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Abstract

:

This paper presents an Optimized Sensorless Charge Balance (OSCB) controller based on a damped current model for flyback converter operating in Discontinuous Conduction Mode (DCM). By solving total differential equations of non-ideal transformer currents, the damped current model is derived with consideration of parasitics, leakage inductance of transformer, and the Resistor-Capacitor-Diode (RCD) snubber circuit. Based on the proposed model, current observation and control algorithms of the Sensorless Charge Balance (SCB) controller are optimized, which forms the OSCB control strategy. The average current damping is considered in the equivalent discrete-time small signal model. Furthermore, frequency analyses show that OSCB controller achieves higher closed-loop bandwidth and lower overshoot than a SCB controller, which indicates an improved transient performance. Finally, both OSCB and conventional SCB controllers are experimentally evaluated on a flyback converter prototype.
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1. Introduction


Flyback converters are widely used in industrial applications, since they make it possible to reduce the component count, provide isolation, and achieve good control performance [1,2,3]. The converter can operate in either Continuous Conduction Mode (CCM) or Discontinuous Conduction Mode (DCM), which have different advantages and suit various applications. When the power level is relatively high, flyback converters operating in CCM can achieve higher efficiencies and lower voltage stress than that operating in DCM [4,5]. But this requires high magnetizing inductance and large-size transformer. A flyback converter operating in CCM has limited bandwidth since the transfer function contains a Right Half Plane (RHP) zero. Compared to CCM operation, DCM operation offers many advantages, such as the elimination of turn-ON switching losses and losses associated with reverse recovery of diode, elimination of RHP zero that allows a robust and stable control, and the potential to achieve fast transient response [6]. Since a flyback converter operating in DCM can be considered as a current source that is easy to control, it is widely used in PV-AC module and Power Factor Correction (PFC) systems [7,8,9,10].



In order to improve the performance, different modeling and control strategies are studied for flyback converters [11,12,13]. Current mode control is widely used in power converters owing to its high control loop bandwidth, flexibility for current protection, robustness to disturbances, etc. In power applications, different current mode control strategies are proposed, such as Peak Current Mode (PCM), Valley Current Mode (VCM) and Average Current Mode (ACM) controllers. A practical VCM control strategy is proposed for flyback converters with large duty cycles [14]. This eliminates the need of slope compensation when duty cycle is greater than 50%. Frequency analysis proves that the VCM can achieve similar steady-state and transient response performance to its PCM counterpart. Furthermore, current observation (or estimation) strategies are used for current mode control, which replaces conventional current sensors, and saves cost and power, and reduces the size of the converter system [15,16,17,18,19].



Combined with current observer, Sensorless Charge Balance (SCB) controllers are applied to different converters operating in DCM. This strategy regulates the output voltage by controlling charge current of output capacitor, and it can achieve a fast transient response without current sensing [20,21]. However, non-ideal factors, such as parasitics, leakage inductance of transformer, and snubber circuits, are found to have considerable influences on the closed-loop performance [22,23]. According to [24,25], parasitics can affect the duty cycle of the flyback converter, and cause deviated small-signal models. In order to minimize the influence on the closed-loop control performance, parasitics should be considered in the controller design.



In this paper, an Optimized Sensorless Charge Balance (OSCB) controller based on a damped current model is proposed for flyback converter operating in DCM. With consideration of parasitics, leakage inductance of transformer, and a Resistor-Capacitor-Diode (RCD) snubber circuit, equivalent circuit schemes for the converter are given for switch-on, switch-off, and transform states. Furthermore, total differential equations of non-ideal transformer currents are solved, which provides the damped current model. Based on the proposed model, current observation and control algorithms of a SCB controller are optimized, which forms the OSCB control strategy. The average current damping is considered in the equivalent discrete-time small signal models. Analyses of the small signal models indicate that OSCB controller achieves higher closed-loop bandwidth and lower overshoot than that of SCB controller. Finally, both accuracy of the damped current model and the effectiveness of the OSCB controller are experimentally verified on a flyback converter prototype.



