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Abstract

:

Large-scale integration of PV generators in distribution grids will impair the voltage stability due to the stochastic and fluctuated PV power generation. To tame the volatile PV power generation, battery energy storage systems (BESS) are deployed as an effective yet expensive power buffering mechanism. In this paper, a dual ascent-based voltage optimization control is proposed to achieve the concurrent regulation of battery State-of-Charge (SoC), nodal voltages, and distribution loss. This control features the limited dependence on the communication network with information interaction between neighboring nodes. Besides, it can achieve the optimal power flow minimizing the distribution loss while maintaining the BESS SoC within a healthy range. The derivation of the control framework is provided, and comparative simulations in the IEEE 37-node distribution system are performed to validate the effectiveness of the proposed control algorithm.
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1. Introduction


To decarbonize the energy system and prevent global warming, renewable energy sources, such as PV and wind power, are introduced as green alternatives to replace the fossil fuel energy sources in power systems. The power generation profile is highly associated with the solar irradiation condition and has a high uncertainty [1]. Considering the variable irradiance condition, the fluctuating PV powers will lead to grid overvoltage [2,3] and consequently result in PV deloading. This will degrade the energy efficiency of the PV.



To address the voltage issues and avoid PV deloading, many studies have been performed to buffer the fluctuated PV power and maintain the voltage stability in PV-integrated distribution grids, including PV inverter control [4,5], active and reactive power coordinative control of multiple PV generation units [6], modification of the characteristic curve of the overcurrent devices [7], model predictive and coordinative control [8], PV-battery coordinative control framework [9,10], etc. Among the reported methods, BESS can effectively reduce the voltage fluctuation without deloading the PV, which improves the PV hosting capacity of the distribution grids and received much research attention.



The control methods of BESS can be divided into conventional centralized control, decentralized control, and prevailing distributed control. In [9], a real-time centralized control scheme is reported to coordinate the voltage regulation efforts among the PV inverter and BESS. The centralized control scheme demands a central data processing and calculation unit for determining all the control commands [11,12], which suffers from high computation workload and requires a powerful communication infrastructure. The decentralized control schemes receive more attention as they effectively alleviate data exchange and calculation efforts, thus reducing the investments in the communication and calculation infrastructure [13,14]. Several studies have been performed on decentralized control schemes. An adaptive droop control scheme is reported in [15] to coordinate BESS for regulating nodal voltages in a PV-integrated low-voltage distribution network. A model-free data-driven multi-agent deep-reinforcement-learning decentralized control framework is reported in [16]. In this control scheme, the power profiles of both the static VAR compensators and BESSs are smoothened to control the voltages in distribution systems. In [17], a decentralized control scheme targeting the minimization of the generation cost, distribution loss, and voltage variation is reported. However, parts of the data process in decentralized control schemes still require centralized processing, limiting its dynamic performance. Therefore, the distributed control manner is needed due to its practicability, economy, and flexibility.



However, the current-voltage optimization control methods of AC distribution networks, based on distributed control architecture and BESS, are mostly lacking in pursuing optimal power flow or complete optimization goals. For example, a BESS distributed voltage regulation method based on a dynamic event-triggered mechanism is proposed in [18]. This method can effectively reduce the communication workload, but the optimization objective is unclear. Similarly, the BESS distributed consensus control method reported in [19] ignores the power flow optimization while solving the overvoltage/undervoltage cases in the distribution network. In addition, in [20], a BESS-based distributed voltage online optimization method is proposed. However, this method only focuses on voltage tracking and lacks a complete optimization objective design. Therefore, the distributed voltage optimization control method of the AC distribution network, which takes both distributed control and optimal power flow into account, is urgently needed.



A dual-ascent-based distributed voltage control scheme is proposed in this paper to regulate the voltages of the PV-integrated distribution grids and make full use of the BESS. The key contributions can be summarized as follows:




	(1)

	
The distributed control scheme is adopted to solve this issue. The proposed method only requires the neighboring information to determine the optimal control commands, significantly reducing the computation and communication efforts. The control complexity is low, satisfying the real-time implementation requirement, which is suitable for a distributed PV generation system;




	(2)

	
The optimal power flow is considered in the proposed method, making up for the deficiency of current research. Besides, the BESS cost is also minimized based on the objective function;




	(3)

	
The convergence rate is given full consideration so that the proposed method can be implemented online. According to the simulation results, the convergence rate meets the requirement of the dynamic voltage support from different types of distributed energy resources [21].









