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Abstract


This paper presents a detailed derivation of the small-signal model and components design considerations for the Quasi-Y-Source inverter. The design methodology is based on the converter steady-state operation, considering the impedance network inductor and capacitor voltage and charge balances, respectively. Moreover, the additional design criteria for component selection, considering control constraints and performance compromise, are given by parametric variation analysis based on converter dynamic response. The small-signal model and transfer functions are obtained using a state-space averaged model, including converter non-ideal characteristics given by equivalent-series resistances (ESR), which makes possible the proposition of different control strategies, using both single or multi-loop schemes. To demonstrate the usefulness of the proposed small-signal model, a DSP-based single-loop type-II PI control strategy is used in which the peak DC-link voltage is indirectly controlled through the measurement of the impedance network capacitor voltage. The controller and converter performances are verified with simulation and experimental results and successfully confirm the validity of the proposed dynamic model. Finally, the obtained results are validated with a built small-scale three-phase/three-wire inverter prototype.
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1. Introduction


Demand for energy was never so critical as today, and technological challenges regarding the utilization of distributed renewable generation must be overcome to diminish the utilization of fossil fuels [1]. Despite the many issues related to this topic, one common characteristic that is particular for popular distributed renewable sources, such as solar panels, fuel cells, or batteries, is the comparatively low voltage levels provided by these resources, which adds additional technical constraints when connecting them to the main grid, through grid-connected inverters (GCI), for example. For instance, fuel cells and solar panels have a typical voltage range of 20–45   V  d c    [2,3], whereas typical values range from 200–600   V  d c    for GCI DC-link voltages or DC distribution systems, depending on the application [4]. As related in several works in the literature, examples of common solutions to this problem may involve: (a) The utilization of series association of PV panels or fuel cells; (b) the adoption of two-stage GCIs. However, the first option increases implementation costs, and the last strategy increases project design complexity and lowers the system’s overall efficiency and reliability when compared to single-stage GCI schemes [5]. Nonetheless, impedance-source network-based inverters allow the proposition of a single-stage, flexible GCI with buck-boost capability, which has the potential to offer higher energy conversion efficiency and reliability, with lower costs and design complexity when compared to conventional GCI schemes [6,7]. In this strategy, higher voltage gains are flexibly obtained by controlled short-circuit conduction periods, or the shoot-through conduction state, which promotes voltage boost and consequently provides immunity to unwanted shoot-thorough conduction caused by EMI disturbances or control-logic erratic behavior, for example. Since the introduction of the Z-Source impedance-source network [8], research in this field has focused on the development of new topologies [9], which seek to improve the performance of the impedance-source converter while keeping reliability and efficiency. The proposition of new topologies was driven mainly by the purpose of achieving lower power switch stresses while keeping a higher voltage gain. Therefore, several solutions were developed, based on switch inductors [10], tapped inductors [11], and hybrid impedance sources [12]. Among these different topologies, the ones based on magnetic coupling are particularly attractive since they allow for higher converter voltage gain with the aid of coupled inductors. The insertion of coupled inductors adds an additional degree of freedom to characterize the impedance-source network voltage gain, besides the shoot-through duty cycle, as explored in [13]. Hence, these aspects lead to the development of different converter topologies such as Y-Source [4], among many other related structures [14,15,16].



The impedance-source configurations based on the Y-source network are of particular interest as they can provide one of the highest voltage gains, lower component quantity, and smaller shoot-through periods [17]. Moreover, the research conducted with Y-source impedance networks recently that was carried out covers different aspects of this class of impedance-source converter, ranging from (a) the proposition of new topologies, to reduce input current ripple [18] and allow soft-switching [19], higher voltage boosting gains through switched inductors [20], or the intrinsic damping of DC-link voltage spikes due to leakage inductances [21,22] ; (b) the review of Y-source based magnetic-coupled impedance source networks [23,24]; (c) applications with renewable energy sources based on solar or wind-based generators [25,26] and (d) the proposition of model-predictive control approaches [27]. However, none of these recent publications performs a comprehensive analysis of its proposed Y-source-based converters, with small-signal modeling based on state-space averaging, considering a dynamic evaluation of the DC-link control under impedance-network components parametric variations. Furthermore, none of the cited works describe design equations regarding the determination of root-mean-square (RMS), average, and peak current and voltage values for all the impedance-source components, nor do they indicate how the design of such components can affect the dynamic performance of DC-link voltage regulation. Amid the many topologies proposed to improve the Y-Source converter, the Quasi-Y-Source(QSY) introduced by [28,29], whose schematics are depicted in Figure 1, stands out due to its advantageous characteristics, specifically (a) its continuous input current, which is beneficial for renewable generation sources; (b) the lower core saturation on the coupled inductors; and (c) one of the highest voltage gains among the impedance-source networks [28], with a lower shoot-through period. Despite the advantages of the QSY network, there is a lack of research concerning important aspects, including the small-signal model derivation, design guidelines, and extensive analysis of the converter dynamics. Therefore, this paper presents the following contributions:




	1.

	
The proposition of a comprehensive small-signal model for the QSY inverter—Besides the work developed by [30], in which the authors derive a small-signal model for the QSY converter using the averaged-switch model, only the     V  o u t    ( s )      V ^   i n    ( s )     transfer function is obtained, which usually is insufficient during the controller design stage. In this work, however, a small-signal model based on the state-space averaging technique is presented, in which not only the     V  o u t     V ^   i n     ( s )  ,   V  o u t     d ^   s t     ( s )    transfer function is derived but also all state variables to control (    d ^   s t    ( s )   ) transfer functions, such as     i  L i n    ( s )      d ^   s t    ( s )    ,     i  o u t    ( s )      d ^   s t    ( s )    ,     i m   ( s )      d ^   s t    ( s )    ,     V  C 1    ( s )      d ^   s t    ( s )    , and     V  C 2    ( s )      d ^   s t    ( s )    , and all state variables to input (    V ^   i n    ( s )   ) transfer functions:     i  L i n    ( s )      V ^   i n    ( s )    ,     i  o u t    ( s )      V ^   i n    ( s )    ,     i m   ( s )      V ^   i n    ( s )    ,     V  C 1    ( s )      V ^   i n    ( s )    , and     V  C 2    ( s )      V ^   i n    ( s )    . All of these transfer functions are obtained with the same methodology, using the modeling approach presented in the paper, and can be easily applied with the aid of mathematical processing software, avoiding complicated algebraic manipulations, which makes possible the proposition of further control strategies, using both single or multi-loop schemes.




	2.

	
Evaluation of the QSY inverter dynamic performance through the component’s parametric variation—Besides the work developed by [31], in which the Y-Source, T-source, and  Γ -Source converters are analyzed using the component’s parametric variation analysis, it seems that there is no other reference that presents this kind of dynamic performance evaluation for the QSY converter. Since the QSY network, when compared to the Y-Source, T-source, and  Γ -Source networks, has an additional capacitor (  C 2  ) and inductor (  L  i n   ), the methodology presented by [31] cannot be directly applied for the QSY converter. Hence, this paper contributes an evaluation of the dynamic performance of the QSY converter, through a parametric variation analysis using pole-zero maps. Therefore, it is possible to better understand the converter dynamics, the design of the QSY network components, and the design of different types of controllers.




