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Abstract

:

The DC microgrid system is composed by converters that operate like feeders and loads. Among these loads, we highlight the constant power loads (CPLs) that may cause instability in the microgrid, observed in the form of undesired oscillations due to its negative impedance behavior. Therefore, this work proposes to use performance indices and stability margins to evaluate state and output feedback control strategies for stabilization of DC microgrids. In particular, it is proposed to evaluate the stability margin of the proposed methodologies by means of the impedance relations in the microgrid based on the Middlebrook criterion. Our simulations and tests showed the relation between the performance and stability degradation and the microgrid impedances variation.
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1. Introduction


In DC distribution systems, the voltage regulation of the generation system is carried out by isolated and non-isolated power converters with classic topologies, e.g., buck and boost. The modeling of DC-DC converters is based on the average space model (ASM) as described in [1,2,3,4] leading to a non-linear model that is usually linearized around an operating point for using linear design tools.



In particular, a DC microgrid is a set of energy supply elements connected to loads. The power generation is provided by either renewable sources or through traditional generation. In addition, the DC microgrids can operate on- or off-grid [5,6,7,8,9,10]. In [5], an off-grid microgrid model is proposed where the voltage and frequency transients are evaluated by means of frequency analysis. In [8], an overview of design, control, operation, stability and protection of DC systems is provided. Similarly, [7,11] review stability criteria applied to DC microgrids to design the elements of the distribution system. In [10], a decentralized control algorithm for DC microgrids is proposed.



A relevant stability issue when connecting power converters into a DC microgrid is the negative impedance effect that results in undesired oscillations due to the interaction of an input converter with an output converter operating as a constant power load (CPL) [7,9,12,13,14,15]. In [9,15], methods to dampen the oscillations due to the connection between CPL and microgrid are presented as passive damping techniques, which performs as the design of RL or RC filters to lessen the effect of the oscillation; or active damping techniques that perform damping modification using control techniques on the load or feeder. In addition, [12] uses predictive control to perform active oscillation damping. In [16] it is investigated the voltage regulation of a microgrid connected to a CPL, obtaining robust performance conditions to ensure the regulation the existence of an equilibrium point.



These papers [2,17,18,19,20,21] used control strategies based on large-signal model (LSM) for stabilization of microgrids. The authors in [2] propose a decoupled ASM for buck, boost and buck-boost converters where the sub-modules are compensated through first-order controllers. In [17,18], a microgrid regulated by a boost converter connected to a CPL such that the oscillations are dampened through sliding mode control (SMC), while in [20], a comparative analysis of the performance of the SMC and Lyapunov redesign controller (LRC) techniques is performed under CPL power variation. In [19,21], a Lyapunov-based stability analysis for large signals is performed to estimate stability regions.



Among the stabilization strategies for microgrids connected to CPLs, the application of robust [3,22,23] and predictive [24,25,26,27] control techiniques stands out. In particular, [3] proposes a robust control technique to deal with parametric uncertainties and CPL power variation. In [22], a robust SMC is proposed to guarantee the stability of the system. Furthermore, a mathematical modeling and robust control approach for power converters operating with CPLs in continuous conduction mode (CCM) is described in [23,28,28]. In [25], the authors propose the motor speed control of a distal generator, verifying the performance of this controller under several conditions, among them, when connected to CPL, while [26] uses an extended Kalman filter to perform model predictive control for mitigation of oscillations based on the estimates of the feeder capacitor voltage. In [19] an stability analysis is performed on microgrids based on LSM of DC-DC, DC-AC and AC-DC converters.



Robust stabilization and performance are also addressed in the literature [29,30,31]. In [29], several control strategies such as distributed, optimal and robust are used for voltage regulation of a DC microgrid with multiple DC-DC converters aiming to meet a power sharing criteria. In [30], a networked control strategy is applied in a delayed system by using Smith predictor to compute state feedback controller gains. In [31], an optimal and robust nonlinear control scheme is applied in a DC microgrid for achieving trajectory tracking. This study uses a state-feedback optimal controller synthesis based on the Hamilton–Jacobi–Bellman equation.



In view of the increasing use of DC microgrids, this paper proposes a comparative investigation of control strategies to ensure the stability and desired performance when the DC microgrid is connected to a CPL subject to power variation causing an unwanted effect that might destabilize the system. Thus, the main contributions of this paper are summarized as follows.



	
A novel relative stability analysis for microgrids with CPL is proposed based on the Middlebrook criterion. Such analysis provides a quantification of the stability margin for different control methodologies and by using two microgrid topologies;



	
Experimental evaluation of different output and state feedback control techniques for stabilization and performance improvement of two different types of DC microgrid connected to a CPL;



	
Two DC microgrids topologies are used: buck-boost (buck feeder with boost CPL) and buck-buck;



	
The performance of the control strategies under CPL power variation is evaluated by performance indices whose results are related to the stability margins based on Middlebrook criterion.






The remaining of this paper is divided as follow: Section 2 performs the modeling of the converters to be used, Section 3 describes criteria for stability in microgrids as well as the operation of the converters as CPL, Section 4 describes the methodology for designing control strategies and the test environment, Section 5 analyzes the experimental results; and Section 6 draws the conclusions.




2. DC-DC Converters Modeling


The mathematical model of the power converters used in this paper is based on ASM. The converters are non-linear systems but small-signal models (SSMs) is usually employed to obtain a linearized model around the operational point (OP) [2,3,28]. In this section, the modeling of the two proposed topologies of DC-DC converters is briefly presented.



2.1. Buck Converter Modeling


The buck converter shown in Figure 1a is modeled in the operation condition of the circuit when the static switch is on (Figure 1b) and off (Figure 1c).



Considering the switch positions (on and off) illustrated in Figure 1b,c, it is possible to write the following equations by applying the circuit’s laws.


         I ˙  L        V ˙  C       o n   =     0    −  1 L        1 C     −  1  R C             I L       V C      +      1 L      0      V i   



(1)






         I ˙  L        V ˙  C       o f f   =     0    −  1 L        1 C     −  1  R C             I L       V C       



(2)







Adopting the ASM, the following non-linear model is obtained.


            I ˙  L        V ˙  C      =     0    −  1 L        1 C     −  1  R C             I L       V C      +      d L      0      V i         V o  =     0   1          I L       V C           



(3)







Considering that the input source   V i   is fixed, and adopting the controlled duty cycle   d ( t )   as input, thus   d ( t )  ,    I L   ( t )    and    V C   ( t )    in Equation (3) are decomposed into a fixed term and a time-varying term:


      d  ( t )  = δ d  ( t )  +  d o         I L   ( t )  = δ  I L   ( t )  +  I L o         V C   ( t )  = δ  V C   ( t )  +  V C o       



(4)




where the operation duty cycle   d o   is chosen by    V o  =  d o   V i   , where   V o   is the desired output voltage. In addition,    I L o  =    d o   V i   R    and    V C o  =  d o   V i    denote, respectively, the current in the inductor and the voltage in the capacitor. Thus, the linear SSM around the OP   (  d o  ,  I L o  ,  V C o  )   and its transfer function   G ( s )   are


           δ   I ˙  L        δ   V ˙  C       =     0    −  1 L        1 C     −  1  R C             δ  I L        δ  V C       +       V i  L      0     δ d       δ  V o  =     0   1          δ  I L        δ  V C            



(5)






  G  ( s )  =   δ  V o   ( s )    δ d ( s )   =    V i   L C     s 2  +  1  R C   s +  1  L C     .  