The rest of this paper is organized as follows. Models, including communication network, BESS, and AC load flow, are introduced in Section 2. The optimization objective function and constraints are discussed in Section 3. The proposed distributed voltage control method is elaborated in Section 4. Simulation results of the proposed methods are provided in Section 5, and a conclusion is drawn in Section 6.




2. Materials and Methods


2.1. Distribution Grid and Communication Network Model


In this section, we consider a radial graph   G = ( N , ε )  . In   G , N = { 1 , 2 , · · · , n }   denotes the set of nodes with the first node defined as the root node, and ε represents the directed edges. Node j is defined as the neighbor of node i if there exists a directed edge   ( j , i ) ∈ ε   with node i being the head and node j being the tail. Similarly, neighborhood node set    N  n o d e , i   ∈ N   of node i is defined as   { k ∈ N   ( k , i ) ∈ ε   }  . The incidence matrix used in this paper is defined as [22]:


    [  A 0  ( N ) ]   i k   =       1 ,    if   ( k , i )  ∈ E       − 1 ,    if   ( i , k )  ∈ E       0 ,    others        ,  



(1)




where A is an n × (n + 1) matrix with a rank of n.



When    a 1    denotes the root node column, namely, the first column of    A 0   , (1) can be rewritten as


   A 0  = [  a 1  , A ] ,  



(2)




where A is the rest of    A 0   .




2.2. BESS Model


By applying the Coulomb counting method, the battery SoC at the time step of n + 1 can be calculated as


  S o  C  B E S S , i   n + 1   = S o  C  B E S S , i  n  + Δ T    P  B E S S , i      V  B E S S , i    C  B E S S , i     ,  



(3)




where    P  B E S S , i    ,    V  B E S S , i     and    C  B E S S , i     denote the battery power, terminal voltage, and rate capacity of the i-th BESS.   S o  C  B E S S , i  n    is the i-th battery SoC at the time step n. ΔT is the deviation between each time step. Considering the electrochemical feature of the battery, it is desirable to operate the battery SoC at the median of its maximum and minimum SoC, for example


  S  R  B E S S , i   =     S o  C  B E S S , i    ¯  +   S o  C  B E S S , i    ¯   2  ,  



(4)




where     S o  C  B E S S , i    ¯    and     S o  C  B E S S , i    ¯    are the supremum and infimum of the i-th battery SoC, and   S  R  B E S S , i     is the desirable reference of the i-th battery SoC. The battery SoC median will be used as the control reference in this paper.




2.3. AC Load Flow Model


For radial distributed networks, the AC load flow of a branch can be expressed by using [23]


   P  l i n e , i   −    P  l i n e , i  2  +  Q  l i n e , i  2     V  n o d e , i  2     r i  −  P  n o d e , i   =   ∑  j ∈  N  n o d e , i       P  l i n e , j     ,  



(5)






   Q  l i n e , i   −    P  l i n e , i  2  +  Q  l i n e , i  2     V  n o d e , i  2     x i  −  Q  n o d e , i   =   ∑  j ∈  N  n o d e , i       Q  l i n e , j     ,  



(6)




where    N  n o d e , i     is the set of node i’s neighbors.    V  n o d e , i     is the voltage at node i. r and x denote the resistance and reactance of the distribution line, respectively.    P  l i n e , i     and    Q  l i n e , i     are the active and reactive powers on line i sent from node    n i   .    P  n o d e , i     and    Q  n o d e , i     are the sum of active and reactive power loads and injections at node    n i   , respectively. Details of    P  n o d e , i     and    Q  n o d e , i     will be specified afterward.



The nodal voltage relationship between the sending node i and the receiving node j can be expressed as [23]


   V  n o d e , i  2  −  V  n o d e , j  2  = 2 (  r i   P  l i n e , i   +  x i   Q  l i n e , i   ) −    P  l i n e , i  2  +  Q  l i n e , i  2     V  n o d e , i  2    (  r i 2  +  x i 2  ) .  