This paper is organized as follows: For better illustrations and comparison, Section 2 provides a basic SCB control strategy and the ideal discrete-time small signal model. In Section 3, equivalent circuit schemes of the converter are given for different states. Based on the schemes, total differential equations of transformer currents are solved with consideration of parasitics, leakage inductance, and the RCD snubber circuit. Furthermore, the OSCB control strategy is derived, while discrete-time small signal model is given with consideration of current damping. In Section 4 and Section 5, simulation and experimental results are given to verify accuracy of the damped current model and effectiveness of OSCB controller. Finally, a brief conclusion is given in Section 6.




2. Sensorless Charge Balance Control for Flyback Converter Operating in DCM


When a flyback converter operates in DCM, its inductor current reaches zero before the end of switching cycle. Since the current is not related to that of previous cycles, the converter can be considered as a controlled current source, which charges the output capacitor and load. Furthermore, sensorless charge balance control can be applied to improve the converter performance. Compared with conventional current mode controllers, the SCB controller greatly improves the transient response by controlling the charge current of output capacitor. Furthermore, the controller eliminates conventional current sensors, since it is based on current observation.



A flyback converter with a SCB controller is given in Figure 1, where d1 is the duty cycle of Digital Pulse Width Modulation (DPWM) signal, C is the output capacitance, R is the load resistance. The SCB controller contains an Average Current Observer (ACO) and an Average Current Controller (ACC). The ACO estimates output current average value      i o   ¯    and outputs an observed current    i  o b    , while the ACC generates    d 1   , which makes      i o   ¯    tracking    i  r e f    .



2.1. SCB Control Principle


Since      i o   ¯    and    i  l o a d     maintains the same at steady state, the output voltage can be controlled by increasing or decreasing      i o   ¯   , as shown in Figure 2. Supposing that  v  is lower than    v  r e f     in the   k th   switching cycle, the SCB controller detects the voltage error and increases      i o   ¯    in the   k + 1 th   switching cycle. As a result, the output voltage is regulated to    v  r e f     at the beginning of switching cycle   T ( k + 2 )  .



Based on charge balance principle, a reference value for      i o   ¯    is continuously calculated. Since average charge that flows through output capacitor is   (    i o   ¯  −  i  l o a d   ) T  , variation of  v  in one switching cycle is given in discrete time domain, as shown in the following


  v ( z − 1 ) =  1 C  (    i o   ¯  −  i  l o a d   ) T =  T C  (    i o   ¯  −  v R  )  



(1)




where    i  l o a d     is substituted by   v / R  . In order to acquire the control strategy, value of      i o   ¯  z   must be calculated from   v  z 2   . Therefore, Equation (1) is multiplied by a differential factor   ( z + 1 −  z  − 1   −  z  − 2   )  , giving


     T C     i o   ¯  ( z + 1 −  z  − 1   −  z  − 2   )   = v (  z 2  − 2 +  z  − 2   ) +   v T   R C   ( z + 1 −  z  − 1   −  z  − 2   )      ≈ v (  z 2  − 2 +  z  − 2   )    



(2)







The approximation is made when the switching cycle satisfies   T < < R C  , which is valid in most applications. Assuming that  v  tracks    v  r e f     in two cycles while      i o   ¯    tracks    i  r e f     in one cycle, substituting    v  r e f   = v  z 2    and    i  r e f   =    i o   ¯  z   into Equation (2) gives


   i  r e f   =    i o   ¯  z =    i o   ¯  (  z  − 1   +  z  − 2   − 1 ) +  C T  (  v  r e f   − 2 v + v  z  − 2   )  



(3)







Although Equation (3) can be used to acquire    i  r e f    , it needs      i o   ¯    for calculation. Sampling for      i o   ¯    requires current sensors, which increase cost, size and power of the system. It is relatively difficult to carry out the sampling owing to the large current ripple when converter operates in DCM. Therefore, value of      i o   ¯    is acquired through current observer instead of current sensing. Substituting      i o   ¯    by    i  o b     gives the final SCB control principle, as shown in Equation (4).


   i  r e f   =  i  o b   (  z  − 1   +  z  − 2   − 1 ) +  C T  (  v  r e f   − 2 v + v  z  − 2   )  



(4)







Furthermore, the ACO and ACC algorithms are designed to calculate    i  o b     and    d 1   . For better illustration and comparison, the basic ACO and ACC algorithms are given in the following subsection.