(6)







The parameters R, L and C are obtained based on the buck converter steady-state equations across the current ripple   Δ  I L    in the inductor and voltage ripple   Δ  V C    in the capacitor such that


      Δ  I L  =   d (  V i  −  V o  )   f L          Δ  V o   =    ( 1 − d )   V o    8 L C  f 2         



(7)







The parameters choice to ensure the conduction mode of the power converter must be observed, for this work the parameters of the system are chosen to ensure the CCM, i.e., the current in the inductive element should be greater than zero at any time.




2.2. Boost Converter Modeling


Similar to the buck converter, the modeling of the boost converter is based on the operation of the circuit of the Figure 2a when the static switch is on (Figure 2b) and off (Figure 2c). Then, the ASM is


            I ˙  L        V ˙  C      =     0    −   1 − d  L         1 − d  C     −  1  R C             I L       V C      +      1 L      0      V i         V o  =     0   1          I L       V C           



(8)







For a duty cycle   d o  , the inductor current and capacitor voltage in OP are computed by    I L o  =   V i   R   ( 1 −  d o  )  2      and    V C o  =   V i   1 −  d o      respectively. Linearizing Equation (8) around the OP   (  d o  ,  I L o  ,  V C o  )   and considering that   V i   is constant and   d ( t )   is the control input, the following SSM and transfer function   H ( s )   are obtained [1]


           δ   I ˙  L        δ   V ˙  C       =     0    −   1 −  d o   L         1 −  d o   C     −  1  R C             δ  I L        δ  V C       +       V C o  L       −   I L o  C       δ d       δ  V o  =     0   1          δ  I L        δ  V C            



(9)






  H  ( s )  =   −   I L o  C  s +    ( 1 −  d o  )   V C o    L C      s 2  +  1  R C   s +    ( 1 −  d o  )  2   L C      



(10)







In the buck converter, the parameters R, L and C of the boost converter by means of   Δ  I L  =   d  V i    f L     and    Δ  V C   =   d  V C    f R C     in order to ensure the continuous conduction mode.





3. DC Microgrids Stability


Figure 3 illustrates a simplified model of a DC microgrid. The DC bus is powered by several energy sources that have their voltages regulated by power converters. Connected to the DC bus, for example, a consumer residence with AC and DC loads that is regulated by power converters.



The connection of several converters might affect the system stability is what motivated studies about the stability of DC distribution systems. Thus, consider the DC distribution system shown in Figure 4a. The distribution system is powered by a voltage source   V  i 1    that is regulated by the feeder with transfer function    G 1   ( s )    feeding the load with transfer function    G 2   ( s )    such as


   G 1   ( s )  =    V  o 1    ( s )     V  i 1    ( s )    ,   G 2   ( s )  =    V  o 2    ( s )     V  i 2    ( s )     



(11)




in addition, the feeder has an output impedance   Z  o 1    while the load has input impedance   Z  i 2    [11]. Figure 4b presents the Middlebrook criterion to ensure stability based on margin gain and phase criteria. The global transfer function   T ( s )   is expressed by using Equation (12) [7,11].


  T  ( s )  =   Z  i 2     Z  i 2   +  Z  o 1      G 1   ( s )   G 2   ( s )  =    G 1   ( s )   G 2   ( s )    1 +  T o     



(12)




where,    T o  =   Z  o 1    Z  i 2      is minor loop gain. Considering that    G 1   ( s )    and    G 2   ( s )    are stable, the overall stability of   T ( s )   is determined from the value of   T o  . Some well-known stability criteria can be used for it, such as Middlebrook criterion, the margin gain and phase margin criterion and the opposite argument criterion [7,11]. In particular, the proposed stability criteria is related to the feeder and load impedance.



Among the aforementioned criteria, the Middlebrook criterion determines the smallest stability region. It is based on the Nyquist criterion which implies that the system is stable system if the curve does not surround point   ( − 1 , 0 )   of the complex plane [7,9,11,15]. Thus, the Middlebrook criterion ensure that the DC distribution system is stable if the following inequality holds.


    T o   =    Z  o 1      Z  i 2     < 1  



(13)







Then, the Middlebrook criterion establishes a circular region of radius    T o    so that the gain margin (  G M  ) is related to    T o    through the following equation.


    T o   =  1  G M    



(14)







It is important to note that the criterion presents a sufficient condition for the stability, i.e., if the criterion is not meet it is not possible to ensure that the system is unstable. Meanwhile, this criterion is able to assess the stability margin due to the insertion of a load, so that the reduction of   Z  i 2    is related to an approximation of   T o   to the unit circle, being able to overcome this limit.



3.1. CPL Dynamic Behavior


A power converter can be used to cause a CPL behavior in a microgrid. It is observed in a system whose feeder has a slower dynamic response than the load connected to the DC bus [3,6,9,14,15,28]. Figure 5a depicts the equivalent circuit and its response for the SSM of a CPL, considering that the power consumed by the CPL is indicated in Equation (15).


   P o  =  v  C P L    i  C P L    



(15)







For a given point of load (POL)   (  I o  ,  V o  )  , an instantaneous variation in power due to an instantaneous voltage variation results in


   i  C P L   =   P o   v  C P L    →   ∂  i  C P L     ∂  v  C P L     = −   P o   V o 2    



(16)




since    P o  =  V o   I o   , the equation of the tangent line in Figure 5b is described as follows.


   i  C P L    ( t )  = −   P o   V o 2    v  C P L    ( t )  +  I  C P L    



(17)







According to [9], applying the OP in Equation (17), considering that    1  R o   = −   P o   V o 2     is a negative conductance, and approximating the CPL characteristic curve by the straight line tangent at the OP, then the CPL current presents two terms that represent, respectively, the negative resistance behavior and the constant current source (cf. Figure 5a). Therefore, the following relation is obtained.


   i  C P L    ( t )  =  1  R o    v  C P L    ( t )  + 2  I o   



(18)








3.2. DC-DC Converters Connected to CPL


Figure 6a,b depict the connection of open loop, respectively, buck and boost converters to a CPL. We aim to investigate how the insertion of the CPL modifies the dynamic behavior of the converters. The CPL power consumption is described by Equation (15), where the voltage   v  C P L    is equal to the capacitor voltage   V C  , thus the current   I  C P L    is described by depending on the state variables.


   I  C P L   =   P o   V C    



(19)







Thus, the SSM and transfer function for the buck converter and are expressed as follows.


           δ   I ˙  L        δ   V ˙  C       =     0    −  1 L        1 C     −  1  R C   −  1   R o  C             δ  I L        δ  V C       +       V i  L      0     δ d       δ  V o  =     0   1          δ  I L        δ  V C            



(20)






  G  ( s )  =    V i   L C     s 2  +  (  1 R  +  1  R o   )   1 C  s +  1  L C      



(21)







Similarly, the SSM and transfer function for the boost converter are described as follows.


