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Abstract

:

The importance of microgrids has been acknowledged with the increasing amount of research in direct current (DC) microgrids. The main reason for this is the straightforward structure and efficient performance. In this research article, double integral sliding mode controllers (DISMCs) have been proposed for energy harvesting and DC microgrid management involving renewable sources and a hybrid energy storage system (HESS). DISMC offers a better dynamic response and reduced amount of chattering than the traditional sliding mode controllers. In the first stage, the state differential model for the grid was derived. Then, the nonlinear control laws were proposed for the PV system and hybrid energy storage system to achieve the main objective of voltage regulation at the DC link. In the later part, the system’s asymptotic stability was proven using Lyapunov stability criteria. Finally, an energy management algorithm was provided to ensure the DC microgrid’s smooth operation within the safe operating limit. The proposed system’s effectiveness was validated by implementing on MATLAB/Simulink software and comparing against sliding mode control and Lyapunov redesign. Moreover, to ensure the proposed controller’s practical viability for this scheme, it has been tested on real-time hardware-in-the-loop test bench.
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1. Introduction


The increased use of power from traditional sources has contributed enormously to environmental pollution [1]. Much research has been conducted in recent years to reduce the dependence on traditional power generation systems. A major milestone has been achieved by using renewable energy sources in distributed generation systems [2]. This had greatly helped in reducing greenhouse gases along with its increased energy efficiency. Conversely, the independent use of renewable energy sources (RESs) is not appreciated due to its unpredictable output [3]. Hence, a group of energy storage systems (ESSs) to counter renewables’ intermittent nature are required [4].



The distributed generation (DG) systems used currently have either PV or wind as an energy source, but a combination of both has been considered in [5,6]. With the use of multiple renewable sources and optimization of storage units’ size, the cost for storage units can be minimized greatly [7]. The high energy density of batteries allow them to store a large amount of energy. However, as battery are a low power density device, they cannot compensate for the transients during load variation; hence, a high power density unit is required. The cumulative operation of the battery with an ultracapacitor (UC) would be able to serve the purpose [8,9]. The battery will be used as a high storage element and UC to supply the power transients; hence, stabilizing the power dynamics.



With the advances in global technology, microgrids are gaining popularity in this modern era. A microgrid can be either DC or a combination of AC and DC. The systems involving renewable sources, power converters, and modern loads require DC power for their operation; hence, a DC microgrid is preferred [10,11]. Moreover, the reduced complexity in its structure, high energy efficiency, isolated operating mode, and regular power supply to rural areas make it a suitable choice [12,13]. To attain a balanced energy and regulated operation of a DC microgrid, a complex control algorithm is required. Various control methods for energy management in AC microgrids have been studied in [14,15,16,17,18] but they cannot be directly linked to DC microgrids in light of the aforementioned facts. The main control objective in DC microgrids is to achieve a stable voltage at the DC link using the indirect voltage regulation method [19]. To the best of our knowledge, a limited number of research studies has been proposed on the control of renewable-based microgrids with a multisource hybrid energy storage system [20,21].



Various linear controllers are applied in the DC microgrid to regulate the output voltage considering the stability of the system [22,23,24]. Moreover, to address the system uncertainties, robust   H ∞   control has been proposed in [25,26], making the system’s functionality smooth, but no detailed stability analysis has been done. Droop Control is an effective control method for stable output voltage and has been used with an adaptation parameter in [27]. The system is multisource with varying state of charges (SoCs), has dynamical behavior and is not catered to using Adaptive droop control. The controllers proposed so far can stabilize the system with regulated output but because the DC–DC converters used are intrinsically nonlinear, the system has been linearized around a specific equilibrium point and hence the functionality of the system is limited. Therefore, linear control techniques are not suitable for a system with sharp and continuous variations.



Multiple control strategies in terms of nonlinear controllers are applied to the proposed system for regulated DC bus voltage and stable operation [28,29,30,31,32]. In [13], the terminal sliding mode control (SMC) has been used for a microgrid, but the system is prone to external disturbances and has inherited chattering effects. A backstepping control method has been used in [33] but is limited to a single renewable energy source. A feedback control mechanism was proposed in [34] to attain the desired output but the system is limited to the localized stability and hence the performance of the system is degraded. In [35], a control Lyapunov function (CLF)-based nonlinear controller was proposed for a DC microgrid system but no systematic approach for ensuring power balance was performed. The optimal control schemes considering the robustness of the system are detailed in [36]. This may have an adverse effect on the system performance during the systematic shift from RESs to a hybrid energy storage system. Decentralized methods for control of DC microgrids are presented in [37,38]. The general model of DC microgrid depicted in Figure 1 consists of a PV-based generation system linked directly to a DC–DC converter and a hybrid energy storage system comprising of a battery and ultracapacitor was directly linked to the DC bus with two DC–DC converters. Here   P  b a t   ,   P  s c   ,   V  b a t   ,   V  s c   ,   I  b a t   ,   I  s c    and   S o  C  b a t    ,   S o  C  s c     represent the power, voltage, current and state of charge of the battery and ultracapacitor, respectively.   u 23   and   u 45   denote the nonlinear control signals. Furthermore, the state variables, sliding surfaces and errors are shown by   X i  ,   S i  , and   e i  , respectively.