	3.

	
Components’ design equations, considering the converter control and performance compromise—In the works developed by [32,33], the components of the QSY network are derived only in terms of design factors, based on current and voltage ripples. However, there is no clear indication of how to define these factors nor of how the different elements selection can impact the dynamic performance of the converter and modify the complexity of the voltage controller. Nonetheless, in the present paper, it is demonstrated how the different converter elements’ variation can affect (a) the converter dynamics and closed-loop stability, through pole-zero maps analysis; (b) the control bandwidth, and (c) the non-ideal voltage gain B. Based on the conclusions drawn concerning these issues, design equations are provided with proper guidelines, taking into account the compromise between converter performance and DC-link voltage control requirements. Furthermore, the RMS, peak, and average equations for different converter components currents and voltages are presented, which help the designer with the QSY converter project.




	4.

	
Implementation of a voltage controller for a QSY inverter—Considering control strategies for the QSY inverter, the only published works found are [34,35], in which different non-linear control techniques are used, based on model predictive control and MPPT approaches. However, the mentioned works only present simulation results to verify their control approach, without practical implementation. Instead, in this paper, a linear controller methodology is used for a DC-AC QSY converter, making use of the derived small-signal model with an indirect control scheme of DC-link voltage   V  o u t    [36].









This paper is organized as follows: Section 2 presents the steady-state analysis of the QSY converter, Section 3 shows the small-signal model derivation and parametric variation analysis, Section 4 shows the controller design details, Section 5 presents experimental and simulation results, and Section 6 concludes the paper.




2. Steady-State Analysis and Components Design


2.1. QSY Converter Configuration and Operation


The QSY network comprises the diode D; the inductor   L  i n   , which allows for the continuous current at the input stage; and the capacitor   C 2  , which avoids core saturation due to the DC current component. Additionally, there are three coupled inductors   N 1  :  N 2  :  N 3  , which, together with the capacitor   C 1  , store energy during the converter operation. The power switch   S w   can represent a transistor bridge (half or full bridge configurations) in the case of DC-AC converters. The load impedance comprises   R o   and   L o  , respectively. A QSY impedance-source converter, operating in continuous conduction mode (CCM) and with tight magnetic coupling, has two main states of operation, namely, shoot-through and active states. The characteristic voltage and current waveforms are shown in Figure 2, where   D  s t    and   T s   are the shoot-through duty cycle and switching period, respectively, and   V g   is the gate signal for   S w  , which is high at shoot-through periods and low during the active state.



The converter equivalent circuits for each state are depicted in Figure 3. During the shoot-through conduction state (in which   S w   is turned on and D is blocked), input energy is stored in the coupled inductors   N 1  :  N 2  :  N 3   and   C 1   is discharged, while the load current does not depend on the input stage. In the active state (in which D is turned on and   S w   is turned off),   C 1   is charged and the energy coming from   V  i n    is delivered to the load through diode D, together with the previously stored energy in the coupled inductors through DC-link coupling. Finally, the ideal voltage gain   B =   V  o u t    V  i n      of the QSY converter is given by   B =  1  ( 1 − δ  D  s t   )    , where   δ =    N 1  +  N 2     N 2  −  N 3      and    D  s t   =  1 δ   ( 1 −  B  − 1   )    represent the shoot-through duty-cycle. Moreover, auxiliary variable definitions are given as    δ ′  = 1 − δ  ,    D  s t  ′  = 1 −  D  s t    .




2.2. Impedance Network Elements Design


For the steady-state analysis, the following assumptions are considered: (a) the coupled inductors leakage inductances are negligible due to a tight magnetic coupling; (b) the power switches   S w   and D have an instantaneous switching period; (c) the converter operates in CCM; (d) all of the passive elements are linear, time-invariant, and frequency independent. Moreover, considering the waveforms depicted in Figure 2 and the equivalent circuits during shoot-through and active states given in Figure 3, expressions of design interest can be derived for the components of the QSY network. Table 1 presents a summary of the obtained expressions. For DC-AC applications and SPWM-based control techniques, such as simple boost control [8], the shoot-through frequency may be defined as    f  s t   = 2  f s   , where   f s   may be the SPWM triangular wave carrier frequency.



2.2.1. Derivation of   V  C 1    and   V  C 2   


Prior to obtaining the equations of the QSY network, expressions for   V  C 1    and   V  C 2    need to be obtained, considering that the voltage drop on the equivalent series resistances can be neglected on the steady state under voltage compensation control scheme. Applying Kirchhoff’s Voltage Law (KVL) on the circuit depicted in Figure 3a, the expression for   N 1   winding voltage in the shoot-through state   V  N 1 . s t    can be approximated as (1). In the same way, but considering the circuit shown in Figure 3b, the   N 1   voltage in the active state   V  N 1 . a    can be written as (2). Now, considering the Volt.s balance in the winding   N 1  , an expression for the average voltage    V  N 1   ¯   can be written as (3). Hence, by substituting (1) and (2) for (3) one can derive (4), which expresses the relationship between   V  C 1    and   V  C 2   .


      V  N 1 . s t   =  V  C 1      N 1    N 3  −  N 2         



(1)






      V  N 1 . a   =  V  C 2      N 1    N 1  +  N 3         



(2)






        V N  1  ¯  =    V  N 1 . s t    D  s t    T s  +  V  N 1 . a    ( 1 −  D  s t   )   T s    T s   = 0     



(3)






       V  C 2    V  C 1    =    N 1  +  N 3     N 2  −  N 3       D  s t    1 −  D  s t          



(4)







However, both in the active and in the shoot-through state, by applying KVL on the input stage loop, one can obtain (5). The average expression of (5) can be given by (6), which reveals the relationship between the averaged values of    V  C 1    ( t )    and    V  C 2    ( t )   , which are very similar to its instantaneous values due to the low voltage ripple content.


      V  i n   −  V  L i n   +  V  C 2   −  V  N 1       N 1  +  N 2    N 1    −  V  C 1   = 0     



(5)






      V  C 2   =  V  C 1   −  V  i n       



(6)







Finally, by substituting (6) for (4), the equations for   V  C 1    and   V  C 2    can be obtained by (7) and (8).


      V  C 1   =    V  i n    ( 1 −  D  s t   )    1 −  D  s t   δ       



(7)






      V  C 2   =    V  i n    D  s t    |  δ ′  |    1 −  D  s t   δ       



(8)








2.2.2. Derivation of   L  i n   


The   V  L i n    expression can be written as (9). In steady state, during the shoot-through period and considering the waveform of    i  L i n    ( t )    shown in Figure 2,    d  i  L i n     d t    can be written as (10), where   i  L i n − m i n    is the minimum value of    i  L i n    ( t )   .


      V  L i n   =  L  i n     d  i  L i n     d t       



(9)






       d  i  L i n     d t   =   Δ  i  L i n     Δ t   =     i ^   L i n   −  i  L i n − m i n      D  s t    T s        



(10)







For simplicity, considering a large enough inductance,   Δ  i  L i n     can be defined as a fraction of the average value of the input current    i  L i n   ¯  , through the use of a current ripple factor   k  L i n   , hence   Δ  i  L i n   =  k  L i n     i  L i n   ¯   , where     i  L i n   ¯  =   P o   V  i n     , with   P o   being the converter output power, neglecting power loss in the converter. Therefore, considering the previous comments, one can obtain (11). Now, by substituting (7), (8), and (1) for (5), the   L  i n    voltage during shoot-through   V  L i n . s t    can be given by (12). Finally, applying (11) and (12) in (9)   L  i n    can be obtained as (13), where   f  s t    is the shoot-through frequency.