           δ   I ˙  L        δ   V ˙  C       =     0    −   1 −  d o   L         1 −  d o   C     −  1  R C   −  1   R o  C             δ  I L        δ  V C       +       V C o  L       −   I L o  C       δ d       δ  V o  =     0   1          δ  I L        δ  V C            



(22)






  H  ( s )  =   −   I L o  C  s +    ( 1 −  d o  )   V C o    L C      s 2  +  (  1 R  +  1  R o   )   1 C  s +    ( 1 −  d o  )  2   L C      



(23)




where,


   R o  = −    (  V C o  )  2   P o    



(24)







Through Equations (21) and (23), it is observed that the negative impedance described in (24) affects the converter damping. Therefore,   G ( s )   and   H ( s )   are stable if the following inequalities hold.


       1 R   +   1  R o    > 0          R  R o     < 1     



(25)







The above inequalities are equivalent to the Middlebrook criterion where R is the load resistance connected to the converters and the   R o   is the CPL input impedance. The impedance   R o   can be time-varying and its limits are given by Equation (25). Thus, the design of a controller for the feeder designed from converters aims to mitigate the effect of this impedance.




3.3. DC-DC Converters Operating as CPL


This section discusses the operation of a DC-DC converter as a CPL. For this, the power output   P o   of the converters studied in Section 2 is analyzed. In the buck and boost converters presented, the load and capacitor voltages are equivalent, then   P o   is described by following equation.


   P o  =   V C 2  R   



(26)







Notice that Equation (26) is non-linear, then, the following SSM is obtained by linearizing around the OP.


  δ  P o  =     0     2  V C o   R           δ  I L        δ  V C        



(27)







The power is normalized for the following base   P b   which depends on the converter structure:


   P  b  b u c k    =    (  d b   V i  )  2  R  ,   P  b  b o o s t    =   V i 2     ( 1 −  d b  )  2  R    



(28)







3.3.1. Buck Converter Operating as CPL


The design of a CPL based on DC-DC converters may employ the output feedback structure, shown in Figure 7a, or state feedback, shown in Figure 7b. Notice that the modeling of this system does not change the dynamics of the plant, modifying only the system gain. Hence, the transfer function obtained from Equations (6), (27) and (28) is shown in Equation (29).


  G  ( s )  =   δ  P o   ( s )    δ d ( s )   =    2  V C o   V i    R L C  P b      s 2  +  1  R C   s +  1  L C      



(29)







Finally, the design of a converter operating as a CPL is completed by computing   C ( s )   in an output feedback shown in Figure 7a, where   C ( s )   is designed for meeting a desired dynamic performance. Prior knowledge of the plant parameters allows the controller tuning as proposed in Section 4.




3.3.2. Boost Converter Operating as CPL


The boost converter with power output is shown in Figure 7b. The same procedure developed as the buck converter is applied to the boost converter, so the following model can be described by using the power output.


  H  ( s )  =   2  V C o    R  P b      −   I L o  C  s +    ( 1 −  d o  )   V C o    L C      s 2  +  1  R C   s +    ( 1 −  d o  )  2   L C      



(30)







To ensure that it works as a CPL, it is necessary to analyze the closed loop operation of the boost converter shown in Figure 7b. In this case, a robust tracking structure with state feedback is used in order to compute the values of gains k and   k i   to ensure the desired dynamic behavior.






4. Microgrid Design


4.1. Feeder Controllers Design


The feeder is designed from the buck converter shown in Figure 1a. The first step is to determine parameters R, L and C. For this, had available a 12 V voltage source with a maximum current supply of 6 A. The buck converter regulates this voltage for the DC bus with    V o  = 6   V. A current ripple   Δ  I L    in the inductor below 1 A and a voltage ripple    Δ  V C    V C    in the capacitor below 10% of the output voltage was desired. The switching frequency of 20 kHz of the converter was chosen based on the determination of the 1 mH inductor, which required a minimum frequency of 3 kHz for the CCM operation of the converter and a switching frequency below 100 kHz for correct operation of the IGBT used. Therefore, with the help of the set of equations in Equation (31), the parameters were determined as indicated in Table 1.


       V o  = d  V i        Δ  I L  =    V o   ( 1 − d )    L f           Δ  V C    V C   =   1 − d   8  f 2  L C        



(31)







With the converter parameters determined, the next step is to design the controller that ensures system stability in addition to meeting performance specifications. In this sense, two control structures for the feeder project are addressed. The first is the output feedback shown in Figure 8a. The second structure is the state feedback shown in Figure 8b. The output feedback structure is based on determining the controller   C ( s )   based on performance specification. In this paper, the controller   C ( s )   is designed by using two techniques. The first is through the Diophantine equation solution (DES) and the second is using the graphical tool of the root locus (DRL). The state feedback structure is designed in order to determine the gains k and   k i   through the solution of the Lyapunov equation (LES) and through the solution of the Riccati’s equation for designing a linear-quadratic regulator (LQR).



The control design goal is to ensure that the converter has a settling time   t  s s    less than 0.04 s and a maximum overshoot   o v s   less than 10% with the guarantee of zero error at the step. These performance specifications allows to compute the damping coefficient  ζ  and natural frequency   ω n   as follows.


  o v s = 100  e  −   ζ π    1 −  ζ 2       ,    t  s s   =   4.6   ζ  ω n     



(32)







Finally, the desired polynomial is constructed composed of an auxiliary pole   p o  , as follows. Notice that the gains designed depends on the chosen control structure.


  Q  ( s )  =  (  s 2  + 2 ζ  ω n  s +  ω n  )   ( s +  p o  )  =  s 3  +  q 1   s 2  +  q 2  s +  q 3   



(33)







The plant dynamics and the controller for the buck converter is generically described as follows.


  G  ( s )  =   B ( s )   A ( s )   =   a 0    s 2  +  a 1  s +  a 2     



(34)






  C  ( s )  =   N ( s )   M ( s )   =    n 0   s 2  +  n 1  s +  n 2   s   



(35)







In sequel, the closed-loop characteristic polynomial is described by Equation (36) that should be equivalent to Equation (33), resulting in the Diophantine Equations (36) and (37). The solution of Diophantine equations determines the controller gains by DES.


   P  c l    ( s )  = A  ( s )  M  ( s )  + B  ( s )  N  ( s )   



(36)






  Q  ( s )  =  P  c l    ( s )   










  A  ( s )  M  ( s )  + B  ( s )  N  ( s )  =  s 3  +  q 1   s 2  +  q 2  s +  q 3   



(37)







To ease the compute process, Equation (37) is rewritten in the matrix form, staying in the form of the Sylvester equation as indicated in Equation (38).


       a 0    0   0     0    a 0    0     0   0    a 0           n 0       n 1       n 2      =       q 1  −  b 1         q 2  −  b 2        q 3       



(38)







Another way to design the controller is based on the root locus, that is a graphical tool to plot the roots of the characteristic closed-loop polynomial shown in Equation (36) in s-plane. Thus, the DRL design specifies the desired performance region from a  ζ  and   ω n   as shown in Figure 9 and the gains of   C ( s )   are computed to ensure that the roots are within that region.