The main contribution and innovation of this paper is to design a controller that can enhance the overall dynamic response of a system and regulate the output voltage for the stable operation of the microgrid including a renewable energy system. Moreover, chattering in many of the previously implemented controllers motivated us to design a robust nonlinear controller to cater for all these difficulties in an efficient way and make the system robust to disturbances and noise. To the best of our knowledge, this work is new and has not been discussed in the literature in terms of the considered topology with such an advanced controller and HIL test. Furthermore, SMC is thought to be a good controller with finite time convergence and robust to disturbances and uncertainties but it has the inherent problem of chattering, which can be reduced by higher-order SMC. This includes the addition of single-integral and double-integral actions. DISMC is thought to be a better robust controller in terms of transient responses and removal of chattering. The superiority of the proposed DISMC as compared to SMC is guaranteed by two dominant factors. The integral term, which reduces the chattering and provides a robust response against disturbances and reduced computational complexity, leads to easier real-time implementation. Moreover, a comparison of the proposed DISMC was provided against SMC and Lyapunov redesign controller and the simulation results were obtained to ensure its effectiveness.



The main objectives of this research work are as follows:




	
Output voltage regulation at DC link and regulated charging and discharging profile for the primary and secondary sources irrespective of the variation in load demand and renewable energy source.



	
Ensuring asymptotic stability of the DC microgrid under different operating conditions.



	
Validate the effectiveness of the proposed system using controller hardware-in-the-loop setup.



	
Estimation of the gains using a genetic algorithm for the optimal approximation of the controller gains.








The remaining paper is organized as follows: Section 2 contains the mathematical modelling of the DC microgrid. Section 3, encloses the controller design for considered DC–DC power converters. In Section 4, simulation and real-time results are presented to identify the superiority of the proposed controller. Finally, Section 5 details the conclusions.




2. Mathematical Representaion of DC Microgrid


2.1. Modelling of PV Based Energy Generation System


The considered PV setup consists of a PV panel and a non-inverting bidirectional buck-boost converter, as depicted in Figure 2. The converter performance is optimized by operating at maximum power point and OFF-maximum power point state as directed by the supervisory control. To obtain the reference value under maximum power point tracking (MPPT), the regression plane method utilizes the temperature and irradiance as time-varying input [39]. By using the following equation, the reference value for PV voltages can be obtained:


     V  p v − r e f      = 322 − ( 1.34 ∗ t e m p e r a t u r e ) − ( 0.00964 ∗ I r r a d i a n c e )     



(1)







The component-wise breakdown of the DC–DC converter used for a PV system is represented in Figure 2. It comprises of two BJTs acting as a switch (   S 1  ,  S 2   ), two diodes labeled as (   D 1  ,  D 2   ), an inductor   L  p v   , input capacitor   C  p v    and an output filtering capacitor   C  d c   . The converter was assumed to be operating in continuous conduction mode (CCM). The positioning of the switches is directly dependent on the PWM signal generated by a nonlinear controller. When the switch   S 1   and   S 2   is at the ON state, the diode   D 1   is reverse-biased and the system operates at the OFF load condition. Conversely, when both the switches are OFF, the diode   D 1   is forward-biased and the system operates at the ON state and the output of the PV will be reflected across the filtering capacitor   C  d c   .



The state dynamical model of the PV system is represented using the following set of differential equations:


    V ˙   p v   =   I  p v    C  p v    −   I L   C  p v     u 1   



(2)






    I ˙  L  =   V  d c    L  p v     u 1  −   V  d c    L  p v     u 1  +   V  p v    L  p v     



(3)







Here,   V  p v    are the average values of PV input voltages and   I L   is the input PV current, whereas output PV voltage V    P V    will be cumulatively considered across the energy storage unit due to the availability of a common DC bus.   u 1   is the PWM signal generated by the nonlinear controller.




2.2. State Representation of Hybrid Energy Storage System


The component-wise representation of a hybrid energy storage system including DC–DC converters is presented in Figure 3. Two energy storage elements, battery and ultracapacitor, have been used. As both sources are capable of charging and discharging, they are connected directly to the bidirectional buck-boost converter. These DC–DC converters are linked directly to the DC bus. The bidirectional converter interfaced with the battery consists of two BJTs   S 3   and   S 4   acting as a switches, an output filtering capacitor   C  d c    and an inductor   L  b a t    with series internal resistance,   R  b a t   . Similarly, the bidirectional DC–DC buck-boost converter attached to the ultracapacitor consists of switches   S 5   and   S 6   and an inductor   L  u c    with series internal resistance,   R  u c   . To regulate the DC bus, the BJTs are controlled directly via a nonlinear PWM signal.



To fulfill the load demand by using a battery as a primary source, the following equation needs to be ensured:


   F =      1 ,     if  (  I  b a t r e f   > 0 )       0 ,     if  (  I  b a t r e f   < 0 )        



(4)







Here,   I  b a t r e f    denotes the reference current generated by the battery, which will be used further to estimate the SoC and health of the battery.



As the DC–DC converter utilized is bidirectional, it will shift its state of operation depending on the load profile. When a pulse is applied to the switch   S 3  , the converter tends to operate at boost mode with    I  b a t r e f   >   0. Conversely, when the converter is to operate at buck mode, the PWM signal needs to be applied at switch   S 3  , resulting in    I  b a t r e f   <   0 to hold the power equilibrium. Furthermore, to approximate the state dynamical model of battery, inductor volt second and capacitor charge balance theorems are used.


