when no current runs through the secondary side of the transformer [8]. The LLC-RC operates primarily in the following six modes of operation: PO, PON, PN, NP, NOP, and OPO, which are determined by the sequences of these three subintervals. An LLC-RC running in PO mode first operates in the P-subinterval, followed by the O-subinterval, for half of the switching time.



Figure 2 depicts the significant waveforms produced when the LLC-RC is working in the PO mode. The switch current   i  S 1    is negative before the driving signal   S 1   is supplied; thus, its anti-parallel diode will turn on and perform the ZVS process on   S 1  . In the same way, the remaining switches (  S 2  –  S 4  ) are capable of the ZVS process. The secondary diodes (  D 1  –  D 4  ) can accomplish ZCS functioning based on the waveform of the transformer secondary current   i  s e c   . The PO and OPO modes of the LLC-RC are extremely efficient because the primary switches and secondary diodes operate in ZVS and ZCS modes, respectively [28]. Other operating modes, such as PON or PN modes, do not ensure ZVS functioning for the primary switches, resulting in worse overall system efficiency. The switching frequency in NOP or NP mode is higher than the resonance frequency, and the secondary diodes cannot perform ZCS. Design considerations include making sure it can function in OPO or PO modes across the complete working range. The other three analytical techniques had significant errors; therefore, the resonant tank components were designed using time-domain analysis. The analysis for PO mode is identical to that for the OPO mode, which follows in the next section.




3. Steady State Time-Domain Analysis


The variable-frequency controlled LLC-RC’s steady state time-domain analysis is presented in this section. In order to keep the bridge stable, two complementary gating signals are used, each having a duty cycle of 0.5%. Figure 1 depicts the overall configuration of the LLC-RC in PO mode, as well as the corresponding equivalent circuit that results. Figure 3A,B illustrates the analogous circuits for an LLC resonant converter working in the P and O stages, respectively. In order to analyze the converter’s steady state performance, the following assumptions are made.



	
The rectifier diodes, MOSFET switches and transformer are ideal;



	
The filter capacitor is sufficiently big to maintain a stable voltage at the output;



	
The capacitance of a MOSFET is quite small;



	
The dead time between switches is not taken into account.






The reasons for choosing the PO operating mode are summarized as follows.



	
The most typical mode of operation for an LLC-RC is the PO mode. Generally, the LLC-RC is intended to operate in this mode in order to attain ZVS for the primary switches and ZCS for the secondary diodes;



	
The resonant tank control capabilities of an LLC converter can be increased by constructing it in the operation modes of PN or PON even when the peak gain operating point occurs in these modes [8,14]. The peak gain for the primary switch is also the barrier between ZVS and ZCS operation. When constructing an LLC-RC in PON or PN modes, the ZVS action may fail, reducing the efficiency of the converter;



	
Furthermore, to obtain the ZVS operation in the PON or PN operating mode, a large dead-time is required. Excessive dead-time will have a negative impact on the converter’s efficiency. As a result, in terms of soft switching, the PO mode is favored above the PN or PON modes;



	
In terms of performance, the PO mode is almost identical to the maximum gain mode. As a result, the voltage gain lost by using the worst-case PO operating mode design is negligible, and the PO mode may be utilized to estimate the peak gain as well;



	
For closed-loop designs, this guarantees control stability by using negative gain–frequency curve slopes in the PO mode. Because of this, the PO mode of operation is recommended for LLC converters. A control instability problem can arise when the operating point of the gain–frequency curve varies in PN or PON mode, which is when the gain–frequency curve is operated at its boundary.






Figure 2 depicts the LLC converter operational waveforms in boost mode. The resonant tank is driven by a square wave input generated by the full bridge’s variable switching frequency control. The ZVS angle is indicated by  ϕ , which is a measurement of the exact ZVS and   t d  . Differential equations utilizing KCL/KVL have been developed for each mode. For the sake of analysis, the subsequent quantities have been defined:


   Z 0  =    L s   C s     



(1)






   Z 1  =     L s  +  L m    C s     



(2)






   ω r  =  1    L s   C s      



(3)






   ω  r 1   =  1     L s  +  L m    C s      



(4)






  ω =   ω  s w    ω r    



(5)






  K =   L m   L s    



(6)




where   Z 0   = characteristic impedance,   L m   = magnetizing inductance,   L s   = resonant inductance,   C s   = resonant capacitor,  ω    r   = series resonant angular frequency,  ω     r 1    = parallel resonant angular frequency,  ω  = angular normalized frequency, and  ω     s w    = angular switching frequency.



