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Abstract


The very low frequency (VLF) communication system is characterized by a limited transmit bandwidth. Due to the low operating frequency, the dimensions of VLF antennas are significantly smaller than the corresponding wavelength. Therefore, VLF antennas are considered electrically small antennas (ESAs) with high Q values and narrow bandwidth. To achieve broadband VLF communication, synchronous tuning technology is commonly employed. In this study, we focus on analyzing the performance of the switching device in the synchronous tuning system using coupled inductors and IGBT as core components. By considering the equivalent circuit of the controlled source associated with coupled inductors, we propose an adaptive input impedance optimization algorithm based on the variable capacitor (hereinafter referred to as VC-ADIO) to address issues arising from coupling coefficient variations and internal parameters within IGBTs that affect primary loop input impedance. The radiated power of the VLF antenna is improved effectively.






Keywords:


VLF communication; ESA; coupling inductor; IGBT; variable capacitor; impedance optimization












1. Introduction


A VLF antenna is an electrically small antenna that satisfies the criteria proposed by Wheeler [1].



In Equation (1),   l   represents the maximum geometric size of the antenna, while   λ   denotes the operating wavelength.



For ESAs, even a slight deviation in frequency can lead to a significant alteration in the antenna’s input impedance. Since the real part of the input impedance is small, while the imaginary part is large, ESAs have a high Q factor. The Q factor of small antennas can be expressed as the reciprocal of the bandwidth, denoted as   Q ≤   f   0   / ( 2 Δ f )  . Therefore, narrow bandwidth is its inherent characteristic [2].



The primary signal source for VLF communication systems is predominantly the MSK signal source because the modulation method used in very low-frequency communication must meet the following requirements: (1) The required signal-to-noise ratio should be minimized as much as possible. (2) The power utilization rate should be as high as possible. (3) The utilization rate of the frequency band should be as high as possible. (4) The transmitter adopts a phase continuous modulation method. (5) The channel envelope remains constant [3].


     l   λ    ≤    1   2 π     



(1)







The expression of the MSK signal is [4] as follows:


    S   M S K   = c o s ( 2 π   f   c   t +    π   a   k     2   T   s      t +   φ   k   ) , ( k − 1 )   T   s   ≤ t ≤ k   T   s    



(2)







In Equation (2),     f   c     represents the carrier frequency;     T   s     represents the symbol width;     a   k     represents the phase constant of the k-th symbol. When     a   k   = + 1  , the signal frequency is     f   h   =   f   c   + 1 / 4   T   s    , and when     a   k   = − 1  , the signal frequency is     f   l   =   f   c   − 1 / 4   T   s    . The symbol rate is     R   B   = 1 /   T   s    . In this article,     f   h     refers to the ‘mark’ frequency and     f   h     refers to the ‘space’ frequency.



In order to enhance the effective bandwidth and optimize the communication rate of the VLF system, two primary approaches can be employed. One involves augmenting the series resistance between the antenna and transmitter; however, this comes at a cost of reduced efficiency which may impact the overall communicative capability of the system [5].



Another method employed to enhance effective bandwidth is synchronous tuning technology [6]. The antenna feeder system no longer remains fixed on the signal carrier’s tuning, but rather engages in real-time synchronous tuning on both the “space” frequency     f   l     and “transmission” frequency     f   h     of the MSK signal. This approach effectively broadens the system’s effective bandwidth and enhances communication rates without compromising antenna efficiency. This technology has been developing over the years and has achieved good results. Currently, countries such as the United States and Australia have adopted synchronous tuning technology, with communication speeds ranging from 200 B to 1000 B or even higher [7,8,9,10,11,12,13,14,15]. The related technologies include frequency shift keying methods based on electronic switching capacitors, magnetic saturation switching amplifier methods, and high current variable inductor methods, among others [16,17,18,19,20,21]. Among them, the high-current variable inductor method utilizes a coupling inductor and an electronic switch for synchronous tuning; however, it does not take into account the influence of the coupling coefficient and IGBT internal parameters on the overall performance of the switching device. In this study, we analyze the impact of these factors on switching device performance and propose an adaptive input impedance optimization algorithm based on a variable capacitor (VC-ADIO) to effectively optimize the input impedance of the primary loop of the coupling inductor.