For the state feedback structure with robust tracking, the augmented model is obtained to include the error dynamics and gains   k =      k 1     k 2        and   k i   should be computed. Therefore, the augmented model of the buck converter is described as follows


    x ¯  ˙  =    A ¯  G  −   B ¯  G  K   x ¯  +   B ¯  V   V  r e f    



(39)




where


  v =  ∫  0  t   (  V  r e f   − C x )  d t ,   x ¯  =     x     v     ,  x =      I L       V C      ,  A G  =     0    −  1 L        1 C     −  1  R C        ,   B G  =       V i  L      0     ,  










    A ¯  G  =      A G    0      −  C G     0     ,    B ¯  G  =      B G      0     ,   C G  =     0   1     ,    B ¯  V  =     0     1     ,  K =  k   k i    








thus, it is possible to compute the controller’s gains by solving the LES


    A ¯  G  T − T F =   B ¯  G   K ¯   



(40)




where,   F ∈  R  3 × 3     is a matrix whose eigenvalues are the roots of the closed-loop characteristic polynomial and    K ¯  ∈  R  1 × 3     are initial values where the set   ( F ,  K ¯  )   is observable. In particular, the following F is chosen based on performance specifications (cf. Equation (32)) to obtain settling time and maximum overshoot lower than the specifications, since the dominant pole is real (  − 1.5 ζ  ω n   ) and about 50 % further from the origin than the desired damped frequency circle, i.e., with radius equal to   ζ  ω n   .


  F =      − 4 ζ  ω n      3  ω n    1 −  ζ 2       0      − 3  ω n    1 −  ζ 2        − 4 ζ  ω n     0     0   0    − 1.5 ζ  ω n       ,  K ¯  =     1   1   1      



(41)







The solution of Equation (40) determines the value of T, which allows compute the   K =     k    −  k i         as follows.


  K =  K ¯   T  − 1    



(42)







Finally, the LQR methodology consists in optimizing the following cost function to design K:


  J =  ∫   t i    t f    ( x  ( t )   Q ¯   x T   ( t )  + d  ( t )   R ¯   d T   ( t )  )  d t  



(43)




where, the matrices   Q ¯   and   R ¯   are gains that allow a trade-off between better performance or better control effort. Notice that Equation (43) must comply with the Lyapunov criteria described in [19,20], and the Riccati equation is derived from in Equation (44).


    A ¯  G  P − P   B ¯  G    R ¯   − 1    B T  P + P   A ¯  G  = −  Q ¯   



(44)







Considering the following matrices Q and R used to design the gains, and applying in Equation (45), it is possible to compute the gains to achieve the desired behavior established in Equations (43) and (44).


   Q ¯  =      0.005    0   0     0    0.001    0     0   0   1000     ,  R ¯  = 5.0  










  K = P B   R ¯   − 1    



(45)







Finally, the designed controllers are digitally implemented, so the controller described in Equation (35) can be expressed in digital form for a sampling period    T s  = 0.4   ms indicated in Equation (46) through the exact discretization of matching poles and zeros using the   z =  e   T s  s     relationship.


  C  ( z )  =   R ( z )   S ( z )   =    r 0   z 2  +  r 1  z +  r 2    z − 1    



(46)







However, the integral gain in the state feedback structure was discretized by using the euler method where   s =   z − 1   T s    , therefore the integral controller is described by means in Equation (47).


   C i   ( z )  =   R ( z )   S ( z )   =    k i   T s    z − 1    



(47)







The digital controller gains for the feeder are summarized in Table 2 considering the sampling time    T s  = 0.4   ms. The resulting gains are presented in Table 2. Notice that the   k i   gain should be multiplied by the sampling time to obtain the control law to be embedded in the micro-controller.




4.2. CPL Design


After the feeder design, the next step is to design the CPLs by using the buck and boost converters. CPLs are designed to be powered by a voltage of 6V to ensure that the demanded current is within the source limitations. For the CPL buck, a current ripple   Δ  I L  < 1   A and a voltage ripple     Δ  V C    V C   < 10  % were considered. A    V i  = 6   V supply with a switching frequency   f = 20   kHz. For a duty cycle base    d b  = 1  , the output power is specified for    P o  = 0.3   p.u. by means of Equation (48).


       P o  =   (  d  d b   )  2        Δ  I L  =    V o   ( 1 − d )    L f           Δ  V C    V C   =   1 − d   8  f 2  L C        



(48)







Whereas, for the CPL boost, a current ripple   Δ  I L  < 1   A and a voltage ripple     Δ  V C    V C   < 10  % is considered and    V i  = 6   V supply with a switching frequency   f = 20   kHz. For a duty cycle base    d b  =   4 −  2   4   , the output power was specified for    P o  = 0.3   p.u., then through the set of equations in Equation (49).


       P o  =   (   1 −  d b    1 − d   )  2        Δ  I L  =   d  V i    L f           Δ  V C    V C   =  d  f R C        



(49)







The parameters of the designed CPL converters are summarized in Table 3. Finally, the controller gains to ensure the CPL operation of converters are computed. The buck converter is designed by using output feedback structure and the boost converter is designed by using the robust tracking state feedback structure as shown, respectively, in Figure 7a,b. The design specifications are    t  s s   < 0.02   s and   o v s < 10  % to ensure that the CPL dynamics is faster than the feeder dynamics.



The CPL buck design is carried out from DES in the same way as indicated in the previous Section 4.1. The CPL boost design is carried out through LES. The gains of CPL controllers are summarized in Table 4, considering the discretization with sampling period    T s  = 0.2   ms.



The validation of the CPL buck is shown in Figure 10, while the validation of the CPL boost is shown in Figure 11 connected to the DC bus fed by the feeder, for each proposed methodology.



In both situations, the CPLs are validated by simulations and tests. The power variation applied to the boost converter is less than that of the buck converter due to the greater complexity of the boost converter (i.e., non-minimum-phase dynamics due to zero in the right semi-plane), which provides a higher current variation than the buck converter. The results indicate that both converters are able to operate as CPL, since the proposed performance requirements are met.





5. Methodological Procedures


This paper proposes to compare the performance and stability of the DC microgrids when the control techniques presented in Section 4 are implemented for both feeder and CPL converters. For this purpose, the methodological procedures adopted in that comparative investigation are presented in Figure 12. The implementation of the microgrid is carried out from steps A1 to A5 of the flowchart, while step A6 is described by the test environment, in addition the data treatment is presented from steps A7 to A9.



5.1. Proposed Microgrids


The use of renewable energy sources enables the growth in cascade converters usage, as shown in Figure 13 that represents the proposed microgrid, where the feeder can be connected to a CPL buck or CPL boost. The isolated operation of the microgrid is common in electric vehicles, shipboards, aircraft and submarines, as they contain the main DC bus supplying several loads [32]. The power converters (buck or boost) used to regulate these loads are designed to operate as CPL.



This work implements two microgrids topologies, buck-buck and buck-boost, to evaluate the performance of the voltage regulation provided by the buck feeder when connected both CPL. From the chosen microgrid, the state variables, i.e., the currents in the inductor and voltage in the capacitor, of the used converters are acquired. The other variables of interest are generated from the state variables.