(7)







The AC load flow model is simplified by using the LinDistFlow mode to reduce calculation complexity. Considering the nodal voltage variations are insignificant, they are approximated as 1, that is,    V  n o d e , i   ≈ 1  . Based on these simplifications and linearizations [24], the AC load flow model discussed above can be rewritten as


   P  l i n e , i   −   ∑  j ∈  N  n o d e , i       P  l i n e , j     =  P  n o d e , i   ,  



(8)






   Q  l i n e , i   −   ∑  j ∈  N  n o d e , i       Q  l i n e , j     =  Q  n o d e , i   ,  



(9)






   V  n o d e , i   −  V  n o d e , j   =  r i   P  l i n e , i   +  x i   Q  l i n e , i   .  



(10)







When the BESS and PV are considered, the nodal power flow can be expressed as


   P  n o d e , i   =  P  l o a d , i   +  P  B E S S , i   +  P  P V , i   ,  



(11)






   Q  n o d e , i   =  Q  l o a d , i   +  Q  B E S S , i   +  Q  P V , i   ,  



(12)




where    P  l o a d , i     and    Q  l o a d , i     are the loads at node i.    P  P V , i     and    Q  P V , i     are the PV power injections at node i.    P  B E S S , i     and    Q  B E S S , i     are the BESS power injections at node i.





3. Formulation of the Optimization Model


3.1. Optimization Target


The voltage optimization control targets are (i) to minimize the distribution loss and (ii) to regulate the battery SoC in the vicinity of the median SoC. Typically, the distribution loss can be expressed as


  L S =   ∑  ∀ i ∈  N G        r i   P  l i n e , i  2  +  x i   Q  l i n e , i  2     V  n o d e , i  2      =   ∑  ∀ i ∈  N G     (  r i   P  l i n e , i  2  +  x i   Q  l i n e , i  2  )   ,  



(13)




where NG is the set of nodes in the distribution network.



To benefit the battery health and enable sufficient energy buffering capability, the BESS SoC shall be the median of its maximum and minimum SoC. In other words, BESS energy (E) shall be as close to the median as possible. Therefore, the BESS SoC cost function can be formulated as


  E F =  W i    ( E  R  B E S S , i   −  E  B E S S , i   n + 1   )  2  ,  



(14)




where EF stands for the energy regulation efficiency, which is represented by the difference between the SoC and the desirable reference. Wi is the weighting factor of node i. The details of Wi will be specified afterwards. And   E  R  B E S S , i     is the desirable reference of the i-th BESS energy, which will be detailed afterwards. According to (3),


   E  B E S S , i   n + 1   =  E  B E S S , i  n  + Δ T ⋅  P  B E S S , i   .  



(15)







Therefore, according to (4), the desirable reference of the i-th BESS energy can be formulated as


  E  R  B E S S , i   = S  R  B E S S , i   ⋅  V  B E S S , i   ⋅  C  B E S S , i   .  



(16)







The overall cost function can be obtained by calculating the weighted sum of the distribution loss and SoC loss


  F = L S + E F .  



(17)







To put them in matrix form, the distribution loss can be rewritten as


  L S =   ∑  ∀ i ∈  N G     (  r i   P  l i n e , i  2  +  x i   Q  l i n e , i  2  )   =      D r   1 2     P  l i n e      2 2  +      D x   1 2     Q  l i n e      2 2  ,  



(18)




where    D r    and    D x    are the diagonal matrices with their i-th diagonal elements being    r i    and    x i   , respectively.    P  l i n e     and    Q  l i n e     are the column vectors composed of    P  l i n e , i     and    Q  l i n e , i    , respectively.



By transferring (8) and (9) into the matrix form, it can be derived that


   A T   P  l i n e   = − (  P  l o a d   +  P  B E S S   +  P  P V   ) ,  



(19)






   A T   Q  l i n e   = − (  Q  l o a d   +  Q  B E S S   +  Q  P V   ) .  



