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Abstract

:

The continued commissioning of DC microgrids in an effort to achieve net-zero carbon levels in the atmosphere demands the large-scale deployment of converters to make the power from renewable energy sources, such as solar PV, usable. To control these inherently non-linear converters using classical linear control methods, averaged modelling techniques are employed. These methods are laborious and easily become intractable when applied to converters with increased energy storage elements. A modular modelling approach is proposed. This approach is based on the synthesis of converters using refined basic building blocks. The refined basic building blocks are independently modelled as two-port networks and used in a circuit synthesis-oriented manner to derive power stage models of commonly used DC-DC converters. It is found that most of the converters considered in the study can be described as a cascade combination of these basic building blocks. As such, transmission parameters are mainly used to model the two-port networks. Moreover, it is also found that using this modelling technique enables the computation of generalized expressions for all power stage models of interest. The use of two-port networks curtails the size of the matrices describing the basic building blocks to 2 × 2, and thus simplifies the entire modelling procedure. Additionally, two-port network analysis makes this modelling technique modular, thus making it more suited to be employed in DC microgrids. The independence of the two-port models on the circuit topology and functionality makes it possible to even model new converters containing the described basic building blocks solely based on circuit connection.
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1. Introduction


The role of a DC-DC converter in a DC microgrid can loosely be equated to that of the AC transformer in the conventional AC grid. Unlike AC transformers, which are mostly passive devices, these converters employ switching schemes to function [1,2,3,4]. Additionally, these converters have a more direct influence on the performance of the entire DC grid, since they can be used to extract maximum power from a source [5,6,7], actively transfer charge into an energy storage device [8,9], correct the system power factor [10], emulate a source [11,12], and mask the intermittence of renewable energy sources (RES) [5,7], etc. Functions such as active power control will typically be the sole responsibility of generators in an AC grid [13]. The versatility of DC-DC converters is enabled by the controller’s ability to determine a correct duty ratio for the active switches for any operating point [7,10,11,12]. Moreover, such versatility makes these converters critical in the mission to achieve net-zero carbon levels and ultimately combat effects of global warming, because power from RES cannot be directly used for most practical applications [3,14,15,16].



The switching nature of these converters makes them inherently non-linear [17,18,19]. This non-linear nature renders the direct use of classical control methods futile since they rely on linear models [18,19]. As such, pseudo-heuristic modelling techniques, such as state-space averaging [20], circuit averaging [21], and a switching flow graph [22], were developed to arrive at a linear model for these converters such that linear control methods such as proportional, integral, and derivative (PID) control can still be used [18,19]. The derivation of models from these pseudo-heuristic modelling techniques is somewhat laborious and the algebra easily gets intractable and complex with higher-order converters [17,21,23]. For DC microgrids, these converters are deployed in large numbers to perform specialized functions, including voltage regulation [24,25]. The deployment of a specific type of converter at any point in the microgrid is dependent on the application of interest and accompanying design specifications [5,6,7,24,25,26,27]. There is a plethora of DC-DC converter topologies to choose from, each with known merits and demerits [28,29,30,31,32,33,34]. To deal with the proliferation of converters, researchers have introduced organizational tools to identify, classify, and deduce insights pertinent to the genesis and overlapping traits among available DC-DC converters. Among these organizational tools is the use of converter cells [28], the minimum separable switching configuration (MISSCO) [35], PWM switches [36,37], layer schemes [38], graft schemes [39], circuit topology transformations [29,31], the tapped-inductor switcher (TIS) [40,41], cascaded/quadratics [42], voltage multiplier cells (VMC) [43], and, most recently, type 1, 2, and 3 converter basic building blocks (BBBs) alongside a filter block [33].



The use of converter organizational tools to model the power stage of these converters provides a circuit synthesis approach to modelling and has proven effective in providing more insight on the fundamental operation of converters, highlighting the evolution of converters, and unifying and generalizing converter models, as well as reducing model computational effort [28,33,35,36,37,38,39,40,41]. Using a single converter cell enables one to generate a maximum of six converters from simple connection permutations of the cell with the input and output ports [28]. To model the power stage of these converters, the same permutations can be performed with an equivalent averaged model of the converter cell, i.e., steady-state, large-signal, and small-signal models of six converters can be computed through connection permutations of one converter cell. It should be noted that even after substituting the averaged model of the converter cell, substantial analysis still needs to be carried out for computing the power stage models of converters. Additionally, equation manipulation must be performed to present the model in standard form. The layer scheme employs conventional buck and boost converters to synthesize and model four of the most popular DC-DC converters based on a generalized configuration [38]. The configuration of the feedback block is heavily dependent on the resultant converter and is not clear due to the use of extra elements which require further refinement of the resultant model. Moreover, a substantial amount of analysis is required to identify appropriate feedback elements. Furthermore, non-ideal model attributes are ignored.



The graft scheme uses grafted switches which replace an active switch with two diodes to synthesize and model the same converters as the layer scheme, also using basic converters. The diodes of the grafted switch can be eliminated based on redundancy to simplify the resultant circuit [39]. A substantial amount of analysis is required to lump/eliminate elements when grafting basic converters. Moreover, the technique may be considered semi-heuristic/empirical in that it relies heavily on the resultant circuit and circuit manipulation to identify types of grafted switches. Non-ideal model attributes are also ignored. The tapped-inductor switcher can be considered as a converter cell for converters with coupled inductors [40,41]. The main demerit of this approach is the analysis required in defining the TIS variables, which depends on the original default converter topology. As such, it has comparable merits and demerits compared to any converter cell when applied to the relevant converters. The cascading of converters, or the use of VMC, rapidly increases the number of components, and thus increases model order which translates to control complexity. The use of BBBs, as reported in [33], has been shown to successfully synthesize all the converters reported in [28], as well as other converters not presented in [28]. Thus, stretching the limits of the converter cell. Unlike the converter cell, BBB limits the number of components in the network to a maximum of three, which greatly reduces complexity. This can be considered a refined form of the converter cell. To date, no analysis has been reported to demonstrate how these BBBs can be used to model DC-DC converter power stages.



Amid the available variants of known DC-DC converters, extensions in the application scope of these converters will still benefit from more suited topologies, e.g., the deployment of newly proposed buck-boost type quadratic converters [44] for electric vehicles will provide high boosting ratios with reduced complexity due to the absence of regenerative snubber circuits associated with magnetically coupled circuits. On the other hand, the use of the newly proposed ripple free input current converter [45] will be more suited for RES since they do not source pulsed currents. As such, the proliferation of DC-DC converters in microgrids will require a more systematic and modular approach to analysis in order to reduce complexity inherent in large systems, retain analysis tractability, and provide easy identification of common converter traits, and, to some degree, converter genesis.



In this paper, a converter modelling scheme based on the recently proposed converter organization tool (i.e., BBBs in [33]) is presented. The study shows that connection of these BBBs in the formation of a specified converter is the most important attribute of the modelling procedure. Subsequently, all the converters considered in the study are shown to have a cascade connection of BBBs. Additionally, the study shows that the procedure to compute transfer functions of interest can be unified and generalized when BBBs are modelled as two-port networks and used in a circuit synthesis-oriented manner to derive the power stage models. This makes the algebra tractable throughout the modelling procedure. Furthermore, the study shows that the proposed modelling scheme can seamlessly incorporate non-ideal attributes of any converter of interest. Lastly, the study shows that the proposed modelling scheme is modular, such that it can be applied to any converter topology whose circuit can be refined into BBBs. Thus, becoming more suited for adoption into microgrid applications. The averaged model for any BBB considered in the proposed scheme is limited to a 2 × 2 matrix, which significantly reduces computational complexity. Steady-state and small-signal power stage models that are generalized include control-to-output voltage transfer function, audio-susceptibility, and input and output impedances.



It should be borne in mind that among the available range of DC-DC converters, only a specific group of these converters find use in most practical applications. Thus, the other converters have been developed for the sake of expediency in the derivation method without any special attributes [29,31,46], e.g., converter ‘F1′ in [28] contains redundant elements. Moreover, the converter provides the same steady-state voltage conversion ratio (as the conventional step-down converter) with extra elements and without any improvement in the continuity of the input current. Among the group of commonly used converters are the conventional buck, boost, buck-boost, and their extensions with input and output filters for continuous terminal currents [28,29,33]. Additionally, Sepic, Cuk, and Zeta converters also find common use.



The remainder of this paper is organized as follows: Section 2 conducts a brief review of converter synthesis using BBB. Section 3 presents the main principles of the idea presented in the paper. Section 4 looks at the extension of the modelling technique to non-conventional converters. Section 5 presents modelling examples using the proposed scheme. Discussion and conclusions are conducted in Section 6 and Section 7, respectively.




2. Converter Synthesis Using BBBs


The BBBs presented in [33] are illustrated in Figure 1. Current waveshapes are also shown in the figure for each terminal of the listed BBB. These BBBs are able to synthesize all the converters in [28]. Moreover, the current-fed and voltage-fed full-bridge DC-DC converters can also be synthesized using the same BBBs. As such, the use of BBBs provides more flexibility in the synthesis of converters. As stated in Section 1, not all the synthesized converters find common use in practical applications. It is from this consideration that this paper limits the number of converters to those that find common use in practical applications. Converters considered in this study are listed in Table 1 with known merits. The synthesis of these converters only requires Type 1, Type 2, and the filter block as a BBB, i.e., a Type 3 BBB will not be used. It should be noted that the filter block does not need to be an LCL filter; an LCL filter is shown to signify the highest level of filtering. Thus, an L, C, LC, or CL filter can also represent the filter block in Figure 1e. To synthesize a practical converter, the following conditions apply for any of the BBBs in Figure 1:




	
All the terminal currents of the BBB should be DC, if it is to be used independently to synthesize a converter.



	
A BBB has distinct operating modes for the switching elements in order to ensure proper operation.