       Δ  i  L i n     Δ t   =     i  L i n   ¯   k  L i n      D  s t    T s    =    P o   k  L i n      V  i n    D  s t    T s        



(11)






      V  L i n . s t   =  V  i n    ( 1 − B  δ ′  )      



(12)






      L  i n   =    V  i n  2   ( 1 − B  δ ′  )   D  s t      f  s t    P o   k  L i n         



(13)








2.2.3. Derivation of   L m  


Considering that the coupled-inductor core can be treated as a uniform magnetic circuit, that is, the air-gap reluctance is incorporated in the core body, the expression of the equivalent reluctance  R  is given by (14), where l is the mean length of the magnetic circuit;   μ o   is the air magnetic permeability;   μ r   is the relative magnetic material permeability; and A is the core cross-section area. Now, based on the work developed by [37], the magnetizing inductance   L m   can be given by (15) and is related to core’s reluctance  R  and the number of windings   N 1  , which is the coupled-inductor energy input coil.


     R =  l   μ o   μ r  A       



(14)






      L m  =   N 1 2  R  =    N 1 2   μ o   μ r  A  l      



(15)








2.2.4. Derivation of   C 2  


The current and voltage associated with   C 2   are related by (16), considering the shoot-through state and using the same methodology adopted in the   L  i n    design, such that     d  V  C 2     d t   ≈   Δ  V  C 2      D  s t    T s      and   Δ  V  C 2   =  k  C 2    V  C 2    . However, during the shoot-through state,    i  C 2   =  i  L i n    , as can be inferred by the circuit shown on Figure 3a. Assuming that    i  L i n   ≈   i  L i n   ¯  ≈   P o   V  i n     , isolating   C 2   in (16) and considering (8), one can obtain (17).


      i  C 2   =  C 2    d  V  C 2     d t   =  C 2     k  C 2    V  C 2      D  s t    T s        



(16)






      C 2  =   P o    f  s t    k  C 2    V  o u t    |  δ ′  |   V  i n         



(17)








2.2.5. Derivation of   C 1  


The current and voltage association with   C 1  , given by (18), is similar to (16), considering the shoot-through state and using the same methodology adopted in the   L  i n    design, such that     d  V  C 1     d t   ≈   Δ  V  C 1      D  s t    T s      and   Δ  V  C 1   =  k  C 1    V  C 1    . Now, as reported in [31], the windings and currents of each coupled-inductor coil are related by (19). Applying KCL on the coupled-inductors, one can derive (20). Despite the fact that    I  C 2   =  I  N 1   +  i m   , considering a large enough magnetizing inductance   L m  ,   i m   is comparatively lower than   I  N 1    in steady state and hence during shoot-through    I  C 2   ≈  I  N 1    . Therefore, by substituting (18) for (20), it is possible to derive expressions for   I  N 3    and   I  N 2    with respect to   I  N 1    and   I  C 2   , as can be seen in (20) and (21).


      i  C 1   =  C 1    d  V  C 1     d t   =  C 1     k  C 1    V  C 1      D  s t    T s        



(18)






      N 1   I  N 1   =  N 2   I  N 2   −  N 3   I  N 3       



(19)






      I  N 2   =  I  N 3   −  I  N 1       



(20)






      I  N 3   =  I  N 1   δ ≈  I  C 2   δ     



(21)






      I  N 2   =  I  N 1    |   δ ′   | ≈   I  C 2    |  δ ′  |      



(22)







Since    i  C 1   =  I  N 2    , then by isolating   C 1   in (18) and considering (7), it is possible to obtain (23).


      C 1  =    |   δ ′   |   D  s t    P o     V  o u t    D  s t  ′   f  s t    k  C 1    V  i n         



(23)








2.2.6. Determination of   R o   and   L o  


The determination of   R o  , which is used to represent the load connected at the inverter output in the equivalent circuits depicted in Figure 3, is based on the AC load power consumption   P o  ; the value of the RMS DC-link voltage   V  o u t − r m s   ; and   D  s t    . Hence,   R o   is derived by the authors of (24). On the other hand, if the inverter has output filter inductances,   L o   has the same value of such filter inductances.


      R o  =   V  o u t − r m s  2   P o   =    V  o u t  2   ( 1 −  D  s t   )    P o       



(24)









2.3. Electrical Quantities Expressions for the QSY Converter


Through the analytical description of the characteristic waveforms depicted in Figure 2, and by applying Kirchhoff voltage (KVL) and current (KCL) laws to the equivalent circuits depicted in Figure 3, considering the inductor voltage and capacitor charge balance, the main voltage and current expressions for the QSY network are derived and shown in Table 2. For a generic quantity x, its RMS value is identified as   x  r m s   , and its mean and peak values by   x ¯   and   x ^  , respectively. It can be noticed that the following parameters are needed to describe all of the voltage and current waveforms of the QSY inverter: (a)    I  L i n   ¯  ; (b)    k  L i n   ,  k  C 1   ,  k  C 2    ; (c)    P o  ,  V  i n   , η  ; (d)   B ,  D  s t   , δ  ; (e)   σ ′  ; and (f)   N 1  :  N 2  :  N 3  . It should be noted that the estimated converter efficiency, for a conservative design, should be adopted as   0.8 ≤ η ≤ 0.95  . The auxiliary design factor   σ ′   is used to approximate the derived results to more realistic scenarios, considering the converter’s non-ideal behavior, and is recommended to adopt   σ ′   = 1.1.





3. Small-Signal Model Derivation and Analysis


To describe the dynamics of the QSY converter, considering small deviations from a known operational point and control design, a small-signal model must be derived. In this paper, the “State-Space Averaging” technique [38] is used to derive the small-signal model of the QSY converter. The same assumptions adopted for the steady-state analysis are considered for obtaining the small-signal model. Moreover, in the following subsections, the state-space model and its validation, through computational simulations, are presented. It is worth mentioning that the derived dynamic model is valid for the QSY impedance network, hence the obtained transfer functions can be used to design controllers for different types of power converters applications, including DC-AC.



3.1. State-Space Model


The QSY converter operational states can be mathematically represented in the state-space format. Applying KVL and KCL to the equivalent circuit of shoot-through state, as depicted in Figure 3a, expressions (25)–(27) are derived.