(20)







By transferring (19), (20) into (13), it can be derived that


  L S =  P  l i n e  T   D r   P  l i n e   +  Q  l i n e  T   D x   Q  l i n e   =   (  P  l o a d   +  P  B E S S   +  P  P V   )  T  R (  P  l o a d   +  P  B E S S   +  P  P V   ) +   (  Q  l o a d   +  Q  B E S S   +  Q  P V   )  T  X (  Q  l o a d   +  Q  B E S S   +  Q  P V   ) ,  



(21)




where   R =  A  − 1    D r   A  − T     and   X =  A  − 1    D x   A  − T    .



Similarly, the SoC cost can be rearranged in matrix form as


  E F =  W i    ( E  R  B E S S , i   −  E  B E S S , i   n + 1   )  2  =   ( E  R  B E S S   −  E  B E S S   − Δ T  P  B E S S   )  T  W ( E  R  B E S S   −  E  B E S S   − Δ T  P  B E S S   ) .  



(22)







By defining W = KR to normalize EF with respect to LS, it can be derived that


  E F = K   ( E  R  B E S S   −  E  B E S S   − Δ T  P  B E S S   )  T  R ( E  R  B E S S   −  E  B E S S   − Δ T  P  B E S S   ) ,  



(23)




where K is a scalar.



Therefore, the final objective function can be expressed as


    min    F 2  =  1 2  (  P  l o a d   +  P  B E S S   +  P  P V   ) T R (  P  l o a d   +  P  B E S S   +  P  P V   ) +  1 2  (  Q  l o a d   +  Q  B E S S   +  Q  P V   ) T R (  Q  l o a d   +  Q  B E S S   +  Q  P V   )      +  K 2  ( E  R  B E S S   −  E  B E S S   − Δ T  P  B E S S   ) T R ( E  R  B E S S   −  E  B E S S   − Δ T  P  B E S S   )                          



(24)








3.2. Constraints of the Load Flow


The matrix forms of the load flow equality constraints (5)–(7) can be expressed as


   A T   P  l i n e   = − (  P  l o a d   +  P  B E S S   +  P  P V   ) ,  



(25)






   A T   Q  l i n e   = − (  Q  l o a d   +  Q  B E S S   +  Q  P V   ) ,  



(26)






   V  n o d e   −  V 0  = R  P  l i n e   + X  Q  l i n e   .  



(27)







Similarly, the nodal voltage constraints      V  n o d e , i    ¯  ≤  V  n o d e , i   ≤    V  n o d e , i    ¯    can be rearranged in matrix form as


     V  n o d e    ¯  ≤  V  n o d e   ≤    V  n o d e    ¯  .  



(28)







Generally, the nodal voltages must be operated within the range of [0.95 p.u., 1.05 p.u.].




3.3. Constraints of BESS


Considering the power capacity of the converter and battery, the power limit of the BESS can be expressed as


     P  B E S S    ¯  ≤  P  B E S S   ≤    P  B E S S    ¯  ,  



(29)






     Q  B E S S     ≤    S  B E S S  2  −  P  B E S S  2    ,  



(30)




where    S  B E S S      is the rated apparent power of the BESS. In order to decouple the active and reactive power, the range of    Q  B E S S     is linearized as      Q  B E S S    ¯  ≤  Q  B E S S   ≤    Q  B E S S    ¯   .      Q  B E S S    ¯    and      Q  B E S S    ¯    are defined as      Q  B E S S    ¯  =    S  B E S S  2  −      P  B E S S , max    ¯   2      and      Q  B E S S    ¯  = −    Q  B E S S    ¯   .



The BESS SoC limit can be expressed as


    S o  C  B E S S    ¯  ≤ S o  C  B E S S   ≤   S o  C  B E S S    ¯  .  



(31)







By substituting it into (15), it can be derived that


     E  B E S S    ¯  ≤  E  B E S S  n  + Δ T  P  B E S S   ≤    E  B E S S    ¯  .  



(32)




where      P  B E S S    ¯   ,      P  B E S S    ¯   ,      Q  B E S S    ¯   ,      Q  B E S S    ¯   ,     S o  C  B E S S    ¯   ,     S o  C  B E S S    ¯   ,      E  B E S S    ¯   , and      E  B E S S    ¯    are the lower bounds and upper bounds of BESS active power output, reactive power output, SoC, and battery energy at time step n + 1.