Considering the conditions listed above, only Type 1 BBBs can be used alone to realize a practical converter. An example of a converter derived from this BBB will be the conventional buck converter. Since this BBB type is identical to converter cell A in [28], the other two converters that can be synthesized from Type 1 BBBs will be the conventional boost converter and conventional buck-boost converter. A Type 2 BBB needs to be combined with other BBBs in order to realize a practical DC-DC converter. The filter block is a complementary block, in that it always has to be connected to a BBB which can independently realise a practical converter, e.g., a Type 1 BBB. BBBs can be connected in a cascade, stacked, paralled/interleaved, or differential connection. A cascade connection of BBBs is sufficient to synthesize all the converters in Table 1. A circuit-based example on the synthesis of two of the converters considered in this study is shown in Figure 2. A cascade connection of a Type 1 BBB and the filter block synthesizes the buck converter with an input filter. On the other hand, a cascade connection of two Type 2 BBBs synthesizes the Cuk converter.




3. Modelling Concept Development


3.1. Modelling Generalised Circuit


To highlight the main idea behind the proposed modelling scheme, first consider the generalized circuit diagram shown in Figure 3. Any non-isolated converter given in Table 1 can be described as a cascade connection of BBBs sandwiched between the input-port and the output-port. The input-port is typically connected to a DC source. A resistor is connected in series with the source to model internal losses of the source. For an ideal source, this resistance will be zero (i.e.,    R g  = 0   Ω  ). The output-port constitutes a parallel connection of a capacitor and a load resistor. The load resistor represents the total active power delivered to the load and the capacitance represents voltage filtering necessary to suppress ripples in the output voltage. The equivalent series resistance of the capacitor is represented with a resistor    r C    to model the non-ideal parameters of the capacitor.



Once the main components of the generalized circuit diagram in Figure 3 are well defined, the modelling procedure will be illustrated considering the two BBBs making up the converter. Each BBB’s steady-state behavior, or the small-signal behavior, can be independently modelled using the circuit averaging modelling scheme. For the purpose of this paper, both steady-state and small-signal models are of interest. The circuit averaging modelling scheme is employed because it retains the graphical representation of the BBB’s circuit components and proves to be more intuitive for this section of the paper. The resultant equivalent circuit will then be considered as a two-port network, the parameters of choice will be dictated by the BBB’s connection in the network making up a specified circuit. Merits and demerits of two-port parameters based on circuit connection are fully captured in the available literature [38,47].



Since the most prominent BBB connection in the synthesis of converters in Table 1 is the ‘cascade’ connection, transmission parameters will be more suited to describe the BBB as a two-port network. As such, each of the BBBs making up the converter in Figure 3 can have their small-signal dynamics and steady-state behavior represented as shown in (1a) and (1b), respectively. To distinguish the input side BBB’s transmission parameters from those of the output side BBB, superscripts ‘i’ and ‘o’ will be used to denote input and output, respectively. Using this notation, (2a) and (2b) will, respectively, denote small-signal and steady-state transmission parameters for the input side BBB, while (3a) and (3b) represent small-signal and steady state transmission parameters for the output side BBB, respectively.


   [        v ˜  1   ( s )          ι ˜  1   ( s )       ]  =  [      A  ( s )      B  ( s )        C  ( s )      D  ( s )       ]   [        v ˜  2   ( s )        −   ι ˜  2   ( s )       ]  +  [        v ˜   i n d  T   ( s )          ι ˜   i n d  T   ( s )       ]   δ ˜   ( s )   



(1a)




where:




	
    v ˜  1   ( s )  →   AC input voltage of a given BBB



	
    ι ˜  1   ( s )  →   AC input current of a given BBB



	
    v ˜  2   ( s )  →   AC output voltage of a given BBB



	
    ι ˜  2   ( s )  →   AC output current of a given BBB



	
    v ˜   i n d  T   ( s )  →   AC input voltage of a given BBB due to the presence of independent sources for transmission parameters



	
    ι ˜   i n d  T   ( s )  →   AC input current of a given BBB due to the presence of independent sources for transmission parameters



	
   δ ˜   ( s )  →   AC excursions of the active switch duty ratio










   [       V 1         I 1       ]  =  [     A   B     C   D     ]   [       V 2        −  I 2       ]  +  [       V  i n d  T         I  i n d  T       ]   



(1b)






   [        v ˜  1   ( i )     ( s )          ι ˜  1   ( i )     ( s )       ]  =  [       A   ( i )     ( s )       B   ( i )     ( s )         C   ( i )     ( s )       D   ( i )     ( s )       ]   [        v ˜  2   ( i )     ( s )        −   ι ˜  2   ( i )     ( s )       ]  +  [        v ˜   i n d   T  ( i )     ( s )          ι ˜   i n d   T  ( i )     ( s )       ]   δ ˜   ( s )   



(2a)






   [       V 1 i         I 1 i       ]  =  [       A   ( i )         B   ( i )           C   ( i )         D   ( i )         ]   [       V 2 i        −  I 2 i       ]  +  [       V  i n d   T  ( i )           I  i n d   T  ( i )         ]   



(2b)






   [        v ˜  1   ( o )     ( s )          ι ˜  1   ( o )     ( s )       ]  =  [       A   ( o )     ( s )       B   ( o )     ( s )         C   ( o )     ( s )       D   ( o )     ( s )       ]   [        v ˜  2   ( o )     ( s )        −   ι ˜  2   ( o )     ( s )       ]  +  [        v ˜   i n d   T  ( o )     ( s )          ι ˜   i n d   T  ( o )     ( s )       ]   δ ˜   ( s )   



(3a)






   [       V 1 o         I 1 o       ]  =  [       A   ( o )         B   ( o )           C   ( o )         D   ( o )         ]   [       V 2 o        −  I 2 o       ]  +  [       V  i n d   T  ( o )           I  i n d   T  ( o )         ]   



(3b)







From Figure 3, it can be proved that the input voltage and current of the input BBB are the same as the converter’s input voltage and current (4a), and the output voltage and current of the output BBB are the same as the converter’s output voltage and current (4b). Additionally, it can also be proved that the output voltage and current of the input BBB are the same as the input voltage and current of the output BBB for small-signal analysis (5a) and steady-state (5b), from which (6a) and (6b) are the resultants. Equation (6a, b) represents the generalized network of Figure 3 as a two-port network based on transmission parameters. These equations are sufficient for deriving both small-signal and steady-state models of the generalized network.


   [        v ˜  1   ( i )     ( s )          ι ˜  1   ( i )     ( s )       ]  ≡  [        v ˜   i n    ( s )          ι ˜   i n    ( s )       ]   



(4a)






   [        v ˜  2   ( o )     ( s )        −   ι ˜  2   ( o )     ( s )       ]  ≡  [        v ˜   o u t    ( s )          ι ˜   o u t    ( s )       ]   



(4b)






   [        v ˜  2   ( i )     ( s )        −   ι ˜  2   ( i )     ( s )       ]  =  [        v ˜  1   ( o )     ( s )          ι ˜  1   ( o )     ( s )       ]   



(5a)






   [       V 2 i        −  I 2 i       ]  =  [       V 1 o        −  I 1 o       ]   



(5b)






   [        v ˜   i n    ( s )          ι ˜   i n    ( s )       ]  =  [      A  ( s )      B  ( s )        C  ( s )      D  ( s )       ]   [        v ˜   o u t    ( s )          ι ˜   o u t    ( s )       ]  +  [        v ˜   i n d  T   ( s )          ι ˜   i n d  T   ( s )       ]   δ ˜   ( s )   



(6a)




where:




	
  A  ( s )  =  A   ( i )     ( s )   A   ( o )     ( s )  +  B   ( i )     ( s )   C   ( o )     ( s )   



	
   ( s )  =  A   ( i )     ( s )   B   ( o )     ( s )  +  B   ( i )     ( s )   D   ( o )     ( s )   



	
  C  ( s )  =  C   ( i )     ( s )   A   ( o )     ( s )  +  D   ( i )     ( s )   C   ( o )     ( s )   



	
  D  ( s )  =  C   ( i )     ( s )   B   ( o )     ( s )  +  D   ( i )     ( s )   D   ( o )     ( s )   



	
    v ˜   i n d  T   ( s )  =  {   A   ( i )     ( s )    v ˜   i n d   T  ( o )     ( s )  +  B   ( i )     ( s )    ι ˜   i n d   T  ( o )     ( s )   }  +   v ˜   i n d   T  ( i )     ( s )   



	
    ι ˜   i n d  T   ( s )  =  {   C   ( i )     ( s )    v ˜   i n d   T  ( o )     ( s )  +  D   ( i )     ( s )    ι ˜   i n d   T  ( o )     ( s )   }  +   ι ˜   i n d   T  ( i )     ( s )   










   [       V  i n          I  i n        ]  =  [     A   B     C   D     ]   [       V  o u t          I  o u t        ]  +  [       V  i n d  T         I  i n d  T       ]   



(6b)




where:




	
  A =  A   ( i )     A   ( o )    +  B   ( i )     C   ( o )     



	
  B =  A   ( i )     B   ( o )    +  B   ( i )     D   ( o )     



	
  C =  C   ( i )     A   ( o )    +  D   ( i )     C   ( o )     



	
  D =  C   ( i )     B   ( o )    +  D   ( i )     D   ( o )     



	
   V  i n d  T  =  {   A   ( i )     V  i n d    ( o )    +  B   ( i )     I  i n d    ( o )     }  +  V  i n d    ( i )     



	
   I  i n d  T  =  {   C   ( i )     V  i n d    ( o )    +  D   ( i )     I  i n d    ( o )     }  +  I  i n d    ( i )     










    v ˜  2   ( o )     ( s )  = −   ι ˜  2   ( o )     ( s )   Z  L o a d    ( s )   



(7a)






   V 2 o  = −  I 2 o   Z  L o a d    



(7b)






   Z  L o a d    ( s )  =    R L   Z C   ( s )     R L  +  Z C   ( s )     



(7c)







Generalised Power Stage Models


The small-signal models of interest will be the audio-susceptibility transfer function (8), the control-to-output voltage transfer function (9), input impedance (10), and output impedance (11). The steady-state model will mainly constitute the voltage gain (12). All the models represented by (8)–(12) are independent of the converter topology, and thus generalizes the modelling procedure when the coefficients of the matrices in (6a) and (6b) are known.