   I ˙     b a t   =   V  b a t    L  b a t    −   R  b a t    L  b a t     I  b a t   −  ( 1 −  u 2  )    V  d c    L  b a t     



(5)






    V ˙   d c   =  ( 1 −  u 2  )    I  b a t    C  d c    −   I 1   C  d c     



(6)






   I ˙     b a t   =   V  b a t    L  b a t    −   R  b a t    L  b a t     I  b a t   −  u 3    V  d c    L  b a t     



(7)






    V ˙   d c   =  u 3    I  b a t    C  d c    −   I 1   C  d c     



(8)







Here,   V  b a t    and   I  b a t    are battery voltage and battery current, respectively, whereas   I 1   and   V  d c    are output current and DC bus voltage, respectively.   u 2   and   u 3   are the nonlinear control signals. Now, to obtain the compact model, a virtual control input   u 23   has been defined as follows:


   u 23  =  [ F  ( 1 −  u 2  )  +  ( 1 − F )   u 3  ]   



(9)







The state model can hence be redefined using Equation (10) as follows:


   I ˙     b a t   =   V  b a t    L  b a t    −   R  b a t    L  b a t     I  b a t   −  u 23    V  d c    L  b a t     



(10)






    V ˙   d c   =  u 23    I  b a t    C  d c    −   I 1   C  d c     



(11)







An ultracapacitor is the auxiliary source used to supply the transient power during peak load demands along with the main source. The UC cannot be charged directly from the mains because of its ability to instantaneously charge and discharge. It can be charged from the excessive power from the main source. As the DC–DC converter used is quite similar to the one used with the battery, a symmetric pattern was considered in defining the state model for UC. The switching fact can be captured using the following equation:


   G =      1 ,     if  (  I  s c r e f   > 0 )       0 ,     if  (  I  s c r e f   < 0 )        



(12)







Here,   I  s c r e f    defines the reference current from the secondary source and is related to the current   I 2  , which determines the contribution of the UC and is expressed as follows:


   I 2  =  ( 1 −  u 4  )   I  u c    



(13)







Here,   u 4   represents the PWM signal applied at switch   S 4  . To consider the charging and discharging characteristics of the UC, the following set of differential equations needs to be considered:


   I ˙     u c   =   V  u c    L  u c    −   R  u c    L  u c     I  u c   −  ( 1 −  u 4  )    V  d c    L  u c     



(14)






   I ˙     u c   =   V  u c    L  u c    −   R  u c    L  u c     I  u c   −  u 5    V  d c    L  u c     



(15)






   I 2  =  u 5   I  s c    



(16)




where   u 5   represents the control input provided at switch   S 5  . Moreover, the globalized model of the system can be achieved using the dual control defined as follows:


   u 45  =  [ G  ( 1 −  u 4  )  +  ( 1 − G )   u 5  ]   



(17)







The state model of the system is given as follows:


   I ˙     u c   =   V  u c    L  u c    −   R  u c    L  u c     I  u c   −  u 45    V  d c    L  u c     



(18)






   I 2  =  u 45   I  u c    



(19)







Furthermore, to access the cumulative current at the DC line, Kirchhoff’s current rule is applied at the common node. According to Kirchoff’s current rule, the sum of the current flowing into the node must be equal to the sum of current flowing out of the node. Now, applying Kirchoff’s current rule and substituting the value of   I 2   from Equation (19) yields:


   I 1  =  I o  −  u 45   I  u c    



(20)







The state equation for    V d  c   in a more compact pattern is obtained by placing the value of   I 1   from Equation (20) in Equation (11) and incorporating the output voltage PV voltage   V  p v    across   C  d c   , which results in the following:


    V ˙   d c   =  ( 1 −  u 1  )    I  p v    C  d c    +  u 23    I  b a t    C  d c    +  u 45    I  s c    C  d c    −   I o   C  d c     



(21)







This equation represents the state equation for the DC bus voltage regulation of the DC microgrid.




2.3. Global State Dynamical Model of DC Microgrid System


The globalized state model was developed for the DC microgrid with PV as the renewable energy source and a battery and ultracapacitor as the storage elements. The state dynamical Equations (2), (3), (10), (18) and (21) are presented in a more simplified pattern, as elaborated using the following set of equations:


    x ˙  1  =   I  p v    C  p v    −   x 2   C  p v     u 1   



(22)






    x ˙  2  =   x 1   L  p v     u 1  +   x 5   L  p v     u 1  −   x 5   L  p v     



(23)






    x 3  ˙  =   V  b a t    L  b a t    −   R  b a t    L  b a t     x 3  −  u 23    x 5   L  b a t     



(24)






    x 4  ˙  =   V  u c    L  u c    −   R  u c    L  u c     x 4  −  u 45    x 5   L  u c     



(25)






    x 5  ˙  =  ( 1 −  u 1  )    x 2   C  d c    +  u 23    x 3   C  d c    +  u 45    x 4   C  d c    −   I o   C  d c     



(26)







The states   x 1  ,   x 2  ,   x 3  ,   x 4   and   x 5   represent PV input voltage   v  p v   , PV input current   I L  , battery current   I  b a t   , UC current   I  u c    and DC link voltages   V  d c   . The nonlinear control inputs are defined as   u 1  ,   u 23   and   u 45  . As the state equations defined for multi-input-multi-output systems are nonlinear, a nonlinear controller needs to be designed to obtain the objectives.





3. Nonlinear Double-Integral SMC-Based Controller


3.1. Controller Design of DC–DC Converter for Renewable Energy Source


The converters associated with the energy supplying unit should be adequately controlled to ensure voltage regulation at the DC bus. Double-integral sliding mode control is a sequential and efficient approach for minimization of error in the steady-state and for the reduction of convergence time of a signal and robustness against transients in terms of load variations and bounded uncertainties. To ensure the efficient tracking of the charging voltage for the battery, the error   e 1   in terms of state variable   x 1   and its reference is defined as follows:


   e 1  =  x 1  −  V  p v r e f    



(27)







Taking the time derivative of   e 1   defined in Equation (27) and substituting the value of    x ˙  1   from Equation (2) yields:


    e ˙  1  =   I  p v    C  p v    −  u 1    x 2   C  p v    −   V ˙   p v r e f    



(28)







Moreover, to reduce the chattering and steady-state error, the sliding surface with a double integral action is defined as follows:


   S 1  =  K 1   ∫  0  t   ∫  0  t   e 1  d t d t +  K 2   ∫  0  t   e 1  d t +  e 1   



(29)






    S ˙  1  =  K 1   ∫  0  t   e 1  d t +  K 2   e 1  +   e ˙  1   



(30)