3.1. Energy Transfer Period (0 − T1)


The starting values of the magnetizing current,   i  L m   , and resonant tank current,   i  L s   , are identical. The currents have distinct wave patterns and deviate because the series resonant capacitor,   C s  , and inductor,   L s  , are in resonance, and the magnetizing inductor is restrained to the output voltage. The magnetizing current,   i  L m   , increases linearly when the clamped output voltage (+  V o  )/n is applied.   i  L s    starts out with a negative value, crosses the zero line, and then equals   i  L m    at time   t 1  . According to KCL, the output rectifier is responsible for supplying any leftover current to the load. This period lasts until   t 1   =   t d    T  s w   /2, where   t d   is the diode to switch conduction ratio. The differential equations that represent this mode are as follows:


   V i  −   V 0  n  =  L s      d i   L s    ( t )    d t   +  v  C s    ( t )   



(7)






   i  L s    ( t )  =  C s    d  v Cs   ( t )    d t    



(8)






   i  L m    ( t )  =  1  L m    ∫  0  t    V 0  n   d t  +  i  L m    ( 0 )   



(9)







Solving (7)–(9),


   i  L s    ( t )  =  i  L s    ( 0 )  cos   ω r  t  +     V i  −   V 0  n  −  v  C s    ( 0 )    Z 0    sin   ω r  t   



(10)






   i  L m    ( t )  =    V 0  n   L m   t +  i  L m    ( 0 )   



(11)






   v  C s    ( t )  =  Z 0   i  L s    ( 0 )  sin   ω r  t  +  v  C s    ( 0 )  cos   ω r  t  +   V i  −   V 0  n    1 − cos   ω r  t    



(12)






   i 0   ( t )  =  i  L s    ( t )  −  i  L m    ( t )   



(13)








3.2. Freewheeling Period (t1 −   T  s w   /2)


The diodes are turned off naturally when   i  L m    and   i  L s    are equal at the completion of the first interval, and thus the secondary side no longer receives the primary side energy. Now,   L m   is not fixed to the output voltage; it begins to resonate with the series   L s   and   C s  , enabling the series resonant current to pass through it. Therefore, there is a shifting of resonant frequency from  ω    r   to  ω     r 1   . This mode’s differential equations are as follows:


   V i  =  L s      d i   L s    ( t )    d t   +  v  C s    ( t )  +  v  L m    ( t )   



(14)






   i  L s    ( t )  =  C s      d v   C s    ( t )    d t    



(15)






   v  L m    ( t )  =  L m      d i   L m    ( t )    d t    



(16)







Solving the above equations, we get


   i  L s    ( t )  =  i  L s     t 1   cos   ω  r 1    t −  t 1    −    v  C s     t 1     Z 1   sin   ω  r 1    t −  t 1    +   V i   Z 1   sin   ω  r 1    t −  t 1     



(17)






   v  C s    ( t )  =  Z 1   i  L s     t 1   sin   ω  r 1    t −  t 1    +  v  C s     t 1   cos   ω  r 1    t −  t 1    +  V i   1 − cos   ω  r 1    t −  t 1      



(18)






   i  L s    ( t )  =  i  L m    ( t )   



(19)







The transfer of energy only occurs between 0 and   t 1  , where   t 1   alters on   t d  . As a result,   t d   cannot be considered as a fixed value when computing the starting current, or the voltage values and the voltage gain, for LLC-RC since it changes depending on the load circumstances. Closed-form expressions would not apply to all loading scenarios. Therefore, for an exact TDA, starting values of capacitor voltage, resonant current, and voltage gain are proven to be implicit functions of   t d   and  ω . Thus, the average output current may be expressed as follows:


   I 0  =  2  T  s w     ∫  0   t 1     i  L s    ( t )  −  i  L m    ( t )    d t   



(20)






   I 0  =  2    T   s w    ω r      i  L s    ( 0 )  sin   ω r   t 1   +     V i  −   v 0  n  −  v  c s    ( 0 )    z 0     1 − cos   ω r   t 1    −    V 0   ω  r  2    n  ω r   L m      t  1  2  2  −  i  L m    ( 0 )   ω r   t 1    



(21)