          v ˜   o u t    ( s )      v ˜   i n    ( s )     |     δ ˜   ( s )  = 0   =    Z  L o a d    ( s )    A  ( s )   Z  L o a d    ( s )  + B  ( s )     



(8)






          v ˜   o u t    ( s )     δ ˜   ( s )     |      v ˜   i n    ( s )  = 0   =   −   v ˜   i n d  T   ( s )   Z  L o a d    ( s )    A  ( s )   Z  L o a d    ( s )  + B  ( s )     



(9)






       Z  i n    ( s )  =     v ˜   i n    ( s )      ι ˜   i n    ( s )     |     δ ˜   ( s )  = 0   =   A  ( s )   Z  L o a d    ( s )  + B  ( s )    C  ( s )   Z  L o a d    ( s )  + D  ( s )     



(10)






       Z  o u t    ( s )  =     v ˜   o u t    ( s )    −   ι ˜   o u t    ( s )     |          v ˜   i n    ( s )  = 0        δ ˜   ( s )  = 0 ,         =   B  ( s )   Z  L o a d    ( s )    A  ( s )   Z  L o a d    ( s )  + B  ( s )     



(11)






         V  o u t      V  i n      |     V  i n d   =  I  i n d   = 0   =    z  L o a d      Z  L o a d   A + B    



(12)









3.2. Modellling Type 1 BBBs


Type 1 BBBs appear in various connection forms in relation to the input and output ports. Consider Figure 1a, node 1 can be connected to the common rail, making port 2-1 and 3-1 input and output ports, respectively. On the other hand, node 2 can be connected to the common rail, making port 1-2 and 3-2 input and output ports, respectively. More configurations of this BBB can be deduced from the converters listed in Table 1. These configurations are a direct result of the converter synthesis process discussed in [28] based on canonical cell permutations. As such, the uniqueness of a two-port model description of this BBB, based on the circuit averaging modelling technique, is dictated by port definition. Possible port definitions for this BBB are listed in Figure 4. Although numerous port definitions exist, the resultant circuit models are equivalent [48]. It will later be shown that the resultant models of all permissible port definitions can actually be generalized.



3.2.1. Ideal Model


In this section, lossless equivalent circuits for computing small-signal and steady-state models for the BBBs in Figure 4a–c are presented in Figure 5a–c, following the circuit averaging modelling approach. In Figure 5c, the switch and diode averaged circuits are shown in blue and green with a terminal voltage    V a  +   v ˜  a    and    V b  +   v ˜  b   , respectively. The equivalent circuits of the BBBs shown in Figure 5a–c are considered to be two-port networks, and the corresponding coefficients of the small-signal Equation (1a) are shown in Table 2. In a similar manner, the coefficients of the steady-state Equation (1b) are also shown in Table 2.




3.2.2. Non-Ideal Model


In this section, more practical equivalent circuits for computing small-signal and steady-state models for the BBBs in Figure 4a–c are presented in Figure 6a–c, following the circuit averaging modelling approach. These equivalent circuits consider the active switch’s resistance ‘   R  o n    ’, diode forward voltage ‘   V  f w d    ’, capacitor series resistance ‘   r C   ’, and inductor series resistance ‘   r L   ’ as non-ideal parameters of the circuit. The equivalent circuits shown in Figure 6a–c are considered as two-port networks, and the corresponding coefficients of the small-signal Equation (1a) are shown in Table 2. In a similar manner, the coefficients of the steady-state Equation (1b) are also shown in Table 2.




3.2.3. Generalised Type 1 Model


The Type 1 BBB is sufficient to independently derive the three conventional converters, i.e., boost, buck, and buck-boost DC-DC converters. These converters are well-known and describe the basic DC-DC converter functionalities, i.e., voltage step-up (13), voltage step-down (14), and voltage step-up and step-down (15). Equations (13)–(15) can be generalized with two functions, one describing the numerator and the other describing the denominator, as shown in (16). It should be noted that the non-ideal model is the most general model between the two models presented for each rail connection in Table 2. Thus, the ideal model can be derived directly from the non-ideal model when all the non-ideal parameters are set to zero. For the sake of expediency in the generalization process for this BBB Type, the matrix describing the two-port network, in the absence of perturbations in the control variable, can be generalized, as shown in (17). Such a generalization is independent of rail connection and enables one to describe the equivalent two-port model for Type 1 BBBs by inspection. It should be noted that (17) represents the two-port model of any Type 1 BBB, regardless of whether it is an input or output BBB. As such, if the converter of interest is one of the conventional converters, then the audio-susceptibility transfer function can also be generalized or equivalently computed by inspection, as shown in (18). The sign of the matrix entries in (17) is negative if there is a polarity inversion of the input voltage on the output side.


     V  o u t      V  i n     =  1  1 − D    



(13)






     V  o u t      V  i n     = D  



(14)






     V  o u t      V  i n     =  D  1 − D    



(15)






     V  o u t      V  i n     =   f  ( D )    g  ( D )     



(16)






   [        v ˜  1   ( s )          ι ˜  1   ( s )       ]  = ±  [        g  ( D )    f  ( D )           Z T    f  ( D )  g  ( D )         0      f  ( D )    g  ( D )         ]   [        v ˜  2   ( s )        −   ι ˜  2   ( s )       ]   



(17)




where:    Z T  = D  R  o n   +  Z L   ;    Z L  = s  L 1  +  r L   


          v ˜   o u t    ( s )      v ˜   i n    ( s )     |     δ ˜   ( s )  = 0   =    Z  L o a d    ( s )      g  ( D )    f  ( D )     Z  L o a d    ( s )  +    Z T    f  ( D )  g  ( D )       



(18)









3.3. Modelling Type 2 BBB


Similarly, the Type 2 BBB also appears in various connection forms in relation to the input and output ports. As such, possible combinations of this BBB will be considered in the same manner as the Type 1 BBB. It can be seen that Type 2 BBBs, as presented in [33], contain one semiconductor device, i.e., it contains either a diode or an active switch. In a practical converter, for each active switch there is a complementary diode. As such, it can be expected that a practical converter based on Type 2 BBBs must have at least two Type 2 BBBs. This observation was also made in [33] based on terminal current signals. It was observed that not all the terminal currents of this building block are DC, which rendered the BBB unsuitable to independently realize a practical converter. Thus, it has to be configured with other BBBs to realise a practical converter. It follows that unlike current signal waveshapes which can be independently deduced from each BBB regardless of the number of switching elements or nature of the terminal currents, power stage small-signal models cannot be derived independently. This is the case because average switch models for switching devices are modelled with dependent sources, which means sources are controlled by circuit variables. Thus, the dependent voltage source used to model the active switch has controlling variables which depend on the diode variables, and vice-versa. If either of the Type 2 BBBs were to be considered in isolation, there will always be a variable which cannot be represented in terms of port variables, and thus it is impossible to conform to the two-port model. To deal with this, a minimum structure which is inclusive of both switches is considered, this can be considered a lumped form of Type 2 BBBs. Figure 7 shows different rail connection configurations for the introduced lumped form of Type 2 BBBs. This lumped block only needs to be combined with a filter block to form a practical converter. Practical converters made up of the lumped form of Type 2 BBBs include the Cuk, Sepic, and Zeta converters. As such, the lumped BBBs would suggest that there are close ties in the derivation of the Cuk and group G converters, i.e., Sepic and Zeta. This is different from the work presented in [28], wherein these converters were classified as belonging to separate converter cells.



3.3.1. Ideal Model


In this section, lossless equivalent circuits for computing small-signal and steady-state models for the BBBs in Figure 7a–c are presented in Figure 8a–c, following the circuit averaging modelling approach. The equivalent circuits of the BBBs shown in Figure 8a–c are considered as two-port networks, and the corresponding coefficients of the small-signal Equation (1a) are shown in Table 3. In a similar manner, the coefficients of the steady-state Equation (1b) are also shown in Table 3.




3.3.2. Non-Ideal Model


In this section, more practical equivalent circuits for computing small-signal and steady-state models for the BBBs in Figure 7a–c are presented in Figure 9a–c, following the circuit averaging modelling approach. These equivalent circuits consider the active switch’s resistance ‘   R  o n    ’, diode forward voltage ‘   V  f w d    ’, capacitor series resistance ‘   r C   ’,and inductor series resistance ‘   r L   ’ as non-ideal parameters of the circuit. The equivalent circuits shown in Figure 9a–c are considered as two-port networks, and the corresponding coefficients of the small-signal Equation (1a) are shown in Table 3. In a similar manner, the coefficients of the steady-state Equation (1b) are also shown in Table 3.





3.4. Modelling the Filter Block


Finally, as mentioned in Section 2, the filter block has an LCL filter as the most generic form of the BBBs. This represents the highest level of filtering. To compute the power stage model of this BBB, the generic form is considered, i.e., an LCL filter. It will also be shown that models for any other form of the filter block (i.e., LC, CL, L. or C) can be computed by simply setting the LCL filter elements not present in a given configuration to zero, e.g., for an LC filter, one of the inductances which appear in the LCL filter circuit model will be set to zero since it does not appear in the LC filter circuit model. Additionally, this BBB does not contain any switching components. As such, modelling this BBB is relatively easy. Figure 1e shows the circuit model of the filter BBB. The approach to model the LCL filter results in a generalised model for the filter block. Thus, substantially reducing modelling effort for any possible filter configuration.



3.4.1. Ideal Model


In this section, a lossless equivalent circuit for computing small-signal and steady-state models for the filter block in Figure 10a is presented in Figure 10b. Since the filter block is entirely made up of linear elements, it is an inherently linear system. As such, the circuit averaging modelling approach is not necessary for this BBB. The equivalent circuit of the BBB shown in Figure 10b is considered as a two-port network, and the corresponding coefficients of the small-signal Equation (1a) are shown in Table 4. In a similar manner, the coefficients of the steady-state Equation (1b) are also shown in Table 4.