2.2. Basic ACO and ACC Algorithms and the Ideal Small Signal Model


The ACO calculates an observed current value    i  o b     for Equation (4), while ACC outputs a suitable    d 1    that makes      i o   ¯    tracking    i  r e f    . When operating in DCM, the Flyback converter scheme and its currents are given in Figure 3. A transformer with a   N : 1   turns ratio is utilized.    i  d 1     and    i  d 2     are transformer currents referred to the primary and secondary sides, respectively.



As many publications have stated, when a flyback converter operates in DCM, the output current can be observed by


   i  o b   =  1 T     i  p k 2    d 2  T  2  =    v g    2   d 1    2  T   2 v  L m     



(5)







To regulate the output current average value as    i  r e f    , the duty cycle should be


   d 1  =     2 v  L m   i  r e f      v g    2  T      



(6)







For an ideal flyback converter,    i  r e f    z  − 1   =    i o   ¯  =  i  o b     is ensured by Equations (5) and (6). Therefore, a discrete-time small signal model of the closed-loop system is given in Figure 4.



The converter is modelled as a controlled current source that charges the output capacitor and load, and    G  v i   ( z )   denotes the discrete-time transfer function from output current to output voltage, as shown:


   G  v i   ( z ) = Z [  G  v i   ( s ) ] = Z [  R  1 + s R C   ]  



(7)







Furthermore, the closed-loop transfer function from    v  r e f     to  v  is given by


   Φ  v r 0   ( z ) =    G  v i   ( z )  z 2    (  z 3  +  z 2  − z − 1 ) T / C +  G  v i   ( z ) ( 2  z 2  − 1 )    



(8)







This function is very close to unity in a wide frequency range, which will be shown by closed-loop simulations in Section 4. Therefore, the output voltage tracks its reference value with a high bandwidth. However, all above calculations are based on the assumption that    i  r e f    z  − 1   =    i o   ¯  =  i  o b    . When parasitics are considered, this equation is no longer valid, which degrades the system performance.





3. Optimized Sensorless Charge Balance Controller Based on Damped Current Model


The proposed OSCB controller is based on the damped current model, which calculates a more accurate output current than that of conventional model. By solving total differential equations of non-ideal transformer currents, the damped current model is derived with consideration of parasitics, leakage inductance of transformer, and the RCD snubber circuit. Furthermore, current observation and control algorithms of SCB controller are optimized, which forms the OSCB control strategy.



As shown in Figure 5, the OSCB controller has the same control scheme as a conventional SCB controller. The difference lies in the current observation and control algorithms, which are based on the damped current model. In the following, the damped current model is derived by solving total differential equations of multiple states. Based on the current model, the Damped Average Current Observer (DACO) and Damped Average Current Controller (DACC) are acquired. Finally, with consideration of current damping, discrete-time models are derived for system with SCB and OSCB controllers, respectively.



3.1. Damped Current Model Based on Total Differential Equations of Multiple States


The damped current model is derived with consideration of parasitics, leakage inductance of transformer and RCD snubber circuit. As shown in Figure 6a,    L  p t     and    L  s t     are leakage inductance of transformer primary and secondary sides,    R  p t     and    R  s t     are winding resistances of the primary and secondary sides,    R  d s     is the conduction resistance of transistor,    R F    and    v F    are conduction resistance and forward voltage of the diode. The RCD snubber circuit, which is formed by {   R s   ,    C s   ,    D s   }, is used to dissipate the leakage energy and protect the system from surge voltage coming from leakage inductance. Based on this circuit scheme, a damped current model is derived.



Since power loss is induced by parasitics and leakage inductance, ipt and ist are decreased and curved, as shown in Figure 6b. Furthermore, a transform time duration ttr is caused by RCD snubber circuit. In order to simplify analysis, equivalent circuit schemes are given for different states of converter. Furthermore, total differential equations are given for these states, which derive the damped current model.



3.1.1. Switch-on State


In switch-on state, currents of the secondary winding and RCD snubber circuit are zero. Therefore, the active circuit and equivalent circuit scheme are given in Figure 7, where    i  d 1   ( t )   denotes the current during    d 1  T  .