    S ˙  1  =  K 1   ∫  0  t   e 1  d t +  K 2   e 1  +   I  p v    C  p v    −  u 1    x 2   C  p v    −   V ˙   p v r e f    



(31)







To achieve the control input,   u 1  , the following condition must be satisfied:


      ρ 1    |  S 1  |   θ 1   s a t  (   S 1   λ 1   )  =      K 1   ∫  0  t   e 1  d t +  K 2   e 1  +   I  p v    C  p v    −  u 1    x 2   C  p v    −   V ˙   p v r e f       



(32)




we considered,    ρ i    |  S i  |   θ i   s a t  (   S i   λ i   )   , which is the reaching law of SMC. It is also known as the power rate reaching law, which accelerates the reaching speed when state values differ largely from those of the switching manifold. Here,   ρ i   represents the design parameters, with their values being any constant number.   θ i   are constant values bounded between 0 and 1.    |   S i    |   θ i     ensures the fast convergence of the system to the sliding surfaces. Moreover, the chattering effect was minimized by the factor   λ i   [40].



The control input   u 1   comes out to be:


      u 1  =       C  p v    x 2     K 1   ∫  0  t   e 1  d t +  K 2   e 1  +   I  p v    C  p v    −   V ˙   p v r e f   +  ρ 1    |  S 1  |   θ 1   s a t  (   S 1   λ 1   )       



(33)




where 0   ≤  u 1  ≤   1. The control law presented in Equation (33) was used to generate the duty cycle for the charger. The obtained control law regulates the voltage of the integrated charging unit.




3.2. Nonlinear Controller Design of DC–DC Converters for Hybrid Energy Storage System


In this subsection, a double-integral sliding mode controller is presented for the energy management of a hybrid energy storage system and to achieve the design objectives. The coupled controllers are useful when dual-control techniques are required for the state model defined by Equations (10), (18) and (21). Now to ensure the finite time convergence, the respective errors are defined as follows:


   e 2  =  x 3  −  I  b a t r e f    



(34)






   e 3  =  x 4  −  I  u c r e f    



(35)






   e 4  =  x 5  −  V  d c r e f    



(36)







To consider the dynamics and finite time convergence of the energy storage system, the respective sliding surfaces are defined as:


   S 2  =  K 3   ∫  0  t   e 2  d t +  K 4   e 2  +   e ˙  2   



(37)






   S 3  =  K 5   ∫  0  t   e 3  d t +  K 6   e 3  +   e ˙  3   



(38)






   S 4  =  K 7   ∫  0  t   e 4  d t +  K 8   e 4  +   e ˙  4   



(39)







Moreover, the integral action is necessary to reduce the chattering. Defining the integral term for reference generation of a battery and UC current and hence differentiating with respect to time results in the following expressions:


    S ˙  2  =  K 3   ∫  0  t   e 2  d t +  K 4   e 2  +   V  b a t    L  b a t    −   R  b a t    L  b a t     x 3  −  u 23    x 5   L  b a t    −   I ˙   b a t r e f    



(40)






    S ˙  3  =  K 5   ∫  0  t   e 3  d t +  K 6   e 3  +   V  u c    L  u c    −   R  u c    L  u c     x 4  −  u 45    x 5   L  u c    −   I ˙   u c r e f    



(41)






    S ˙  4  =  K 7   ∫  0  t   e 4  d t +  K 8   e 4  +  u 23    x 3   C  d c    −    I  E S S   −  u 45   x 4    C  d c    −   V ˙   d c r e f    



(42)







To define the control inputs of DC–DC converters associated with energy storage elements, the following condition needs to be assured:


         ρ 2    |  S 2  |   θ 2   s a t  (   S 2   λ 2   )  =  K 3   ∫  0  t   e 2  d t +  K 4   e 2  +   V  b a t    L  b a t    −   R  b a t    L  b a t     x 3  −  u 23    x 5   L  b a t    −   I ˙   b a t r e f       



(43)







The control input   u 23   for the DC–DC converter linked with the battery is as follows:


     u 23     =   L  b a t    x 5   (  K 3   ∫  0  t   e 2  d t +  K 4   e 2  +   V  b a t    L  b a t    −   R  b a t    L  b a t     x 3  −   I ˙   b a t r e f   +  ρ 2    |  S 2  |   θ 2   s a t  (   S 2   λ 2   )      



(44)







Now, to define the control input   u 45   for a DC–DC converter associated with a UC source, the following condition needs to be satisfied:


         ρ 3    |  S 3  |   θ 3   s a t  (   S 3   λ 3   )  =  K 5   ∫  0  t   e 3  d t +  K 6   e 3  +   V  u c    L  u c    −   R  u c    L  u c     x 4  −  u 45    x 5   L  u c    −   I ˙   u c r e f   )     



(45)







The control input   u 45   turns out to be:


      u 45  =   L  u c    x 5   (      K 5   ∫  0  t   e 3  d t +  K 6   e 3    V  u c    L  u c    −   R  u c    L  u c     X 4  −   I ˙   u c r e f   +  ρ 3    |  S 3  |   θ 3   s a t  (   S 3   λ 3   )  )     



(46)







The equation for the reference generation of DC link voltage is, therefore, defined as


         V  d c r e f   =  1 s    K 7   ∫  0  t   e 4  d t +  (  K 8  )   (  e 4  )  +  u 23    x 3   C  d c    −    I  E S S   −  u 45   x 4    C  d c    +  ρ 4    |  S 4  |   θ 4   s a t  (   S 4   λ 4   )       



(47)








3.3. Invariance and Stability Analysis


The invariance condition needs to be satisfied to obtain the bounded control inputs:


   S 1  = 0 ,   S ˙  1  =  ρ 1    |  S 1  |   θ 1   s a t  (   S 1   λ 1   )   



(48)






   S 2  = 0 ,   S ˙  2  =  ρ 2    |  S 2  |   θ 2   s a t  (   S 2   λ 3   )   



(49)






   S 3  = 0 ,   S ˙  3  =  ρ 3    |  S 3  |   θ 3   s a t  (   S 3   λ 3   )   



(50)






   S 4  = 0 ,   S ˙  4  =  ρ 4    |  S 4  |   θ 4   s a t  (   S 4   λ 4   )   



(51)




where the term    |   S i    |   θ i     helps reduce the reaching time of the state. The value of  θ  needs to be between 0 and 1. As chattering is an inherited phenomenon of SMC and to overcome this issue, the boundary layer   λ i   needs to be incorporated. The value of  λ  needs not to be too small. The factor   ρ i   is termed as controller gain and it helps achieve fast convergence of the states. The greater the value of  ρ , the faster the convergence but at the trade-off of computational cost. Here,   i = 1 , 2 , 3 , 4  .



The sliding surface chosen must satisfy the existence condition    (  S 1  )    S 1  ˙   < 0 and is expressed mathematically as


          S 1  ˙   < 0  ,     if  (  S 1  > 0 )         S 1  ˙   > 0  ,     if  (  S 1  < 0 )        



(52)







Now, for    S 1  > 0  ,    u 1  = 1  :


   K 1   ∫  0  t   e 1  d t +  K 2   e 1  +   I  p v    C  p v    −  u 1    x 2   C  p v    −   V ˙   p v r e f   < 0  



(53)







For    S 1  < 0  ,    u 1  = 0  


   K 1   ∫  0  t   e 1  d t +  K 2   e 1  +   I  p v    C  p v    −   V ˙   p v r e f   > 0  



(54)







For the converter associated with a battery, the existence condition also needs to be satisfied:    S 2  > 0  ,    u 23  = 1   which implies     S ˙  2  < 0  


   K 3   ∫  0  t   e 2  d t +  K 4   e 2  +   V  b a t    L  b a t    −   R  b a t    L  b a t     x 3  −   x 5   L  b a t    −   I ˙   b a t r e f   < 0  



(55)







For    S 2  < 0  ,    u 23  = 0   which implies     S ˙  2  > 0  


   K 3   ∫  0  t   e 2  d t +  K 4   e 2  +   V  b a t    L  b a t    −   R  b a t    L  b a t     x 3  −   I ˙   b a t r e f   > 0  



(56)







Now, the existence condition for the UC comes out to be:    S 3  > 0  ,    u 45  = 1   which implies     S ˙  3  < 0  


   K 5   ∫  0  t   e 3  d t +  K 6   e 3  +   V  u c    L  u c    −   R  u c    L  u c     x 3  −   x 5   L  u c    −   I ˙   u c r e f   < 0  



(57)







   S 3  < 0  ,    u 45  = 0   which implies     S ˙  3  > 0  


   K 5   ∫  0  t   e 3  d t +  K 6   e 3  +   V  u c    L  u c    −   R  u c    L  u c     x 3  −   I ˙   u c r e f   > 0  



(58)







Now when    S 4  > 0  ,    u 23  = 1  ,    u 45  = 0  , which implies     S ˙  4  < 0  


   K 7   ∫  0  t   e 4  d t +  K 8   e 4  +   x 4   C  d c    −   I  E S S    C  d c    −   V ˙   d c r e f   < 0  



(59)







Also for    S 3  < 0  ,    u 23  = 0  ,    u 45  = 1  , which implies     S ˙  4  > 0  


   K 7   ∫  0  t   e 4  d t +  K 8   e 4  +   x 4   C  d c    −    I  E S S   −  u 45   x 4    C  d c    −   V ˙   d c r e f   > 0  



(60)







To ensure that the system works within the defined limit of operation, the Lyapunov candidate function has been defined as follows:


  V =  1 2   S 1 2  +  1 2   S 2 2  +  1 2   S 3 2  +  1 2   S 4 2   



(61)







The sliding surfaces    S 1  ,  S 2  ,  S 3    and   S 4   are defined in Equations (30) and (38)–(40).


   V ˙  =  S 1    S ˙  1  +  S 2    S ˙  2  +  S 3    S ˙  3  +  S 4    S ˙  4   



(62)







The time derivative of the Lyapunov function defined in Equation (62) needs to be strictly negative definite to ensure the finite time convergence and stability of the system. Now, substituting the value of rate of change of sliding surface in Equation (62) yields:


      V ˙  =      S 1   [   ρ 1   |   S 1    |   θ 1   s a t  (   S 1   λ 1   )   ] +   S 2   [   ρ 2   |   S 2    |   θ 2   s a t  (   S 2   λ 2   )   ] +   S 3   [   ρ 3   |   S 3    |   θ 3   s a t  (   S 3   λ 3   )   ] +   S 4   [   ρ 4   |   S 4    |  θ 4   s a t  (   S 4   λ 4   )  ]      



(63)







To eliminate the errors associated with the states, the gains of the controllers need to be greater than zero. A genetic-algorithm-based approach has been used to tune the gains to obtain the optimal results for the prescribed controller. The existence of the sliding surfaces has been defined in Equations (52)–(60). Hence, by using existence conditions, sliding coefficients, and optimal gain selection of the controllers, the stability of the system was guaranteed.



Remark 1.

The quadratic Lyapunov functions have been extensively used while deriving control laws for real-time applications due to their simple structure [41]. Use of a non-quadratic Lyapunov function proves to be a better choice for improved performance, as suggested in [42]. From the results in these research articles, it is obvious that the non-quadratic Lyapunov function improves the performance and robustness of the system as the proposed controllers are robust against external disturbances [43]. Hence, this fact needs to be investigated in the future work.







