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Abstract

:

Most of the practical inductive power transfer (IPT) systems are the ones with variable coupling coefficients and loads. The output voltage, current and power are affected by the variation in coupling coefficient and load. In this paper, a novel approach based on a nonlinear resonator is proposed to obtain stable output voltage, which is independent of coupling coefficient and load variation. First, the theory and properties of nonlinear resonators are analyzed by Duffing equation. Then, a nonlinear IPT system with a magnetic saturation inductor is proposed, and the saturable inductor modeling and its effect on system performance are further studied. Finally, the experimental prototype is built to validate the effectiveness of the nonlinear IPT system. The experimental results show that when the coupling coefficient varies from 0.32 to 0.24 and the load resistance varies from   80  Ω   to   120  Ω  , the system works in a nonlinear state, the output voltage ripple is 1.77%, and the overall efficiency of the system is not less than 82.60%. The experimental results are basically consistent with the theoretical analysis. The novel design approach improves the output voltage stability with respect to position misalignment and load variation, and the bandwidth of the system is also enhanced.
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1. Introduction


Inductive power transfer (IPT) is a burgeoning technology that can wirelessly transfer electrical energy over a certain distance, which has some remarkable properties in terms of safety, flexibility and reliability [1]. The application purpose of the IPT system is to make the power supply more flexible and convenient. If the position-insensitive performance of the system is insufficient, it is difficult to satisfy the requirements of practical applications, such as electric vehicles, consumer electronics and medical electronics. Therefore, improving the anti-misalignment ability of the IPT system has become a research hotspot [2,3].



As shown in Figure 1, the IPT system consists of a power supply, power conversion module, compensation network, magnetic coupling mechanism and load. The anti-misalignment strategies are mainly classified into three categories: magnetic coupling coils design and optimization, control strategy and compensation topology. The transmitting and receiving coils are key components of the IPT system; many types of magnetic coupling coils have been proposed, such as double D quadrature (DDQ) coils [4], bipolar (BP) coils [5], tripolar (TP) coils [6], etc. In most of the magnetic couplers, the magnetic flux is guided and shielded using a high-conductivity ferrite core and an aluminum plate, respectively [7]. However, if only the magnetic coupling mechanism is designed and optimized, the loss and volume of the magnetic coupling mechanism will be increased, and the anti-misalignment ability of the system will be limited. The power conversion modules are connected from the power supply to load successively, and the power variation of each module directly affects the output of the IPT system. Therefore, the system output can be adjusted through control strategies, which can be classified into three main groups: primary-side control [8,9], secondary-side control [10,11] and dual-control [12,13]. The control strategy can accurately control the output of the system, but the complexity of the system increases, and the reliability decreases. The compensation topologies with anti-misalignment ability can be classified into three structures: higher-order topologies [14,15], hybrid topologies [16,17] and reconfigurable topologies [18,19]. However, the anti-misalignment ability of higher-order topologies is limited, the number of coils and compensating elements of the hybrid topology is increased, additional auxiliary circuits and control strategies are required for reconfigurable topologies.



A wireless power transfer (WPT) system with a nonlinear resonator (also known as the Duffing resonator) is proposed in Refs. [20,21,22]. The Duffing resonator is composed of a nonlinear capacitor and receiving coil inductance, which can improve the position-insensitive ability of the WPT system. A WPT system employing parity-time symmetric Duffing resonator is proposed in [23,24]. The nonlinear resonator consists of a nonlinear capacitor and negative resistor, which can improve the bandwidth and position-insensitive ability of the WPT system. The nonlinear resonators in the above schemes are composed of nonlinear capacitors and linear inductors, and the nonlinear capacitors are built by analog circuits [25]. It is difficult to realize in practical applications and is not suitable for low-frequency and high-power IPT systems.



The above nonlinear compensation topology solves the problem of output instability caused by coupling coefficient variation and frequency drift of the IPT system. However, there are still some other problems, such as the nonlinear component structure being complex, the system transfer power is not high and the need for additional sensors and controllers. Therefore, a novel nonlinear IPT system is designed by using a saturable inductor. The LCC topology is selected as the primary compensation to ensure that the transmitting coil current is independent of the receiver. The capacitors and saturable inductor are connected in parallel to form a compensation network of the secondary side to ensure that the IPT system can work in a nonlinear resonant state. As long as the proposed IPT system enters the nonlinear resonance state, the output voltage can remain essentially constant, even if the coupling coefficient or equivalent load varies within a certain range. In addition, the bandwidth of the IPT system is improved by introducing the saturable inductor.



The rest of this paper is organized as follows. The theory and properties of the nonlinear resonator are discussed in Section 2. The proposed topology and operation are analyzed in Section 3. Experimental validation and further discussion are presented in Section 4. The conclusions are outlined in Section 5.