Since voltage on    L m  +  L  p t     is    v g  − (  R  p t   +  R  d s   )  i  d 1   ( t )   in this state, differential equation of    i  d 1   ( t )   is given by


  (  L m  +  L  p t   )   d  i  d 1   ( t )   d t   =  v g  − (  R  p t   +  R  d s   )  i  d 1   ( t )   s . t .    i  d 1   ( t )  |  t = 0   = 0  



(9)




where    i  d 1   ( t )   is derived as


   i  d 1   ( t ) =    v g     R  p t   +  R  d s     [ 1 −  e  − (  R  p t   +  R  d s   ) t / (  L m  +  L  p t   )   ]  



(10)







Furthermore, substituting   t =  d 1  T   into Equation (10) yields the peak current of primary winding, as shown in the following


   i  p k 1   =    v g     R  p t   +  R  d s     [ 1 −  e  − (  R  p t   +  R  d s   )  d 1  T / (  L m  +  L  p t   )   ]  



(11)







This peak current will be used to derive the current of secondary winding.




3.1.2. Transform State


In the transform state, there are currents in the primary winding, secondary winding, and RCD snubber circuit. Conventionally, the RCD snubber circuit can be seen as a voltage source    v s   . Therefore, the active circuit and equivalent circuit scheme of the converter are given by Figure 8, where    i  t r 1   ( t )   and    i  t r 2   ( t )   are currents of primary winding and secondary winding, respectively. In order to simplify the analysis, some parasitics are not considered in this state.



Based on the scheme, total differential equation of    i  t r 1   ( t )   and    i  t r 2   ( t )   is given by


       L m     N 2    [   d  i  t r 2   ( t )   d t   + N   d  i  t r 1   ( t )   d t   ] +  L  s t     d  i  t r 2   ( t )   d t   + v = 0     s . t .    i  t r 1   ( 0 ) =  i  p k 1   ,    i  t r 1   (  t  t r   ) = 0 ,    i  t r 2   ( 0 ) = 0 ,    i  t r 2   (  t  t r   ) =  i  p k 2      



(12)







Through integration, relationship between    i  p k 1     and    i  p k 2     is given by


     L m     N 2    [  i  p k 2   − N  i  p k 1   ] +  L  s t    i  p k 2   + v  t  t r   = 0  



(13)







Furthermore, peak current of the secondary winding is


   i  p k 2   =   N  L m     L m  +  N 2   L  s t      i  p k 1   −    N 2  v    L m  +  N 2   L  s t      t  t r    



(14)







In the transform state, the snubber circuit is charged by current of magnetizing inductor. At steady state, the snubber voltage    v s    is given by


   v s  =    R s   T   1 2   i  p k 1    t  t r    



(15)







Based on Figure 8 and linear superposition principle, voltage on    L  p t     is given by


   v  p t   =    i  p k 1    L  p t      t  t r     =    v s   L  p t   (  L m  +  N 2   L  s t   ) − N v  L m   L  p t      N 2   L m   L  s t   +  L m   L  p t   +  N 2   L  p t    L  s t      



(16)







Based on Equations (15) and (16), the transform time duration is derived as


   t  t r   =   N v T +     ( N v T )  2  + 2  i  p k 1     2   R s  T ( 1 +  N 2   L  s t   /  L m  ) (  N 2   L  s t   +  L  p t   +  N 2   L  p t    L  s t   /  L m  )      i  p k 1    R s  ( 1 +  N 2   L  s t   /  L m  )    



(17)







Supposing that    i  t r 2   ( t )   rises linearly in the transform state, its contribution to output current average value equals    i  p k 2    t  t r   / 2 T  .




3.1.3. Switch-off State


In the off state, currents of the primary winding and RCD snubber circuit are zero. Therefore, the active circuit and equivalent circuit scheme of the converter are given by Figure 9.