Microgrid Implementation


According to the flowchart in Figure 12, step A1 consists of the modeling of the power converters, using the ASM and the linearization around the OP, as indicated in Equations (6), (29) and (30). In step A2, the constructive parameters of the converters are obtained based on static equations described in Equations (31), (48) and (49). The desired closed-loop polynomial based on the designer’s specifications is built in step A3. These specifications are set to ensure that CPL has a faster dynamic than the feeder aiming to allow the CPL-like behavior during the instantaneous power variation.



In step A4 the controllers are designed. In step A4a, the feeder controller gains are computed based on two control structures; output feedback and state feedback. The output feedback structures are designed by using DES (cf. Equation (38)), and DRL based on a performance region shown in Figure 9. For the state feedback structure, the gains are designed by using LES based on the solution of Equation (40), and LQR using the solution of Equation (44). In step A4b, the CPL controllers are designed. For the CPL buck the DES methodology is used, while for the CPL boost, LES is used. Finally, step A5 consists of assessing whether the controllers designed in steps A4a and A4b followed the design specifications.





5.2. Experimental Procedures and Test Environment Description


The steps A6 to A9 in the flowchart of Figure 12 are related to the performance of the proposed experiments of power variation for the evaluation of stability and performance of the microgrid. The experimental procedures are started in step A6, through the integration of the microgrid and the performance of the power variation test. The simulation is implemented in the MATLAB. In particular, the simulation of the proposed microgrid is carried out in Simulink/Powergui tool using fixed step of   10  − 6    s during a time of   3.5   s. The test environment is the test bench shown in Figure 14.



The converters are switched through a set of optocouplers consisting of the HCPL 3120 chip that allows the electronic circuit to be separated from the power circuit. The static switch used is the IGBT IKW75N60T in conjunction with diode 30CPH03. The measurement of the capacitor voltage and inductor current is carried out through the voltage meter module and the ACS712 current sensor module. The collected information is sent to microcontroller Atmel SAM3X8E ARM Cortex-M3 CPU where in its interface the implementation of digital controllers is performed to carry out the regulation of the microgrid. The control signal is sent to the optocoupler circuit that will activate the static switch.



The procedure for operating the microgrids is shown in the flowchart in Figure 15. Step B1 is to connect the buck converter that will operate as the feeder to the main power source. This converter is placed in the OP and then, in step B2, it is placed in closed loop, choosing one of the projected methodologies. With the closed loop converter and the POL, the CPL is connected to the system.



In the step B3, the CPL buck (step B3a) or the CPL boost (step B3b) is connected to a static switch that is initially turned off. Finally, the converters are placed in closed loop in step B4, making them operate as CPL. For the buck converter, the output feedback structure is adopted, while for the boost converter the state feedback structure is used.



With the CPL in the POL, the microgrid is implemented, and the reference variation test is carried out in step B5. When the CPL buck is connected to the feeder, the POL occurs for    P  o 2   = 0.30   p.u. Thus, the power variation occurs in   + 0.10   p.u. until it reaches   0.50   p.u. when it returns to the POL. Then there is a negative variation of   − 0.10   p.u. until it reaches   0.10   p.u., returning to the POL. On the other hand, when the CPL boost is connected to the feeder, the POL occurs for    P  o 3   = 0.30   p.u. Thus, the power variation occurs in   + 0.05   p.u. until it reaches   0.40   p.u. when it returns to the POL. Then there is a negative variation of   − 0.05   p.u. until it reaches   0.20   p.u., returning to the POL.



The variation of the power reference of the CPLs allows to observe the behavior of the voltage delivered to the DC bus at each instant of variation. Another point to be noticed is the level of current flowing through the feeder inductor, which is essential for determining the impedances used for estimating the stability margin of each proposed microgrid. It is worth mentioning that the increased load demand causes an increase in the current ripple in the inductor, which can result in two critical scenarios:




	
It leads the system to discontinuous conduction mode (DCM) causing the system collapse, since the controllers are not designed to deal with DCM.



	
It modifies the feeder OP, losing the DC bus voltage regulation ability.









5.3. Data Processing


Finally, the step A7 in Figure 12 consists of the data acquisition during the experiments. The state variables are collected from the power converters. In addition, the control signal applied to the static key and reference gate is observed and the error signal is calculated externally. In step A8, the performance evaluation of the proposed microgrids using figures of merits and the stability analysis of the microgrids is carried out in step A9 through the evaluation of CPL input impedance.



With the acquired data, the data treatment flow is shown in Figure 16. The processing step C1 is to set the power variation intervals in a simulated and experimental test, analyzing from the moment when the variation occurs until the moment when the DC bus voltage returns to the reference value. Then, (cf. presented in step C2 of the Figure 16), the inductor current and output voltage are acquired for calculating the impedance, control signal, reference value of the voltage and tracking error used for performance evaluation.



Then, the performance indices are calculated in parallel with the determination of the systems impedances. These steps are described below.



5.3.1. Perfomance Evaluation


In the data processing flowchart depicted in Figure 16, step C3 regards to compute the performance indices. Since the feeder operates in closed loop, the tests are performed connecting the CPL and made the power variation of the CPL aiming to investigate the behavior in DC bus (i.e., feeder’s voltage output). The acquired data obtained by means of the experiments are processed for the evaluation of the controllers’ performance. In this sensors, three performance indices are adopted as described in [33].



The indices used in this work are: the integral of squared error (ISE) which aims to evaluate accumulated error during the experiment; the integral of time-weighted squared error (ITSE) which aims to evaluate the speed of the error mitigation; and the integral of squared signal of control (ISSC) that evaluates the demanded control effort. These indices are defined as follows.


  I S E = ∫  e 2   ( t )  d t ,        I T S E = ∫ t  e 2   ( t )  d t        I S S C = ∫  u 2   ( t )  d t  



(50)







The indices are computed for each power variation stage and with that it is possible to carry out the performance evaluation of each controller proposed for each microgrid topology (cf. presented in step C4 of the Figure 16). The higher ISE values for a methodology indicate higher accumulated error and worse oscillation mitigation. Thus, when the converter is operating in the OP and with the CPL in POL, it is expected an error signal with approximately zero expected value. In addition, higher ITSE values indicate a slower response and oscillation mitigation, since that index is weighted by time. Finally, higher ISSC values indicate greater control efforts for ensuring voltage regulation on DC bus.




5.3.2. Stability Assessment


The right side of the flowchart in Figure 16 regards the system stability assessment. With the current and voltage data from the feeder, considering    I C  ≈ 0  , the time series of the CPL input impedance   Z  C P L    is computed (step C5) as follows


   Z  C P L    ( t )  =    V  C P L    ( t )     I  C P L    ( t )    ,  



(51)






   V  C P L   =  V  C 1   ,    I  C P L   =  I  L 1   −   V  C 1    R 1   .  



(52)







In addition, the   Z  C P L    depends only on the parameters of the feeder because the CPL design ensures a dynamics much faster than the feeder dynamics that become dominant for the microgrid dynamics. Thus, the time series of the feeder output impedance is computed as Equation (53).


   Z F   ( t )  =    V  C 1    ( t )     I  L 1    ( t )     



(53)







Thus, considering that for each variation interval   n  C P L    and   n F  , it is possible to estimate the average input and output impedances (step C6) for each power variation and the minor loop gain   T o   to assess the stability of each methodology proposed in each microgrid (step C7).