2. Theory and Properties of Nonlinear Resonator


Duffing nonlinear, named after Georg Duffing, is one of the most widely studied nonlinear vibration phenomena in a number of fields, such as mathematics, physics and mechanical engineering. Many mathematical models of nonlinear vibration problems in engineering applications can be transformed into a Duffing equation, which is also very significant for the research of some problems in the field of electrical engineering [26,27]. Its standard form is:


      x ¨  + β  x ˙  +  ω 0 2  x + α  x 3  = F cos ω t .     



(1)




where x represents displacement,  β  represents the damping coefficient,   ω 0   represents the natural resonant angular frequency,  α  represents the third-order nonlinear coefficient and   F cos ( ω t )   represents the excitation that has an excitation amplitude F and power angular frequency  ω . The approximate steady-state solution of Equation (1) can be described as


     a ( ω , t ) = A ( ω ) cos ( ω t − θ ) .     



(2)




where A is the response amplitude and  θ  is the phase shift with respect to the power source. The response amplitude can be determined from


      A 2    [  (  ω 0 2  −  ω 2  )  + 0.75 α  A 2  ]  2  +   ( β A ω )  2  =  F 2  .     



(3)







As shown in Figure 2a, the amplitude-frequency response curves of the linear resonator and Duffing resonator are depicted. It can be seen that the curve of the linear resonator is centered symmetrically, while the response curve of the nonlinear resonator is tilted to the right, which is called the hysteresis characteristic. Therefore, there are three different response values within a specific frequency range. Here, the middle points are unstable, and the upper and lower equilibrium points are stable. Assuming that the excitation amplitude remains unchanged, the response amplitude varies along points 1, 2, 3, 4, 5 when the frequency f increases slowly and jumps from point 3 to point 4. On the contrary, when f decreases slowly, the response amplitude changes along points 5, 4, 6, 7, 2, 1 and jumps from point 6 to point 7. Here, points 3 and 6 are called jumping points; the corresponding frequencies are boundary frequencies, this behavior is known as jumping characteristics [28].



As shown in Figure 2b, the amplitude-frequency response curves are dependent on third-order nonlinear coefficients  α . The curve is centered symmetrically when   α = 0  , which is called a linear system. The curve is tilted to the right side when   α > 0  , which is called a hardening system. The curve is tilted to the left side when   α < 0  , which is called a softening system [29]. The bending characteristic of the nonlinear resonator increases the bandwidth compared to the linear resonator. In general, the bandwidth increases as  α  increases. In the practical application of the IPT system, the aging of the compensation element, the misalignment of the magnetic coupling mechanism and the load variation may cause the natural resonant frequency of primary and secondary resonators to change, which deviates from the design frequency of the system. Therefore, the nonlinear resonator is introduced into the IPT system to increase the bandwidth by using its frequency response characteristics.



As shown in Figure 2c, the response amplitude is closely related to excitation amplitude when the frequency is constant. The steady-state response converges to the equilibrium branch according to preliminary conditions. When excitation increases slowly, the response amplitude changes along points 1, 2, 3, 4, 5. On the contrary, when the excitation amplitude decreases slowly, the resonance amplitude varies along points 5, 4, 6, 7, 1. Here, point 3 is the jump-up point, and point 6 is the jump-down point [30]. Based on the hysteresis characteristic, the response amplitude is basically unchanged when excitation amplitude changes within certain limits. Therefore, the nonlinear resonator is introduced into the IPT system to improve the misalignment tolerance by using its amplitude response characteristics.




3. Proposed Topology and Operation


3.1. Nonlinear Topology


The nonlinear IPT system is shown in Figure 3, which is composed of a DC voltage source, high-frequency inverter, primary linear resonator, secondary nonlinear resonator, rectifier, LC filter and load. Here,   U D   is the DC input voltage. S   1  –S   4   are four switches, which form a high-frequency full bridge inverter, and   u AB   and   i AB   represent its instantaneous output voltage and current, respectively.    L P  1  ,    C P  1   and    C P  1   make up the LCC-compensated topology for the primary side. The capacitor   C S   and saturable inductor   L N   are connected in parallel to form a secondary compensation network. For convenience, the primary and secondary topologies are collectively referred to as   LCC − P −  L N   . M represents mutual inductance. D   1  –D   4   are four diodes that constitute an uncontrolled rectifier bridge, and   u ab   and   i ab   are its instantaneous input voltage and current, respectively. The LC filter consists of an inductor   L f   and capacitor   C f  .   R L   represents the resistive load of the system.