3.4.2. Non-Ideal Model


In this section, a more practical equivalent circuit for computing small-signal and steady-state models for the filter block is presented in Figure 10c. As mentioned earlier, the filter block is made up entirely of linear elements. Thus, the modelling does not require specialised modelling techniques such as the circuit averaging modelling technique. This equivalent circuit considers the capacitor series resistance ‘   r C   ’ and inductor series resistance ‘   r L   ’ as non-ideal parameters of the circuit. The equivalent circuit shown in Figure 10c is considered as a two-port network, and the corresponding coefficients of the small-signal Equation (1a) are shown in Table 4. In a similar manner, the coefficients of the steady-state Equation (1b) are also shown in Table 4.






4. Non-Conventional Converters


In this section, the modularity of the proposed modelling scheme is extended to non-conventional converters. For this purpose, the voltage-fed and current-fed full-bridge DC-DC converters are considered. The modelling procedure is still oriented on the synthesis of the circuit of interest based on BBBs modelled as two-port networks. As such, the BBBs and the accompanying connection ought to be clearly defined. It should be noted that the same two-port network can be modelled using different, yet equivalent, parameters. The choice to use transmission parameters was based on the observations made in Section 3, i.e., all the converters considered in this study, as captured in Table 1, can be synthesized based on a cascade connection of BBBs. Thus, validating the choice to use transmission parameters. As mentioned in Section 3, there are well-known merits and demerits for using specified two-port network parameters based on the circuit configuration.



4.1. Shunt-Series Connection of BBBs


The voltage-fed full-bridge DC-DC converter circuit diagram can be construed as an input-shunt, output-series connection of Type 1 BBBs. Figure 11 shows a circuit diagram of this topology. Additionally, Figure 12 shows the same circuit with a refined depiction of the BBB connections. It can be seen from the two figures that there are two Type 1 BBBs, one shown with red lines and the other with black lines. Two-port network models of Type 1 BBBs are captured in Table 2. Moreover, equivalent network parameters of Type 1 BBBs can easily be computed from predefined matrices in the available literature [38,47]. For example, given transmission parameters of a Type 1 BBB, the equivalent g-parameters can be derived, as shown in (19). A complete table for computing equivalent two-port parameters in the absence of perturbations in the duty ratio is given in [47]. For our circuit of interest, it can be shown that the g-parameters are more suited for modelling a shunt-series connected circuit.


   [        ι ˜  1   ( s )          v ˜  2   ( s )       ]  =  [        C  ( s )    A  ( s )          − d e t  ( T )    A  ( s )           1  A  ( s )          B  ( s )    A  ( s )         ]   [        v ˜  1   ( s )          ι ˜  2   ( s )       ]  +  [        A  ( s )    ι ˜   i n d  T   ( s )  − C  ( s )    v ˜   i n d  T   ( s )    A  ( s )            −   v ˜   i n d  T   ( s )    A  ( s )         ]   δ ˜   ( s )   



(19)




where:     d e t  ( T )  = A  ( s )  D  ( s )  − B  ( s )  C  ( s )   



For any input-shunt, output-series connected topology, the g-parameter based two-port model in (20) is always valid. It can be seen from (20) that the input current is a sum of the input currents of the BBBs and the output voltage is a sum of the output BBB voltages. In (20), superscripts ‘u’ and ‘l’ are used to distinguish parameters associated with the upper (red) BBB from those associated with the lower (black) BBB.


   [        ι ˜  1   ( s )          v ˜  2   ( s )       ]  =  [        ι ˜  1   ( u )     ( s )          v ˜  2   ( u )     ( s )       ]  +  [        ι ˜  1   ( l )     ( s )          v ˜  2   ( l )     ( s )       ]   



(20)







For our circuit of interest in Figure 12 the BBB in red makes up the first BBB and has matrix entries with superscripts ‘u’, as shown in (21). On the other hand, the BBB in black makes up the second BBB and has matrix entries with superscripts ‘l’, as shown in (22). The voltages making up the series’ connected output port have different polarities in relation to the main output terminals. The polarity of the BBB in red matches the main output terminal polarity, but the polarity of the BBB in black opposes that of the main output terminals. Thus, the black BBB will contribute a negative output terminal voltage and current in relation to the main output terminals. To conform to (20), the negative sign of the terminal voltage and current of the black BBB can be entirely associated with the g-parameter matrix and the independent matrix. This only affects the off-diagonal elements of the g-parameter matrix and the second row of the independent matrix, as shown in (23).


   [        ι ˜  1   ( u )     ( s )          v ˜  2   ( u )     ( s )       ]  =  [       g  11    ( u )         g  12    ( u )           g  21    ( u )         g  22    ( u )         ]   [        v ˜  1   ( u )     ( s )          ι ˜  2   ( u )     ( s )       ]  +  [        ι ˜   1 , i n d   g  ( u )     ( s )          v ˜   2 , i n d   g  ( u )     ( s )       ]   δ ˜   ( s )   



(21)






   [        ι ˜  1   ( l )     ( s )          v ˜  2   ( l )     ( s )       ]  =  [       g  11    ( l )         g  12    ( l )           g  21    ( l )         g  22    ( l )         ]   [        v ˜  1   ( l )     ( s )          ι ˜  2   ( l )     ( s )       ]  +  [        ι ˜   1 , i n d   g  ( l )     ( s )          v ˜   2 , i n d   g  ( l )     ( s )       ]   δ ˜   ( s )   



(22)






   [        ι ˜  1   ( l )     ( s )          v ˜  2   ( l )     ( s )       ]  =  [       g  11    ( l )        −  g  12    ( l )          −  g  21    ( l )         g  22    ( l )         ]   [        v ˜  1   ( l )     ( s )          ι ˜  2   ( l )     ( s )       ]  +  [        ι ˜   1 , i n d   g  ( l )     ( s )        −   v ˜   2 , i n d   g  ( l )     ( s )       ]   δ ˜   ( s )   



(23)







Substitution of (21) and (23) into (20) yields the complete circuit model of a voltage-fed full-bridge converter (24). The corresponding steady-state model of the same circuit is shown in (25).


   [        ι ˜  1   ( s )          v ˜  2   ( s )       ]  =  [       g  11    ( s )       g  12    ( s )         g  21    ( s )       g  22    ( s )       ]   [        v ˜  1   ( s )          ι ˜  2   ( s )       ]  +  [        ι ˜   i n d  g   ( s )          v ˜   i n d  g   ( s )       ]   δ ˜   ( s )   



(24)




where:




	
   g  11    ( s )  =  g  11    ( u )    +  g  11    ( l )     



	
   g  12    ( s )  =  g  12    ( u )    +  (  −  g  12    ( l )     )   



	
   g  21    ( s )  =  g  21    ( u )    +  (  −  g  21    ( l )     )   



	
   g  22    ( s )  =  g  22    ( u )    +  g  22    ( l )     



	
    ι ˜   i n d  g   ( s )  =   ι ˜   1 , i n d   g  ( u )     ( s )  +   ι ˜   1 , i n d   g  ( l )     ( s )   



	
    v ˜   i n d  g   ( s )  =   v ˜   2 , i n d   g  ( u )     ( s )  +  (  −   v ˜   2 , i n d   g  ( l )     ( s )   )   










   [       I 1         V 2       ]  =  [       g  11        g  12          g  21        g  22        ]   [       V 1         I 2       ]  +  [       I  i n d  g         V  i n d  g       ]   



(25)







Generalized equations for the transfer functions of interest can be directly derived from (24). Consider the control-to-output voltage transfer function, as well as the audio-susceptibility transfer function, as the transfer functions of interest. Their generalized equations, in terms of g-parameters, will be given by (26) and (27), respectively.


          v ˜   o u t    ( s )     δ ˜   ( s )     |      v ˜   i n    ( s )  = 0   =     v ˜   i n d  g   ( s )   Z  L o a d    ( s )     Z  L o a d    ( s )  +  g  22    ( s )     



(26)






          v ˜   o u t    ( s )      v ˜   i n    ( s )     |     δ ˜   ( s )  = 0   =    g  21    ( s )   Z  L o a d    ( s )     Z  L o a d    ( s )  +  g  22    ( s )     



(27)








4.2. Series-Shunt Connection of BBBs


Similarly, the current-fed full-bridge DC-DC converter circuit diagram can be construed as an input-series, output-shunt connection of Type 1 BBBs. A condensed circuit diagram for this circuit topology is shown in Figure 13. It can be seen from Figure 13 that the circuit is made up of two Type 1 BBBs. It can be shown that h-parameters are more suited for modelling a series-shunt connected circuit. Thus, the transmission parameters for each BBB must be converted to h-parameters using (28). The resultant h-parameter based model of the complete circuit will assume the form of (29). It is from (29) that models of interest can be derived as generalized expressions, as shown in (30) and (31).


           v ˜  1   s          ι ˜  2   s        =         B  s    D  s          det  T    D  s            − 1   D  s          C  s    D  s                  ι ˜  1   s          v ˜  2   s          +         D  s    v ˜   i n d  T   s  − B  s    ι ˜   i n d  T   s    D  s              ι ˜   i n d  T   s    D  s           δ ˜   s    



(28)






   [        v ˜  1   ( s )          ι ˜  2   ( s )       ]  =  [       h  11    ( s )       h  12    ( s )         h  21    ( s )       h  22    ( s )       ]   [        ι ˜  1   ( s )          v ˜  2   ( s )       ]  +  [        ι ˜   i n d  h   ( s )          v ˜   i n d  h   ( s )       ]   δ ˜   ( s )   



(29)






          v ˜   o u t    ( s )     δ ˜   ( s )     |      v ˜   i n    ( s )  = 0   =    [   h  21    ( s )    v ˜   i n d  h   ( s )  −  h  11    ( s )    ι ˜   i n d  h   ( s )   ]   Z  L o a d    ( s )     Z  L o a d    ( s )   [   h  22    ( s )   h  11    ( s )  −  h  21    ( s )   h  12    ( s )   ]  +  h  11    ( s )     



(30)






          v ˜   o u t    ( s )      v ˜   i n    ( s )     |     δ ˜   ( s )  = 0   =   −  h  21    ( s )   Z  L o a d    ( s )     Z  L o a d    ( s )   [   h  22    ( s )   h  11    ( s )  −  h  21    ( s )   h  12    ( s )   ]  +  h  11    ( s )     



(31)









5. Examples


This section seeks to validate the accuracy of the models derived using the proposed modeling scheme. Three converters from the group of converters in Table 1 are considered. Moreover, an example is also given on a non-conventional converter, discussed in Section 4. It should be noted that in any of the considered circuits, components are numbered in the direction of power flow, i.e., from left to right. From the three converters in Table 1 selected for this section, only the conventional buck-boost converter results in a second order model, the other two result in a fourth-order model. This is expected since it coincides with the number of reactive components a circuit has.