        Z ¯   C P L   =   ∑  Z  C P L     n  C P L            Z ¯  F  =   ∑  Z F    n F        



(54)






   |   T o   | =     Z ¯  F    Z ¯   C P L     



(55)







Finally, in step C8, the stability of each methodology is analyzed for each microgrid based on the Middlebrook criteria presented in Section 3 so that the higher the    |   T o   |   , the lower the overall stability of the system. Thus, the increase in load should imply in less stability for all proposed methodologies.






6. Results and Discussions


This section presents the results of simulations and tests. Furthermore, it is performed performance and stability analysis of the different feeder control strategies.



6.1. Buck-Buck Microgrid Analysis


6.1.1. Time Analysis


The first microgrid structure to be observed is the buck-buck which has a feeder implemented by a buck converter and a CPL operated from a buck converter. The CPL power variation test is performed in the system as shown in Figure 10. Figure 10a shows the output power of the CPL buck during the simulation while Figure 10b presented the output power during the test.



The current observed in the simulation (cf. Figure 17a) has a smaller current ripple than that observed in a test (cf. Figure 17b). In both cases, the system operates in CCM, ensuring the best operation of the controllers.



Figure 18a and Figure 19a show the regulation of the DC bus in both simulation and test environments, besides that Figure 18b and Figure 19b shows a zoom in each voltage oscillation caused by CPL power variation. However, it is possible to see the instability that a CPL causes in a DC bus in Figure 18b (for simulation) and Figure 19b (for test) where the increase in load demand causes an initial voltage reduction, while the load reduction causes an increase in voltage that is adjusted to the reference value due to the action of the proposed regulators. In addition, the largest voltage ripples are observed in experimental test, as shown in Figure 18a, for the LES approach.




6.1.2. Performance Analysis


In this section, the performance of the control strategies is evaluated by means of the performanceindices. Figure 20a–c, present the performance indices for the simulation buck-buck microgrid, and Figure 20d–f, present the performance indices for the tests.



In the simulation, the ISE and ITSE for the four methodologies are similar for most of the experiment, reflecting the same ability to mitigate oscillation in addition to similar response speed. However, for the variation of   + 0.2   p.u., the LES methodology exhibits higher ISE and ITSE values as indicated by the voltage regulation response depicted in Figure 18b, where there is a large voltage dip and a greater slowdown to mitigate this effect.



Regarding the simulated ISSC depicted in Figure 20c, the LQR controller presented the most constant and lowest indices for most of the variations. It occurs due to the control design focusing on optmizing the control effort. The LES controller exhibits the higher index for negative variations and for the variation of +0.2 p.u., followed by the DES controller.



Otherwise, the ISE and ITSE indices depicted in Figure 20d,e for the test showed greater variation between methodologies. However, for positive variations, the state feedback controllers showed higher indices. It occurs because these controllers presented greater current ripple, causing a greater voltage ripple, making the oscillation mitigation smaller and slower. The DRL controller, as in the simulation, is the methodology with the most regular index, indicating a similar mitigation capacity and speed for the variation stages.



Regarding to ISSC depicted in Figure 20f, all the methodologies presented similar behaviors, with indices reduction when there is load reduction and the consequent increasing otherwise. However, for positive power variations, the state feedback methodologies exhibit greater indices increase.



Thus, in general, for both simulations and tests, the DRL methodology showed a better effort/performance ratio. On the other hand, the LES controller showed the worst performance in both environments, especially for positive variations in power. In addition, the degradation of the LQR controller is noticeable during the test. It occurs due to the greater current ripple encountered during the experiment, and as the LQR controller uses a state feedback structure, the value of the inductor current is important to ensure the correct operation of this methodology.




6.1.3. Stability Analysis


This section performs an stability analysis of the buck-buck microgrids using the calculated impedance curves. The input impedance of the CPL buck in the simulation is shown in Figure 21. While Figure 22 shows the output impedance of the buck feeder for the microgrid buck-buck.



The current required by the CPL buck is naturally lower than the current supplied by the feeder, since the feeder is responsible for supplying energy to its resistive load and to the CPL. Thus, the output impedance of the feeder is consequently lower than the input impedance of the CPL.



When the CPL requires less current from the feeder, the impedance increases. Otherwise, there is an impedance reduction for positive power variations due to a higher load demand.



In the time interval with the highest level of input impedance (cf. Figure 21) and output impedance (cf. Figure 22), it is noticed a greater ripple in the response of Figure 22. It occurs because the CPL is displaced from its OP during the power variation that coincides with highest impedance interval. During this time, the converter operation is near of discontinuous conduction mode that is the main reason of the increasing of the current ripples and the consequent increasing of the impedance.



For a better analysis, we have the CPL buck input impedance curve for each methodology obtained in the simulation (cf. presented in Figure 23a) and for a experimental test (cf. presented in Figure 23b), as well as the mean impedance of feeder output for simulation (cf. presented in Figure 24a) and practical (cf. presented in Figure 24b) during each power variation.



For the input impedance of the CPL buck during the simulation depicted in Figure 23a, the DRL and LES methodologies are observed with the highest impedance value for negative variations. For positive variations, all methodologies present similar impedance decreasing. In test environment, whose results are presented in Figure 23b, the LES controller exhibits the lowest impedance for the   − 0.2   p.u. variation while the methodologies with output feedback structure have the highest output impedance value. All methodologies have similar impedance.



The results of the output impedance for the feeder in a simulation are presented in Figure 24a. All methods present similar values in each variation stage. However, during the test, there is a lower impedance level of the LES methodology than the others.



Given the impedance curves for each instant of variation, we have Table 5 that indicates the minor loop gain for each variation.



It is observed that the increase in load causes an increase in    |   T o   |   , showing that the stability of the system is reduced with the increase in load. In addition, another reflection of the variation of   0.2   p.u. on the LES controller, where there is a higher value of    |   T o   |    at that moment. We also have that in terms of mean minor loop for the simulation, the DES methodology presented a lower stability margin during the test while the DRL methodology showed a higher stability margin, corroborating with its better performance observed in the previous section.



During the test, the worst performance of the LES methodology is also observed in the stability margin, presenting a greater    |   T o   |    in all variations, resulting in a mean minor loop superior to the other methodologies, as well as the degradation of the LQR controller, which presented the highest    |   T o   |    for the   0.2   p.u. variation, and again, this greater instability is related to the greater current ripple in a test environment.





6.2. Buck-Boost Microgrid Analysis


6.2.1. Time Analysis


Figure 11 shows the boost converter responses for the power variation during the simulation (Figure 11a) and test (Figure 11b). The boost converter dynamics is more complex than the buck converter due to its non-minimum-phase characteristic, in addition the connection of the converter to the DC bus already results in a current consumption (changing the OP of the feeder) even with zero duty cycle. It causes greater voltage and current ripple during the test when compared to simulation due to the higher degree of non-linearity presented in this system.



Figure 25 shows the current in the feeder inductor during the power variation test. During the simulation, shown in Figure 25a, the current levels occurred within the projected, however, during the test a high current ripple is obtained. Figure 26 and Figure 27 show the voltage level on the DC bus regulated by the feeder buck during the simulation and experimental test. Figure 26a shows the feeder’s regulation ability in the simulation with the effect of the power variation on the DC bus shown in Figure 26b. Thus, it is shown that when the boost CPL is used, there are more oscillations during power variation steps, although the controllers are still able to mitigate this effect.