The steady-state waveforms exhibit anti-half-wave symmetry. Therefore, the evaluation may be conducted for half a switching cycle using the resulting circumstances:


   i  L s    ( 0 )  =  i  L m    ( 0 )  = −  i  L s      T  s W   2    



(22)






   v  C s    ( 0 )  = −  v  C s      T  s W   2    



(23)






   i  L s     t 1   =  i  L m     t 1    



(24)







Equations to evaluate the resonant capacitor voltage,   v  C s   (0), initial series resonant current,   i  L s   (0), and voltage gain are obtained by a reduction of the resultant set of equations. As a consequence, the resultant equations can be written in the following form:


   i  L s    ( 0 )  = −  V i   α 1  +   n G V  i   β 1   



(25)






    v   C s    ( 0 )  = −  V i   α 2  +   n G V  i   β 2   



(26)




where


   α 1  =   2   Z 1  sin  ( x )  cos  ( y )  +  Z 0  cos  ( x )  sin  ( y )    L   



(27)






   β 1  =    Z 1  sin  ( x )  cos  ( y )  +  Z 0  cos  ( x )  sin  ( y )  +  Z 1  sin  ( x )  −  Z 0  sin  ( y )   L   



(28)






   α 2  =   sin  ( x )  sin  ( y )    Z  1  2  −  Z  0  2    L   



(29)






   β 2  =    Z  1  2  sin  ( x )  sin  ( y )  −  Z 1   Z 0   ( 1 − cos  ( x )  − cos  ( y )  )   L   



(30)






  L = 2  Z 1   Z 0  + 2  Z 1   Z 0  cos  ( x )  cos  ( y )  − sin  ( x )  sin  ( y )    Z  1  2  +  Z  0  2    



(31)






  x =   ω r   ω  s w     t d  π  



(32)






  y =   ω  r 1    ω  s w     1 −  t d   π  



(33)







Therefore, for the DCM boost operating mode, the voltage gain, G, is expressed as follows:


  G =   V 0    n V  i   =   sin  ( x )  +  α 1   Z 0   ( 1 − cos  ( x )  )  +  α 2  sin  ( x )     t d     T s w   Z 0    2   L  m    + sin  ( x )  +  β 2  sin  ( x )  +  β 1   Z 0   ( 1 − cos  ( x )  )     



(34)







The negative current of   i  L s   (0) is the turn-off current because of the anti-half wave symmetry of the steady state waveforms, as illustrated in (22). To simplify the equation, we may replace (32) and (33) in (21) to obtain the following value of the average output current:


   I 0  =   A 1   ( sin  ( x )  )  +  B 1   ( 1 − cos  ( x )  )  −     n G V  i    x  2    2  ω r   L m    −  i  C s    ( 0 )  x   ω π   



(35)




where


   A 1  =  i  L s    ( 0 )   



(36)






   B 1  =    V i  −   n G V  i  −  v  C s    ( 0 )    Z 0    



(37)







The equivalent AC load can be calculated by using the above expression of average output voltage:


    V  o  =  I o   R  l o a d    



(38)






   R  l o a d   =   V 0      A  1  sin  ( x )  +  B 1   ( 1 − cos  ( x )  )  −   G   V  i    x  2    2  ω r  L m   −  i  C s    ( 0 )  x   ω π     



(39)







In DCM,   R  l o a d    is reliant on   t d   and  ω , which is given in the expression (39). In contrast to the usual equation given by   R  a c   =   8  π 2    R  e q    , this is applicable for the continuous conduction mode of operation, i.e., in the above resonance operation. The equation used to determine the ZVS angle is


  ϕ =  π ω   tan  − 1      −  A 1     B  1     



(40)







The resonant tank inductor current’s RMS value is given by


   i    L s  −   R M S    =    π ω    I    R M S  −  P   +  I    R M S  −  O       L S  +  L m    L S        



(41)




where


   I    R M S  −  P   =   A  1  2  +  B  1  2     x 2  −  1 4   sin  2  x +  tan  − 1      A 1    B  1      + sin  2  tan  − 1      A 1    B  1        



(42)






   I    R M S  −  O   =   A  2  2  +  B  2  2     y 2  −  1 4   sin  2  y +  tan  − 1      A 2    B  2      + sin  2  tan  − 1      A 2    B  2        



(43)







  I  R M  S −  P    and   I  R M  S −  O    are the RMS currents for the modes P and O, respectively. Mode O variables are defined as follows:


   A 2  =  i  L s     t 1    



(44)






   B 2  =    V i  −  v  C s     t 1     Z 1    



(45)









4. Complete Step-by-Step Design of an LLC-RC


In this section, the design of an LLC-RC is explained in detail. The following are the primary design steps:




	
Determine the ratio of transformer turns;



	
Determine the amount of DC gain required;



	
Select Q and K in such a way that the output voltage gain matches the desired   G  m a x    when the converter is working in PO mode;



	
Determine the resonant components.