      V  i n   −  V  L i n   −  V  r L i n   −  V  r C 2   −  V  r N 1   +  V  C 2   −  V  N 1       N 1  +  N 2    N 1    −  V  r C 1   −  V  r N 2   −  V  C 1   = 0     



(25)






      V  C 1   +  V  r C 1   +  V  r N 2   +  V  N 1       N 2  −  N 3    N 1    −  V  r S   −  V  r N 3   = 0     



(26)






      i  L i n   =  i  C 1   +  i  N 3   =  i  N 1   +  i m      



(27)







By isolating the state variables derivatives in (25)–(27), one can obtain (28)–(33), where    γ 1  = δ   r  N 3   +  r S    ,    γ 2  = −    N 1     r  N 3   +  r S      N 2  −  N 3     , and the  λ  factors, present in (28)–(46), are given in Appendix A.


        d  i  L i n     d t   =   V  i n    L  i n    +  i  L i n    λ 1  +  i m   λ 2  +  V  C 1    λ 3  +  V  C 2    λ 4       



(28)






       d  i o    d t   = 0     



(29)






       d  i m    d t   =  i  L i n    λ 5  +  i m   λ 6  +  V  C 1    λ 7      



(30)






       d  V  C 1     d t   =  i  L i n    λ 8  +  i m   λ 9      



(31)






       d  V  C 2     d t   =  i  L i n    λ 10      



(32)






      V  o u t   =  i  L i n    γ 1  +  i m   γ 2      



(33)







Similarly, but now considering the active state, it is possible to obtain (34)–(40) by applying KVL and KCL on the circuit of Figure 3b.


      V  i n   −  V  L i n   −  V  r L i n   +  V  C 2   +  V  r C 2   −  V  N 1      N 1  +  N 2    N 1   −  V  r C 1   −  V  C 1   = 0     



(34)






      V  C 1   +  V  r C 1   +  V  N 1    (    N 2  −  N 3    N 1   )  −  V  r N 3   −  V  R o   −  V  L o   = 0     



(35)






      V  C 2   +  V  r C 2   −  V  N 1      N 1  +  N 3    N 1   −  V  r N 3   +  V  r D   = 0     



(36)






      V  i n   −  V  L i n   −  V  r L i n   −  V D  −  V  R o   −  V  L o   = 0     



(37)






      I  L i n   =  I D  −  I  C 2       



(38)






      I  C 2   = −  I  N 1   −  I m  = −  I  C 1   −  I  N 3       



(39)






      I  N 3   +  I D  =  I o      



(40)







By isolating the state variables derivatives in (34)–(40), one can obtain (41)–(46), where   γ 3  =    (  r D   δ +  r  N 1   +  r  C 2   )    δ  ′ 2       +  r  N 2   +    δ  δ ′    2   r  N 3   +  r  C 1    ,   γ 4  =    − (  r D  +  r  N 1   +  r  C 2   )   δ  ′ 2     −  r  N 2   +    δ  δ ′    2    r  N 3   −  r  C 1    ,   γ 5  =     N 1   (  r D  +  r  N 1   +  r  C 2   )     δ ′   (  N 1  +  N 3  )    −    N 1     N 1  +  N 2        N 1  +  N 3    2     r  N 3    , and   γ 6  =  −  1  δ ′    .


       d  i  L i n     d t   =   V  i n    L  i n    +  i  L i n    λ 11  +  i o   λ 12  +  i m   λ 13  +  V  C 1    λ 14  +  V  C 2    λ 15      



(41)






       d  i o    d t   =  i  L i n    λ 16  +  i o   λ 17  +  i m   λ 18  +  V  C 1    λ 19  +  V  C 2    λ 20      



(42)






       d  i m    d t   =  i  L i n    λ 21  +  i o   λ 22  +  i m   λ 23  +  V  C 2    λ 24      



(43)






       d  V  C 1     d t   =  i  L i n    λ 25  +  i o   λ 26      



(44)






       d  V  C 2     d t   =  i  L i n    λ 27  +  i o   λ 28  +  i m   λ 29      



(45)






      V  o u t   =  V  C 1   +  i  L i n    γ 3  +  i o   γ 4  +  i m   γ 5  +  V  C 2    γ 6      



(46)







Therefore, managing the state variables definitions for active and shoot-through states, given by (28)–(46), in the matrix format, as indicated by (47)–(48), where n = 1 refers to shoot-through and n = 2 to the active state, one can obtain the matrices    A 1  ,  A 2  ,  C 1  ,  C 2   , given by (49)–(51). Additionally,   E 1   =   E 2   = 0 and   B 1   =   B 2   =        1  L  i n      0   0   0   0     T  .


       d x ( t )   d t   =  A n  x  ( t )  +  B n  u  ( t )      



(47)






     y  ( t )  =  C n  x  ( t )  +  E n  u  ( t )      



(48)






   A 1  =      λ 1    0    λ 2     λ 3     λ 4      0   0   0   0   0      λ 5    0    λ 6     λ 7    0      λ 8    0    λ 9    0   0      λ 10    0   0   0   0     ;  A 2  =      λ 11     λ 12     λ 13     λ 14     λ 15       λ 16     λ 17     λ 18     λ 19     λ 20       λ 21     λ 22     λ 23    0    λ 24       λ 25     λ 26    0   0   0      λ 27     λ 28     λ 29    0   0      



(49)






      C 1  =      γ 1    0    γ 2    0   0         



(50)






      C 2  =      γ 3     γ 4     γ 5    1    γ 6          



(51)







Yet, the state matrices are described by the vector   x =   [  i  L i n   ,  i o  ,  i m  ,  V  C 1   ,  V  C 2   ]  T   , and the input and output variables by   U =  V  i n     and   y =  V  o u t    , respectively. Through the definitions of matrices   A n  ,   B n  ,   C n   and   E n   for n = 1 and n = 2, it is possible to define the average matrices    A avg  ,  B avg  ,  C avg  ,  E avg   , given by (52)–(55), respectively. Moreover,   B d   and   E d   matrices are defined by (56)–(57), where  X  is the DC terms matrix of state variables, given by (58). Finally, the output average value  Y  is given by (59).


      A avg  =  A 1   D  s t   +  A 2   D  s t  ′      



(52)






      B avg  =  B 1   D  s t   +  B 2   D  s t  ′      



(53)






      C avg  =  C 1   D  s t   +  C 2   D  s t  ′      



(54)






      E avg  =  E 1   D  s t   +  E 2   D  s t  ′      



(55)






      B d  =  (  A 1  −  A 2  )  X +  (  B 1  −  B 2  )  U     



(56)






      E d  =  (  C 1  −  C 2  )  X +  (  E 1  −  E 2  )  U     



(57)






     X = −  A avg  − 1    B avg  U     



(58)






     Y = ( −  C avg   A avg  − 1    B avg  +  E avg  ) U     



(59)







The transfer functions considering the state variables in relation to the control and the input are given by (60) and (61), respectively, and the output variable to the input and control, by (62) and (63), respectively.


        x ^   ( s )     d ^   ( s )    =   ( s I −  A avg  )   − 1    B d      



(60)






        x ^   ( s )     u ^   ( s )    =   ( s I −  A avg  )   − 1    B avg      



(61)






        y ^   ( s )     d ^   ( s )    =  C avg    ( s I −  A avg  )   − 1    B d  +  E d      



(62)






        y ^   ( s )     u ^   ( s )    =  C avg    ( s I −  A avg  )   − 1    B avg  +  E avg      



(63)








3.2. Small-Signal Model Validation


To evaluate the usefulness of the transfer functions obtained from the small-signal model, the QSY inverter equivalent circuit, depicted in Figure 3, was simulated using a switched circuit and the transfer functions, using PSIM and considering the parameters given in Table 3. The implemented circuit model on PSIM can be seen in Figure 4. The transient behaviors of the state-space variables due to a step of 3% in   D  s t    are shown in Figure 5, considering the results relative to all state-space variables transfer functions and the respective switched circuit waveform. It should be clarified that the insertion of   s  a u x    free-wheel switch, which does not modify the converter dynamics and modeling, is needed to turn the circuit behavior at PSIM similar to what is considered during the small-signal model derivation since the current through   I  L o    cannot be interrupted abruptly during the transition from active to shoot-through state—as is the case in the mathematical model. As can be seen, the obtained results show that there is a satisfactory match between the theoretical prediction provided by the dynamic model and the switched converter operation.