The fundamental harmonic approximation (FHA) method is widely used to analyze IPT systems. Here,   U AB  ,   I AB  ,   U ab   and   I ab   are, respectively, the root mean square (RMS) values of   u AB  ,   i AB  ,   u ab   and   i ab  .   I P   and   I S   are the RMS values of the current flowing through the primary and secondary coils, respectively. According to the equivalent conversion relationship of the high-frequency inverter and the uncontrolled rectifier bridge, Equation (4) can be obtained.


       R eq  =   π 2  8   R L         U AB  =   2  2   π   U D       



(4)




where   U AB   is the output voltage of the inverter,   R eq   is equivalent to the rectifier bridge and the resistance load   R L  . According to Kirchhoff’s voltage and current laws, the FHA model of LCC topology for the primary side is established first, which can be described as


        ( j ω  L  P 1   +  1  j ω  C  P 1     )    I ˙  AB  −  1  j ω  C  P 1       I ˙  P  =   U ˙  AB          I ˙  P   (  1  j ω  C  P 2     + j ω  L P  +  Z ref  )  =  (   I ˙  AB  −   I ˙  P  )   1  j ω  C  P 1          .  



(5)




where   Z ref   is the reflective impedance of the secondary side, which satisfies the relation    Z ref  =    ( ω M )  2   Z S    . Here,  ω  represents the power angular frequency, M represents the mutual inductance of the primary and secondary coils and   Z S   is the secondary side’s impedance. It can be seen from the first part of Equation (5) that the current of the primary coil is independent of the reflective impedance when Equation (6) is satisfied, which means that the primary coil current is independent of the secondary side.


   ω 0  = 2 π  f 0  =  1    L  P 1    C  P 1       



(6)







When the angular frequency  ω  of the power supply is equal to the natural frequency   ω 0   of the system, the current of the primary coil can be expressed as


       I ˙  P  = − j ω  C  P 1     U ˙  AB  =    U ˙  AB   j ω  L  P 1     .     



(7)







Based on the analysis of the transmitter, it can be obtained that if the compensation network parameters are configured according to Equation (6), the transmitting coil current is independent of the secondary side. Therefore, the equivalent circuit of the receiver can be obtained, which is shown in Figure 4a. Here,   U OC   is the induced voltage (open circuit voltage) of the secondary side, which satisfies the relation     U ˙  OC  = j ω M   I ˙  P  =   M   U ˙  AB    L  P 1     . According to Norton’s theorem, the equivalent circuit represented by the current source can be obtained, which is shown in Figure 4b. Here,   I SC   is the short circuit current of the secondary side, which satisfies the relation     I ˙  SC  =    U ˙  OC   j ω M  L S    =   M   U ˙  AB    j ω M  L S   L  P 1      . As shown in Figure 4c, the capacitor value   C S   can be divided into two parts, namely    C S  1   and    C S  2  , which are used to resonate with   L S   and   L N  , respectively. Furthermore, when    C S  1   and   L S   resonate at power frequency, the equivalent circuit can be simplified as Figure 4d. Next, the nonlinear resonator shown in Figure 4d will be analyzed and discussed.




3.2. Saturable Inductor Modeling


In order to study the new topology, it is necessary to research the saturation phenomenon of the inductor. This part attempts to derive the inductance values in the linear state and nonlinear state; the detailed analysis of inductor   L N   is applied as follows


     L =  λ i  .     



(8)




where   λ = N ϕ   represents the flux linkage, N is the winding numbers,  ϕ  denotes the magnetic flux and i is the current flowing through the inductor. When the current flowing through the saturable inductor does not exceed its saturation current, it works in a linear state and its inductance value is the maximum, i.e.,   L max  , which satisfies the following formula:


      L max  =    μ 0   μ r   N 2  S  l  .     



(9)




where S represents the cross-sectional area, l represents the circumference of the magnetic core,    μ 0    =   4 π  10  − 7   N  A  − 2     represents the vacuum permeability and   μ r   represents the relative permeability. If the current flowing through the inductor is large, the magnetic flux linkage is no longer a linear function of current and can be expressed as


     λ = ψ ( i ) = N φ .     



(10)







In particular, when the current flowing through the inductor is a sine wave, i.e.,   i  ( t )  =  I peak  sin  ( ω t )   . Where   I peak   is the amplitude of the current and   ω = 2 π f   represents the angular frequency of the current. Based on the definition of Equations (8) and (10) and the describing function definition in Equation (A7) (As shown in Appendix A) [31,32], the saturable inductor’s equivalent inductance   L eff   can be derived as


      L eff  = N  (  I peak  , ω )  =  j   I peak  π    ∫  − π  π   ψ  (  I peak  sin ω t )   e  − j ω t   d  ( ω t )   .     