4. Simulation Results and Analysis


The performance of the proposed system has been assessed by simulating the system along with the proposed control scheme in MATLAB/Simulink (The MathWorks Inc., Natick, MA, USA). The physical and gain-tuning parameters are listed in Table 1, Table 2, Table 3, Table 4 and Table 5. The gains of the controller reflect the control effort required by the system to obtain the desired output. There are various techniques to calculate the gains of the controller, such as the trial and error method, neural network and machine-learning-based algorithms. The controller parameters listed in Table 3 were obtained using genetic-algorithm-based gain estimation for the tuning of gains. The specific parameters of the genetic algorithm are listed in Table 4. The reason for using the genetic algorithm for tuning of the gains is its balanced computational cost and reduced system complexity. Moreover, the efficient performance with balanced computation power motivated us to prefer it over other techniques. Genetic algorithm is an optimization method driven through natural evaluation. The performance index has been considered to be multi-objective, with equal weights assigned to the objective functions. The algorithm is basically divided into the following functions: create population, selection, reproduction, mutation, and reintegration into the population. The genetic algorithm was proposed considering the following functions: population, selection, reproduction and mutation. Initially, random population was proposed and the genetic algorithm selected the strongest genes using reproduction and mutation for a limited count of iterations before the final value was proposed. The size of the population is considered to be 100, maximum generations 50, crossover probability 0.08 and mutation probability 0.02. The strongest genes are those that reflect the best fitness curve. The parameters used in this process are summarized in Table 4.



All the controller parameters must be taken to be positive to ensure the stability of the system. The proposed scheme was validated using constant and varying load profiles at regular intervals and also by varying the temperature and irradiance of the PV system. The results obtained from the simulation work consist of varying temperature, irradiance, DC load profile, voltage regulation at DC bus, current tracking, and SoC of the contributing sources and are depicted sequentially in Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15, Figure 16 and Figure 17. Moreover, to ensure the effectiveness of the proposed controller, it has been compared with SMC and Lyapunov redesign (LR). The output for the varying temperature and irradiance of the PV panel obtained using Equation (32) can be observed in Figure 4 and Figure 5 respectively. The irradiance of the system was varied from 500 to 1000 (W/m   2  ), whereas the temperature was changed from 25    ∘  C to 40    ∘  C. The current and voltage of the PV panel can be observed in Figure 6 and Figure 7. To operate the PV system at MPPT, the increase in PV voltage results in decreased PV voltage. It is worthwhile to mention that the output power generated by the PV panel falls considerably if the temperature is increased. The main objective of the controller is to regulate the output voltage at the DC link. The DC bus voltage was adjusted to 1000 V and the simulation was executed for time   t = 18   s. Furthermore, to observe the SoC of power sources, the Coulomb counting method was used, which is defined in the following set of equations [44]:


  S o  C  B A T   = S o  C  b a t   −  1  3600  C N    ∫  i  b a t   d t  



(64)






  S o  C  U C   = S o  C  u c   −  1  3600  C  U C     ∫  i  u c   d t  



(65)




where   i  b a t    and   i  u c    represent the present current of the battery and ultracapacitor, respectively, whereas   S o  C  B A T     and   S o  C  U C     show the current SoC of the storage elements. The terms   S o  C  b a t     and   S o  C  u c     are the initial state of charge of power sources. Likely,   C N   and   C  u C    are the nominal storage capacities of a battery and UC, respectively.



4.1. Results for Nonlinear Control of a Hybrid Energy Storage System


4.1.1. Case-I (Constant Load)


In this case, the load value is adjusted to 60 A, as depicted in Figure 8. As PV is the renewable energy source, it was operated under varying irradiance and temperature, as shown in Figure 4 and Figure 5. The output DC voltage was regulated at 1000 V using the proposed DISMC controller. For detailed analysis, the system was tested using SMC and LR controllers. It can be visualized from Figure 9 that no overshoot (OS)/undershoots (0% OS) and no chattering were observed for DISMC, whereas SMC and Lyapunov redesign reflect some regular peaks at t = 6 s and t = 12 s, with an overshoot of 9.9% and 11.4%, respectively. SMC is thought to be a good controller with finite time convergence and robust to disturbances and uncertainties but it has the inherent problem of chattering. The overshoots hence reflected are due to poor response of the controller, which can be reduced by higher-order SMC or by using a large control effort, which makes the system computationally complex and expensive. The current operating profile of a battery and UC in Figure 10 and Figure 11 shows that both the rechargeable sources are operated within the specified limit of operation, ensuring perfect reference tracking. It is clear from the figure that UC caters for the transient load, whereas the battery is operated under normal load conditions to ensure an extended life. From t = 6–12 s, power from the PV source falls, resulting in an increased stress on the hybrid energy storage system. As UC is the auxiliary source, it caters for the transient and hence limits the operation of the battery to have an extended life cycle. In addition, when sufficient power from the renewable energy source was included, the stress from the hybrid energy storage system reduced significantly. Finally, the SoC of battery and UC is depicted in Figure 12a,b, which is in exact accordance with the charge–discharge cycle of the energy storage elements.