2. Fundamental Architecture of a Switching Device


As shown in Figure 1,     R   a     represents the equivalent radiation resistance,     C   a     represents the equivalent capacitance of the antenna,     L   0     represents the fixed tuning inductor, and     L   t     represents the variable inductor which is a coupling inductor in this paper. When the carrier frequency of the MSK signal is     f   h    , the tuning inductance required for the antenna feeder system is     L   0     and, at this time,     L   t   = 0  . When the carrier frequency of the MSK signal is     f   l    , the required tuning inductance for the antenna feeder system becomes     L   0   +   L   t    ,     L   t   = 1 / (   ω   l   2     C   a   ) −   L   0    .



The switching device of the synchronous tuning system based on a coupling inductor, as depicted in Figure 2, primarily consists of an IGBT and a coupling inductor. The primary loop is driven by the MSK signal with the objective of achieving rapid switching of the inductor. During the IGBT turn-on state, the input impedance at the primary coil of the coupling inductor is denoted as 0. When the IGBT is turned off, the input impedance of the primary coil of the coupling inductor becomes   j ω   L   1    . In practical applications, precise adjustment of the number of turns in both primary and secondary coils can be achieved as     n   1   =   n   2    ,     L   1   =   L   2     at this moment; however, magnetic leakage always occurs in the transformer’s air gap, leading to an inability to achieve an ideal coupling coefficient denoted as   k = 1  . Moreover, internal resistance and parasitic capacitance inherent to the IGBT cannot be avoided and consequently affect the input impedance     Z   C I     of the primary loop of the coupling inductor [21].



The value of     Z   C I     should be equal to the impedance value of     L   t     in Figure 1, where     L   t     is a coupling inductor in this article. The value of     Z   C I     will affect the resonance frequency of the antenna feeder system. In order to ensure real-time resonance of the MSK signal in the antenna feeder system, the value of     Z   C I     needs to be adjusted in real time according to the frequency of the MSK signal, so that each frequency point corresponds to a different     Z   C I    . The ideal scenario is when the carrier frequency of the MSK signal is     f   h    ,     Z   C I   = 0   and the IGBT is in a conduction state when the carrier frequency of the MSK signal is     f   l    ,     Z   C I   = j ω   L   1     and the IGBT is in the cutoff state. However, due to the influence of coupling coefficient, coil resistance, IGBT internal resistance, and parasitic capacitance, the actual value of     Z   C I     deviates from the ideal value. For example, an increase in the real part of     Z   C I     will increase losses, while changes in the imaginary part of     Z   C I     will affect the resonance frequency of the antenna feeder system and cause MSK signal detuning. All these factors can lead to a decrease in antenna efficiency. From Figure 1, we can obtain the formula for the antenna efficiency of this VLF transmission system [3].


    η   a   =      P   a       P   a   +   P   X      =      R   a       R   a   +   ω (   L   t   +   L   0   ) −   1   ω   C   a          =      R   a       R   a   +     Z   C I   + ω   L   0   −   1   ω   C   a           



(3)







In Equation (3),     P   a     represents the radiated power,     P   X     represents the reactive power. In order to improve antenna efficiency, we hope that the actual value of     Z   C I     deviates as little as possible from its ideal value, and thus defines a deviation value     Δ Z   C I e    .


       Δ Z   C I e   =   Z   C I r   −   Z   C I i           =   R   C I e   + j   X   C I e       



(4)







    Z   C I r     represents the actual value of     Z   C I    ,     Z   C I i     represents the ideal value of     Z   C I    ,     R   C I e     represents the real part of     Δ Z   C I e    ,     X   C I e     represents the imaginary part of     Δ Z   C I e    , and it is required that     R   C I e   ≤ n ×   10   − 2     Ω , −   n ×   10   − 3     Ω ≤ X   C I e   ≤ n ×   10   − 3     Ω , n ∈   1,9    .



In order to make the discussion clearer, in this paper, except for the IGBT and coupling inductance, all other devices are ideal devices, and this paper mainly analyzes the effects of coupling coefficient, coil resistance, IGBT internal resistance, and parasitic capacitance.