(11)







In general, the magnetic flux will be saturated if the current flowing through the inductor is high enough. Therefore, the saturation characteristic can be expressed as


  ψ  ( i )  = s a t  ( i )  =          L max   I sat     ,   i >  I sat               L max  i         ,  I sat  ≥ i ≥ −  I sat        −  L max   I sat  ,  i <  I sat        



(12)




where   I sat   represents the saturation current, and   L max   represents the inductance in the linear state, as shown in Figure 5. The lower-right corner of Figure 5 is the saturable inductor proposed in this paper. Furthermore, based on Equations (11) and (12), the saturable inductor’s equivalent inductance   L eff   can be obtained by


      L eff  =   2  L max   π      sin   − 1     I sat   I peak   +   I sat   I peak     1 −      I sat   I peak     2      .     



(13)




where the saturation current   I sat   of the saturable inductor can be written as


      I sat  =    B sat   l m    μ  μ 0  N   .     



(14)







It should be noted that   I peak   is the amplitude of the AC current flowing through the saturable inductor, and   I sat   is the amplitude of the saturation current. However, RMS values can be used when calculating the ratio    I sat   I peak   . When     I peak   I sat   > 3  , the second term in Equation (13) can be ignored, which can be simplified as


      L eff  =   2  L max   π      sin   − 1     I sat   I peak     .     



(15)







According tothe Taylor series, the first term can be further simplified, the equivalent inductance   L eff   can be described as


      L eff  =   4  L max   π     I sat   I peak    .     



(16)







Therefore, Equations (9), (13), (15) and (16) are used to calculate the inductance of the saturable inductor with different sine wave AC excitation, which is shown in Figure 6. It can be seen that the equivalent inductance decreases with the increase in the excitation current, and the error among the three simplified models decreases with the increase in the excitation current. By combining Equations (9) and (16), the saturable inductor’s effective inductance working in saturated and unsaturated conditions can be described as


   L eff  =       L max                                  ,  i sat  >  I peak          4  L max   π   (   I sat   I peak   )        ,  i sat  ≤  I peak         



(17)







Based on the above analysis, the equivalent inductance is closely related to the excitation current amplitude when the power frequency is kept constant. Since the current is a sine wave, Equation    L eff   (  I peak  )  =  L eff   ( −  I peak  )    must be satisfied, which is the basis of the following analysis. The magnetic ring with N turn coils can be selected to provide the saturable characteristics. As shown in Figure 5, the TDK PC95 ring is selected for the saturable inductor, with an outer diameter of 25 mm, an inner diameter of 15 mm and a height of 13 mm. The number of coil turns is 16. In the practice application, the two saturable inductors can be connected in series to increase the output voltage. The role of the saturable inductor in the IPT system is analyzed as follows.




3.3. Effect of Saturable Inductor on System Performance


The voltage across the saturated inductor satisfies the relation   u = d ψ / d t  , where  ψ  represents the magnetic flux. According to Kirchhoff’s current law (KCL), the time-domain dynamic equation describing the behavior of the nonlinear parallel RLC resonant circuit (as shown in Figure 4d) can be written as


      i LN  +  1  R L     d  ψ LN    d t   +  C  S 2     d  ψ    LN   2    d  t 2    =  i SC  .     



(18)




where    i SC  =  I  SC − peak   cos  ( ω t )    is the excitation current and   i LN   is the current of the saturable inductor.    ψ LN   ( t )    is the amount of the magnetic flux that is stored in the saturable inductor. The fundamental relationship of current   i LN  , voltage   u LN   and magnetic flux    ψ LN   ( t )    of a saturable inductor is described as follows:


     d  ψ LN  =  L N  d  i LN  +  i LN  d  L N  .     



(19)







Therefore, the total magnetic flux stored in a cycle can be described as


      ψ LN  = ∫  (  L N  d  i LN  +  i LN  d  L N  )  = ∫  (  L N  +  i LN    d  L N    d  i LN    )  d  i LN  .     



(20)







The    L N  −  i LN    relationship of a saturable inductor can be approximately depicted by the n-order Taylor polynomial. Since it is centrosymmetric, the even-order term can be used to describe the nonlinearity of the saturable inductor.


      L N  =  L 0  +  L 2   i    LN   2  +  L 4   i    LN   4  +  L 6   i    LN   6  + · · · +  L n   i    LN   n  .     



(21)







By substituting Equation (21) into Equation (20),   ψ   LN    can be written as


      ψ LN  = ∫   ∑  i = 0   n ( even )    ( i + 1 )    L i   i    LN   i  d  i LN  =  ∑  i = 0   n ( even )     L i   i    LN    i + 1    .     



(22)




where   ψ   LN    is an odd function of   i LN  . Therefore,   i LN   can be expressed by   ψ   LN    using the inverse Taylor expansion. When the terms that are higher than third-order are neglected, the current   i LN   flowing through the saturable inductor can be described as


      i LN  =  1    a 1   ′    ψ LN  +  1    a 3   ′    ψ    LN   3  .     