Given the range of converters considered in this study, as shown in Table 1, a total of four converters are selected for this section. Three of the selected converters represent unique combinations of BBBs, while the last one validates modularity of the proposed modelling scheme based on a non-conventional converter. The first example represents a converter made up of only Type 1 BBBs. The second example represents a converter made up of a Type 1 BBB and a filter block. The third example represents a converter made up of lumped Type 2 BBBs, and the last example represents a non-conventional converter made up of two Type 1 BBBs.



5.1. Conventional Buck-Boost Converter


5.1.1. Model Derivation


The conventional buck-boost converter can be derived from a single Type 1 BBB, whose two-port model is shown in (32). To conform to (6a), this converter can be considered as a cascade of a Type 1 BBB with a series wire, whose two-port model will be a 2 × 2 identity matrix, shown in (33). The control-to-output voltage transfer function is computed using the generalized equation shown in (9). On the other hand, the audio-susceptibility transfer function will be computed using the generalized equation in (8). Using these equations, the resultant equations for transfer functions are shown in (34) and (35).


           v ˜  1   i     s          ι ˜  1   i     s        =       −     1 − D    D      −    R  o n   D +  Z  L 1     D   1 − D          0      − D   1 − D                 v ˜  2   i     s        −   ι ˜  2   i     s          +            R  o n   +  Z  L 1      I  L 1   −    V  i n   −  V o  +  V  f w d       1 − D     D   1 − D              I  L 1     1 − D          δ ˜   s    



(32)






   [        v ˜  1   ( o )     ( s )          ι ˜  1   ( o )     ( s )       ]  =  [     1   0     0   1     ]   [        v ˜  2   ( o )     ( s )        −   ι ˜  2   ( o )     ( s )       ]  +  [     0     0     ]   δ ˜   ( s )   



(33)








5.1.2. Design Consideration and Comparisons


The transfer functions shown in (34) and (35) were also used to draw an equivalent Bode plot to show the complete frequency response of the system. The corresponding numerical values for the components are shown in Table 5. Moreover, the same Bode plots were independently derived using the PSim AC sweep function with the same component values in Table 5. The PSim plots and model-based plots are shown on the same set of axes for control-to-output voltage transfer function (Figure 14) and audio-susceptibility (Figure 15).


           v ˜  o   s     δ ˜   s          v ˜   i n    s  = 0   =      r  C 1    C 1   L 1   s 2  +    I  L 1    L 1  +  I  L 1      r  L 1   +  R  o n   D    r  C 1    C 1  −   1 − D      V  i n   −  V o  +  V  f w d      r  C 1    C 1    s +  I  L 1      r  L 1   +  R  o n     −   1 − D      V  i n   −  V o  +  V  f w d          C 1   L 1  +    C 1   L 1   r  C 1      R L       s 2  +      L 1  +  r  L 1    r  C 1    C 1     R L    +  r  C 1    C 1      1 − D    2  +  C 1   R  o n   D +  r  L 1    C 1  +    R  o n   D  r  C 1    C 1     R L      s +    r  L 1   +  R  o n   D    R L    +     1 − D    2      



(34)






           v ˜  o   s      v ˜   i n    s         δ ˜   s  = 0   =     −  r  C 1    C 1  s D   1 − D   − D   1 − D        C 1   L 1  +    C 1   L 1   r  C 1      R L       s 2  +      L 1  +  r  L 1    r  C 1    C 1     R L    +  r  C 1    C 1      1 − D    2  +  C 1   R  o n   D +  r  L 1    C 1  +    R  o n   D  r  C 1    C 1     R L      s +    r  L 1   +  R  o n   D    R L    +     1 − D    2      



(35)









5.2. Buck Converter with Input Filter


5.2.1. Model Derivation


The conventional buck converter with an input filter can be derived from a cascade connection of an LC filter and a Type 1 BBB, whose two-port models are shown in (36) and (37), respectively. The LC filter’s two-port model is the same as the LCL filter model with ‘L2 = 0′. The control-to-output voltage transfer function is computed using the generalized equation shown in (9). On the other hand, the audio-susceptibility transfer function will be computed using the generalized equation in (8). Using these equations, the resultant equations for transfer functions are shown in (38) and (39), respectively.


   [        v ˜  1   ( i )     ( s )          ι ˜  1   ( i )     ( s )       ]  =  [         Z  L 1      Z  C 1     + 1        Z  L 1    Z  C 1      Z C           1   Z C       1     ]   [        v ˜  2   ( i )     ( s )        −   ι ˜  2   ( i )     ( s )       ]  +  [     0     0     ]   δ ˜   ( s )   



(36)






   [        v ˜  1   ( o )     ( s )          ι ˜  1   ( o )     ( s )       ]  =  [       1 D         R  o n   D +  Z L   D       0   D     ]   [        v ˜  2   ( o )     ( s )        −   ι ˜  2   ( o )     ( s )       ]  +  [         [   R  o n    I L  −  (   V  i n   +  V  f w d    )   ]   D         I L       ]   δ ˜   ( s )   



(37)








5.2.2. Design Consideration and Comparisons


Similarly, the transfer functions shown in (38) and (39) were again used to draw an equivalent Bode plot to show the complete frequency response of the system. The corresponding numerical values for the components are shown in Table 6. In a similar manner, the same Bode plots were independently derived using the PSim AC sweep function with the same component values in in Table 6. The PSim plots and model-based plots are shown on the same set of axes for control-to-output voltage transfer function (Figure 16) and audio-susceptibility (Figure 17).


           v ˜  o   s     δ ˜   s          v ˜   i n    s  = 0   =      V   C 1     C 1   L 1   s 2  − D  I  L 2    L 1  s +  V  i n      C 1   L 1   C 2   L 2   s 4  +    C 1   L 1   L 2     R L     s 3  +    C 1   L 1  +  C 2   L 2  +  D 2   C 2   L 1     s 2  +    L 2  +  D 2   L 1     R L    s + 1     



(38)






          v ˜  o   ( s )      v ˜   i n    ( s )     |     δ ˜   ( s )  = 0   =  D   C 1   L 1   C 2   L 2   s 4  +    C 1   L 1   L 2     R L     s 3  +  (   C 1   L 1  +  C 2   L 2  +  D 2   C 2   L 1   )   s 2  +    L 2  +  D 2   L 1     R L    s + 1    



(39)









5.3. Sepic Converter


5.3.1. Model Derivation


The Sepic converter can be derived from a cascade connection of an L-filter and a lumped Type 2 BBB, whose two-port models are shown in (40) and (41), respectively. The L filter’s two-port model is the same as the LCL filter model with ‘L2 = 0 and C1 = 0′. The control-to-output voltage transfer function is computed using the generalized equation shown in (9). On the other hand, the audio-susceptibility transfer function will be computed using the generalized equation in (8). Using these equations, the resultant equations for transfer functions are shown in (42) and (43), respectively.


   [        v ˜  1   ( i )     ( s )          ι ˜  1   ( i )     ( s )       ]  =  [     1     Z  L 1        0   1     ]   [        v ˜  2   ( i )     ( s )        −   ι ˜  2   ( i )     ( s )       ]  +  [     0     0     ]   δ ˜   ( s )   



(40)






           v ˜  1   o     s          ι ˜  1   o     s        =            Z  C 1   +  Z  L 1       1 − D      Z  C 1   D +  Z  L 1           D  R  o n      Z  C 1   +  Z  L 1     +  Z  L 1    Z  C 1       1 − D    2      1 − D      Z  C 1   D +  Z  L 1                 1 − D      Z  C 1   D +  Z  L 1           D  R  o n   +  Z  L 1   +  Z  C 1    D 2      1 − D      Z  C 1   D +  Z  L 1                     v ˜  2   o     s        −   ι ˜  2   o     s          +          I b   R  o n      Z  C 1   D +  Z  L 1     −    V a  +  V b  +  V  f w d           1 − D    2     Z  C 1   D +  Z  L 1     +  Z  L 1       1 − D    3      D     1 − D    2    D  Z  C 1   +  Z  L 1                I b  D    Z  C 1   D +  Z  L 1        Z  C 1   +  Z  L 1     +    V a  +  V b  +  V  f w d           1 − D    2     Z  C 1   D +  Z  L 1     −  Z  L 1       1 − D    3      D     1 − D    2    D  Z  C 1   +  Z  L 1        Z  C 1   +  Z  L 1                δ ˜   s    



(41)








5.3.2. Design Consideration and Comparisons


Similarly, the transfer functions shown in (42) and (43) were again used to draw an equivalent Bode plot to show the complete frequency response of the system. The corresponding numerical values for the components are shown in Table 7. In a similar manner, the same Bode plots were independently derived using the PSim AC sweep function with the same component values in Table 7. The PSim plots and model-based plots are shown on the same set of axes for control-to-output voltage transfer function (Figure 18) and audio-susceptibility (Figure 19).


          v ˜  o   s     δ ˜   s          v ˜   i n    s  = 0   =   −    I  L 1   +  I  L 2      C 1   L 1   L 2   s 3  +  V   C 1     C 1     L 1  +  L 2     s 2  −  I  L 1    L 1  s +  V  i n      C 1   L 1   C 2   L 2   s 4  +    C 1   L 1   L 2     R L     s 3  +    C 1     L 1  +  L 2        1 − D    2  +  C 2   L 2      1 − D    2  +  D 2   C 2   L 1     s 2  +    L 2      1 − D    2  +  D 2   L 1     R L    s +     1 − D    2     



(42)






          v ˜  o   s      v ˜   i n    s         δ ˜   s  = 0   =     1 − D    C 1   L 2   s 2  + D   1 − D      C 1   L 1   C 2   L 2   s 4  +    C 1   L 1   L 2     R L     s 3  +    C 1     L 1  +  L 2        1 − D    2  +  C 2   L 2      1 − D    2  +  D 2   C 2   L 1     s 2  +    L 2      1 − D    2  +  D 2   L 1     R L    s +     1 − D    2     



(43)









5.4. Voltage-Fed Full-Bridge DC-DC Converter


5.4.1. Model Derivation


In Section 4.1 it was established that the voltage-fed full-bridge DC-DC converter in Figure 12 can be derived from an input-shunt, output-series connection of Type 1 BBBs. Additionally, it has been highlighted that g-parameters are more suited to model such a connection of BBBs. As such, the main task in modelling the complete circuit is to obtain equivalent g-parameter based two-port models for the identified BBBs and represent them as shown in (21) and (23). Once this is obtained, (26) and (27) can be directly evaluated to compute the control-to-output voltage transfer function and the audio-susceptibility transfer function, respectively.