Table 1 summarizes the system requirements for a typical LLC-RC application.



Step 1: Determine the ratio of transformer turns



The maximum and minimum DC gain requirements for the resonant LLC tank may be derived using the transformer turns ratio.



The   n  s p    (secondary to primary transformer turns ratio) should be calculated as follows:


   n  s p   =    V   0 −  m a x   +  V   0 −   m i n      2 ∗   V     i n  −   n o m      = 1.7143  



(46)







A well-balanced resonant LLC converter’s functioning at low circulating current and at frequencies below and above the resonance is ensured by this method of calculating   n  s p   . In addition, the resonant tank’s buck and boost areas are both covered by unity gain at the resonant frequency.



Step 2: Determine the amount of DC gain required



The required minimum and maximum values of DC gain are calculated as shown below:


   G    d c  −  m i n   =   V   0 −  m i n     V    i n  −  m a x   ∗  n  s p     = 0.874  



(47)






   G    d c  −  m a x   =   V   0 −  m a x     V    i n  −  m i n   ∗  n  s p     = 1.666  



(48)







The DC gain range of 0.87 to 1.7 is chosen for overloading and other realistic parasitics.



Step 3: Select Q and K



From the gain vs quality factor curves and normalized frequency vs gain curves as shown in Figure 4 and Figure 5, Q and K are selected as 0.3 and 5, respectively.



Step 4: Determine the resonant components


   L S  =   Q ∗  R   0 −   r a t e d p r i      2 ∗ π ∗  f r    = 0.0468   μ H  



(49)






   C s  =  1  2 ∗ π ∗  f r  ∗ Q ∗  R   0 −   r a t e d p r i      = 54.134   μ F  



(50)






   L m  = K ∗   L  s  = 0.23396   μ H  



(51)




where


   R   0 −   r a t e d p r i    =   R   0 −   r a t e d     n  s p     



(52)







Table 2 shows the different values of minimum and maximum gains, normalized frequencies, switching frequencies, resonant frequency, RMS, and peak currents of switch, average, and peak currents of the diode, as well as stress on the capacitor at different set of K values with the same quality factor. From the table below, it is observed that values of Q = 0.3 and K = 5 contribute to a narrow range of frequency deviation, low turn-off current, and low circulating currents compared to other conditions. Low-voltage stress on the resonant capacitance and higher power density owing to the smaller size of resonant capacitance and overall magnetics are also ensured by this combination of components.



Loss Examination of LLC-RC


By turning on the primary power MOSFETs with ZVS and turning off the secondary rectifier diodes with ZCS, the LLC-RC reduces the overall switching loss. The losses for MOSFET are conduction, turn-off, and driving losses. The losses for the diode are conduction losses. Core and copper losses are transformer losses. Table 3 summarizes the different component losses and their associated calculations [29,30].





5. Simulation and Experimental Results


5.1. Simulation Results


Figure 6 shows the simulation results for the LLC-RC at minimum input voltage with the optimum design values.   V  S 1    and   i  S 1    indicate that the voltage across the switch and current through the switch at rated power when the input voltage equals 24 V.   i  s e c    is the secondary current flowing through the rectifier diodes. With the optimum designed values, the output voltage   V 0   of the converter is regulated at 48 V. It is clearly observed that the converter is functioning in PO mode. The currents   i  L m    and   i  L s    share the same starting currents at the beginning of the stage P. After that, they separate in various wave shapes. As   L m   is confined to +  V o  /n,   i  L m    expands linearly, whereas   i  L s    changes sinusoidally, since   L s   and   C s   are in resonance. Both the secondary rectifier diodes are switched off when   i  L m    and   i  L s    intersects at the end of stage P, and then the LLC-RC advances to stage O. In addition to that,   i  S 1    lags behind   V  S 1   , which indicates that the input impedance is inductive and the ZVS operation for primary switches is achieved. Furthermore,   i  s e c    drops to zero well before the relevant rectifier turn-off signal arrives, ensuring that the rectifier diodes does not suffer from reverse recovery issues and is able to operate in ZCS mode.