3.3. Parametric Variation Analysis


In this section,    G  V C 1 d    ( s )    is going to be analyzed under a parametric variation on the QSY components since this transfer function is generally used to regulate   V  o u t   , through indirect control [39]. The pole-zero maps for parametric variations carried out with different variables are depicted in Figure 6. Observations for each component variation are presented in the next subsections, with the aim of serving as guidelines to help specify the components of the QSY network for   V  o u t    voltage regulation design requirements. Whenever indicated, 1 p.u stands for the base value of the relative component value shown in Table 3.



3.3.1.   C 1  


Higher   C 1   values provide a more damped   V  o u t    response with lower ringing content, which is a convenient characteristic for establishing a stable DC link. Furthermore, as can be seen in Figure 6b, there is no significant change in the position of the right half-plane zero (RHPZ) as   C 1   increases, and the dominant complex pole-pairs tend to move away from the imaginary axis . There is an increase in the control bandwidth for the establishment of closed-loop control, as can be seen in Figure 7a. Considering the non-ideal scenarios, higher ESR values for   C 1   help to obtain a more damped response and a slight increase in the non-minimum phase effect, which do not affect substantially the control bandwidth. Therefore, considering all of these aspects, it is recommended to adopt a    k  C 1   ≤ 0.1 %   when designing   C 1  .




3.3.2.   C 2  


As   C 2   is in series with the magnetizing branch, the higher values of   C 2   tend to constrain energy storage on the magnetic core. Consequently, longer charging and recharging times are required for   C 1  , which explains why a greater oscillatory   V  o u t    response is observed when   C 2   increases, as can be inferred by the approximation of the dominant complex poles to the origin in Figure 6c. From the control point of view, the determination of   C 2   was the most impacting factor for the definition of the control bandwidth, and the control response speed increases significantly using lower values of   C 2  , as can be seen in Figure 7a. As for the ESR characteristic of   C 2  , it can be noticed that higher ESR values bring both the dominant complex poles and the RHPZ closer to the origin, which reduces control bandwidth. Hence, when designing   C 2  , it is recommended to adopt    k  C 2   ≤ 5 %  .




3.3.3.   L m  


The increase in   L m   is associated either with greater values of   μ r   or a greater number of primary turns of the coupled inductors   N 1  . For the case of higher values of   μ r  , the coupled inductors more likely behave as a transformer, storing less energy on the magnetic core. In this context, similarly to what happened when   C 2   increased, the capacitor   C 1   becomes insufficiently charged as   μ r   (or   L m  ) increases, which explains the increased ringing response of   V  o u t   , as evidenced by approximation of the dominant poles to the origin, as can be seen on Figure 6e. However, the higher values of   L m   make the RHPZ move away from the origin, and besides the consequent phase gain increment for the medium frequencies range due to this RHPZ distancing, greater control bandwidth restrictions are observed due to the approximation of the dominant poles to the origin, which restricts stability margins. Hence, for the QSY converter, magnetic cores with lower   L m   are recommended either with (a) lower   μ r  , choosing cores based on sendust alloys or iron powder materials, for example, due to its characteristics of energy accumulation and greater control bandwidth for the   V  o u t    control, as shown in Figure 7a; or (b) a lower number of windings in   N 1  .




3.3.4.   L  i n   


Greater values for   L  i n    and consequently in its ESR cause a more damped response in the   V  o u t    response and a decrease in   i  L i n    ripple. However, changes in   L  i n    values do not significantly affect the closed-loop control bandwidth because although the RHPZ approaches the origin, the dominant complex poles do not change its root loci significantly, which contributes to the fact that there is no expressive reduction in the system stability margins. Yet, it is emphasized that   L  i n    must be large enough to avoid discontinuous conduction since the conclusions of this work do not apply to this scenario. Therefore, considering CCM, even in scenarios of load transients, it is recommended to adopt    k  L i n   ≤ 50 %  .




3.3.5. B, δ ,  D  s t   


Obtaining higher voltage gain B, with a fixed  δ  and increasing   D  s t   , does not substantially change the   V  o u t    transient response but may decrease the control-bandwidth due to the approximation of the RHPZ and dominant complex poles to the origin, as can be seen on Figure 6a. Additionally, as a result of the presence of ESR in several components of the QSY network, the B range is limited, as can be seen in Figure 7b. Therefore, if higher B voltage gains are desired, it is recommended to choose lower  δ  values, but greater shoot-through periods are observed, which increases switching and conduction losses. On the other hand, higher values of  δ  are indicated if the goal is to decrease switching losses while achieving relatively moderate B values. In any case, larger  δ  values imply a larger number of winding turns on the coupled inductors, which can result in greater voltage efforts in each coil and smaller and unpractical shoot-through periods, which may be incompatible with the semiconductor technology used in the power switches, due to the inherent delays involved in its switching process.




3.3.6. Coupled Inductor Winding Turns Ratio (  N 1  :  N 2  :  N 3  )


For the determination of the same  δ , different winding proportions of   N 1  :  N 2  :  N 3   can be used, which can modify the dynamic behavior of   V  o u t   . In general, the choices of winding proportions that result in the presence of complex zeros or complex poles closer to the origin tend to present a lower control bandwidth, with narrower stability margins. This can be seen by contrasting the pole-zero maps of the 1:5:3 and 3:3:1 windings configurations, as shown in Figure 6f. For the 3:3:1 case, the control bandwidth is greater because both the complex poles and real RHPZ are far away from the origin and there is no complex RHPZ when compared to the 1:5:3 case. In this sense, once the  δ  is determined, it is recommended to choose   N 1  :  N 2  :  N 3   configurations that show, in the    G  V C 1 d    ( s )   , (a) no complex zeros and (b) dominant complex poles and real RHPZ as far away as possible from the origin.






4. Closed-Loop   V  o u t    Voltage Controller Design


Referring to the steady-state operation of the QSY converter, it can be noticed that the DC link voltage can be regulated through   C 1   voltage. Thus, a type II PI controller can be designed to indirectly regulate   V  o u t    by controlling   V  C 1   , according to the strategy defined in [36]. In this sense, to demonstrate the usefulness of the proposed small-signal model, a close-loop DC-link voltage controller is designed for a three-phase/three-wire inverter, based on the transfer functions obtained through the dynamic model.