From Figure 12, the structure of the BBB in red coincides with that of Type 1 with a diode connected to the rail. The two-port model of this BBB in terms of transmission parameters is readily available in Table 2, and also shown in (44). An equivalent model in terms of g-parameters is obtained based on (19). The results of (19) for the BBB in red are shown in (45).


   [        v ˜  1   ( s )          ι ˜  1   ( s )       ]  =  [       1 D        s L   2 D        0   D     ]   [        v ˜  2   ( s )        −   ι ˜  2   ( s )       ]  +  [        −  V  i n    D         I L       ]   δ ˜   ( s )   



(44)






   [        ι ˜  1   ( u )     ( s )          v ˜  2   ( u )     ( s )       ]  =  [     0    − D      D      s L  2       ]   [        v ˜  1   ( u )     ( s )          ι ˜  2   ( u )     ( s )       ]  +  [       I L         V  i n        ]   δ ˜   ( s )   



(45)







Similarly, the BBB in black coincides with that of Type 1 with a switch connected to the rail. It can be seen from Figure 12 that the input and output ports have been swapped for this BBB when compared to the model captured in Table 2. As such, inverse transmission parameters for this network must be computed to coincide with the power flow depicted in Figure 12. To do this, a conversion is made using (46). The computed inversion-transmission parameters in (47) can be considered as non-inverted transmission parameters for the power flow depicted in Figure 12. In a similar manner, the results of (47) can be converted using (19) to compute an equivalent g-parameter based model. The results of this conversion are shown in (48).


          v ˜  1   s          ι ˜  1   s        =  1  det  T          D  s      B  s        C  s      A  s                v ˜  2   s        −   ι ˜  2   s        +  1  det  T          B  s    ι ˜   i n d  T   s  − D  s    v ˜   i n d  T   s        A  s    ι ˜   i n d  T   s  − C  s    v ˜   i n d  T   s         δ ˜   s   



(46)






   [        v ˜  1   ( s )          ι ˜  1   ( s )       ]  =  [       1  1 − D         s L   2  (  1 − D  )         0    1 − D      ]   [        v ˜  2   ( s )        −   ι ˜  2   ( s )       ]  +  [         V  i n     1 − D          I L       ]   δ ˜   ( s )   



(47)






   [        ι ˜  1   ( l )     ( s )          v ˜  2   ( l )     ( s )       ]  =  [     0    −  (  1 − D  )        1 − D       s L  2       ]   [        v ˜  1   ( l )     ( s )          ι ˜  2   ( l )     ( s )       ]  +  [       I L        −  V  i n        ]   δ ˜   ( s )   



(48)







To compute the final models, (45) and (48) are evaluated using (26) and (27) to obtain (49) and (50).


          v ˜  o   ( s )     δ ˜   ( s )     |      v ˜   i n    ( s )  = 0   =   2  V  i n     C L  s 2  +  L   R L    s + 1    



(49)






          v ˜  o   ( s )      v ˜   i n    ( s )     |     δ ˜   ( s )  = 0   =   2 D − 1   C L  s 2  +  L   R L    s + 1    



(50)








5.4.2. Design Consideration and Comparisons


Similarly, the transfer functions shown in (49) and (50) were again used to draw an equivalent Bode plot to show the complete frequency response of the system. The corresponding numerical values for the components are shown in Table 8. In a similar manner, the same Bode plots were independently derived using the PSim AC sweep function with the same component values in Table 8. The PSim plots and model-based plots are shown on the same set of axes for control-to-output voltage transfer function (Figure 20) and audio-susceptibility (Figure 21).






6. Discussion


To validate models derived using the proposed modelling scheme, a baseline model needs to be established. Moreover, to assess the performance of the proposed modelling scheme, comparison must be made with competing modelling schemes.



6.1. Model Validation


The PSim AC sweep function is used to generate baseline models for any of the circuits considered in Section 5. The PSim models are generated directly from the switching circuit with an injecting circuitry in series with the perturbed signal. The amplitude of the injected signals are gradually increased with an increase in frequency. This is performed considering magnitude attenuation inherent in most practical systems at higher frequencies. The swept frequency range is limited to 40% of the switching frequency. The limitation in the frequency range considers the inherent limitation of averaged models, i.e., since switching action is ignored, averaged models are only accurate to about a third of the switching frequency [17,21]. Thus, a converter switching at 20 kHz will have an averaged model accurate to about 6.67 kHz. It should be noted that transfer functions derived using the proposed modelling scheme do not in any form have increased accuracy, i.e., any of the models derived here have the same accuracy as models derived in earlier studies, e.g., models in [17,20,21]. Thus, accuracy is still guaranteed up to a third of the switching frequency for models derived using the proposed scheme. However, there is decreased complexity and model computation time provided by the proposed scheme due to its inherent modularity and generalization of the power stage models.



The congruency of the Bode plots attained from the AC sweep function and those attained from analytical models derived using the proposed scheme is used to validate accuracy of the derived models. For any of the models evaluated in Section 5, it can be seen that the proposed modelling scheme accurately captures the dynamics of each converter considered in the study. The accuracy of the proposed modelling scheme is seen for both ideal and non-ideal models of the converters of interest. It can be seen from Table 5, (34), and (35) that Figure 14 and Figure 15 accurately represent non-ideal dynamics of the conventional buck-boost converter. Additionally, it can also be seen from Table 6, (38), and (39) that Figure 16 and Figure 17 accurately represent ideal dynamics of the conventional buck converter with an input filter.



It can be seen from Bode plots in Figure 18 and Figure 19 that the AC sweep does not capture sharp resonant points well. This is mainly attributed to the time step and the point-based signal injection operating mechanism of the AC sweep. Thus, an increase in the number of points will improve congruency of the analytical model with that of the AC sweep. In any case, the natural time constants of most practical converters will not permit such sharp resonant points. Thus, the congruency of the plots at resonant points should be evaluated considering practical implications of sharp points depicted in the Bode plots derived from analytical models.




6.2. Modelling Scheme Performance


The transmission parameter based two-port models in Table 2, Table 3 and Table 4 show that the proposed modelling scheme offers a seamless inclusion of non-ideal parameters for any of the converters considered in the study. This applies to both steady-state and dynamic models. This means non-monotonous gains due to non-ideal attributes will be accurately represented. Subsequently, controllers which are designed based on these models will perform with increased accuracy compared to models wherein non-ideal attributes are ignored. The use of BBBs to compute models refines the converter to its most basic form, thus providing more insight on converter make-up. Moreover, modelling the BBBs as two-port networks further simplifies the modelling procedure since the matrix size is curtailed to a 2 × 2 matrix throughout the modelling procedure. The generalization of the transfer functions of interest, as shown in (8)–(12), also simplifies the modelling procedure which would otherwise be accompanied by tedious algebra. Ultimately, the use of the proposed modelling scheme nullifies converter order and functionality in the modelling procedure which further simplifies the process.



To model BBBs, generic modelling schemes are employed; as such, most of the merits of the proposed scheme exist, provided that the information contained in Table 2, Table 3 and Table 4 is at one’s disposal. It should be noted that the circuit averaging modelling technique was employed to come up with equivalent linear circuit models (Figure 5, Figure 6, Figure 8 and Figure 9) of the BBBs, from which two-port models were derived.



Although the computation of alternative two-port parameters of a two-port network are standardized, computing alternative parameters may present a computational burden. However, generalization of transfer functions for alternative parameters, as shown in (26), (27), (30), and (31), counters this burden since it reduces computational effort. It should be noted that (19) can be substituted into (26) and (27) to directly compute models of interest, which can further reduce computational effort. A similar substitution can be performed on (30) and (31).




6.3. Modelling Scheme Highlights


When comparing the proposed modelling scheme to more closely related modelling schemes, such as the layer or graft scheme, the proposed method seems to retain the converter family classification of the buck-boost converter described in [28]. On the other hand, the other schemes consider the buck-boost converter as a byproduct of the layer or graft scheme. Thus, based on the proposed scheme, the buck-boost converter can still be considered a result of the permutation of the Type 1 BBB, or equivalently, converter cell A [28]. The use of lumped Type 2 BBBs shows close ties among the Cuk converter, Sepic converter, and the Zeta converter. According to the classification in [28], only the Sepic and Zeta converters belong to the same group.



Using the proposed modelling scheme, non-conventional converters can be modelled solely based on identified BBBs and corresponding circuit connection. Thus, there is no need to know more about circuit behavior. The only prior knowledge one would need to model a converter rests entirely on identifying the predefined BBBs and how they are connected in the circuit. This fact is validated with an example based on modelling a voltage-fed full-bridge DC-DC converter in Figure 11. It was shown in Section 5.4 that the models given by (49) and (50) were computed solely based on BBB models and their connection in the circuit of interest. This attribute makes the proposed scheme modular and will prove important when modelling new converters containing the specified BBBs.