4. Distributed Voltage Control


The DA method is a distributed optimization algorithm. For the formulated optimization problem


    min    F 2  =  1 2  (  P  l o a d   +  P  B E S S   +  P  P V   ) T R (  P  l o a d   +  P  B E S S   +  P  P V   ) +  1 2  (  Q  l o a d   +  Q  B E S S   +  Q  P V   ) T R (  Q  l o a d   +  Q  B E S S   +  Q  P V   )     +  K 2  ( E  R  B E S S   −  E  B E S S   − Δ T  P  B E S S   ) T R ( E  R  B E S S   −  E  B E S S   − Δ T  P  B E S S   )                          



(33)






  s . t .    V  n o d e   −  V 0  = R  P  l i n e   + X  Q  l i n e    



(34)






     V  n o d e    ¯  ≤  V  n o d e   ≤    V  n o d e    ¯   



(35)






     P  B E S S    ¯  ≤  P  B E S S   ≤    P  B E S S    ¯   



(36)






     Q  B E S S    ¯  ≤  Q  B E S S   ≤    Q  B E S S    ¯   



(37)






     E  B E S S    ¯  ≤  E  B E S S  n  + Δ T  P  B E S S   ≤    E  B E S S    ¯   



(38)







Its Lagrangian function can be expressed as [22]


    L =  F 2  +   θ ¯  T  (    V  n o d e    ¯  − R  P  l i n e   − X  Q  l i n e   +  V 0  ) +   θ ¯  T  ( R  P  l i n e   + X  Q  l i n e   −  V 0  −    V  n o d e    ¯  )                   +   η ¯  T  (    P  B E S S    ¯  −  P  B E S S   ) +   η ¯  T  (  P  B E S S   −    P  B E S S    ¯  ) +   μ ¯  T  (    Q  B E S S    ¯  −  Q  B E S S   ) +   μ ¯  T  (  Q  B E S S   −    Q  B E S S    ¯  )     +   κ ¯  T  (    E  B E S S    ¯  −  E  B E S S   ) +   κ ¯  T  (  E  B E S S   −    E  B E S S    ¯  )                        



(39)




where  θ ,  η ,  κ  are Lagrangian multipliers.   · ¯   and   · _   represent the upper and lower bounds of each multiplier.



The dual problem of (39), for example,   D ( θ , η , μ , κ )  , is the infimum of (39), which can be expressed as


  D ( θ , η , μ , κ ) =   inf    P  B E S S   ,  Q  B E S S       L (  P  B E S S   ,  Q  B E S S   , θ , η , μ , κ ) .  



(40)







As a result, the original problem can be transferred as


  min   f (  P  B E S S   ,  Q  B E S S   ) = min     max   θ , η , κ ≥ 0   L (  P  B E S S   ,  Q  B E S S   , θ , η , μ , κ ) .  



(41)







The original problem can be solved by following the steps below:



STEP 1: Obtain Lagrangian Multipliers. Solve the dual problem of the original problem   max   D ( θ , η , μ , κ )   so that the Lagrangian multiplier can be obtained.



According to the DA method, the iteration of the Lagrangian multiplier can be expressed as


  L  M  n + 1   = L  M n  +  s n  ∇ D ( L  M n  ) ,  



(42)




where   ∇ D ( ⋅ )   represents the gradient. LM is the column vector of the Lagrangian multipliers as   L M =   [ θ , η , μ , κ ]  T   .    s n    denotes the column vector of step sizes at the n-th iteration as    s n  =   [  υ ¯  ,  υ ¯  ,  ν ¯  ,  ν ¯  ,  τ ¯  ,  τ ¯  ,  ω ¯  ,  ω ¯  ]  T   .