3. Performance Analysis of a Switching Device


The controlled source equivalent model of the switching device based on a coupled inductor is illustrated in Figure 3, which represents the resistances corresponding to the heat loss of the primary and secondary coils, respectively. Considering consistent coil turns and material,     R   1   =   R   2    . The IGBTs used in this study are of the same model, produced near each other with wafers from the same batch. A single IGBT can be represented as a resistor in parallel with a capacitor [22,23,24], where the equivalent resistor is denoted as     R   S W    . It exhibits two states: turn-on and turn-off, with an on-resistance of     R   S W o n     and an off-resistance of     R   S W o f f    . Additionally, it possesses an equivalent parallel capacitance     C   S W    , and     R   S W o n 1   =   R   S W o n 2    ,     R   S W o f f 1   =   R   S W o f f 2    ,     C   S W 1   =   C   S W 2    ; K represents the coupling coefficient and M denotes the mutual inductance coefficient [21].



The KCL equations for the primary and secondary loops are listed as follows.


  (   R   1   + j ω   L   1   )     I   1     •   − j ω M     I   2     •   =     U   C I     •    



(5)






  (   R   2   +    2   R   S W     1 +   j ω R   S W     C   S W      + j ω   L   2   )     I   2     •   − j ω M     I   1     •   = 0  



(6)







The formula is reformulated for the purpose of facilitating calculations.


    Z   11       I   1     •   −   Z   M       I   2     •   =     U   C I     •    



(7)






    Z   22       I   2     •   −   Z   M       I   1     •   = 0  



(8)







The primary loop impedance is denoted as     Z   11   =   R   1   + j ω   L   1    , the secondary loop impedance is denoted as     Z   22   =   R   2   +      2 R   S W     1 +   j ω R   S W     C   S W      + j ω   L   2    , and the mutual inductance impedance is denoted as     Z   M   = j ω   L   M     in Equations (3) and (4). Here,   M = k    L   1     L   2     . By solving the aforementioned equations, we can obtain the following results.


      I   1     •   =      Z   22         Z   11   Z   22   −     Z   M     2          U   S     •    



(9)






      I   2     •   =      Z   M         Z   11   Z   22   −     Z   M     2          U   S     •    



(10)







The input impedance of the primary loop of the coupling inductor is the following:


    Z   C I   =        U   C I     •         I   1     •      =   Z   11   −        Z   M     2       Z   22      =   Z   11   +      ω   2     M   2       Z   22       



(11)




where        ω   2     M   2       Z   22        is the reflected impedance, represented by     Z   f    , and Equation (11) can be expanded to the following:


    Z   C I   =   R   1   + j ω   L   1   +      ω   2     M   2   ( 1 +   j ω R   S W     C   S W   )   2   R   S W   + (   R   2   + j ω   L   2   ) ( 1 +   j ω R   S W     C   S W   )     



(12)







The input impedance of the primary loop of the coupled inductor is determined by Equation (12).



In practical situations such as engineering applications, it is difficult for the coupled inductor to be fully coupled, and its leakage inductance will be reflected in     Z   C I    , resulting in excessive equivalent impedance of the coupled inductor in the antenna-fed system when the IGBT is conducting, affecting the resonance of the antenna-fed system.



For the purpose of facilitating discussion, in this section, we assume     L   1   =   L   2   = 15.9   μ H  ,     f   l   = 19.95   k H z  ,     f   h   = 20.05   k H z  . When the carrier frequency of the MSK signal is     f   h    ,     Z   C I i   = 0  , and at this time, the IGBT is in the conducting state. When the carrier frequency of the MSK signal is     f   l    ,     Z   C I i   = j 1.993   Ω  , and at this time the IGBT is in the off state. Except for IGBT and coupled inductor, all other components are ideal devices.



3.1. The Impact of the Coupling Coefficient and Resistance Caused by Coupling Inductance Loss


From Equation (12), we can derive the variations of     Z   C I r     with respect to both the coupling coefficient   k   and frequency   f  , in both the IGBT turn-off state and turn-on state.



    R e [ Z   C I r   ]   is minimally influenced by   k   in the off state of the IGBT, as depicted in Figure 4a. The average discrepancy between curves corresponding to different values of   k   is approximately     2 × 10   − 7     Ω  . From Equation (4), we can obtain that     R   C I e   =   1 × 10   − 3     Ω  . As depicted in Figure 4b,     I m [ Z   C I r   ]   exhibits an increasing trend with rising   f   during the IGBT off state, while variations in   k   have negligible impact. The average discrepancy between the curves corresponding to different   k   values is approximately     1 × 10   − 3     Ω  . When     f   l   = 19.95   k H z   is designated as the resonant frequency,     I m [ Z   C I r   ] = j 1.997   Ω  . From Equation (4), we can obtain that     X   C I e   =   4 × 10   − 3     Ω  . Consequently, during the IGBT turn-off state, the coupling inductor can be equivalent to a common inductor with an inductance value of     L   1    .