Likewise, during the test, the controllers are able to mitigate oscillations by adequately regulating the voltage delivered to the DC bus, as shown in Figure 27a. However, looking at each variation window shown in Figure 27b, there are poorer mitigation performance and more oscillations. Anyway, the effect of a CPL using the boost converter is less noticeable, this can be due to two facts:




	
The boost converter causes greater voltage and current ripples in the system, thus the regulatory effect of CPL converter is spoiled;



	
The boost converter dynamics during the test, for the same gains, is distinct from the simulation when it is connected to the DC bus due non-linearities found in a test, thus it is noticed that the effect of a CPL is better observed when the converter power regulation performance is closer to instantaneous, also indicating that the design of a fast feeder can help mitigate the effect of CPL.









6.2.2. Performance Analysis


The next step is the performance analysis by means of the performance indices depicted in Figure 28a–c for simulations an in Figure 28d–f for practical tests.



For the simulation it is observed that the LES approach had a higher ISE and ITSE during power variations. In general, the increase in power variation caused an increase in ISE and ITSE for all methodologies. Thus, the LES approach presents the greatest accumulation of error while the DRL controller presents the least amount of error in the oscillation mitigation.



During the test, LQR approach presents the highest ISE and ITSE indices for all power variations and in the OP. An important observation is made for the variation of   + 0.1   p.u., where the DRL approach has a peak of ISE and ITSE, resulting in a point of greater accumulation, in other words that indicates the slow in correction of the oscillation causing more accumulated error.



The ISSC during the simulation, shown in Figure 28c, indicates the LES and LQR controller with the lowest ISSC at the point of operation. The controllers showed approximately constant rates for all the variations made where the DES controller presented the highest ISSC for all the power variations, being the methodology with the greatest control effort in mitigating oscillations in a simulated environment.



For the test, all methodologies presented similar ISSC, with the index increase for positive variations and index decrease for negative variations. The LQR controller exhibits the highest ISSC in the OP. For positive variation, the DRL controller exhibits the highest index. Thus, in the OP, the LQR control has a greater control effort, while far from the operating point the DES controller presents a greater control effort. Thus, through the analysis of the PI, a large discrepancy is observed between the simulated and practical data obtained during the experiment for the CPL boost.




6.2.3. Stability Analysis


The CPL boost current is initially higher than that of the CPL buck, resulting in a system with lower input impedance in comparison with the buck-buck system, as depicted in Figure 29, which is also reflected in a lower feeder output impedance, as shown in Figure 30.



For the sake of simplicity, the average input impedance value is computed for CPL and it is depicted in Figure 31a for simulations and in Figure 31b for the tests. The average output impedance is shown in Figure 32a for the simulations and in Figure 32b for tests.



All methodologies exhibit similar output impedance for the CPL boost in the simulation. During the test, the DES and DRL methodologies presented an impedance value slightly lower than the other methodologies. The output impedance of the feeder connected to CPL boost is shown in Figure 30a during the simulation, where it is observed that all methodologies presented similar mean impedance. During the test (cf. presented in Figure 30b) the DRL methodology presents a lower level for each variation. Notice that the CPL input impedance for each instant of variation is less than the impedance of the CPL buck presented in the previous section, as well as the output impedance of the feeder. The lower impedance is reflected in the minor loop gain calculated for the boost converter and shown in Table 6.



It is observed that the boost converter connected to the feeder as CPL imposed on the system a current consumption higher than that of CPL buck, where in the POL of CPL boost, the minor loop gain is at least twice higher than the POL point of CPL buck, justifying a greater instability observed during the test is in the form of a greater current ripple. In addition, the lower load demand of the CPL boost (occurring to   − 0.1   p.u.) has a minor loop gain higher than the greater load demand of the CPL buck, which indicates that the designed CPL boost is a more complex plant due to its non-minimum-phase characteristic and its higher current consumption. Thus, the connection of CPL boost took the feeder to an OP far from the project, although all methodologies are able to guarantee the stability of the system, even for a much higher load level, although it is reflected in a worse performance of the controllers, especially those that uses the current state to carry out the control. Finally, it is observed the buck-boost microgrid presents an increase in the current level consumed by the CPL, resulting in less stability, making it closer to the threshold of the Middlebrook criterion.






7. Conclusions


This paper examined the enhancing stability when the DC-DC converter system feeds another DC-DC converter that operates like a CPL. Since the converters are usually cascade connected the CPL behavior causes unwanted oscillations that might evolve to instability in DC bus. This paper proposed ways to enhance the stability margin of the DC microgrid by using control techniques applied on the feeder converter, besides that it performed a comparative analysis of the control techniques investigated, however to guarantee the CPL behavior a strictly control technique must be implemented in the load converter to behavior as CPL.



The stability margin is improved when the system uses control techniques in both microgrids topologies, also that the second topology (i.e., buck-boost converter) presented a greater instability in comparison the first, this situation occurred due to the boost converter operating like a CPL presented a greater current ripple than other microgrid degenerating the performance and causing worst behavior to this topology. The validity of this comparative study to enhance the stability margin of the DC microgrid was ratified by the simulations and the experiments using the two topologies, i.e., buck-buck converters and buck-boost converters. This discussion reveals that although the CPL behavior, the microgrid can maintain the stability using control techniques and improve the performance of the system. The tests indicated that the classical methods based on the feedback output outperformed the others approaches in both microgrid topologies.
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Figure 1. (a) Buck converter circuit. (b) Buck converter circuit for switched on condition. (c) Buck converter circuit for switched off condition. 
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Figure 2. (a) Boost converter circuit. (b) Boost converter circuit for switched on condition. (c) Boost converter circuit for switched off condition. 
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Figure 3. DC microgrid illustration. 






Figure 3. DC microgrid illustration.
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Figure 4. (a) Diagram of a DC distribution system. (b) Region determined by the Middlebrook criterion. 
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Figure 5. (a) Constant power load (CPL) simplified circuit and (b) CPL behavior curve. 
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Figure 6. (a) Buck converter connected to CPL. (b) Boost converter connected to CPL. 
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Figure 7. (a) CPL buck performed by output feedback. (b) CPL boost performed by state feedback. 
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Figure 8. (a) Buck feeder using output feedback. (b) Buck feeder using state feedback with robust tracking. 
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Figure 9. Desired performance region in s-plan. 
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Figure 10. Output power for CPL buck during the (a) simulation and (b) test. 
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Figure 11. Output power for CPL boost during the (a) simulation and (b) test. 
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Figure 12. Flowchart of the methodology adopted in the paper. 
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Figure 13. Proposed microgrid to be evaluated. 
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Figure 14. Experiment bench set up for testing. 
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Figure 15. Flowchart of the experimental evaluation procedures. 
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Figure 16. Flowchart on data processing. 
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Figure 17. Current in the microgrid buck-buck feeder inductor during the (a) simulation and (b) test. 
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Figure 18. (a) Regulated voltage delivered to the DC bus during the simulation. (b) Zoom to the oscillations caused by the power variation of the CPL buck. 
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Figure 19. (a) Regulated voltage delivered to the DC bus during the test. (b) Zoom to the oscillations caused by the power variation of the CPL buck. 
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Figure 20. (a) Integral of squared error (ISE), (b) integral of time-weighted squared error (ITSE) and (c) integral of squared signal of control (ISSC) during the simulation, (d) ISE, (e) ITSE and (f) ISSC during the test for buck-buck microgrid. 
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[image: Energies 13 02663 g020]