Specifically, the updating process of the Lagrangian multiplier can be expressed as


     θ ¯   i  n + 1   =   [    θ ¯   i  n + 1   +    υ ¯   i  (    V ¯   i  −  V  n o d e  n  ) ]  +   



(43)






     θ ¯   i  n + 1   =   [    θ ¯   i  n + 1   +    υ ¯   i  (  V  n o d e  n  −    V ¯   i  ) ]  +   



(44)






     η ¯   i  n + 1   =   [    η ¯   i  n + 1   +    ν ¯   i  (    P  B E S S , i    ¯  −  P  B E S S ,     i n  ) ]  +   



(45)






     η ¯   i  n + 1   =   [    η ¯   i  n + 1   +    ν ¯   i  (  P  B E S S ,     i n  −    P  B E S S , i    ¯  ) ]  +   



(46)






     μ ¯   i  n + 1   =   [    μ ¯   i  n + 1   +    τ ¯   i  (    Q  B E S S , i    ¯  −  Q  B E S S ,     i n  ) ]  +   



(47)






     μ ¯   i  n + 1   =   [    μ ¯   i  n + 1   +    τ ¯   i  (  Q  B E S S ,     i n  −    Q  B E S S , i    ¯  ) ]  +   



(48)






     κ ¯   i  n + 1   =   [    κ ¯   i  n + 1   +    ω ¯   i  (    E  B E S S , i    ¯  −  E  B E S S , i  n  ) ]  +   



(49)






     κ ¯   i  n + 1   =   [    κ ¯   i  n + 1   +    ω ¯   i  (  E  B E S S , i  n  −    E  B E S S , i    ¯  ) ]  +   



(50)







STEP 2: Calculate the power reference. Substitute the Lagrangian multipliers   θ , η , μ , κ   into   L (  P  B E S S   ,  Q  B E S S   , θ , η , μ , κ )   and solve the problem   min   L (  P  B E S S   ,  Q  B E S S   )  , and the reference BESS power    P  B E S S     and    Q  B E S S     can be obtained.



By the DA method, the reference to be obtained can be expressed as


    [  P  B E S S   ,  Q  B E S S   ]  T     n + 1   = arg   min    P  B E S S   ,  Q  B E S S       L (  P  B E S S   ,  Q  B E S S   , L  M  n + 1   ) .  



(51)







Considering   L (  P  B E S S   ,  Q  B E S S   , L  M  n + 1   )   is convex, and    P  B E S S     and    Q  B E S S     are decoupled, its minimum will satisfy the condition of     ∂  L n   /  ∂  P  B E S S  n    = 0   and     ∂  L n   /  ∂  Q  B E S S  n    = 0  .



Therefore, at the n-th iteration, the reference can be calculated in two parts:



PART 1: Calculation by local information.


   P  1 , B E S S  n  =   K Δ T ( E  R  B E S S  n  −  E  B E S S  n  ) − (  P  P V  n  +  P  l o a d  n  ) + (    η ¯   n  −    η ¯   n  )   1 + K Δ  T 2    .  



(52)







PART 2: Calculation by communication with neighbors.


   P  2 , B E S S  n  =    R  − 1   [    θ ¯   n  −    θ ¯   n  + Δ T (    κ ¯   n  −    κ ¯   n  ) ]   1 + K Δ  T 2    ,  



(53)






   Q  B E S S  n  = − (  Q  P V  n  +  Q  l o a d  n  ) +  R  − 1   [ X (    θ ¯   n  −    θ ¯   n  ) +    μ ¯   n  −    μ ¯   n  ) ] .  



(54)




so that the reference BESS active power    P  B E S S     at the n-th iteration can be calculated by


   P  B E S S  n  =  P  1 , B E S S  n  +  P  2 , B E S S  n  .  



(55)








5. Simulation Results


To validate the effectiveness of the proposed control algorithm, the control algorithm is implemented in a modified IEEE 37-bus system, as Figure 1 shows. In this system, fourteen distributed solar generation units and seven BESS are installed. The corresponding specifications can be summarized as shown in Table 1. In the simulation, the system is separately operated by the centralized control and the proposed distributed control schemes.



To systematically evaluate the control performance of the two-control scheme, both the static and dynamic operating conditions are simulated.



For the static case, both control schemes are applied to operate the system from a specific operating point towards the optimum. In the dynamic case, both control methods are implemented to dynamically regulate the system voltage under twenty-four-hour variable PV generation conditions. The applied solar power generation profile is shown in Figure 2.