(23)







In general,     a 1   ′   and     a 3   ′   can be approximated by the    L N  −  i LN    relationship of the saturable inductor. Combining (23) and (18), the following equation can be obtained.


       d  ψ    LN   2    d t   +  1   R L   C  S 2       d  ψ LN    d t   +  1     a 1   ′   C  S 2      ψ LN  +  1     a 3   ′    C  S 2      ψ    LN   3  =   I  SC − peak    C  S 2    cos  ( ω t )      



(24)







Equation (24) has the same mathematical form as the Duffing equation, which is depicted in (1). It should be noted that if the five-order term of the    L N  −  i LN    relationship is not ignored, the Duffing equation with a five-order term will be obtained. Similarly, if the five-order term and seven-order term are not ignored, the Duffing equation with a seven-order term will be obtained, and so on, the solution will be more and more accurate. The solution of Equation (24) can be written as    ψ LN   ( t )  =  ψ m  cos  ( ω t − θ )   . Where   ψ m   is the maximum amount of magnetic flux that is stored in the saturable inductor in a period.  θ  is the phase shift in relation to excitation source.



The restoring force is composed of a linear part    ψ LN   ( t )  /    a 1   ′   C  S 2     and a nonlinear part    ψ    LN   3  /    a 3   ′   C  S 2    . For simplified analysis, the equivalent inductance     L 3   ′   is defined to quantify the restoring force, which is contributed by the nonlinear part based on the law of energy conservation, which can be written as


      ∫ 0  T 4     d (  1     L 3   ′   C  S 2      ψ LN  )   d t      1     L 3   ′   C  S 2      ψ LN      L 3   ′   d t =  ∫ 0  T 4     d (  1   a 3   C  S 2      ψ    LN   3  )   d t      1   a 3   C  S 2      ψ    LN   3      L 3   ′   d t .     



(25)







Based on (25),     L 3   ′   can be written as


        L 3   ′  =   a 3   ψ  m  2   .     



(26)







In nonlinear systems, the nonlinear terms do not operate throughout the period, so     L 3   ′   should be multiplied by a coefficient greater than 1. However, the qualitative analysis of the system is not affected. The simplified equivalent inductance     L eff   ′   can be written as


        L eff   ′  =  1    L 1   ′   +  1    L 3   ′   .     



(27)




where     L eff   ′   is the simplification of   L eff   (As shown in Equations (13), (15) and (16)), i.e., the five-order term and the terms higher than five-order are ignored. Therefore, the natural angular frequency   ω 0   of the nonlinear resonator can be obtained from


      ω 0  =    1  C  S 2     1    L eff   ′     =    1  C  S 2     (  1    L 1   ′   +  1    L 3   ′   )    .     



(28)







Substituting (27) into (24), Equation (29) can be obtained.


       d  ψ    LN   2    d t   +  1   R L   C  S 2       d  ψ LN    d t   +  (  1   a 1   C  S 2     +  1     L 3   ′   C  S 2     )   ψ LN  =   I  SC − peak    C  S 2    cos  ( ω t )      



(29)







Furthermore, the differential equation can be transformed into the frequency domain form, which can be written as


       ( j ω )  2  Z +  ( j ω )   1   R L   C  S 2     Z +  (  1   a 1   C  S 2     +  1     L 3   ′   C  S 2     )  Z =   I  SC − peak    C  S 2    .     



(30)




where   Z =  ψ m   e  − j θ     is the phasor form of   ψ LN  . At last, combining (26) and (30), Equation (31) can be obtained.


      ψ  m  2    (  ω 0 2  −  ω 2  )  2  +   (  1   R L   C  S 2      ψ m  ω )  2  =   (   I  SC − peak    C  S 2    )  2      



(31)







Therefore, the maximum amount of magnetic flux   ψ m   can be achieved, which is a function of power angular frequency  ω  and excitation amplitude   I  SC − peak   . Then, the voltage across the saturable inductor is determined by


      U LN  =   d  ψ LN   ( t )    d t   = 4.44 f N  ψ m  .     



(32)







Based on the above analysis, it can be concluded that the nonlinear resonator can be constructed by using the magnetic saturation inductor and linear capacitor, which can be simplified and described by the Duffing equation. If the higher-order term is not neglected, the nonlinear resonator can be described by the Duffing equation with higher terms. The IPT system with a nonlinear resonator has hysteresis and hopping characteristics. The equivalent inductance     L eff   ′   is negatively related to the excitation amplitude and excitation frequency. The IPT system with a nonlinear resonator has a negative feedback function, which reduces the fluctuation in the output voltage. When the IPT system with a saturable inductor works in a nonlinear state, the magnetic flux   ψ m   stays basically unchanged even if the amplitude and frequency of the excitation current varies within a certain range, so the output voltage   U LN   can be basically maintained. In addition, the output voltage of an IPT system with a saturable inductor can be adjusted by changing the magnetic material, the size of the magnetic ring, the number of coil turns and the wire winding method.





