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Abstract

:

DC distribution networks are low-inertia systems with a range of uncertainties and disturbances. The traditional droop control widely used in DC distribution networks has a contradiction between the accurate power sharing of power units and voltage deviation due to the presence of line impedance. To overcome this contradiction and enhance the immunity and tracking performance of voltage-source converter (VSC) current inner loop PI control, this paper proposes a coordinated voltage-power control strategy based on an uncertainty and disturbance estimator (UDE) for DC distribution networks. Firstly, the improved droop control strategy based on the UDE is proposed, which not only avoids the influence of line impedance on the load current sharing, but also achieves voltage stabilization at the set value. Secondly, an improved VSC current inner loop controller based on the UDE is designed to improve the VSC’s tracking performance for the droop output reference value. The UDE control theory is applied to estimate and compensate for the uncertainties and disturbances of the VSC current inner loop control, in order to improve the tracking and immunity of the VSC current inner loop and enhance the DC voltage robustness. Finally, a three-terminal DC distribution network is taken as an example to verify the effectiveness of the proposed strategy.
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1. Introduction


In recent years, with the shortage of traditional energy and the booming development of power electronics technology, DC distribution networks have attracted wide attention because of their high efficiency in accessing distributed energy sources and ability to connect with AC distribution networks via a voltage-source converter (VSC) to form a multi-terminal distribution system. The most basic requirement for developing a DC distribution network is to ensure the power balance in the system, which can be reflected by the stability of the DC voltage. However, the system parameters’ uncertainties, external disturbances, and converter station switching will affect the stability of this DC voltage [1,2]. Therefore, considering the multiple uncertainties and disturbances to which the system is subjected, designing a practical control strategy to reasonably share the current of each power unit while ensuring the DC voltage stability is the key to the safe and stable operation of the DC distribution network [3].



Compared to AC distribution networks, DC distribution networks do not involve frequency control and instead focus solely on voltage control. There are three primary voltage control methods for DC distribution networks: droop control, distributed control, and concentrated control [4]. Among these, droop control adjusts the relationship between the DC voltage and current through negative slope characteristics to realize the real-time control of the system power balance, which is a differential regulation. It has been widely used in DC distribution networks [5,6,7]. However, the line impedance impacts the droop coefficient, which will affect the output voltage of each converter station and the reasonable sharing of the system’s load current among them [8]. This is a core problem to be solved in the study of the coordinated control of DC distribution networks. In [9], an adaptive PI controller was used to adjust the droop resistance to eliminate the current sharing error of each power unit in the DC distribution network, but it did not provide voltage restoration. The authors in [10] proposed a secondary control strategy suitable for the DC microgrid to solve the contradiction between the voltage deviation and current sharing accuracy. The authors in [11] put forward two methods: variable droop coefficient and voltage restoration, which achieved the DC bus’s voltage stability and accurate power sharing. In [12], an adaptive compensation strategy based on fuzzy control was proposed to precisely distribute the power while achieving voltage compensation. The authors in [13] proposed a dynamic droop coefficient correction control strategy to achieve precise current sharing. The improved droop control methods mentioned above have achieved specific control effects by improving these droop coefficients, but they have not reduced the uncertainties and disturbances of the DC distribution network, which is still a small inertia system with modeling and parameter errors, system faults, and other uncertainties and disturbances. Therefore, the study of coordinated control to achieve accurate power sharing and voltage stability while enhancing the immunity of the system’s voltage is an important direction for droop control improvement.



In the DC distribution network, the quality of the voltage operation is not only related to the droop control strategy between the converter stations, but also to each source converter’s operating performance. Because the output voltage of the droop control is used as the input reference value of each source converter, the precise load current sharing is finally realized through the voltage current dual-loop control of the VSC. The VSC generally adopts voltage and current dual-loop Proportional Integral (PI) control, which can theoretically achieve a zero steady-state error tracking effect [14]. However, the PI control is sensitive to the uncertainty of the system parameters and external disturbances, and its tuning process is tedious [15], which will affect the stability of the DC bus voltage. To effectively regulate the DC bus voltage, the current inner loop robust control in dual-loop control has been studied in many kinds of literature. In [16], a current loop based on adaptive PI was proposed to eliminate the influence of system parameter disturbance on the DC bus voltage and improve the system’s adaptability. In [17], a time-delay compensation method based on a second-order generalized integrator was applied to the current inner loop to reduce the system’s sensitivity to parameter variations, thus improving the system’s immunity. The authors in [18] applied a proportional resonant regulator to achieve a good tracking performance of the current inner loop control. However, the above methods still have problems, such as complicated algorithms and tedious parameter tuning.