All of the tests are implemented using MATLAB R2021a on a personal computer with an Intel Core i5 of 1.6 GHz and 8 GB memory.



5.1. Simulation Results of Static Case


In the static condition, the simulated time point is set at 12:00, and the load demand is configured to be 80% of the peak.



The change in the maximum and minimum system voltage with respect to the iterative steps can be plotted as shown in Figure 3. Figure 4 shows the convergence of the total distribution loss and cost with respect to the iterative process. As analyzed in [25], the theoretical convergence rate is   O ( 1 /  n  )  . The computation time of 100 iterations is about 0.70 s, which is satisfied the system operation requirement [21]. Figure 5 shows the eventual nodal voltages of the system after the iteration process. When the proposed control is not applied, nearly 30% of the nodal voltages exceed the limits. However, the nodal voltage is within the safety requirement when the proposed control method is applied. This proves that the proposed control method can effectively operate the BESS to regulate the bus nodal voltage against the interruptive PV generation.



The distribution loss of the system with the centralized/distributed control and without any control are summarized as shown in Table 2. In this table, Ploss is the distribution loss. Total Loss is the sum of the distribution loss and BESS regulation cost. The term ‘Ratio’ denotes the ratio between Total Loss and Ploss.



By comparison, it can be concluded that (i) the engagement of the BESS can effectively minimize the distribution loss. (ii) The proposed distribution control scheme has a similar performance to the centralized method, which proves the effectiveness of the proposed methods. However, it is worth mentioning that the centralized control scheme is unlikely to achieve real-time implementation when the system is large, and the communication delay is significant.




5.2. Simulation Results of Dynamic Case


In this case, the PV generation is distributed in the system, and their generation profile can be shown in Figure 2. Meanwhile, the load profile also varies [26], as shown in Figure 6. The simulation is performed for 24 h. The neighboring nodes exchange information and update their local control reference every 1 min. The simulation is performed repetitively for three cases, including the case without BESS, the case with BESS under the centralized control scheme, and the case with BESS under the distributed control scheme.



To demonstrate the dynamic performance of the control algorithm, the 24 h maximum and minimum voltage magnitude profiles are plotted as shown in Figure 7 and Figure 8. Combined with the PV generation profile and load profile, it can be concluded that




	(i)

	
When BESS is not installed, during the period of 11:00–14:00, the PV generation exceeds the load demand, and the nodal voltage surges and keeps exceeding the maximum for nearly 13% of the day. When BESS is installed, it can buffer the excessive PV power for regulating the nodal voltage within the safety range, proving the necessity of installing the BESS. Besides, the distributed control scheme can have nearly identical performance in bus voltage regulation compared with the centralized method;




	(ii)

	
Comparing the control effect in Figure 7, the centralized control is better than the proposed algorithm when the voltage magnitude exceeds the limit (especially from 12:00 to 14:00). This is due to the inevitable convergence error of the distributed optimization method, the discussion of which can be found in [27]. The convergence error of each control period accumulates through the variable    E  B E S S    . Thus, it results in slight deviations under these two control structures. However, the difference is relatively small and is negligible for most control periods;




	(iii)

	
Since the PV output throughout the day does not lead to undervoltage case, the minimum voltage curves in the three scenarios are similar. This performance is related to the choice of Lagrangian multipliers step (   s n   ). When the voltage is within the acceptable range ([0.95 p.u., 1.05 p.u.]), the voltage-related multipliers step (   υ ¯  ,  υ ¯   ) is set to be small.









The network losses under three scenarios are shown in Figure 9. By comparison, it can be found that network loss of the cases with and without BESS is significantly different, especially when the PV generation is at the fastigium (10:00–15:00). When BESS is not involved, the maximum loss is up to 150 kW. When BESS is involved in the voltage regulation process, the power loss is much smaller. Compared to the case without BESS, the network loss is significantly reduced, with a maximum reduction in nearly 50%. This is due to the involvement of the BESS alleviating the overvoltage caused by the PV overgeneration. Moreover, the BESS effectively confines the voltage drop to the safe range, thus reducing the network loss.