7. Conclusions


In this paper, the use of BBBs to compute small-signal and steady-state models of commonly used converters is evaluated. It was found that only Type 1, Type 2, and the filter block are sufficient to model all the converters of interest. A modelling scheme based on modelling BBBs as two-port networks and computing equivalent models in a circuit synthesis-oriented manner was proposed. The proposed modeling scheme was shown to add modularity in the modelling procedure which makes it more suited for modelling large interconnected systems such as converters in a DC microgrid. Additionally, the proposed modelling scheme enabled the models of interest to be generalized based on two-port network attributes. Converter order and functionality were shown to be immaterial in computing models of interest for any of the converters considered in the study. Furthermore, non-ideal parameters which capture practical component limitations were shown to be captured with ease in the proposed scheme. The proposed modelling scheme was shown to seamlessly model non-conventional converters whose circuits can be refined into identified BBBs. The accuracy of the models computed using the proposed modelling scheme was validated using Bode plots computed using the PSim AC sweep function. The resultant plots drawn from the derived models and those derived from the AC sweep were shown to be congruent when drawn on the same set of axes. The proposed modelling scheme is anticipated to simplify the modelling of current and new converters deployed in DC microgrids, provided that such converters can be refined into identified BBBs.
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Figure 1. BBBs proposed in [33]. (a) a Type 1 BBB, (b) variant 1 of a Type 2 BBB, (c) Vvariant 2 of a Type 2 BBB, (d) a Type 3 BBB, and (e) the filter block. 
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Figure 2. Example converters. (a) a buck converter with input filter, and (b) a Cuk converter. 
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Figure 3. Generalised circuit diagram. 
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Figure 4. Rail connection variants for a Type 1 BBB. (a) Switch to rail, (b) diode to rail, and (c) inductor to rail. 
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Figure 5. Ideal averaged small-signal/steady-state equivalent circuit for Type 1 BBB variants. (a) Switch to rail, (b) diode to rail, and (c) inductor to rail. 
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Figure 6. Non-ideal averaged small-signal/steady-state equivalent circuit for Type 1 BBB variants. (a) Switch to rail, (b) diode to rail, and (c) inductor to rail. 
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Figure 7. Rail connection variants for the lumped Type 2 BBBs. (a) Switch and diode to rail, (b) Inductor and switch to rail, and (c) inductor and diode to rail. 
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Figure 8. Rail connection variants for the ideal lumped Type 2 BBBs. (a) Switch and diode to rail, (b) inductor and switch to rail, and (c) inductor and diode to rail. 
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Figure 9. Rail connection variants for the non-ideal lumped Type 2 BBBs. (a) Switch and diode to rail, (b) inductor and switch to rail, and (c) inductor and diode to rail. 
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Figure 10. Filter block circuit diagrams. (a) Filter components, (b) ideal filter components, and (c) non−ideal filter components. 
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Figure 11. Voltage-fed DC-DC converter. 
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Figure 12. Refined circuitry of a voltage-fed DC-DC converter. 
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Figure 13. Current-fed full-bridge DC-DC converter. 
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Figure 14. Control−to−output voltage transfer function for a buck−boost converter. 
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Figure 15. Audio−susceptibility transfer function for a buck−boost converter. 
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Figure 16. Control−to−output voltage transfer function for a buck converter with an input filter. 
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Figure 17. Audio−susceptibility transfer function for a buck converter with an input filter. 






Figure 17. Audio−susceptibility transfer function for a buck converter with an input filter.
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Figure 18. Control-to-output voltage transfer function for the Sepic converter. 






Figure 18. Control-to-output voltage transfer function for the Sepic converter.
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Figure 19. Audio−susceptibility transfer function for the Sepic converter. 






Figure 19. Audio−susceptibility transfer function for the Sepic converter.
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Figure 20. Control−to−output voltage transfer function for a Voltage−fed full bridge converter. 






Figure 20. Control−to−output voltage transfer function for a Voltage−fed full bridge converter.
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Figure 21. Audio−susceptibility transfer function for a Voltage−fed full bridge converter. 






Figure 21. Audio−susceptibility transfer function for a Voltage−fed full bridge converter.
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Table 1. Converters considered in the study.






Table 1. Converters considered in the study.





	Converter
	Merits





	Buck
	Low component count



	Boost
	Low component count



	Buck-boost
	Low component count



	Cuk
	Low component count, buck-boost functionality, continuous input and output current



	Boost with output filter
	Continuous input and output current, low component count



	Buck with input filter
	Continuous input and output current, low component count



	Buck with output filter
	Low component count



	Boost with input filter
	Low component count



	Buck-boost with input filter
	Continuous input current, low component count



	Buck-boost with output filter
	Continuous output current, low component count



	Sepic
	Non-inverting buck-boost function, continuous input current, low component count



	Zeta
	Non-inverting buck-boost function, continuous input current, low component count
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Table 2. Small-signal and steady-state models for Type 1 BBB.






Table 2. Small-signal and steady-state models for Type 1 BBB.





	
BBB Variant

	
Model State

	
Ideal

	
Non-Ideal






	
Type 1: Switch to rail

	
Small-signal (1a)

	
    [        v ˜  1   ( s )          ι ˜  1   ( s )       ]  =  [      1 − D       s  L 1    1   −   D        0     1  1   −   D        ]   [        v ˜  2   ( s )        −   ι ˜  2   ( s )       ]  +  [      −    V  i n     −   s  L 1   I L    1   −   D            I L    1   −   D        ]   δ ˜   ( s )    

	
    [        v ˜  1   ( s )          ι ˜  1   ( s )       ]  =  [      1 − D        R  o n   D +  Z L     (  1   −   D  )         0     1  1   −   D        ]   [        v ˜  2   ( s )        −   ι ˜  2   ( s )       ]  +  [         I L   [   R  o n     +    Z L   ]  −  [  1   −   D  ]   [   V o    +    V  f w d    ]    1   −   D            I L    1   −   D        ]   δ ˜   ( s )    




	
Steady-State (1b)

	
    [       V 1         I 1       ]  =  [      1 − D    0     0     1  1   −   D        ]   [       V 2        −  I 2       ]  +  [     0     0     ]    

	
    [       V 1         I 1       ]  =  [      1 − D        R  o n   D   +    r L     (  1   −   D  )         0     1  1 − D        ]   [       V 2        −  I 2       ]  +  [       (  1   −   D  )   V  f w d        0     ]    




	
Type 1: Diode to rail

	
Small-signal (1a)

	
    [        v ˜  1   ( s )          ι ˜  1   ( s )       ]  =  [       1 D        s  L 1   D       0   D     ]   [        v ˜  2   ( s )        −   ι ˜  2   ( s )       ]  +  [      −    V  i n    D         I L       ]   δ ˜   ( s )    

	
    [        v ˜  1   ( s )          ι ˜  1   ( s )       ]  =  [       1 D         R  o n   D   +    Z L   D       0   D     ]   [        v ˜  2   ( s )        −   ι ˜  2   ( s )       ]  +  [         [   R  o n    I L    −    (   V  i n     +    V  f w d    )   ]   D         I L       ]   δ ˜   ( s )    




	
Steady-State (1b)

	
    [       V 1         I 1       ]  =  [       1 D     0     0   D     ]   [       V 2        −  I 2       ]  +  [     0     0     ]    

	
    [       V 1         I 1       ]  =  [       1 D  +        R  o n   D   +    r L   D       0   D     ]   [       V 2        −  I 2       ]  +  [         (  1   −   D  )   V  f w d    D       0     ]    




	
Type 1: Inductor to rail

	
Small-signal (1a)

	
    [        v ˜  1   ( s )          ι ˜  1   ( s )       ]  =  [        −  (  1   −   D  )   D        − s  L 1    D  (  1   −   D  )         0      − D   1   −   D        ]   [        v ˜  2   ( s )        −   ι ˜  2   ( s )       ]  +  [      −    V  i n     −   s  L 1   I L    D  (  1   −   D  )             I L     (  1   −   D  )         ]   δ ˜   ( s )    

	
    [        v ˜  1   ( s )          ι ˜  1   ( s )       ]  =  [      −    (  1   −   D  )   D      −    R  o n   D   +    Z L    D  (  1   −   D  )         0      − D   1   −   D        ]   [        v ˜  2   ( s )        −   ι ˜  2   ( s )       ]  +  [         (   R  o n     +    Z L   )   I L    −    (   V  i n     −    V o    +    V  f w d    )   (  1   −   D  )    D  (  1   −   D  )             I L    1   −   D        ]   δ ˜   ( s )    




	
Steady-State (1b)

	
    [       V 1         I 1       ]  =  [        −  (  1   −   D  )   D     0     0      − D   1   −   D        ]   [       V 2        −  I 2       ]  +  [     0     0     ]    

	
    [       V 1         I 1       ]  =  [      −    (  1   −   D  )   D      −    R  o n   D   +    r L    D  (  1   −   D  )         0      − D   1   −   D        ]   [       V 2        −  I 2       ]  +  [         (  1   −   D  )   V  f w d    D       0     ]    
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Table 3. Small-signal and steady-state models for the lumped Type 2 BBBs.






Table 3. Small-signal and steady-state models for the lumped Type 2 BBBs.