4. Experimental Validation and Further Discussion


In order to prove the correctness of the IPT system employing a nonlinear resonator, an experimental prototype with an output voltage of about 140 V is designed, as shown in Figure 7. It is composed of IT6523D DC power supply, TMS320F28335 controller, high-frequency inverter, loosely coupled transformer,   LCC − P −  L N    compensation network, uncontrolled rectifier, MAYNUO M9715B electronic load, RIGOL DS1074 oscilloscope, HIOKI PW6001 power analyzer, etc. The DD (double D) coil is simple in structure and can effectively improve the height of the magnetic field and the central magnetic flux of transmitting and receiving coils. Therefore, the DD coil is used as the magnetic coupling mechanism in this paper. It should be noted that any coil structure is suitable for the designed nonlinear IPT system. By choosing the appropriate magnetic material and magnetic ring size, different types of saturable inductors can be designed, and IPT systems with different voltage levels and operating frequencies can be achieved. Two TDK PC95 ring with 16 turns (As shown in Figure 5) are connected in series to ensure that the output voltage of the IPT system is approximately 140 V. The other parameters, including   L P  ,   L S  ,    L P  1  ,    C P  1  ,    C P  2  ,   C S  , f,   L f   and   C f  , are listed in Table 1.



4.1. Waveforms Analysis of the IPT System


The experimental waveforms and measured results of the IPT system working in linear and nonlinear states are shown in Figure 8a,b, respectively. In these waveforms,   u AB   is the output voltage of the inverter,   i P   is the current flowing through the transmitting coil,   u LN   is the voltage across the saturable inductor, and   i LN   is the current flowing through the saturable inductor. Among the measured items,    U rms  1   and    I rms  1   represent input DC voltage and current and    U rms  2   and    I rms  2   represent output DC voltage and current.   P 1   and   P 2   are input and output power, respectively, and   η 1   and    L oss  1   are the efficiency and losses, respectively. As shown in Figure 8a), the IPT system works in a linear state when   k = 0.18  . The current   i LN   flowing through the saturable inductor is close to a sine wave, and the voltage across the saturable inductor is also relatively small. As shown in Figure 8b, the IPT system works in a nonlinear state when   k = 0.27  . The current   i LN   varies dramatically, and its waveform is not a sine wave. At the same time, the voltage waveform is close to a flat-top wave, and the voltage RMS value is almost twice that of the linear state. The sharp change in the current flowing through a saturable inductor will cause electromagnetic interference to the IPT system. Therefore, the magnetic flux of the magnetic coupler should be guided and shielded by a high-permeability ferrite core and aluminum plate, respectively, in the actual nonlinear IPT system.



The reason for such behavior is that when   k = 0.18  , the current flowing through the saturable inductor is small and satisfies    i  LN − peak   <  I sat   ; the inductor is not saturated. The inductance value of the saturable inductor is larger than that of the receiving coil, so the saturable inductor branch is close to the open state. When   k = 0.27  , the current flowing through the saturable inductor is large enough to meet    i  LN − peak   >  I sat   , the inductor goes into a nonlinear state, the inductance value decreases and the current flowing through the saturable inductor varies dramatically. Therefore, the transformation of the nonlinear resonator from the linear state to the nonlinear state requires certain excitation conditions, which may be the excitation amplitude or the excitation frequency.




4.2. Hysteresis and Jumping Characteristics


The output voltage with respect to power frequency is measured when    I P  = 10  A   and    R L  = 80  Ω  , which is shown in Figure 9. When the power frequency is varied continuously from   25.6   to   35.1  kHz   (boundary frequency), the output voltage varies along the upper curve, the IPT system operate in nonlinear state. When the power frequency reaches   35.1  kHz  , the working point of the IPT system jumps from point 1 to point 2, and the output voltage drops rapidly. If the power frequency is continuously increased, the output voltage decreases along the bottom curve. On the contrary, if the power frequency decreases, the output voltage increases along the bottom curve. When the power frequency decreases to   32.5  kHz   (boundary frequency), the system jumps from point 3 to point 4, and the output voltage jumps to about 140 V. If the power frequency is continuously decreased, the output voltage varies along the top curve. The experimental results show that the IPT system proposed in this paper has a jumping characteristic, which is not possessed by traditional IPT systems.