The impact of   k   on the     R e [ Z   C I r   ]   is more pronounced during the IGBT turn-on state compared to when it is turned off, as depicted in Figure 5a. However, the overall values remain below     6 × 10   − 3     Ω  . The average discrepancy between curves corresponding to different k values is approximately     2.5 × 10   − 3     Ω   and remains unaffected by frequency. From Equation (4), we can obtain that     R   C I e   <   6 × 10   − 3     Ω  . As depicted in Figure 5b, during the turn-on state of IGBT, the value of   k   significantly influences the     I m [ Z   C I r   ]  . As   k   decreases,     I m [ Z   C I r   ]   gradually increases due to the amplified leakage inductance of the coupling transformer, which is reflected in     Z   f     and can severely impact antenna feeder system resonance.



From Equation (12), we can derive the variations of     Z   C I r     with respect to both the coupled inductor loss resistance     R   1    ,     R   2     and frequency   f  , in both the IGBT turn-off state and turn-on state.



    R e [ Z   C I r   ]   is significantly influenced by     R   1     in the turn-off state of the IGBT, as depicted in Figure 6a. The average difference between curves corresponding to different values of     R   1     is approximately     4 × 10   − 3     Ω  , while it remains unaffected by frequency. From Equation (4), we can obtain that     R   C I e   <   1 × 10   − 2     Ω  . As depicted in Figure 6b,     I m [ Z   C I r   ]   exhibits an increasing trend with rising   f   during the IGBT turn-off state, while variations in     R   1     have negligible impact. The average discrepancy between the curves corresponding to different   k   values is approximately     1 × 10   − 3     Ω  . When     f   l   = 19.95   k H z   is designated as the resonant frequency,     I m [ Z   C I r   ] = 1.997   Ω  . From Equation (4), we can obtain that     X   C I e   =   4 × 10   − 3     Ω  . Consequently, during the IGBT turn-off state, the coupling inductor can be equivalent to a common inductor with an inductance value of     L   1    .



    R e [ Z   C I r   ]   is significantly influenced by     R   1     during the turn-on state of IGBT, as depicted in Figure 7a. The average deviation between curves corresponding to different     R   1     values is approximately     7 × 10   − 3     Ω  ; however, it remains unaffected by frequency. From Equation (4), we can obtain that     R   C I e   <   2 × 10   − 2     Ω  . As depicted in Figure 7b,     I m [ Z   C I r   ]   remains largely unaffected by variations in     R   1     during IGBT conduction. The average discrepancy between the curves corresponding to different     R   1     values is approximately     2 × 10   − 5     Ω  .     I m [ Z   C I r   ]   escalates with an increase in   f  . From Equation (4), we can obtain that     X   C I e   = 0.7   Ω  , which does not meet the requirement of   −   n ×   10   − 3     Ω ≤ X   C I e   ≤ n ×   10   − 3     Ω , n ∈   1,9    .



In conclusion, the influence of the coupling coefficient on     Z   C I r     can be disregarded when IGBT is in the off state. Moreover, the sizes of     R   1     and     R   2     are contingent upon the process of coupling inductance, and presently, the DCR value of the coupled inductor can achieve a milliohm level to fulfill the requirements outlined in this paper. In the on state of IGBT, the impact of     R   1     and     R   2     can be neglected; however, during this period, the coupling coefficient has a significant impact on     Z   C I r    , and     X   C I e     can reach   0.7   Ω  .




3.2. The Impact of Internal Parameters on the Performance of IGBT


From Equation (12), we can derive the variations of     Z   C I r     with respect to both the     R   S W     and   f  , in both the IGBT turn-off state and turn-on state.