	
BBB Variant

	
Model State

	
Ideal

	
Non-Ideal






	
Lumped Type 2 BBBs: Switch and diode to rail

	
Small-signal (1a)

	
           v ˜  1   s          ι ˜  1   s        =         −    C 1   L 1   s 2  +     1 − D    2      D   1 − D           − s  L 1  D   1 − D           − s  C 1    D   1 − D           − D   1 − D                 v ˜  2   s        −   ι ˜  2   s        +         D  I b  s  L 1  −  V a     C 1   L 1   s 2  + 1 − D     D     1 − D    2            D  I b  − s  C 1   V a    D     1 − D    2           δ ˜   s    

	
           v ˜  1   s          ι ˜  1   s        =         −    Z  L 1   +     1 − D    2   Z  C 1   + D  R  o n       D   1 − D    Z  C 1   − D  R  o n            Z  L 1      R  o n   +  Z  C 1   D   +  R  o n    Z  C 1      R  o n   −   1 − D    Z  C 1             − 1   D   1 − D    Z  C 1   − D  R  o n            R  o n   +  Z  C 1   D    R  o n   −   1 − D    Z  C 1                   v ˜  2   s        −   ι ˜  2   s        +          I b    D  Z  C 1    Z  L 1   +  R  o n      Z  C 1   +  Z  L 1       −    V a  +  V b  +  V  f w d       1 − D      Z  C 1     1 − D   +  Z  L 1       D   1 − D       1 − D    Z  C 1   −  R  o n                I b    D  Z  C 1   +  R  o n     −    V a  +  V b  +  V  f w d       1 − D     D   1 − D       1 − D    Z  C 1   −  R  o n              δ ˜   s    




	
Steady-State (1b)

	
    [       V 1         I 1       ]  =  [        −  (  1 − D  )   D     0     0      − D    (  1 − D  )         ]   [       V 2        −  I 2       ]  +  [     0     0     ]    

	
    [       V 1         I 1       ]  =  [        −  (  1 − D  )   D        −  (  D  r  L 1   +  R  o n    )     (  1 − D  )         0      − D    (  1 − D  )         ]   [       V 2        −  I 2       ]  +  [         (  1 − D  )   D   V  f w d        0     ]    




	
Lumped Type 2 BBBs: inductor and switch to rail

	
Small-signal (1a)

	
           v ˜  1   s          ι ˜  1   s        =            C 1   L 1   s 2  + 1     1 − D      C 1   L 1   s 2  + D         s  L 1    1 − D      C 1   L 1   s 2  + D           s  C 1    1 − D      C 1   L 1   s 2  + D          C 1   L 1   s 2  +  D 2      1 − D      C 1   L 1   s 2  + D                   v ˜  2   s        −   ι ˜  2   s        +       −    V  i n      C 1   L 1   s 2  + 1       1 − D      C 1   L 1   s 2  + D              I b     C 1   L 1   s 2  + D   −  V  i n   C s     1 − D    2        1 − D    2     C 1   L 1   s 2  + D            δ ˜   s    

	
           v ˜  1   s          ι ˜  1   s        =            Z  C 1   +  Z  L 1       1 − D      Z  C 1   D +  Z  L 1           D  R  o n      Z  C 1   +  Z  L 1     +  Z  L 1    Z  C 1       1 − D    2      1 − D      Z  C 1   D +  Z  L 1                 1 − D      Z  C 1   D +  Z  L 1           D  R  o n   +  Z  L 1   +  Z  C 1    D 2      1 − D      Z  C 1   D +  Z  L 1                     v ˜  2   s        −   ι ˜  2   s        +          I b   R  o n      Z  C 1   D +  Z  L 1     −    V a  +  V b  +  V  f w d           1 − D    2     Z  C 1   D +  Z  L 1     +  Z  L 1       1 − D    3      D     1 − D    2    D  Z  C 1   +  Z  L 1                I b  D    Z  C 1   D +  Z  L 1        Z  C 1   +  Z  L 1     +    V a  +  V b  +  V  f w d           1 − D    2     Z  C 1   D +  Z  L 1     −  Z  L 1       1 − D    3      D     1 − D    2    D  Z  C 1   +  Z  L 1        Z  C 1   +  Z  L 1                   δ ˜   s    




	
Steady-State (1b)

	
      [       V 1         I 1       ]  =  [         (  1 − D  )   D     0     0     D   (  1 − D  )         ]   [       V 2        −  I 2       ]  +  [     0     0     ]    

	
    [       V 1         I 1       ]  =  [         (  1 − D  )   D        D  R  o n   +    (  1 − D  )   2   r  L 1     D  (  1 − D  )         0     D   (  1 − D  )         ]   [       V 2        −  I 2       ]  +  [         (  1 − D  )   D   V  f w d        0     ]    




	
Lumped Type 2 BBBs: Inductor and diode to rail

	
Small-signal (1a)

	
           v ˜  1   s          ι ˜  1   s        =          C 1   L 1   s 2  +     1 − D    2    D    C 1   L 1   s 2  + 1 − D           s  L 1  D    C 1   L 1   s 2  + 1 − D           s  C 1  D    C 1   L 1   s 2  + 1 − D            C 1   L 1   s 2  + 1   D    C 1   L 1   s 2  + 1 − D                 v ˜  2   s        −   ι ˜  2   s        +          I o  D s  L 1  −  V  i n      C 1   L 1   s 2  + 1 − D     D   1 − D      C 1   L 1   s 2  + 1 − D              I o     C 1   L 1   s 2  + 1       1 − D      C 1   L 1   s 2  + 1 − D            δ ˜   s    

	
           v ˜  1   s          ι ˜  1   s        =              D  R  o n   +  Z  L 1   +  Z  C 1       1 − D    2    D    Z  C 1     1 − D   +  Z  L 1             D  R  o n      Z  C 1   +  Z  L 1     +  Z  L 1    Z  C 1    D 2    D    Z  C 1     1 − D   +  Z  L 1              D   Z  C 1     1 − D   +  Z  L 1              Z  C 1   +  Z  L 1     D    Z  C 1     1 − D   +  Z  L 1                   v ˜  2   s        −   ι ˜  2   s        +            R  o n      Z  C 1   +  Z  L 1     + D  Z  C 1    Z  L 1      I b  −    V a  +  V b  +  V  f w d       1 − D      Z  C 1     1 − D   +  Z  L 1         1 − D      Z  C 1     1 − D   +  Z  L 1                  Z  C 1   +  Z  L 1      I b      1 − D      Z  C 1     1 − D   +  Z  L 1              δ ˜   s    




	
Steady-State (1b)

	
    [       V 1         I 1       ]  =  [         (  1 − D  )   D     0     0     D   (  1 − D  )         ]   [       V 2        −  I 2       ]  +  [     0     0     ]    

	
    [       V 1         I 1       ]  =  [         (  1 − D  )   D         R  o n   + D  r  L 1      (  1 − D  )         0     D   (  1 − D  )         ]   [       V 2        −  I 2       ]  +  [         (  1 − D  )   D   V  f w d        0     ]    











[image: Table] 





Table 4. Small-signal and steady-state models for the filter block.






Table 4. Small-signal and steady-state models for the filter block.





	
BBB Variant

	
Model State

	
Ideal

	
Non-Ideal






	
Generalised LCL filter block

	
Small-signal (1a)

	
    [        v ˜  1   ( s )          ι ˜  1   ( s )       ]  =  [       C 1   L 1   s 2  + 1      C 1   L 1   L 2   s 3  + s  (   L 1  +  L 2   )        s  C 1       C 1   L 2   s 2  + 1      ]   [        v ˜  2   ( s )        −   ι ˜  2   ( s )       ]    

	
    [        v ˜  1   ( s )          ι ˜  1   ( s )       ]  =  [         Z  L 1      Z  C 1     + 1        Z  L 1    (   Z  L 2   +  Z  C 1    )  +  Z  L 2    Z  C 1      Z  C 1            1   Z  C 1            Z  L 2      Z  C 1     + 1      ]   [        v ˜  2   ( s )        −   ι ˜  2   ( s )       ]        Z  L 1   = s  L 1  +  r  L 1   ;    Z  L 2   = s  L 2  +  r  L 2   ;    Z  C 1   =   1 +  r  C 1    C 1  s    C 1  s     




	
Steady-state (1b)

	
    [       V 1         I 1       ]  =  [     1   0     0   1     ]   [       V 2        −  I 2       ]  +  [     0     0     ]    

	
    [       V 1         I 1       ]  =  [     1     r  L 1   +  r  L 2        0   1     ]   [       V 2        −  I 2       ]  +  [     0     0     ]    
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Table 5. Buck-boost converter parameters.






Table 5. Buck-boost converter parameters.





	Component
	Value





	    V o    
	20 V



	    V  i n     
	50 V



	    P o    
	200 W



	    F  s w     
	20 kHz



	   R  o n    ;    V  f w d    
	40 mΩ; 1.1 V



	    r L  ;    r C    
	30 mΩ; 3 mΩ



	   ∆  i  L , p k − p k   ;   ∆  v  o , p k − p k     
	   0.2  I L  ;     0.02  V o    



	  D  
	0.305



	   L ; C   
	259.64 µH; 381.25 µF
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Table 6. Buck converter with input filter parameters.






Table 6. Buck converter with input filter parameters.





	Component
	Value





	    V o    
	50 V



	    V  i n     
	100 V



	    P o    
	250 W



	    F  s w     
	50 kHz



	   R  o n    ;    V  f w d    
	0 Ω; 0 V



	    r  L 1   =  r  L 2   =  r  C 1   =  r  C 1     
	0 Ω



	   ∆  i  L , p k − p k   ;   ∆  v  o , p k − p k     
	   0.2  I L  ;     0.02  V o    



	  D  
	0.4



	    L 1  ;    L 2  ;  C 1  ;    C 2    
	500 µH; 300 µH; 20 µF; 31.25 µF
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Table 7. Sepic converter parameteres.






Table 7. Sepic converter parameteres.





	Component
	Value





	    V o    
	20 V



	    V  i n     
	50 V



	    P o    
	200 W



	    F  s w     
	20 kHz



	   R  o n    ;    V  f w d    
	0 Ω; 0 V



	    r  L 1   =  r  L 2   =  r  C 1   =  r  C 1     
	0 Ω



	   ∆  i  L 2 , p k − p k   ;   ∆  v  o , p k − p k     
	   0.2  I  L 2   ;     0.02  V o    



	  D  
	0.2857



	    L 1  ;    L 2  ;  C 1  ;    C 2    
	357.1428 µH; 357.1428 µH; 57.1428 µF; 142.857 µF
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Table 8. Voltage-fed full-bridge converter parameters.






Table 8. Voltage-fed full-bridge converter parameters.





	Component
	Value





	    V o    
	20 V



	    V  i n     
	50 V



	    P o    
	200 W



	    F  s w     
	20 kHz



	   R  o n    ;    V  f w d    
	0 Ω; 0 V



	    r L  =  r C    
	0 Ω



	   ∆  i  L , p k − p k   ;   ∆  v  o , p k − p k     
	   0.2  I L  ;     0.02  V o    



	  D  
	0.7



	   L ;   C   
	525 µH; 31.25 µF
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