Figure 8 shows the power converter and control structure, and Figure 9 shows the built laboratory prototype. Considering the impedance network specifications given in Table 3, the compensated open-loop transfer function    T c   ( s )    in the continuous domain is defined as (64). To accommodate the shoot-through gate signals together with the sinusoidal PWM (SPWM), the simple boost control strategy was used based on the strategy given in [36], with the aid of an external digital circuit based on OR logic. The modulation strategy is based on a triangular carrier, with a peak value of 1, then   P W M ( s )   = 1. Moreover, since   C f   behaves as a high impedance path to the inverter fundamental frequency current component, it can be neglected from the dynamic model. The voltage measurement feedback path   H ( s )   comprises a voltage transducer, signal conditioning, and an analog-to-digital converter (A/D). Once the voltage signal    V  C 1    ( k )    is acknowledged by the DSP, a calibration gain k is applied such that the final reading value of    V  C 1    ( k )    is equal to    V  C 1    ( t )   , hence   H ( s ) = 1  . The   V  C 1    to control transfer function    G  V C 1 d    ( s )    is defined as (65).


      T c   ( s )  =  G  c v    ( s )  P W M  ( s )   G  V C 1 d    ( s )  H  ( s )      



(64)






      G  V C 1 d    ( s )  =     0   0   0   1   0       ( s I −  A avg  )   − 1    B d      



(65)







Before designing the controller (   G  c v    ( s )    = 1), the bode plot of the uncompensated open-loop   T ( s )   is depicted in Figure 10. As can be seen,   T ( s )   has a negative phase and gain margins, which means that the uncompensated system is naturally unstable, requiring the design of an adequate controller. Moreover, the presence of a non-minimum phase makes the controller design process more challenging since it is difficult to obtain a wider controller bandwidth as a wide phase addition is required at high frequencies. Finally, at lower frequencies, the gain is limited, which is not a desired feature in a voltage regulation application. Yet, it is desired that the voltage controller   G  c v    has a quick response in the voltage reference following. Therefore, higher control bandwidth frequencies   f  b w    are required. However, for non-minimum phase systems, as is the case for the QSY converter according to the small-signal analysis conducted earlier, it is not always possible to achieve higher values of   f  b w    without having closed-loop instability. Therefore, taking these factors into consideration, the highest   f  b w    value was set at   f  b w    = 10 Hz. Higher values of phase margin   P M   exhibit a more damped response with a higher settling period. Lower values imply a lower settling time, but with converter responses that contain overshoot and ringing responses. Hence,   P M   = 70° was chosen as it presents a satisfactory compromise between response speed with more damped behavior. With all of these details defined, following the methodology described in [40], a type II PI controller in the continuous time domain was designed, with the expression given by (66). The bode plots of the controller    G  c v    ( s )    and the compensated open-loop    T c   ( s )    are depicted in Figure 10. To obtain the digital controller, given by (67), a continuous to discrete bilinear transformation with a sampling frequency of 18 kHz was used. The coefficients of the digital controller are given in Table 4.


      G  c v    ( s )  =   0.037461 ( s + 49.41 )   s ( s + 79.91 )       



(66)






      G  c v    ( z )  =    b 0  +  b 1   z  − 1   +  b 2   z  − 2      a 0  +  a 1   z  − 1   +  a 2   z  − 2         



(67)








5. Experimental and Simulation Results


To verify the dynamic performance of the QSY converter and the adherence to the small-signal model, simulation and experimental tests were conducted considering the load transient and input voltage ramp variation. The   V  o u t    voltage reference value was set to be regulated at 470 V, and Figure 11 and Figure 12 show the obtained results for both perturbations.



5.1. Simulation Considerations and Prototype Specifications


The same parameters shown in Table 3 were employed in the computer simulation using PSIM, with F28379D blocks for ADC and PWM peripherals configuration, and the SimCoder package for automatic code generation. The code generator tool from PSIM was used to create the controller C code, whereas Code Composer studio was used to upload the code to DSP F28379D. In the prototype shown in Figure 9, the coupled inductors were built on a toroidal core of sendust (  μ r   = 60 H/m) with a winding turns ratio of 37:112:186, and 2x22 AWG and 3x20 AWG Litz wires. The capacitors   C 1   and   C 2   are implemented with the A511EJ68M450F and the 15  μ  F, 500 V film capacitor model C4AQLLU5150A19K. The IRG4PF50WD IGBT and GC2X5MPS12 26 A and 1200 V SiC Schottky diode were used as   S  1 − 6    and D. Furthermore, to relieve voltage spikes at the DC link, the LCD snubber was implemented with   L s   = 235  μ H,   C s   = 1.05  μ F, and RHRG30120 diode, based on the work developed in [41]. In the same way, an RC snubber was used in parallel with D with a resistance value of 270  Ω  and a capacitance of 4 nF, with a design methodology inspired in [42].




5.2. Experimental and Simulation Results Analysis


In Figure 11b in the experimental test with constant input voltage   V  i n    = 250 V and a load step resistance increase of 50%, it can be observed that before and after the load step,   V  o u t    remains regulated at 470 V, as desired. As can be seen, the transient dynamics are overdamped with a settling time greater than 80 ms. This was expected due to the voltage control loop bandwidth set at 10 Hz and phase margin defined at 70   ∘  , which configure a slow dynamic response to the voltage regulation controller. As shown in Figure 11f, as   V  A B    is directly related to   V  o u t   ,   V  A B    also remains regulated, before and after the load transient. In Figure 11d, which shows the QSY converter waveforms for steady-state operation, after the load transient, it is verified that   V  o u t    remains at the desired voltage level (470 V) and stable, with minimum steady-state error. Now, considering the input voltage variation, as shown in Figure 12b, the converter load remains constant, and there is an input voltage ramp variation from 200 V to 250 V (25% increase); the   V  o u t    voltage remains regulated at 470 V, with a similar dynamic characteristic present in the input voltage variation test. As depicted in Figure 12f,   V  A B    remains constant before and after the input voltage variation. In Figure 12d, which shows the converter waveforms for steady-state operation after the input voltage variation, it can be observed that   V  o u t    remains regulated at 470 V. In general, both in the cases of load transient or input voltage ramp variation, it can be noticed that the controller action compensates the   V  o u t    disturbances in an adequate manner, maintaining the voltage level at the desired values, which consequently validates the dynamic model used to design the controller. This is also confirmed by comparing the computational simulations, both for the case of load transition (Figure 11a,c,e) or input voltage variation (Figure 12a,c,e), with the experimental results, as the simulation results represent the results observed in the experimental tests very well, particularly for the controller dynamics, which again confirms the validity of the dynamic model developed.