The voltage on    L m  /  N 2  +  L  s t     is   − (  R  s t   +  R F  )  i  d 2   ( t ) −  v F  − v  , where    i  d 2   ( t )   denotes the non-ideal current during    d 2  T  . Therefore, differential equation of    i  d 2   ( t )   is given by


   {    (  L m  /  N 2  +  L  s t   )   d  i  d 2   ( t )   d t   = − (  R  s t   +  R F  )  i  d 2   ( t ) −  v F  − v      i  d 2   ( 0 ) =  i  p k 2        



(18)




where    i  d 2   ( t )   is solved as


   i  d 2   ( t ) = −    v F  + v    R  s t   +  R F    + (  i  p k 2   +    v F  + v    R  s t   +  R F    )  e  − (  R  s t   +  R F  ) t / (  L m  /  N 2  +  L  s t   )    



(19)







Since    i  d 2   (  d 2  T ) = 0  ,    d 2  T   is given by


   d 2  T =    L m  /  N 2  +  L  s t      R  s t   +  R F    ln [    i  p k 2   (  R  s t   +  R F  ) +  v F  + v    v F  + v   ]  



(20)







Furthermore, take output current in the transform state into consideration, the output current average value is solved as


       i o   ¯    = f (  d 1  ,  v g  , v ) =  1  2 T    i  p k 2    t  t r   +  1 T     ∫ 0   d 2  T     i  d 2   ( t ) d t         =  1  2 T    i  p k 2    t  t r   +    i  p k 2   (  L m  /  N 2  +  L  s t   ) −  d 2  T (  v F  + v )   (  R  s t   +  R F  ) T      



(21)







The damped current model calculates a more accurate output current than Equation (5), and it will benefit current mode control strategies that are based on current observation. For the SCB controller, the current observation and control algorithms are optimized, which forms the DACO and DACC.





3.2. DACO and DACC


Based on Equation (21), the DACO and DACC algorithms are given by


   {     i  o b   = f (  d 1  ,  v g  , v )      d 1  =  f  − 1   (  i  r e f   ,  v g  , v )      



(22)







The calculations are relatively complicated. Therefore, they are carried out offline and realized through look-up-table method. With specifications in Section 5, explicit values of and are calculated. When equals 10 V, the results are plotted in Figure 10 and Figure 11.



The DACO calculates a lower output current average value than that of ACO. Taking operation point   {  d 1  = 0.5 , v = 15   V }   as an example, the output currents are 1.1 A and 0.77 A, respectively. Therefore, a current damp of    k  O M   = 0.7   exists between the results. The DACC calculates a higher duty cycle than that of ACC. Taking operation point   { v = 15   V ,  i  r e f   = 1   A }   as an example, the calculated duty cycles are 0.474 and 0.57, respectively.




3.3. Discrete-Time Model with Consideration of Current Damping


As shown in the above analysis, the output current average value is decreased by parasitics, leakage inductance of the transformer, and the RCD snubber circuit. In an actual converter system, the damping magnitude might deviate a little from that of the calculations in the damped current model. Therefore, the damping factor is denoted as    k  F B     for actual flyback converter, and    k  O M     for the damped current model. Both    k  F B     and    k  O M     are smaller than unity.



Based on ACO and ACC,    k  F B     exists between the observed current, reference current and actual output current average value, as shown in the following


     i o   ¯  =  k  F B    i  o b   =  k  F B    i  r e f    z  − 1    



(23)







Based on DACO and DACC, magnitude of the damp is minimized, and the current relationship becomes


     i o   ¯  =    k  F B      k  O M      i  o b   =    k  F B      k  O M      i  r e f    z  − 1    



(24)







Therefore, with consideration of current damping, discrete-time small signal models of the systems are shown in Figure 12.



For converter system with SCB controller, the current gain    k  F B     exists in the system, and the closed-loop transfer function is given by


   Φ  v r 1   ( z ) =    k  F B    G  v i   ( z )  z 2    (  z 3  +  z 2  − z − 1 ) T / C +  k  F B    G  v i   ( z ) ( 2  z 2  − 1 )    



(25)







For converter system with OSCB controller, the equivalent discrete-time model is given in Figure 12b. and the closed-loop transfer function is given by


   Φ  v r 2   ( z ) =    k  F B    G  v i   ( z )  z 2     k  O M   (  z 3  +  z 2  − z − 1 ) T / C +  k  F B    G  v i   ( z ) ( 2  z 2  − 1 )    



(26)







When    k  O M   =  k  F B    , effect of current damping is eliminated, and    Φ  v r 2   ( z )   equals    Φ  v r 0   ( z )   in Equation (8). Therefore, influences of parasitics, leakage inductance of transformer and RCD snubber circuit are eliminated.