Figure 7 shows the simulation waveforms of the gate driver signal (  V  g s   ) and drain-source voltage (  V  d s   ) of the switch   S 1  . The worst situation for the ZVS operation of the converter is when the input voltage hits the minimum value and the output power reaches the maximum value. It is observed that the   V  d s    is completely zero before the   V  g s    is turned on. Therefore, for the whole operating range, ZVS operation is achieved.




5.2. Experimental Results


The proposed model of LLC-RC is verified using HIL simulator OP5700, RT-LAB, programmable control board (PCB-E06-0560), MSOx3014T, and probes. The PCB is used to communicate between both the simulation and real controller using analog outputs and digital inputs. The configuration of the real-time implementation setup is depicted in Figure 8. HIL systems are frequently utilized for real-time simulations of engineering systems before implementing the prototyping tests. Stacks are capable of rapidly creating and synchronizing prototypes. The plant and controller are placed in OPAL-RT to enable the system to operate at real-time clock speeds. This process can be considered as a real-time system simulation due to high-speed nanosecond to microsecond OPAL-RT sampling rate. The user’s PC is used to execute the RT-digital LAB’s simulator commands. RT-LAB is used to edit, build, load, and execute the prototype. The requirements and specifications of the HIL stack are given in Table 4. The circuit parameters pertaining to various components are shown in Table 5.



Figure 9 shows the implementation method of HIL testing. It consists of an OPAL-RT real-time HIL simulator, ethernet switch, ethernet cable, and desktop computer for the graphical user interface (GUI). The RT-LAB software for OPAL-RT is used in HIL testing. The ethernet cable is connected between the ethernet switch of OPAL-RT and desktop computer for the GUI.



Figure 10 shows the experimental results of the LLC-RC at the worst operating point; i.e., at minimum input voltage with rated power. From the results, it is observed that the converter is operating in PO mode with a switching frequency of 77 KHz—a small deviation from theoretical 78 KHz because of parasitics of the converter. In addition,   i  S 1    lags behind the   V  S 1    in the entire operating range, which indicates that the input impedance is inductive and the ZVS action for primary switches is realized. The secondary current   i  s e c    operates in discontinuous conduction mode; therefore, the secondary rectifier diodes achieve ZCS operation.



To verify the primary switches’ ZVS functionality, an experimental waveform of the   V  g s    and   V  d s    of switch   S 1   is shown in Figure 11. It is observed that the   V  d s    is completely zero before the   V  g s    is turned on. Therefore, for the whole operating range, ZVS operation is achieved.



Figure 12 shows the efficiency curve of the LLC-RC at minimum input voltage with various output power levels. At the output power of 5000 W, the measured maximum efficiency is about 93.4%, and at rated power, a measured maximum efficiency of 90.1% is achieved.



Table 6 shows the comparison of simulation and experimental values of the designed converter. Due to the internal parasitics of the converter, there is a slight variation from simulation to experiment.





6. Conclusions


This article proposed a complete step-by-step precise TDA for LLC-RC working in DCM boost mode with secondary current. The converter operates in PO mode throughout its working range, and for primary MOSFET switches, it guarantees the ZVS and ZCS for the secondary rectifier. The generated closed-form analytical formulas for ZVS angle, voltage gain, and RMS current are applicable at any operating point, below or above the resonant frequency. The worst-case scenario is taken into account while designing the converter, including the converter operating mode, ZVS for primary switches, RMS current of the resonant inductor, and voltage stress for the resonant capacitor. Then, all the potential design candidates are listed in Table 2, with different values of K that provide a narrow frequency variation, low turn-off current, and lower circulating currents. Measured maximum efficiencies of 93.4% and 90.1% are achieved at the output power of 5000 W and at the rated output power, respectively. Table 6 shows the comparison of simulation and experimental values of the designed converter. Finally, both the simulation and experimental results were provided in order to validate the theoretical analysis.
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Figure 1. Full-bridge LLC resonant converter. 
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Figure 2. LLC converter steady state waveforms in PO mode. 






Figure 2. LLC converter steady state waveforms in PO mode.