    R e [ Z   C I r   ]   in the IGBT turn-off state decreases with an increase in     R   S W    , as depicted in Figure 8a. From Equation (4), we can determine that     R   C I e   =   1 × 10   − 3     Ω  . As depicted in Figure 8b,     I m [ Z   C I r   ]   exhibits an increasing trend with rising   f   during the IGBT turn-off state, while variations in     R   S W     have negligible impact. The average discrepancy between curves corresponding to different     R   S W     values is approximately     1 × 10   − 12     Ω  . When     f   l   = 19.95   k H z   is designated as the resonant frequency,     I m [ Z   C I r   ] = 1.995   Ω  . From Equation (4), we can obtain that     X   C I e   =   2 × 10   − 3     Ω  . Consequently, during the IGBT turn-off state, the coupling inductor can be equivalent to a common inductor with an inductance value of     L   1    .



    R e [ Z   C I r   ]   increases with the increase in     R   S W     when IGBT is in the turn-on state, as depicted in Figure 9a, yet it consistently remains below     1 × 10   − 2     Ω  . The average deviation between curves corresponding to different values of     R   S W     is approximately     5 × 10   − 3     Ω  , and this discrepancy shows no significant dependence on frequency. From Equation (4), we can obtain that     R   C I e   <   13 × 10   − 3     Ω  . As depicted in Figure 9b,     I m [ Z   C I r   ]   remains largely unaffected by variations in     R   S W     during the IGBT turn-on state. The average discrepancy between the curves corresponding to different     R   S W     values is approximately     7 × 10   − 5     Ω  . The imaginary component of     Z   C I     escalates with an increase in   f  . From Equation (4), we can obtain that     X   C I e   = 0.7   Ω  , which does not meet the requirement of   −   n ×   10   − 3     Ω ≤ X   C I e   ≤ n ×   10   − 3     Ω , n ∈   1,9    .



    R e [ Z   C I r   ]   in the IGBT turn-off state is minimally influenced by     C   S W    , as depicted in Figure 10a, with an overall value of approximately     1 × 10   − 3     Ω  . Notably, there exists an average deviation of around     1 × 10   − 8     Ω   between curves corresponding to different values of     C   S W    . From Equation (4), we can obtain that     R   C I e   =   1 × 10   − 3     Ω  . As depicted in Figure 10b,     I m [ Z   C I r   ]   exhibits an increasing trend with rising   f   during the IGBT turn-off state, while variations in     C   S W     have negligible impact. The average discrepancy between the curves corresponding to different     C   S W     values is approximately     6 × 10   − 4     Ω  . When     f   l   = 19.95   k H z   is designated as the resonant frequency,     I m [ Z   C I r   ] = 1.995   Ω  . From Equation (4), we can obtain that     X   C I e   =   2 × 10   − 3     Ω  . Consequently, during the IGBT turn-off state, the coupling inductor can be equivalent to a common inductor with an inductance value of     L   1    .



As depicted in Figure 11a, during the turn-on state of IGBT, the impact of     C   S W     on the     R e [ Z   C I r   ]   is negligible. The overall     R e [ Z   C I r   ]   approximately equal to     4 × 10   − 3     Ω  , with an average deviation of approximately     1 × 10   − 11     Ω   among curves corresponding to different values of     C   S W    . Furthermore, as the frequency surpasses a certain threshold, the curves tend to exhibit a more flattened profile. From Equation (4), we can obtain that     R   C I e   =   4 × 10   − 3     Ω  . As depicted in Figure 11b,     I m [ Z   C I r   ]   remains largely unaffected by variations in     C   S W     during IGBT turn-on. The average discrepancy between the curves corresponding to different     C   S W     values is approximately     3 × 10   − 9     Ω  .     I m [ Z   C I r   ]   escalates with an increase in   f  . From Equation (4), we can obtain that     X   C I e   = 0.7   Ω  , which does not meet the requirement of   −   n ×   10   − 3     Ω ≤ X   C I e   ≤ n ×   10   − 3     Ω , n ∈   1,9    .



In conclusion, the influence of internal parameters of IGBT on     Z   C I r     can be disregarded when the IGBT is in the turn-off state. When the IGBT is in the turn-on state,     R   S W     has a more significant impact on the     R e [ Z   C I r   ]  , while     C   S W    s’ effect on     Z   C I r     can be neglected. However,     X   C I e     can still reach   0.7   Ω  , which is mainly influenced by the coupling coefficient.



Based on the analysis presented in this section, it can be inferred that the coupling coefficient and internal parameters of IGBT do not significantly affect     Z   C I r     when IGBT is in the turn-off state. However, when IGBT is in the turn-on state,   k   becomes the primary factor influencing     Z   C I r    , while     R   S W     mainly impacts its real part resulting in thermal losses.