4. Simulations


Simulations are carried out by Matlab-simulink to verify effectiveness of the control strategy. Main specifications of the flyback prototype are shown in Table 1. Measured values of parasitics are    L  p t   =  L  s t   = 0.75    μ H   ,    R  p t   =  R  s t   = 0.05   Ω  ,    R  d s   = 0.011   Ω  . Parameters of the RCD snubber circuit are    C s  = 1    μ F   ,    R s  = 250   Ω  .



Frequency responses of    Φ  v r 0   ( z )  ,    Φ  v r 1   ( z )   and    Φ  v r 2   ( z )   are simulated and plotted in Figure 13. The damping factors are set as    k  F B   = 0.7   and    k  O M   = 1.05  k  F B    , respectively.



In Figure 13,    Φ  v r 0   ( z )   is the closed-loop transfer function of ideal flyback converter with SCB controller, where current damping is not considered. The magnitude is very close to unity before half of the sampling frequency, which indicates a high bandwidth. With consideration of current damping, the closed-loop transfer function becomes    Φ  v r 1   ( z )  . The frequency response has a spike of 1.17 at 19.6 k rad/s, which indicates overshoot during transient response. The magnitude drop at high frequency indicates a decreased bandwidth. For a converter system with an OSCB controller, the closed-loop transfer function is    Φ  v r 2   ( z )  . Without the spike, the frequency response is much closer to that of    Φ  v r 0   ( z )  . All results prove that OSCB controller achieves higher bandwidth and lower overshoot than the SCB controller.




5. Experiments


A flyback converter operating in DCM is constructed for the experiments; the prototype is shown in Figure 14. Main specifications and setups are the same as those of the simulations, which used a switching frequency of   100   kHz  . A Microcontroller Unit (MCU) tms320f280049 is utilized to implement the digital controller. The MCU is 32 bits, capable of floating-point calculations, and the clock rate is   100   MHz  . The main switch is an Infineon IRF7805PbF, which is a N-channel MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor).



The converter is controlled by SCB and OSCB controllers, respectively. The output current and observed currents are compared to verify accuracy of the damped current model. The output voltages are compared to verify the closed-loop transient responses under SCB and OSCB control.



5.1. Comparison between Observed and Output Currents


In order to verify accuracy of the damped current model, both outputs of ACO and DACO are compared to the measured output current average value. When duty cycle varies from 0.0 to 0.7, the observed currents and measured current are given in Figure 15.



Both observed currents are higher than the measured average current, which increase along the duty cycle. When the duty cycle is low, both ACO and DACO have relatively large errors. When the duty cycle is higher than 0.2, DACO acquires a more accurate    i  o b     than ACO. Taking    d 1  = 0.5   as an example, the measured     i ¯  o    equals 0.70 A, while the observed currents are 1.06 A and 0.73 A from ACO and DACO, respectively. Therefore, relative error of ACO is   51.4 %   while relative error of DACO is   4.3 %  . The result verifies the accuracy of DACO, which is based on the damped current model.




5.2. Output Voltage Transient Response


When    v g    steps from 10 V to 7.5 V, transient responses of output voltage are given in Figure 16. For flyback converter with SCB controller, high frequency oscillation is found in the transient. The output voltage deviates by 100 mV and re-stabilizes in   70    μ s   . With OSCB controller, the output voltage deviates by 80 mV and re-stabilizes in   40    μ s   . Therefore, the proposed OSCB controller improves the transient response speed by 43% when the line voltage steps.



When load resistance steps from 50 Ω to 25 Ω, transient responses of output voltage are given in Figure 17. For a converter with a basic SCB controller, the output voltage deviates by 300 mV and re-stabilizes in 20 μs. An overshoot of 50 mV is found in the transient. With the OSCB controller, the output voltage deviates by 200 mV and re-stabilizes in 60 μs. Therefore, the proposed OSCB controller improves the transient response speed by 50% when the load steps.



When vref steps from 15 V To 15.5 V, transient responses of output voltage are given in Figure 18. For a converter with a basic SCB controller, the output voltage tracks vref in 110 μs. With the OSCB controller, the output voltage tracks vref in 60 μs. Therefore, the proposed OSCB controller improves the transient response speed by 45% when the reference voltage steps.