[image: Energies 15 03634 g002]







[image: Energies 15 03634 g003 550] 





Figure 3. Equivalent circuits in PO mode, (A) energy transfer period in P mode, (B) freewheeling period in O mode. 
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Figure 4. Plots of quality factor and DC voltage gain with different values of K. 
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Figure 5. Plots of normalized switching frequency and DC voltage gain with different values of Q. 






Figure 5. Plots of normalized switching frequency and DC voltage gain with different values of Q.



[image: Energies 15 03634 g005]







[image: Energies 15 03634 g006 550] 





Figure 6. Simulations waveforms at minimum input voltage. 
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Figure 7. Simulation waveforms of the gate driver signal (  V  g s   ) and drain-source voltage (  V  d s   ). 
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Figure 8. HIL experimental setup for the LLC-RC. 






Figure 8. HIL experimental setup for the LLC-RC.



[image: Energies 15 03634 g008]







[image: Energies 15 03634 g009 550] 





Figure 9. The HIL testing setup. 
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Figure 10. Experimental waveforms of   V  S 1    and   I  S 1   ,   V 0   and   I  s e c    at minimum input voltage with rated power. 
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Figure 11. Experimental waveforms of the   V  g s    and   V  d s    showing ZVS operation under the worst condition. 






Figure 11. Experimental waveforms of the   V  g s    and   V  d s    showing ZVS operation under the worst condition.



[image: Energies 15 03634 g011]







[image: Energies 15 03634 g012 550] 





Figure 12. Efficiency of the converter at various output powers. 
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Table 1. System Specifications.
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	Parameter
	Designator
	Value





	Input voltage range
	  V  i n _ m i n   –  V  i n _ m a x   
	24–32 V



	Input nominal voltage
	   V  i n _ n o m    
	28 V



	Output voltage
	  V  0 _ m i n   –  V  i n _ m a x   
	48 V



	Rated output power
	   P o   
	8000 W



	Series resonant frequency
	   f r   
	100 kHz










[image: Table] 





Table 2. Design candidates.
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	Q
	K
	   G dcmin   -   G dcmax   
	Normalized Frequency
	   f sw    (KHz)
	   f r    (KHz)
	   i sw   _    RMS    (A)
	   i sw   _    peak    (A)
	   v sw   _    peak    (V)
	   i d   _    average    (A)
	   i d   _    peak    (A)
	   i Lm   _    peak    (A)
	   i Cs   _    RMS    (A)
	   v Cs   _    peak    (V)
	   L s    (µH)
	C    s    (µF)
	   L m    (µH)





	0.3
	3
	0.87
	1.18
	118
	100
	170.83
	499.75
	32
	62.83
	206.80
	318.64
	341.66
	11.80
	0.0468
	54.134
	0.14



	0.3
	3
	1.67
	0.85
	85
	100
	254.83
	718.98
	32
	83.96
	323.76
	541.90
	509.66
	55.86
	0.0468
	54.134
	0.14



	0.3
	4
	0.87
	1.23
	123
	100
	151.110
	438.460
	32
	62.75
	198.84
	228.96
	302.220
	9.975
	0.0468
	54.134
	0.187



	0.3
	4
	1.67
	0.81
	81
	100
	224.47
	653.42
	32
	83.94
	330.063
	411.17
	448.95
	51.03
	0.0468
	54.134
	0.187



	0.3
	5
	0.87
	1.27
	127
	100
	141.24
	406.28
	32
	62.71
	194.390
	177.290
	282.49
	9.015
	0.0468
	54.134
	0.234



	0.3
	5
	1.66
	0.78
	78
	100
	208.490
	626.14
	32
	83.39
	336.37
	329.79
	416.98
	22.38
	0.0468
	54.134
	0.234



	0.3
	6
	0.87
	1.3
	130
	100
	135.69
	387.15
	32
	62.73
	191.74
	144.39
	271.39
	8.46
	0.0468
	54.134
	0.281



	0.3
	6
	1.67
	0.74
	74
	100
	204.63
	636.74
	32
	83.94
	354.88
	276.15
	409.27
	45.480
	0.0468
	54.134
	0.281



	0.3
	7
	0.87
	1.33
	133
	100
	131.89
	374.22
	32
	62.62
	189.66
	120.75
	263.78
	8.043
	0.0468
	54.134
	0.328



	0.3
	7
	1.67
	0.71
	71
	100
	202.39
	648.97
	32
	83.89
	368.91
	236.090
	404.78
	43.63
	0.0468
	54.134
	0.328