4. Adaptive Input Impedance Optimization Algorithm Based on Variable Capacitor (VC-ADIO)


To optimize the value of     Z   C I     under IGBT turn-on state and meet the performance requirements of the switching device in this paper, we propose an adaptive input impedance optimization algorithm based on a variable capacitor (VC-ADIO).



4.1. Calculation Method for Variable Capacitor     C   t    


Before proposing the algorithm, it is imperative to thoroughly analyze the calculation methodology of variable capacitor     C   t    , which serves as the fundamental element in this algorithm, and extensively discuss its impact on     Z   C I    . Figure 12 illustrates the controlled source equivalent model of a switch device based on a variable capacitor.



The input impedance of the primary loop for this model can be obtained by applying the calculation method described in Equations (5)–(12).


    Z   C I   =   R   1   + j ω   L   1   +      ω   2     M   2       R   2   +   2   R   S W     1 +   j ω R   S W     C   S W     + j ω   L   2   +   1   j ω   C   t         



(13)






     1   j ω   C   t      =      ω   2     M   2       Z   C I   −   R   1   − j ω   L   1      −   R   2   −    2   R   S W     1 +   j ω R   S W     C   S W      − j ω   L   2    



(14)







The variation of     Z   C I r     with respect to both     C   t     and   f   can be derived from Equation (13).



    R e [ Z   C I r   ]   is minimally influenced by     C   t     in the turn-off state of the IGBT, as depicted in Figure 13a. The average discrepancy between curves corresponding to different values of     C   t     is approximately     1 × 10   − 8     Ω  . Although the     R e [ Z   C I r   ]   increases with an increasing   f  , it maintains a magnitude around     10   − 3     Ω   overall. From Equation (4), we can obtain that     R   C I e   =   1 × 10   − 3     Ω  . As depicted in Figure 13b, the imaginary component of     Z   C I     exhibits an increasing trend with rising   f   during the IGBT off state, while variations in     C   t     have negligible impact. The average discrepancy between the curves corresponding to different     C   t     values are approximately     1 × 10   − 5     Ω  . When     f   l   = 19.95   k H z   is designated as the resonant frequency,     I m [ Z   C I r   ] = 1.997   Ω  . From Equation (4), we can obtain that     X   C I e   = 0  . Consequently, during the IGBT turn-off state, the coupling inductor can be equivalent to a common inductor with an inductance value of     L   1    .



As depicted in Figure 14a, during the turn-on state of IGBT,     R e [ Z   C I r   ]   is around     1 × 10   − 3     Ω   at the required frequency, although it will have a mutation at a certain frequency on the premise that     C   t     satisfies Equation (14). In Figure 14b, under the turn-on state of IGBT and satisfying Equation (14), although there are abrupt variations in the     I m [ Z   C I r   ]   at certain frequencies, it remains approximately   −   3 × 10   − 5     Ω   at the desired resonant frequency     f   h   = 20.05   k H z  . From Equation (4), we can determine that     X   C I e   =   − 3 × 10   − 5     Ω  , which meets the requirement of   −   n ×   10   − 3     Ω ≤ X   C I e   ≤ n ×   10   − 3     Ω , n ∈   1,9    .



In conclusion, during the IGBT turn-off state, the impact of     C   t     on     Z   C I r     is negligible and can be disregarded. However, in the IGBT turn-on state,     C   t     significantly influences the     Z   f     of the coupled inductor and ultimately manifests itself in     Z   C I r    s’ value. Therefore, it is crucial to focus on accurately calculating     C   t    s’ value during the turn-on state of IGBT.




4.2. Basic Process of Adaptive Input Impedance Optimization Algorithm Based on Variable Capacitor


The primary objective of optimizing the VC-ADIO is to achieve stability of the coupling inductance     Z   C I r     around 0 during the IGBT turn-on state. Notably, this article does not delve into the specific design and manufacturing aspects of variable capacitors, as there are already well-established solutions available [25,26,27]. The specific process is as follows.