4.1.2. Case-II (Varying Load)


The selection of design characteristics for the system relates directly to the profile of the battery used in the microgrid. A battery with a large storage capacity demands a high-power balancing ability using complementary sources. The DC current load profile considered varies, as shown in Figure 13. The load current varied between 40 A and 60 A to reflect the high- and low-load states. The regulated DC bus with a voltage of 1000 V along with the proposed and comparison controllers is shown in Figure 14. It is pertinent to mention that the proposed DISMC controller outperforms the SMC and LR control, as a minute steady error of 0.0003% was observed as compared to the comparison controllers, which have a comparatively high steady-state error of 0.007% and 0.02%, respectively. During the instant variation of the load profile, no regular transients are seen for the proposed controller, whereas contrary to this, overshoots/undershoots of 9.9% and 11.4% were seen for SMC and LR controllers, respectively, as shown in Figure 14. Referring to the load profile depicted in Figure 13, the load current rises instantly to 60 A and hence there is a high current demand to be delivered by the power sources. As sufficient power cannot be supplied by PV alone due to cold startup, both the battery and UC need to be discharged together to fulfill the active load requirement, as shown in Figure 15 and Figure 16. At t = 2 s, as load demand falls from 50 A to 40 A, the battery begins to charge due to the availability of a bidirectional DC–DC converter, whereas PV and UC begin to supply the deficit power. At t = 12 s, as the load current falls from 60 A to 45 A, the UC starts to charge from the regenerative power, and the battery, as the current main power source, maintains the power balance by discharging. At t = 14 s, as the load current increases from 45 A to 55 A, all the renewable and storage elements discharge collectively to regulate the voltage at the DC bus. The absolute current tracking of the battery and UC using the proposed controller is shown in Figure 15 and Figure 16, respectively. It is important to note that the storage units operate within the safe limit of operation, hence reflecting the superiority of the proposed controller. It is pertinent to mention that the energy management algorithm has been truly followed to help to reduce the stress from the storage unit along with enhanced efficiency and life. Finally, the SoC of the battery and UC is depicted in Figure 17a,b, which is in exact accordance with the charge–discharge cycle of the energy storage elements. It is pertinent to mention that the value of SoC has been normalized between 0 and 1.




4.1.3. Controller Performance Comparison


To ensure the effective response of the proposed DISMC controller, it is compared against some standardized control techniques, such as SMC and Lyapunov redesign. Figure 14 shows the visual representation of the DC bus voltage for the proposed control scheme in comparison to others presented in the literature. A detailed analysis is presented in Table 5 for different control strategies to observe the performance parameters, which are rise time, settling time, overshoot (OS), and steady-state error (SSE). It is pertinent to mention that for voltage regulation at the DC bus; the rise time of the proposed controller is t = 0.00015 s, whereas for SMC, t = 0.04 s, and for Lyapunov-based control, t = 0.0026 s. Moreover, the settling time for SMC is quite impressive with t = 0.0002 s, for DISMC t = 0.00007 s and for Lyapunov-based control, t = 0.1 s. In addition, at t = 12 s, (Figure 14) an impressive response of the DISMC controller is observed in terms of OS and SSE due to the presence of double-integral action, resulting in 0% OS and reduced steady-state error. In contrast for SMC, an OS of 9.9% and a SSE of 0.007%. A significant OS 11.4% and a SSE of 0.02% for Lyapunov control due to the integration of a renwable energy source. Figure 14, shows a remarkable reduction in the chattering of DC bus voltage regulation due to double-integral action in DISMC, as compared to SMC and Lyapunov redesign control. It is worthwhile to mention that the proposed controller has an effectrive response in comparison to other controllers with minimum rise time, SSE and zero OS. Now, to ensure the real-time applicability of the proposed controller, it was tested using a hardware-in-the-loop test bench.






5. Experimental Validation (Hardware in the Loop)


The experimental setup for the controller hardware in the loop is shown in Figure 18 to analyze the real-time performance of the proposed controller scheme. For small-scale (HIL) implementation, MCUF28379D launchpads are utilized. These Launchpads consist of a TMS320F28379D dual-core high-frequency processor operating in the range of 200 MHz. The launchpads are connected directly to MATLAB using TI C2000 Delfino support from the embedded coder. The globalized state differential model of the DC microgrid was embedded on one Launchpad, whereas the control inputs of the proposed DISMC controller were burnt in the second Launchpad with a switching frequency of 10 kHz. The PWM output ports of the second Launchpad have been linked with GPIO ports of the Launchpad associated with the state model. A feedback-based closed link has been established with no direct link between ports of the Launchpad. Both the constant load and variable load cases of the simulated portion were repeated for C-HIL. The performance of the controller was verified by introducing a fault at the DC bus. The regulation voltage of the DC microgrid was adjusted to 700 V and the effectiveness of the proposed controller was observed. Figure 19 shows the voltage regulation of the DC bus at 700 V for a constant load profile (case-I). The efficient and finite time response of the controller was ensured. Figure 20 shows the regulated DC bus under dynamical load conditions (case-II). It is pertinent to mention that some transients have been observed at t = 42 s, 44 s, 46 s, and 48 s, during the rapid variations in the load profile, but are within the safe limit of operation. A slight variation from the reference value occurs during this load transition but the controller performs efficiently to cater this variation in a very short period.



Furthermore, in Figure 21, the robustness of the proposed DISMC controller was observed by introducing a fault for 0.1 s, falling in the time interval of t = 42 s to t = 42.1 s in the DC microgrid system. It is worthwhile to mention that the proposed control scheme is efficient enough to overcome the introduced fault within a minimum time of 1.5 s and regulates the DC bus voltage to a reference value of 700 V instantly. The fault introduced in the system has been removed by using the robust response of the proposed DISMC controller. The double-integral action and the signum function present in the SMC controller help deal with the introduced fault. When the reference value is changed due to a fault, the controller brings the value back to the original value of 700 V to minimize the steady-state error and to ensure asymptotic stability of the system. The proposed controller would be able to cater to all the uncertainties and disturbances within the certain bounds such that the asymptotic stability of the system is ensured. The results obtained from the C-HIL setup guarantee the effectiveness of the proposed DISMC controller.