6. Conclusions


In this paper, a comprehensive analysis of the QSY converter was carried out, including a complete steady-state analysis, component-specification equations, small-signal model proposition, and converter components’ parametric variation impact on dynamic behavior and control design. To confirm the validity of the proposed dynamic model, a type-II PI controller was designed, using the transfer functions obtained by the small-signal model, using both computer simulations and experimental tests. The obtained results show that the proposed dynamic model represents the behavior of a real QSY converter with adequate fidelity. Moreover, with the indications given for the converter components design, including expressions for the determination of   L  i n   ,   L m  ,   C 1  , and   C 2   and several converter currents and voltages RMS, peak, and average values, one can obtain a starting point for determining the converter project. Additionally, with the evaluation of each component parametric variation, it is possible to obtain a clear outlook of each converter component selection, aiming at DC-link voltage regulation applications, considering control design aspects and steady-state operation trade-offs for each case. All of these aspects were not treated in detail for any Y-source impedance source network in the current literature and promote the consolidation of the Quasi-Y impedance-source inverter and its application in real renewable energy generation scenarios. Furthermore, the contributions given in this paper can also be used to implement more advanced control techniques with multiple feedback loops and can be extended to analyze other recently proposed Y-source-based impedance-source networks.
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Abbreviations


The following abbreviations are used in this manuscript:





	   V  o u t    
	 Quasi-Y-Source(QSY) peak DC-link voltage



	   V  i n    
	 QSY input voltage



	D
	 QSY network diode



	   r D   
	 D equivalent series resistance



	   L  i n    
	 QSY network input inductor



	   r  L i n    
	   L  i n    equivalent series resistance



	   i  L i n    
	 QSY input current



	   L m   
	 QSY magnetizing inductance



	   i m   
	 QSY magnetizing current



	    C 1  ,  C 2    
	 QSY network capacitors



	    r  C 1   ,  r  C 2     
	    C 1  ,  C 2    equivalent series resistances



	    V  C 1   ,  V  C 2     
	   C 1   and   C 2   voltages



	  N 1  :  N 2  :  N 3  
	 Coupled inductor winding turns ratio



	  δ  
	 QSY network winding factor



	   δ ′   
	 Defined as    δ ′  = 1 − δ  



	   S w   
	 QSY network output power transistor



	   S  1 − 6    
	 Three-phase bridge power transistors



	   r S   
	   S w   equivalent series resistance



	   m  a , b , c    
	 DC-AC modulation index for phases A,B,C



	   V  A B    
	 DC-AC output line voltage



	   R o   
	 Output load resistance



	   L o   
	 Output load inductance



	   L f   
	 Output inductor of DC-AC passive filter



	   C f   
	 Output capacitor of DC-AC passive filter



	    i A  ,  i B  ,  i C    
	 Phase currents of DC-AC converter



	   P o   
	 Output load power



	   i  o u t    
	 Output load current



	   D  s t    
	 Shoot-through duty-cycle



	   D  s t  ′   
	 Defined as    D  s t  ′  = 1 −  D  s t    



	   f s   
	 Switching frequency



	   f  s t    
	 Shoot-through switching frequency



	   T s   
	 Switching period



	   V g   
	 Gate signal for   S w  



	B
	 QSY converter voltage gain



	   k  L i n    
	 Ripple factor for   L  i n   



	    k  C 1   ,  k  C 2     
	 Ripple factor for    C 1  ,  C 2   



	   μ o   
	 Vacuum magnetic permeability



	   μ r   
	 Relative magnetic permeability



	A
	 Coupled inductor core cross-section area



	l
	 Coupled inductor mean magnetic length



	   σ ′   
	 Auxiliary design factor



	  η  
	 Converter efficiency



	  A 1  ,  B 1  ,  C 1  ,  E 1  
	 Shoot-through state matrices



	  A 2  ,  B 2  ,  C 2  ,  E 2  
	 Active state matrices



	    λ 1  −  λ 29    
	 Factors for   A 1   and   A 2   matrices



	    A avg  −  E avg    
	 State-space model average matrices



	    B d  ,  E d    
	 State-space model auxiliary matrices



	  X  
	 State-space model DC terms matrix



	  Y  
	 State-space model output DC term



	    G  V C 1 d    ( s )    
	   C 1   Voltage to control transfer function



	    G  c v    ( s )  ,  G  c v    ( z )    
	 Voltage controller transfer functions



	   T ( s )   
	 Open-loop uncompensated transfer function



	    T c   ( s )    
	 Open-loop compensated transfer function








Appendix A


Appendix A.1. A1 and A2 Matrices λ Factors



       λ 1  = −    r  L i n   +  r  N 1   +  r  C 2   +  δ ′     r  N 2   +  r  C 1    + δ   δ    r  N 3   +  r S   −  δ ′     r  N 2   +  r  C 1       L  i n         



(A1)






       λ 2  =    N 1    δ   r  N 2   −  r  C 1   −  r  N 2   + δ   r  N 3   + δ   r S  + δ   r  C 1       L  i n      N 2  −  N 3          



(A2)






       λ 3  =   δ − 1   L  i n         



(A3)






       λ 4  =  1  L  i n         



(A4)






       λ 5  =    N 1    δ    r  N 3   +  r S   −  δ ′     r  N 2   +  r  C 1        L m     N 2  −  N 3          



(A5)






       λ 6  = −      N 1   2     r  N 2   +  r  N 3   +  r S  +  r  C 1       L m       N 2  −  N 3    2         



(A6)






       λ 7  = −   N 1    L m     N 2  −  N 3          



(A7)






       λ 8  =   δ ′   C 1        



(A8)






       λ 9  =   N 1    C 1     N 2  −  N 3          



(A9)






       λ 10  = −  1  C 2        



(A10)






       λ 11  =   − (  r  N 1   +  r  C 2   )    L  i n     δ  ′ 2     −    r  N 2   +  r  L i n   +  r  C 1     L  i n    +    N 1  +  N 2     L  i n     δ ′     N 1  +  N 3      δ   (  r D  +  r  N 3   )       



(A11)






       λ 12  =    r  N 1   +  r  C 2      L  i n     δ  ′ 2     +    r  N 2   +  r  C 1     L  i n    +  −    N 1  +  N 2     L  i n     δ ′     N 1  +  N 3        (  r  N 3    δ +  r D  )       



(A12)






       λ 13  =     N 1     N 1  +  N 2        N 1  +  N 3    2   −   N 1    N 1  +  N 3        (  r  N 1   +  r  C 2   )   L  i n    +    N 1     N 1  +  N 2        N 1  +  N 3    2      (  r  N 3   +  r D  )   L  i n         



(A13)






       λ 14  = −  1  L  i n         



(A14)






       λ 15  = −    N 2  −  N 3     L  i n      N 1  +  N 3          



(A15)






       λ 16  = −   (  r D   δ +  r  N 1   +  r  C 2   )    L o    δ  ′ 2      +   r  N 2    L o   +  −    N 1  +  N 2     L o    δ ′     N 1  +  N 3        r  N 3    δ +   r  C 1    L o        



(A16)






       λ 17  = −   (  r D  +  r  N 1   +  r  C 2   )    L o    δ  ′ 2       −   (  r  N 2   +  r  C 1   +  R o  )   L o   +    N 1  +  N 2     L o    δ ′     N 1  +  N 3       r  N 3    δ      



(A17)






       λ 18  =    N 1    N 1  +  N 3    −    N 1     N 1  +  N 2        N 1  +  N 3    2       (  r D  +  r  N 1   +  r  C 2   )   L o   −     N 1     N 1  +  N 2        N 1  +  N 3    2       r  N 3    L o        



(A18)






       λ 19  =  1  L o        



(A19)






       λ 20  =    N 2  −  N 3     L o     N 1  +  N 3          



(A20)






       λ 21  = −    N 1   ( δ  (  r D  +  r  N 3   )   +  r  N 1   +  r  C 2   )     L m    δ ′     N 1  +  N 3          



(A21)






       λ 22  =    N 1   (  r D  +  r  N 1   +  r  N 3   δ +  r  C 2   )     L m    δ ′     N 1  +  N 3          



(A22)






       λ 23  = −      N 1   2   (  r D  +  r  N 1   +  r  N 3   +  r  C 2   )     L m       N 1  +  N 3    2         