The frequency switching of the control signal is synchronized with the MSK signal, as illustrated in Figure 15. During periods when the control signal is high, it performs     Z   C I r     detection on the primary circuit of the coupled inductor. If     Z   C I r   = 0   or satisfies the requirement that     R   C I e   ≤ n ×   10   − 2     Ω , −   n ×   10   − 3     Ω ≤ X   C I e   ≤ n ×   10   − 3     Ω , n ∈   1,9    , continue with the detection process; otherwise, calculate and adjust the value of     C   t     to optimize input impedance and repeat the     Z   C I r     detection procedure. If     Z   C I r   = 0   or meets the requirement that     R   C I e   ≤ n ×   10   − 2     Ω , −   n ×   10   − 3     Ω ≤ X   C I e   ≤ n ×   10   − 3     Ω , n ∈   1,9    , retain the current value of     C   t    ; otherwise, recalculate until all requirement is met.



When the control signal transitions to a low level,     C   t     maintains its current value. Upon the control signal transitioning back to a high level,     C   t     retains its current value and subsequently determines whether an adjustment is necessary following     Z   C I r     detection.



The literature [28] proposes a design method for customized fixture adapters. Through a systematic parasitic de-embedding process, the parasitic effects introduced by adding additional connectors to the adapter are resolved. Improve the accuracy of measuring choke coil impedance. This paper mainly focuses on the feasibility of the whole synchronous tuning system and the optimization method. The design of a system involves many factors. Therefore, in order to make the discussion clearer, we consider that the results of impedance measurement are accurate.





5. Simulation and Experiment


In order to validate the efficacy of the VC-ADIO, this section establishes the model for a VLF transmission system based on a coupled inductor decoupling equivalent circuit [29,30].



As depicted in Figure 16, a single IGBT can be represented as a resistor in parallel with a capacitor,     R   S W o n   = 0.002   Ω  ,     R   S W o f f   = 5   M Ω  ,   k = 0.8  ,     L   1   =   L   2   = 15.9   μ H  ,     R   1   =   R   2   = 0.001   Ω  ,     L   0   = 1.58   m H  ,     f   l   = 19.95   k H z  ,     f   h   = 20.05   k H z  ,     C   a     is the equivalent capacitance of the antenna,     C   a   = 39.79   n F  ,     R   a     is the equivalent radiation resistance of the antenna,     R   a   = 1   Ω  , symbol rate is 200 B, control signal is [0 0 1 1 1 1 0 0 1 1 0 0],     R   0     is signal source internal resistance, and     R   0   = 50   Ω  . The turns ratio of ideal transformer T is   5  2  : 1  .



The simulation results are presented in the subsequent figures. The average power can be calculated from the time-domain waveform as follows.


    P  ¯  =    1   T      ∫  −    T   2         T   2       u ( t ) i ( t ) d t    



(15)







As depicted in Figure 17, after impedance optimization, the antenna feeder system resonates in real time, so the voltage waveform at both ends of     R   a     is a constant envelope, and the voltage is stable at 14.13 V. The average power is approximately 98.73 W. As depicted in Figure 18, before impedance optimization, obvious resonance occurs in the antenna feeder system, so the voltage waveform at both ends of     R   a     is no longer a constant envelope, and the voltage drops to 13 V. The average power is approximately 92.26 W. This discrepancy primarily arises from an excessively large imaginary part of     Z   C I r    . Consequently, it causes a deviation in the resonance point of the antenna feeder system and amplifies reactive power consumption within the system.



As shown in Figure 19, the experimental setup is mainly composed of a signal source, a switching device of the synchronous tuning system, an equivalent antenna, a coupling inductor, and a fixed inductor, and the specific parameters are shown in the simulation model. The control signal is [0 1 0 1 0 1 0 1 0 1]. The test results are as follows.



As depicted in Figure 20, after impedance optimization, the antenna feeder system resonates in real time, so the voltage waveform at both ends of     R   a     is a constant envelope, and the voltage is stable at 14.3 V. The average power is approximately 102.25 W. As depicted in Figure 21, before impedance optimization, obvious resonance occurs in the antenna feeder system, so the voltage waveform at both ends of     R   a     is no longer a constant envelope, and the voltage drops to 12.5 V. The average power is approximately 90.19 W. The experimental results are close to the simulation results.



The simulation and experimental results indicate that the utilization of the VC-ADIO algorithm can significantly enhance the performance of switch devices, leading to an increased radiation power of VLF antennas. This is mainly because, through synchronous switching of switches and impedance optimization, the reactance component in the input impedance of the antenna feeder system approaches zero, thereby keeping the antenna feeder system always tuned to the carrier frequency of the MSK signal and greatly reducing reactive power.