[image: Energies 13 02663 g021 550] 





Figure 21. CPL buck input impedance in time during the (a) simulation and (b) test. 
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Figure 22. Feeder buck output impedance in time during the (a) simulation and (b) test. 
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Figure 23. Mean CPL impedance for each power variation during the (a) simulation and (b) test. 
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Figure 24. Impedance of the feeder buck in time during the (a) simulation and (b) test. 
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Figure 25. Current in the microgrid buck-boost feeder inductor during the (a) simulation and (b) test. 
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Figure 26. (a) Regulated voltage delivered to the DC bus. (b) Zoom to the oscillations caused by the power variation of the CPL boost during the simulation. 
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Figure 27. (a) Regulated voltage delivered to the DC bus. (b) Zoom to the oscillations caused by the power variation of the CPL boost during the test. 
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Figure 28. (a) ISE, (b) ITSE and (c) ISSC simulated, (d) ISE, (e) ITSE and (f) ISSC during the test for buck-boost microgrid. 
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Figure 29. Impedance of the CPL boost in time during the (a) simulation and (b) test. 
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Figure 30. Impedance of the feeder buck in time during the (a) simulation and (b) test. 
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Figure 31. Mean CPL impedance for each power variation during the (a) simulation and (b) test. 
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Figure 32. Impedance of the feeder buck in time during the (a) simulation and (b) test. 
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Table 1. Buck converter parameters operating as feeder.
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Feeder Parameters




	
Parameters

	
Symbol

	
Value

	
Unit

	
Parameters

	
Symbol

	
Value

	
Unit






	
Input voltage

	
   V  i 1    

	
12.00

	
V

	
Resistance

	
   R 1   

	
4.00

	
  Ω  




	
Output voltage

	
   V  o 1    

	
6.00

	
V

	
Inductor

	
   L 1   

	
1.00

	
mH




	
Duty cycle

	
   d 1   

	
0.50

	
-

	
Capacitor

	
   C 1   

	
2.20

	
mF




	
Frequency

	
   f 1   

	
20.00

	
kHz
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Table 2. Controllers gain designed for feeder.
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	Method
	    r o    
	    r 1    
	    r 2    
	Method
	    k 1    
	    k 2    
	    k i    





	DES
	0.4481
	−0.9168
	0.4706
	LES
	0.0817
	0.0050
	137.5



	DRL
	0.6190
	−1.2230
	0.6068
	LQR
	0.0402
	0.0081
	142.5
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Table 3. Buck and boost converter parameters operating as CPL.
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CPL Buck

	
CPL Boost




	
Parameters

	
Symbol

	
Value

	
Unit

	
Parameters

	
Symbol

	
Value

	
Unit

	
Parameters

	
Symbol

	
Value

	
Unit

	
Parameters

	
Symbol

	
Value

	
Unit






	
Input voltage

	
   V  i 2    

	
6.00

	
V

	
Frequency

	
   f 2   

	
20.0

	
kHz

	
Input voltage

	
   V  i 3    

	
6.00

	
V

	
Frequency

	
   f 3   

	
20.0

	
kHz




	
Base power

	
   P  b 2    

	
9.00

	
W

	
Resistance

	
   R 2   

	
4.00

	
  Ω  

	
Base power

	
   P  b 3    

	
36.0

	
W

	
Resistance

	
   R 3   

	
8.00

	
  Ω  




	
Output power

	
   P  o 2    

	
0.30

	
p.u.

	
Inductor

	
   L 2   

	
1.00

	
mH

	
Output power

	
   P  o 3    

	
0.30

	
p.u.

	
Inductor

	
   L 3   

	
1

	
mH




	
Duty cyle

	
   d 2   

	
0.55

	
-

	
Capacitor

	
   C 2   

	
2.20

	
mF

	
Duty cyle

	
   d 3   

	
0.65

	
-

	
Capacitor

	
   C 3   

	
2.20

	
mF
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Table 4. Controllers gain designed for CPL.
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	Method
	    r 0    
	    r 1    
	    r 2    
	Method
	    k 1    
	    k 2    
	    k i    





	DES-buck
	19.6381
	−37.8491
	18.2812
	LES-boost
	0.0722
	0.0032
	212.5
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Table 5. Minor loop gain for the microgrid buck-buck.
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Simulation

	
Test




	
   P o   

	
−0.2

	
−0.1

	
0.0

	
0.1

	
0.2

	
    |    T ¯  o   |    

	
   P o   

	
−0.2

	
−0.1

	
0.0

	
0.1

	
0.2

	
    |    T ¯  o   |    






	
DES

	
0.1070

	
0.1889

	
0.2321

	
0.2929

	
0.3434

	
0.2329

	
DES

	
0.0568

	
0.1487

	
0.2323

	
0.3039

	
0.3664

	
0.2216




	
DRL

	
0.0559

	
0.1668

	
0.2235

	
0.2817

	
0.3298

	
0.2115

	
DRL

	
0.0619

	
0.1510

	
0.2347

	
0.3042

	
0.3677

	
0.2239




	
LES

	
0.0888

	
0.1655

	
0.2270

	
0.2831

	
0.3539

	
0.2237

	
LES

	
0.1468

	
0.2308

	
0.2974

	
0.3553

	
0.3611

	
0.2783




	
LQR

	
0.1014

	
0.1600

	
0.2326

	
0.2888

	
0.3366

	
0.2239

	
LQR

	
0.0627

	
0.1549

	
0.2577

	
0.3403

	
0.3783

	
0.2388
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Table 6. Minor loop gain for the microgrid buck-boost.
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Simulation

	
Test




	
   P o   

	
−0.2

	
−0.1

	
0.0

	
0.1

	
0.2

	
    |    T ¯  o   |    

	
   P o   

	
−0.2

	
−0.1

	
0.0

	
0.1

	
0.2

	
    |    T ¯  o   |    






	
DES

	
0.4536

	
0.5131

	
0.5640

	
0.6060

	
0.6414

	
0.5556

	
DES

	
0.4854

	
0.5230

	
0.5492

	
0.5816

	
0.6197

	
0.5518




	
DRL

	
0.4532

	
0.5132

	
0.5642

	
0.6063

	
0.6408

	
0.5556

	
DRL

	
0.4847

	
0.5229

	
0.5507

	
0.5805

	
0.6145

	
0.5507




	
LES

	
0.4509

	
0.5083

	
0.5647

	
0.6068

	
0.6392

	
0.5540

	
LES

	
0.4725

	
0.5115

	
0.5446

	
0.5725

	
0.6051

	
0.5412




	
LQR

	
0.4610

	
0.5236

	
0.5647

	
0.6072

	
0.6482

	
0.5610

	
LQR

	
0.4715

	
0.5146

	
0.5504

	
0.5818

	
0.6010

	
0.5438
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