6. Conclusions


In this research work, double-integral sliding mode controllers were developed for a renewable-generation-system-based DC microgrid to ensure smooth voltage regulation at the DC bus. The main advantage of using a DISMC controller is that we can enhance the overall dynamic response of a system, and regulate the output voltage for the stable operation of the system. Moreover, chattering in many of the previously implemented controllers motivated us to design a robust nonlinear controller to cater to all these difficulties in an efficient way and make the system robust against disturbances and noise. The performance of the proposed controller is very efficient with a rise time (0.0015 s), settling time (0.00007 s), percent overshoot (0%), and SSE (0.0003%) in comparison with SMC (0.04 s, 0.0002 s, 2.8% and 0.007%), and Lyapunov redesign control (0.0026 s, 0.1 s, 3.4% and 0.02%). Nonlinear controllers have been taken into account only because they cater for all the nonlinearities and rapidly changing behavior of the DC microgrid due to a renewable generation system. In addition, Lyapunov stability criteria were used to ensure dynamic stability of the system under varying power conditions. The performance of the proposed system was validated by testing against SMC and Lyapunov redesign controllers and implementing using MATLAB/Simulink software. The system was tested on a C-HIL test-bench to ensure the real-time applicability of the controller. It is pertinent to mention that the proposed controller results in improved performance of the system against transients and rapid variations in power demand. The future extension of this work is the realization of AC/DC microgrids using adaptive nonlinear controllers. Multi-input-multi-output converters can also be used to reduce the overall cost and losses of the system.
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Figure 1. General Architecture of a DC Microgrid. 
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Figure 2. Component-wise breakdown of a PV-based generation system. 
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Figure 3. Schematic representation of hybrid energy storage system. 
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Figure 4. Varying Temperature (   ∘  C) of PV. 
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Figure 5. Varying Irradiance (W/m   2  ) of PV. 
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Figure 6. PV Current under maximum power point tracking   (  x 2  )  . 
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Figure 7. PV Voltage under maximum power point tracking. 
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Figure 8. Constant Load Current (case-I). 
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Figure 9. Voltage Regulation at DC Bus   x 5   (case-I). 
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Figure 10. Battery current   x 3   (case-I). 
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Figure 11. UC current   x 4   (case-I). 
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Figure 12. (a) Case:I SoC of Battery (b) Case:I SoC of UC. 
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Figure 13. Varying Load Current (case-II). 
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Figure 14. Voltage Regulation at DC Bus   x 5   (case-II). 
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Figure 15. Battery current   x 3   (case-II). 






Figure 15. Battery current   x 3   (case-II).



[image: Energies 14 03988 g015]







[image: Energies 14 03988 g016 550] 





Figure 16. UC current   x 4   (case-II). 
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Figure 17. (a) Case:II SoC of Battery (b) Case:II SoC of UC. 
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Figure 18. Hardware-in-the-loop test bench. 
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Figure 19. HIL DC bus voltage regulation under constant load. 
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Figure 20. HIL DC bus voltage regulation under dynamical load. 
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Figure 21. HIL DC bus voltage regulation under induced fault. 
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Table 1. Parameters of renewable energy system.
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PV Unit Specifications






	
Open loop voltage

	
166 V




	
Close loop voltage

	
17.5 V




	
Maximum power point voltage (  V  m p p   )

	
300 V




	
Maximum power point current (  I  m p p   )

	
15.2 A




	
Nominal power ouptput capacity

	
1500 W
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Table 2. Battery and supercapacitor parameters.
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Battery Parameters






	
Battery type

	
Lithium-Ion (Li-Ion)




	
Terminal voltage

	
190–230 V




	
Rated current capacity

	
13.9 Ah




	
Capacity per cell

	
1.4 Ah




	
Battery array

	
parallel: 25, series: 64




	
Supercapacitor Parameters




	
Nominal voltage

	
205 V




	
Total capacitance

	
2700 F




	
Initial SoC

	
1




	
Current threshold

	
−80–80 A




	
Supercapacitor array

	
parallel: 20, series: 20
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Table 3. Simulation parameters.
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Circuit Parameters






	
Inductances   L  p v   ,   L  b a t   ,   L  u c   

	
495  μ H, 1 mH, 1 mH




	
Capacitances   C  d c   ,   C  p o u t   

	
95 nF, 70 mF




	
Resistances   R  p v     R  b a t   ,  R  u c   ,

	
0.5 m Ω , 10 m Ω , 10 m Ω 




	
Switching frequency

	
100 KHz




	
Controller Parameters




	
  ρ 1  ,   ρ 2  ,   ρ 3  ,   ρ 4  

	
9000, 900, 1000, 7700




	
  K 1  ,   K 2  ,   K 3  ,   K 4  ,   K 5  ,

	
0.1, 0.1, 0.1, 0.2, 0.2,




	
  K 6  ,   K 7  ,   K 8  

	
0.3, 0.3, 0.5




	
  λ 1  ,   λ 2  ,   λ 3  ,   λ 4  

	
0.96, 0.97, 0.98, 0.94




	
  θ 1  ,   θ 2  ,   θ 3  ,   θ 4  

	
0.03, 0.03, 0.02, 0.06
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Table 4. Specific parameters of gain tuning algorithm.
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Parameters of the Genetic Algorithm






	
Size of population

	
100




	
Maximum generations

	
50




	
Crossover probability

	
0.8




	
Mutation probability

	
0.02
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Table 5. Comparison of controllers for performance indices.






Table 5. Comparison of controllers for performance indices.





	
Controller/ Performance

	
Rise Time

	
Settling Time

	
Percentage Overshoot

	
Steady State Error




	
Indices

	
(s)

	
(s)

	
(%)

	
(SSE) (%)






	
Lyapunov Redesign

	
0.0026

	
0.1

	
11.4

	
0.02




	
SMC

	
0.04

	
0.0002

	
9.9

	
0.007




	
DISMC

	
0.0015

	
0.00007

	
Nil

	
0.0003
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