6. Conclusions


This article presents an analysis of the switch device’s performance in a synchronous tuning system, highlighting the coupling coefficient and IGBT turn-on resistance as the primary factors influencing its performance. It proposes an adaptive input impedance optimization algorithm based on variable capacitance to enhance the input impedance of the coupled inductor primary circuit. The radiated power of the VLF antenna is improved effectively.
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Figure 1. Equivalent circuit diagram of a very low-frequency transmission system using synchronous tuning technology (ignoring loss resistance) [7]. 
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Figure 2. The fundamental architecture of the switching device of the synchronous tuning system based on coupled inductor. 
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Figure 3. The controlled source equivalent model of the switching device based on coupled inductor. 
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Figure 4. The variation of     Z   C I r     with   k   and   f   in the IGBT turn-off state. (a) The variation of the     R e [ Z   C I r   ]   with k and   f  ; (b) the variation of the     I m [ Z   C I r   ]   with k and   f  . 
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Figure 5. The variation of     Z   C I r     with   k   and   f   in the IGBT turn-on state. (a) The variation of the     R e [ Z   C I r   ]   with k and f; (b) the variation of the imaginary part of     I m [ Z   C I r   ]   with k and f. 
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Figure 6. The variation of     Z   C I r     with     R   1     and   f   in the IGBT turn-off state. (a) The variation of the     R e [ Z   C I r   ]   with     R   1     and f; (b) the variation of the     I m [ Z   C I r   ]   with     R   1     and f. 
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Figure 7. The variation of     Z   C I r     with     R   1     and   f   in the IGBT turn-on state. (a) The variation of the real part of     R e [ Z   C I r   ]   with     R   1     and f; (b) the variation of the     I m [ Z   C I r   ]   with     R   1     and f. 
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Figure 8. The variation of     Z   C I r     with     R   S W     and   f   in the IGBT turn-off state. (a) The variation of the     R e [ Z   C I r   ]   with     R   S W     and f; (b) the variation of the     I m [ Z   C I r   ]   with     R   S W     and f. 
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Figure 9. The variation of     Z   C I r     with     R   S W     and   f   in the IGBT turn-on state. (a) The variation of the     R e [ Z   C I r   ]   with     R   S W     and f; (b) the variation of the     I m [ Z   C I r   ]   with     R   S W     and f. 
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Figure 10. The variation of     Z   C I r     with     C   S W     and   f   in the IGBT turn-off state. (a) The variation of the     R e [ Z   C I r   ]   with     C   S W     and f; (b) the variation of the     I m [ Z   C I r   ]   with     C   S W     and f. 
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Figure 11. The variation of     Z   C I r     with     C   S W     and   f   in the IGBT turn-on state. (a) The variation of the     R e [ Z   C I r   ]   with     C   S W     and f; (b) the variation of the     I m [ Z   C I r   ]   with     C   S W     and f. 
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Figure 12. The controlled source equivalent model of a switch device based on variable capacitor. 
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Figure 13. The variation of     Z   C I r     with     C   t     and   f   in the IGBT turn-off state. (a) The variation of the     R e [ Z   C I r   ]   with     C   t     and f; (b) the variation of the     I m [ Z   C I r   ]   with     C   t     and f. 
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Figure 14. The variation of     Z   C I r     with     C   t     and   f   in the IGBT turn-on state. (a) The variation of the     R e [ Z   C I r   ]   with     C   t     and f; (b) the variation of the     I m [ Z   C I r   ]   with     C   t     and f. 
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Figure 15. Flowchart of adaptive input impedance optimization algorithm based on variable capacitor. 
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Figure 16. The model for a VLF transmission system based on a coupled inductor decoupling equivalent circuit. 
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Figure 17. The voltage across     R   a     after impedance optimization. 
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Figure 18. The voltage across     R   a     before impedance optimization. 
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Figure 19. Schematic diagram of the experimental setup. 
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Figure 20. The voltage across     R   a     after impedance optimization. 






Figure 20. The voltage across     R   a     after impedance optimization.



[image: Electronics 13 03457 g020]







[image: Electronics 13 03457 g021] 





Figure 21. The voltage across     R   a     before impedance optimization. 
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