(A23)






       λ 24  =   N 1    L m     N 1  +  N 3          



(A24)






       λ 25  =  1  C 1        



(A25)






       λ 26  = −  1  C 1        



(A26)






       λ 27  = −  1   C 2    δ ′         



(A27)






       λ 28  =  1   C 2    δ ′         



(A28)






       λ 29  = −   N 1    C 2     N 1  +  N 3          



(A29)
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Figure 1. Equivalent circuit for the QSY inverter. 
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Figure 2. The characteristic voltage and current waveforms of the QSY converter. 
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Figure 3. Equivalent circuits of the QSY converter: (a) shoot–through state; (b) active state. 
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Figure 4. Equivalent QSY inverter circuit built on PSIM. 
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Figure 5. State-space variables for the switched circuit and small-signal transfer functions—waveforms comparison: (a)    I  L i n    ( t )   , (b)    I o   ( t )   , (c)    I m   ( t )   , (d)    V  C 1    ( t )   , and (e)    V  C 2    ( t )   . 
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Figure 6. Pole-zero maps considering parametric variations for: (a) B; (b)   C 1  ; (c)   C 2  ; (d)   L  i n   ; (e)   L m  ; (f)   N 1  :  N 2  :  N 3  . 
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Figure 7. Components variation analysis: (a) control bandwidth for different components values; (b) non-ideal   B ( δ ,  D  s t   )  . 
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Figure 8. QSY inverter and control structure. 
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Figure 9. QSY inverter developed prototype. 
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Figure 10. Bode plots of   T ( s )  ,    T c   ( s )   , and    G  c v    ( s )   . 
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Figure 11. QSY converter waveforms for load transient : (1) Simulation: (a,c,e); (2) Experimental: (b,d,f). 






Figure 11. QSY converter waveforms for load transient : (1) Simulation: (a,c,e); (2) Experimental: (b,d,f).



[image: Energies 16 04877 g011]







[image: Energies 16 04877 g012] 





Figure 12. QSY converter waveforms for input voltage ramp variation : (1) Simulation: (a,c,e); (2) Experimental: (b,d,f). 






Figure 12. QSY converter waveforms for input voltage ramp variation : (1) Simulation: (a,c,e); (2) Experimental: (b,d,f).



[image: Energies 16 04877 g012]







 





Table 1. Design expressions for the QSY impedance network components.
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	Component
	Expression





	   L  i n    
	     V  i n  2   ( 1 − B  δ ′  )   D  s t      f  s t    P o   k  L i n      



	   L m   
	     N 1 2   μ 0   μ r  A  l   



	   C 1   
	     |   δ ′   |   D  s t    P o     V  o u t    D  s t  ′   f  s t    k  C 1    V  i n      



	   C 2   
	    P o    V  o u t    |  δ ′  |   f  s t    k  C 2    V  i n      



	   R o   
	     V  o u t  2   ( 1 −  D  s t   )    P o    










 





Table 2. Set of expressions related to the main electrical quantities in the QSY converter.
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	Variable
	Expression
	Variable
	Expression





	     I ^   L i n   ,   I ^   C 2     
	     I  L i n   ¯   ( 1 +   k  L i n   2  )    
	   I  N 1 r m s    
	   ≈  I  C 2 r m s     



	    I  L i n   ¯   
	    P o    V  i n   η    
	    V ^   C 1    
	     V  C 1   ¯   ( 1 +   k  C 1   2  )    



	   I  L i n r m s    
	     I  L i n   ¯    1 +   k  L i n  2  12      
	     V  C 1   ¯  ,  V  C 1 r m s     
	    V  i n   B  D  s t  ′    



	    V ^   L i n    
	    V  i n    ( B − 1 )    D  s t  ′   D  s t      
	   I  C 1 r m s    
	   I  N 2 r m s    



	    I  N 1 , 2 , 3   ¯   
	0
	    I D  ^   
	     I  L i n   ¯   σ ′   1 +   k  L i n   2  +   2  D  s t     D  s t  ′      



	   I  C 2 r m s    
	     I  L i n   ¯   D  s t       k  L i n  2   D  s t  ′  + 4  (  D  s t   + 3 )    12  D  s t    D  s t  ′       
	    I D  ¯   
	    I  L i n   ¯   



	    I ^   N 2    
	     I  L i n   ^   |  δ ′  |   σ ′    
	   I  D r m s    
	      I  L i n   ¯   2  3       16  D  s t  ′   +  (  k  L i n   − 2 )   (  k  L i n    D  s t  ′  + 2  (  D  s t   + 1 )  )      



	   I  N 2 r m s    
	    I  C 2 r m s    |  δ ′  |    
	    V D  ^   
	     V  i n    δ  D  s t      δ −  D  s t  ′   ( 1 + B  ( δ  D  s t   −  δ ′  )  )     



	    I ^   N 3    
	     I  L i n   ^  δ  σ ′    
	   I  S w r m s    
	     I  L i n   ¯  δ  k  L i n       D  s t   3      σ  ′ 2   −  σ ′  + 1  4  +    σ  ′ 2    (  k  L i n   + 1 )  +  σ ′  −  k  L i n   + 1   k  L i n  2        



	   I  N 3 r m s    
	    I  C 2 r m s   δ   
	    I  S w   ^   
	    I ^   N 3    



	    V ^   C 2    
	     V  C 2   ¯   ( 1 +   k  C 2   2  )    
	    I  S w   ¯   
	       I  L i n   ¯   D  s t   δ  4   (  σ ′   ( 2 +  k  L i n   )  + 2 −  k  L i n   )    



	     V  C 2   ¯  ,  V  C 2 r m s     
	    V  i n    ( B  D  s t  ′  − 1 )    
	    V ^   S w    
	    V  i n   B   



	    V ^   N 1    
	    V  i n      N 1    N 1  +  N 2         D  s t  ′   ( 1 − B )    D  s t       
	   V ^   N 2   ,    V ^   N 3   
	     N 2   N 1     V ^   N 1   ,   N 3   N 1     V ^   N 1     










 





Table 3. QSY converter circuit parameters.
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	Component
	Value
	Component
	Value





	   L  i n    
	4.24 mH
	   r  L i n    
	0.85  Ω 



	   C 2   
	15  μ F
	   r  C 2    
	29.33 m Ω 



	   C 1   
	2040  μ F
	   r  C 1    
	142.68 m Ω 



	   r D   
	25 m Ω 
	   r S   
	25 m Ω 



	   L m   
	0.222 mH
	  N 1  :  N 2  :  N 3  
	37:186:112



	   R o   
	149.27  Ω 
	   L o   
	10 mH



	   V  i n    
	250 V
	   f  s t    
	18 kHz



	  δ  
	3.0135
	   D  s t    
	155.328689 ×   10  − 3   










 





Table 4. Digital voltage controller coefficients.






Table 4. Digital voltage controller coefficients.





	Coefficient
	Value
	Coefficient
	Value





	   a 0   
	1
	   b 0   
	1.03971074368126   ×   10  − 6    



	   a 1   
	−1.99557051716865
	   b 1   
	2.84981554283603   ×   10  − 9    



	   a 2   
	9.95570517168651   ×   10  − 1    
	   b 2   
	−1.03686092813842   ×   10  − 6    
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