As experimental results show, the proposed OSCB controller improves the accuracy of current observation and transient response of the output voltage. Compared with the basic SCB control strategy, which was originally proposed in [21], the OSCB controller decreases the relative error of current observation by 47.1%. Furthermore, the output voltage response time in different transients is shortened by almost half.





6. Conclusions


This paper proposes a damped current model and OSCB controller for flyback converter operating in DCM. The damped current model calculates the output current average value with consideration of parasitics, leakage inductance of the transformer, and the RCD snubber circuit. Based on the model, current observation and control algorithms of SCB controller are optimized, which derives the OSCB controller. Furthermore, a discrete-time small signal model of the converter is given with consideration of current damping. Analyses of the small signal model indicate that the OSCB controller achieves higher closed-loop bandwidth than the SCB controller. Finally, both the accuracy of current observation and transient response of the output voltage are improved, which was verified by experimental results.
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Figure 1. Flyback converter with sensorless charge balance controller. 
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Figure 2. Output voltage and current under charge balance principle. 
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Figure 3. Flyback converter. (a) circuit scheme, (b) currents when operating in DCM. 
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Figure 4. Ideal discrete-time small signal model of SCB controlled flyback converter. 
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Figure 5. Flyback converter with optimized sensorless charge balance controller. 
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Figure 6. Flyback converter with consideration of parasitics, leakage inductance of transformer and RCD snubber circuit. (a) Circuit scheme, (b) Currents of primary and secondary windings. 
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Figure 7. Flyback converter in switch-on state. (a) Active circuit, (b) Equivalent circuit scheme. 
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Figure 8. Flyback converter in transform state. (a) Active circuit, (b) Equivalent circuit scheme. 
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Figure 9. Flyback converter in switch-off state. (a) Active circuit, (b) Equivalent circuit scheme. 
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Figure 10. The observed current values based on different observers. (a) ACO, (b) DACO. 
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Figure 11. Duty cycle calculated by different current controllers. (a) ACC, (b) DACC. 
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Figure 12. Discrete-time small signal models with consideration of current damping. (a) SCB control, (b) OSCB control. 
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Figure 13. Frequency responses of the closed-loop systems. 
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Figure 14. Photograph of the experimental prototype. 
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Figure 15. Comparison among the measured output current average value, the observed current from ACO and the observed current from DACO. 
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Figure 16. Output voltages when vg steps from 10 V to 7.5 V. (a) SCB controller, (b) OSCB controller. 
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Figure 17. Output voltages when R steps from 50 Ω to25 Ω. (a) SCB controller, (b) OSCB controller. 
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Figure 18. Output voltages when vref steps from 15 V to 15.5 V. (a) SCB controller, (b) OSCB controller. 
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Table 1. Specifications of the Tested Flyback Converter.
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	Lm
	C
	vg
	v
	T
	N





	   15    μ H    
	   50    μ F    
	   10   V   
	15 V
	   20    μ s    
	  1  











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file26.jpg





media/file8.jpg
v,
8 Optimized Sensorless Charge Balance Controller






media/file27.png
1

LALLE E
Fiiiov2csn
*Ch

€

g

PO
YN

LLAAY i:
Vi VerooRn

ot

1A 8wy
Y
2B fgyrerIssy
0LoLG bh)_ SSHER 152
v 5y ¢ [ ¢4 o
sl 2 W
A 3
8

B Ay

< »

'1 ﬁ
>

30

0 8@ W

x

c3
S

ot % [0
g

%

3

[‘:"' o
O of M-3kts

r






media/file34.jpg
60us

Tous

Ch1: 5 Vidiv Ch2: 500 mVidiv Ch1: 5 Vidiv Ch2: 500 mV/div
Toougdw | foowsdy | 00usidv 1004 siaiv

L = e s

(a) (b)





media/file13.png
() L

lai(t)

(a) (b)





media/file31.png
LI S B E N B R ED ow G Do R ER Coy X I I B O

100mV

. Ch1: 5 Vidiv
100usld|v

....................

\xx\\\\ \x\.\\. \\

Ch2: 200 mVidiv ...