As shown in Figure 10, the output voltage with respect to power frequency is measured when    I P  = 6  , 8.5 and   10  A  , respectively. When    I P  = 6  A  , the system always works in the linear state. When    I P  = 8.5  A  ,    I P  = 10  A   and the power frequency is less than the jumping frequency, the system works in the nonlinear state. It should be noted that the bandwidth (  25.6  –  35  kHz  ) corresponding to    I P  = 10  A   is 1.7 times than that (25.6–31.2 kHz) corresponding to    I P  = 6  A  . Here, the bandwidth is defined as the frequency range in which the output voltage is larger than   1 /  2    of its maximum value. The experimental results show that the IPT system proposed in this paper has a hysteresis characteristic that is not possessed by traditional IPT systems. Therefore, the proposed system can achieve relatively stable output voltage in a wide frequency range.




4.3. Position and Load Insensitivity


As shown in Figure 11, the output voltage with respect to coupling coefficient k are measured when    R L  = 80  , 100 and   120  Ω  , respectively. Here, the output voltage ripple is defined as    VR =     U  RL − max   −  U  RL − min      U  RL − max   +  U  RL − min     × 100 %  . When    R L  = 80  Ω  , and the coupling coefficient varies from 0.32 to 0.24, the IPT system operates in the nonlinear state with a maximum output voltage of   140.0  V   and a minimum output voltage of   138.6  V  . When    R L  = 100  Ω  , and the coupling coefficient ranges from 0.32 to 0.215, the IPT system operates in the nonlinear state with a maximum output voltage of   142.5  V   and a minimum output voltage of   139.7  V  . Similarly, when    R L  = 120  Ω  , and the coupling coefficient varies from 0.32 to 0.18, the IPT system operates in the nonlinear state with a maximum output voltage of   143.6  V   and a minimum output voltage of   140.6  V  . In summary, when the coupling coefficient varies from 0.32 to 0.24 and the load resistance varies from 80 to   120  Ω  , the system works in a nonlinear state and the output voltage ripple is 1.77%. The above results show that as long as the proposed IPT system operates in the nonlinear resonant state, the RMS value of the output voltage is basically unchanged. In addition, the corresponding boundary coupling coefficient decreases with the increase in load resistance. Because the reduction in the coupling coefficient means that the excitation amplitude decreases, indicating that the larger the load is, the larger the required excitation amplitude is.



It can be seen from Figure 12 that the DC-DC efficiency with respect to coupling coefficient k is measured when    R L  = 80  , 100 and   120  Ω  , respectively. When the IPT system with    R L  = 80  Ω   works in the nonlinear resonance state, the overall efficiency is not less than 87.2%. When the IPT system with    R L  = 100  Ω   works in the nonlinear resonance state, the overall efficiency is not less than 85.2%. When the IPT system with    R L  = 120  Ω   works in the nonlinear resonance state, the overall efficiency is not less than 82.6%. In summary, the DC-DC efficiency of the IPT system working in the nonlinear state is not less than 82.6%. The DC-DC efficiency of the IPT system in the nonlinear state is much higher than that in the linear state, and the IPT system can work with high efficiency in a large range. When the IPT system operates in the nonlinear resonant state, the saturable inductor participates in the resonance, the temperature of the saturable inductor rises due to its material characteristics and the system losses may be increased. The saturable inductor losses consist of copper loss and iron loss, which are closely related to the magnetic materials, output power, operating frequency and temperature. Therefore, the losses in the system can be further reduced by selecting suitable magnetic materials and appropriate cooling measures. In addition, the losses of the inverter, rectifier and other switching components can be reduced by a reasonable switch selection scheme, which is beyond the scope of this paper.





5. Conclusions


This paper proposes a novel nonlinear IPT system with a saturable inductor, which is independent of the coupling coefficients and load resistances. A IPT system prototype with an output voltage of approximately   140  V   is designed, implemented and measured. The experimental results show that when the nonlinear IPT system works in the nonlinear resonant state, the output voltage ripple is only 1.77%, and the DC-DC efficiency is higher than 82.60%. The experimental results agree with the theoretical analysis, indicating that the proposed system has a strong anti-misalignment ability. It should be noted that the saturable inductor proposed in this paper can be used to construct the nonlinear IPT system with different compensation topologies. The nonlinear IPT system does not require any detection circuit and control strategy and has the advantages of simple structure, low cost and strong robustness. It is suitable for the application scenarios of constant voltage charging, such as electronic equipment and electric vehicles.
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Appendix A


Suppose that the output of the nonlinear element only depends on the input, i.e.,   y = f ( x )  . Define a sinusoidal input that satisfies the relationship   x ( t ) = X sin ( ω t )  , where X and  ω  represent the amplitude and angular frequency, respectively. The output of the nonlinear element   y = f ( X sin ( ω t ) )   is often periodic, which can be expanded as (A1) based on the Fourier series.


     y  ( t )  =   a 0  2  +  ∑  n = 1  ∞     a n  cos  ( n ω t )  +  b n  sin  ( n ω t )        