	0.3
	8
	0.87
	1.35
	135
	100
	129.52
	365.46
	32
	62.64
	188.450
	104.12
	259.049
	7.79
	0.0468
	54.134
	0.374



	0.3
	8
	1.66
	0.69
	69
	100
	199.90
	655.56
	32
	83.34
	376.83
	205.27
	399.80
	42.10
	0.0468
	54.134
	0.374



	0.3
	9
	0.87
	1.37
	137
	100
	127.68
	358.87
	32
	62.58
	187.42
	91.11
	255.37
	7.57
	0.0468
	54.134
	0.421



	0.3
	9
	1.67
	0.66
	66
	100
	202.79
	683.98
	32
	83.62
	395.59
	181.28
	405.58
	40.85
	0.0468
	54.134
	0.421



	0.3
	10
	0.87
	1.38
	138
	100
	126.58
	354.1
	32
	62.68
	186.92
	81.53
	253.16
	7.47
	0.0468
	54.134
	0.468



	0.3
	10
	1.66
	0.64
	64
	100
	203.75
	701.41
	32
	83.38
	407.05
	161.79
	407.50
	39.77
	0.0468
	54.134
	0.468
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Table 3. Loss analysis for LLC-RC.
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Name of the Device

	
Loss Calculation






	
MOSFET

	
Gate-Driving loss =   4 ∗   1 2  ∗  C  g s   ∗  V   g s   2   ∗  f s   




	
Turn-off loss =   4 ∗    f s  ∗  v i  ∗  i i    t r  +  t f    2   




	
Conduction loss in MOSFET = loss in MOSFET+ loss in




	
antiparallel diode =   4 ∗  i  error  2  ∗  R  d s   + 4    V  d  ∗  i error  +  i  error  2  ∗  R  b o d y     




	
Transformer

	
Core loss =   2 ∗   K  h  ∗  f  s  m  ∗   B    a c   n  ∗  M  c o r e    




	
Copper loss =   2 ∗   i  error  2  ∗  R error  +  i  error  2  ∗  R error    




	
Diode

	
Conduction loss of diodes =   4 ∗   1 2  ∗   P 0    V  0   ∗   V  F  +  i  error  2  ∗  R d    
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Table 4. Hardware-in-loop (HIL) system specifications.
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	Name of the Device
	OP5700 Simulator





	FPGA
	Xilinx® Virtex® 7 FPGA on VC707 board



	
	Processing speed: 200 ns–20  μ s



	I/O Lines
	256 lines, routed to eight analog or digital,



	
	16 or 32 channels



	High-speed communication ports
	16SFP sockets, up to 5 GBps



	I/O connectors
	Four panels of four DB37 connectors



	Monitoring connectors
	Four panels of RJ45 connectors



	PC interface
	Standard PC connectors



	Power rating
	Input: 100–240 VAC, 50–60 Hz, 10/5 A, Power: 600 W
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Table 5. Parameters pertaining to various circuit components.
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	Name of the Component
	Parameter





	Primary MOSFET (  S 1  –  S 4  )
	VISHAY SQJQ140E



	Rectifier diodes (  D 1  –  D 4  )
	VISHAY VS-403CNQ100PbF



	Turns ratio (  n  s p   )
	1:1.72



	Resonant capacitor (  C s  )
	54.134 µF



	Resonant inductor (  L s  )
	0.04679 µH



	Magnetizing inductor (  L m  )
	0.23395 µH
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Table 6. Comparison of simulation and experiment parameters.
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	Design Parameter
	Simulation Value
	Experimental Value





	Q
	0.3
	0.3



	K
	5
	5



	  f  s w    (KHz)
	78
	77



	  f r   (KHz)
	100
	98.61



	  i  s w   _    R M S    (A)
	208.49
	206.2



	  i  s w   _    p e a k    (A)
	626.14
	619.3



	  V  s w   _    p e a k    (V)
	32
	24



	  i d  _    a v e r a g e    (A)
	83.39
	80.5



	  i d  _    p e a k    (A)
	336.37
	331



	  i  L m   _    p e a k    (A)
	329.79
	325.1



	  i  C s   _    R M S    (A)
	416.98
	409.5



	  v  C s   _    p e a k    (V)
	22.38
	22



	  L s   (µH)
	0.0468
	0.0468



	  C s   (µF)
	54.134
	54.134



	  L m   (µH)
	0.23396
	0.23396
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