100 i} sldlv

.............................

cm[ 500V

[-[ 200mvw M[wOp A| Ch2 J- 72 0mV|

(a)

et

u;?a\\\\mu\\\\k\\\\mmz

- Ch1: 5 Vidiv
100usld|v

-] 500V

: N ”WTT““T“TT‘
—

Ch2: 200 mV/div

100 u sldlv

{Ch2| 200mvw |M|100p A| s a2 omy

(b)





media/file12.jpg
(a)

1+
]
Ry Ry
(b)





media/file18.jpg
(@)






media/file9.png
Flyback converter

lo ljoad o

v - -

1%
& Optimized Sensorless Charge E

3alance Controller






media/file14.jpg
(@)

(b)






media/file35.png
T,r!;yyI<—TTe—T—TTTTTTTT Tr,r5I =TT ——T——Trr

............................................................

. Ch1:5V/div.  Ch2: 500 mV/div .= .
100us/div 100 us/div '

..............................................

| 500V |Ch2[ SOOmV'\» M[lom.ls] A| Cha 7 210mv|

(a)

rr:yX<;y<TTTIT T ——-————T—T—T——T—T—-TTMTy————TTTTTT T

............................................................

.......................

Ch1:5Vidiv.  Ch2: 500 mV/div
100ns/div 100 us/div

| 500V |Ch2[ SOOmV'\; M[lOOps] A| Cha ' r 210mv|

(b)






media/file20.jpg





media/file23.png





media/file5.png
ld]

L

Diode

i

A ipkl
— Iy
»
— 41 —> _ 4
A lpk2=Nlpk1
— iy
A .
N P





media/file15.png
(a)

(b)





media/file19.png
lob/A

10 02 - dy

(a)

10 02 - dy
(b)





media/file28.jpg
i(4)

15
13
11
0.9
0.7
0.5
0.3
0.1
-0.1

—7
— i from ACO.
—— i from DACO

0.2

0.4

(05070,

0.6





media/file2.jpg
‘ k+2)
T(k+1) (0





media/file32.jpg
sslfsvssi\:sx\xsxsM\\\\\\\\\\ﬁ\c\\: i%&(xm\ ,






nav.xhtml


  energies-11-03478


  
    		
      energies-11-03478
    


  




  





media/file11.png
lpk 1

—_ iy

lp2s Lo
N:1 S
A -
R A dIT t j .
. r l :
; i pk2 Il
': s=== itrZ
R,+R ; ;
[AA dS' < ttr dZT >I t
T

(a) (b)





media/file6.jpg





media/file24.jpg
1.4

1.2

Magnitude
o
o

(19.6k,1.17)






media/file29.png
1.5
1.3
1.1
0.9
;Er 0.7
0.5
0.3
0.1
-0.1

— i,p from ACO
— j,» from DACO

0.2

d

0.4

(0.5,0.70)

0.6





media/file1.png
Flyback converter

v o W 1

Vg

X Sensorless Charge Balan;e Controller






media/file10.jpg





media/file7.png





media/file33.png
15V

e

. 300mV

f
=
—
T
i~ '
-
e
=
=
[
G

,

i_, 200mv | “" .

.. Ch1: 5 Vidiv Ch2: 200 mVidiv ...  Ch1: 5Vidiv. Ch2: 200 mVidiv ...
100 1 s/div 100 v s/div ' | 100 » S/dIV 100 b s/div '

-|' S0V '\'c'h2'| TS |'M|'1'oo'p's' | A[ T _264|-‘n-V -| 500V ICha] L AT {Ml T00ps| A Cha F —T44mv

(a) (b)






media/file16.jpg
(a)

i)






media/file3.png
2

v(k+2)=v,,r

~

<

N

N

N\

AN

\ 4

\ 4

T(k)

T(k+1)

T(k+2)






media/file22.jpg





media/file17.png
(a) (b)





media/file4.jpg
it

B iy Diode —

ar

—i

T
T

(@) (b)





media/file30.jpg
2.0

DC | DC |
15V, AC} 15V AC
%\\'\S\\&‘\g\\\v LU “‘_‘k““““‘}}“\v“ P

(a) (b)





media/file25.png
1.4/

1.2

¢vr0

— o, (19.6k,1.17)
—P,,;

Magnitude
o
o]

- 1 y
o (rad/s)






media/file0.jpg





media/file21.png
#i?
|-|'III|||.\||.
I'IIJ!II.“I\llI

e