(A1)




where  n  represents a positive integer.   a 0   is the DC component of the output signal, when the nonlinearity is an odd function,    a 0  = 0  .   a n   and   b n   are the amplitudes of each harmonic component in the output signal and are generally functions of amplitude X and angular frequency  ω . The mathematical descriptions of the Fourier coefficients are shown in Equation (A2).


       a 0  =  1 π   ∫  − π  π   y  ( t )  d   ω t           a k  =  1 π   ∫  − π  π   y  ( t )  cos  ( n ω t )  d   ω t           b k  =  1 π   ∫  − π  π   y  ( t )  sin  ( n ω t )  d   ω t         



(A2)







If the output of the nonlinear element is an odd function, then the even term in Equation (A1) is equal to zero, and Equation (A1) can be simplified as:


     y  ( t )  =  ∑  n = 1  ∞     a n  cos  ( n ω t )  +  b n  sin  ( n ω t )    .     



(A3)




where  n  represents positive and odd integers. Equation (A3) shows that the output of the nonlinear element contains high-order harmonics. If the linear part of the system has the characteristics of a low-pass filter, the higher harmonics can be ignored for the whole system. Equation (A3) can be further simplified as:


     y  ( t )  =  a 1  cos  ( ω t )  +  b 1  sin  ( ω t )  = M sin  ( ω t + θ )  .     



(A4)




where   M  ( X , ω )  =    a 1 2  +  b 1 2     ,   θ  ( X , ω )  = ta   n   − 1    (  a 1  /  b 1  )   ,    a 1  = M cos θ   and    b 1  = M sin θ  . Equation (A4) can be expressed in vector form, as shown in Equation (A5).


      Y ˙  = M  e  j ( ω t + θ )       



(A5)







The input sine function can also be written in vector form, as shown in Equation (A5).


      X ˙  = X  e  j ( ω t )       



(A6)







Therefore, the complex ratio of the fundamental component for the nonlinear element can be obtained, as shown in Equation (A7).



This is the second example of the equation:


  N  ( X , ω )  =   Y ˙   X ˙   =   M  e  j ( ω t + θ )     X  e  j ( ω t )     =  1  X π      ∫  − π  π   y  ( t )  sin  ( n ω t )  d   ω t    + j  ∫  − π  π   y  ( t )  cos  ( n ω t )  d   ω t      =  j  X π    ∫  − π  π   y  ( t )   e  − j ω t   d   ω t     



(A7)







Equation (A7) is the describing function of the nonlinear element, which is equivalent to a controllable linear element. Because the description function is the equivalent transfer characteristic of the nonlinear element, it is the result only considering the fundamental component, so this approximate method is also called “harmonic linearization method”. When the nonlinear element is represented by a description function, the basic characteristics of the nonlinear system can be studied by using the frequency method in linear theory.
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Figure 1. Structure diagram of the IPT system. 
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Figure 2. The characteristic diagram of Duffing resonator. (a) The amplitude-frequency characteristic. (b) Response amplitude versus power frequency under different  α . (c) The curve of response amplitude with excitation amplitude. 
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Figure 3. Schematic diagram of the proposed IPT system. 
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Figure 4. Equivalent circuits of the proposed IPT system. (a) Equivalent circuit of the receiving side. (b) Norton equivalent circuit. (c) Resonant equivalent circuit. (d) The simplified equivalent circuit. 
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Figure 5. Saturation characteristics with sine-wave input. 
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Figure 6. Effective inductance of the saturable inductor versus current based on (13), (15) and (16). 
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Figure 7. The experimental prototype of the proposed IPT system. 
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Figure 8. Experimental waveforms of the IPT system working in the linear state and nonlinear state. (a) Voltage and current waveforms in linear states. (b) Voltage and current waveforms in nonlinear states. 
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Figure 9. The characteristics curves of the proposed IPT system. 
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Figure 10. Measured output voltage with respect to power frequency f. 
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Figure 11. Measured output voltage with respect to coupling coefficient k. 
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Figure 12. Measured DC-DC efficiency with respect to coupling coefficient k. 
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Table 1. Parameters of the experimental prototype.
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	Symbol
	Note
	Values





	   L P   
	Primary-side coil inductance
	   112  μH   



	   L S   
	Secondary-side coil inductance
	   112  μH   



	   L  P 1    
	Inductance of primary compensation network
	   56  μH   



	   C  P 1    
	Shunt capacitance of primary compensation network
	   0.47  μF   



	   C  P 2    
	Series capacitance of primary Compensation network
	   0.47  μF   



	   C S   
	Secondary Compensation network capacitance
	   0.34  μF   



	f
	Optimum operating frequency in linear state
	   ∼ 31  kHz   



	   L f   
	Filter inductor
	   60  μH   



	   C f   
	Filter capacitor
	   110  μF   
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