The BESS SoC daily profiles with centralized and proposed algorithms are shown in Figure 10 and Figure 11, respectively. The SoC difference between the two algorithms is shown in Figure 12. By comparison, it can be found that:




	(i)

	
The BESS SoC performance is similar under these two algorithms, which is consistent with the voltage performance, proving the effectiveness of the proposed algorithm. The reason for the tiny SoC difference between the two algorithms is mentioned above. This is due to the inevitable convergence error of the distributed optimization method;




	(ii)

	
The output performance of each BESS is different. This is related to the BESS location. Since the options of the adjustment step (   ν ¯  ,  ν ¯  ,  ω ¯  ,  ω ¯   ) related to    P  B E S S     and    E  B E S S     are decided by R, the output sensitivity of each BESS is different so that there will be different output performance at the same time step.









The energy absorbed and released by BESS is shown in Figure 13. It can be found that the BESS energy profile and PV generation profile are consistent. When PV output is low, BESS releases energy. When PV output is high (9:00–15:00), BESS absorbs energy. This indicates that BESS plays a supporting role in the voltage maintenance under high PV penetration.





6. Conclusions


Due to the randomness and fluctuation of PV generation, high PV penetration may lead severe overvoltage issues to the distribution network. BESS is deployed and applied as an effective voltage fluctuation buffer mechanism to suppress the influence of PV generation on the distribution network. However, the related works so far have limited consideration on the optimal power flow and the regulating ability of the BESS.



In this paper, a distributed control scheme is proposed to operate BESS for regulating the voltages in PV-integrated distribution grids. The proposed control scheme features the concurrent functions of minimizing the distribution loss and manipulating BESS SoC. The dual ascent method is applied to solve the formulated optimization problem in a distributed manner.



The simulation results prove that the proposed control has a similar performance to the centralized control method. However, the proposed control method has a reduced requirement on the communication infrastructure, which is more viable in distribution systems.



The future work is expected to be carried out from the following aspects:




	(1)

	
There are several theoretical studies on how to improve the convergence rate of DA algorithm. Distributed finite-time voltage optimization control method will be investigated based on these theoretical works;




	(2)

	
The BESS-based distributed cooperative optimization control for frequency and voltage stability will be investigated to eliminate the effect of high PV penetration in the distribution network;




	(3)

	
A hardware-in-loop real-time simulation platform will be established to verify the effectiveness of the proposed method in a laboratory scale.
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Figure 1. The modified IEEE 37-bus system. 
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Figure 2. The solar power generation profile. 
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Figure 3. Convergence of the maximum and minimum bus voltage magnitude. 
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Figure 4. Convergence of the total losses. 
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Figure 5. Voltage Magnitude of Each Node under Three Scenarios. 
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Figure 6. The load profile. 
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Figure 7. Maximum voltage magnitude among a day. 
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Figure 8. Minimum voltage magnitude among a day. 
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Figure 9. Network Losses under three scenarios. 
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Figure 10. Battery SoC under centralized control. 
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Figure 11. Battery SoC under distributed control. 
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Figure 12. Battery SoC difference between two algorithms. 
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Figure 13. Energy buffered in the BESS. 
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Table 1. Parameters used in the simulation.
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	Parameters
	Value





	Nominal Voltage
	4.8 kV



	Base Power
	1 MW



	Acceptable Range for Bus Voltage Magnitudes
	[0.95 p.u., 1.05 p.u.]



	Node with PVs
	11, 12, 13, 14, 18, 19, 22, 23, 25, 29, 30, 32, 33, 35



	Node with BESSs
	9, 10, 16, 21, 25, 27, 33



	PV Capacity
	0.3 p.u.



	SoC Range for BESS
	[10%, 100%]



	Control Time Step
	1 min



	Iteration stop condition
	  max   (  V  n o d e   n + 1   −  V  n o d e  n   ) < 10−5
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Table 2. Total Losses among three scenarios.
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	Scenarios
	Ploss
	Total Loss
	Ratio





	DA Control
	0.0478
	0.0505
	1.056



	Centralized Control
	0.0379
	0.0401
	1.058



	Without BESS
	0.1510
	\
	\
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