In [19], a UDE-based controller was proposed. This UDE-based controller was based on the assumption that an unknown continuous band-limited signal can be estimated and used to synthesize a practical robust controller by using appropriate filters, which has two degrees of freedom characteristics between the anti-disturbance and tracking performance. The UDE-based control method can quickly estimate and compensate for system uncertainty dynamics and external disturbances and have an excellent robust control performance, which has been successfully applied to many systems, such as uncertain systems, nonlinear systems, and time-varying systems [20,21]. The literature [22,23] applied the UDE control method to the current control of a paralleled inverter and a permanent-magnet synchronous motor, respectively, which achieved power sharing independent of the output impedance and improved the current tracking and immunity of the controller. In [24], a UDE-based controller was designed to improve the immunity of the inverter according to its characteristics. Meanwhile, the controller parameters were simplified to filter parameters and had decoupling characteristics.



Driven by the previously mentioned motivations and advantages offered by the UDE control method, it is feasible to apply the UDE control theory to improve the stability of the DC distribution network. This paper proposes a voltage-power coordinated control strategy based on a UDE for the DC distribution network to enhance its voltage stability and current sharing accuracy, as well as the immunity and tracking performance of the VSC current inner loop PI control. The controller structure contains the improved droop control strategy and improved VSC current inner loop controller, which is depicted in Figure 1. Figure 1 illustrates the DC distribution network, divided into three regions: the first region connects the AC grid to the DC system through VSC1, VSC2, and VSC3. These converters rectify the AC power and form the interface between the AC and DC systems. In this region, the traditional droop control or the proposed voltage-power coordinated control is used to share the converter’s output current to maintain the DC bus’s voltage stability. The second region is the photovoltaic (PV) module connected to the DC bus through the boost converter, which adopts the traditional PI control. The third region is the passive load.



The main contributions of this paper are summarized as follows.



	
Aiming at the contradiction between the DC voltage and the load current sharing of the converter stations under the traditional droop control due to the influence of line impedance, an improved droop control strategy based on the UDE control theory for the DC distribution network is proposed. Firstly, to realize the reasonable load current sharing of the converter stations, a load current reference model is designed by introducing the capacity ratio of the source converters. Secondly, to realize the voltage stability control of the DC distribution network, the output voltage characteristic of the droop control is designed with the control objective that the output current of the source converter can better track the reference current.



	
In order to improve the tracking performance of the VSC current inner loop and the robustness of the DC voltage, the VSC current inner loop controller based on a UDE is designed. Firstly, the state space model with disturbances and the desired reference model in the DC distribution network are established. Furthermore, the controller input variable is designed from the perspective that the model error tends to be zero to estimate and compensate for the effects of various disturbances on the controller. The final structure of the improved VSC current inner loop controller is obtained.






The remainder of this paper is organized as follows. Section 2 analyzes the contradiction of traditional droop control and proposes the UDE-based droop control method. In Section 3, the design process of the VSC current inner loop based on a UDE is presented. In Section 4, a simulation model of the three-source DC system shown in Figure 1 is built to verify the effectiveness of the proposed control strategy by simulating the operating conditions of the DC distribution network. Finally, the paper’s conclusion is provided in Section 5.




2. Design of the Improved Droop Control in the DC Distribution Network


Droop control is often used to realize the current sharing and voltage stability control among multiple source converters in the DC distribution network. This section first analyzes the contradiction between the voltage deviation and current sharing accuracy of traditional droop control. Secondly, to ensure that the DC bus voltage is stable under the set value and that the load current of each source converter can be accurately shared, the UDE control law is used to improve the droop control characteristics.



2.1. Analysis of Traditional Droop Characteristics of the DC Distribution Network


The dual-source single-load DC system shown in Figure 2 is used to analyze the influence of line impedance on the droop characteristics, where only the DC resistance is considered in the steady-state case. Moreover, the subscript i in the variables corresponds to 1 or 2,    V  n i     is the output voltage setting value of the VSC when it is unloaded,    V  d c i  *    is the output voltage reference of the i-th VSC,    I  d c i     is the output current of the VSC, and    R  d i     means the droop coefficient.    R  o u t i     is the equivalent output resistance of the VSC,    R  l i n e i     is the DC line resistance,    V  b u s     is the DC bus voltage, and    I  l o a d     is the current flowing through the load.



From Figure 2, the typical droop control expression in the DC distribution network is:


   V  d c i  *  =  V  n i   −  R  d i    I  d c i    



(1)







After considering the VSC output resistance and the DC line resistance, the equivalent droop coefficient becomes:    R  d i  ′  =  R  o u t i   +  R  l i n e i   +  R  d i    . According to Kirchhoff’s law, the DC bus voltage is:


   V  b u s   =  V  n i   −  R  d i  ′   I  d c i   =  V  n 1   −    R  d 2  ′     R  d 1  ′  +  R  d 2  ′    (  I  d c 1   +  I  d c 2   )  



(2)







To make the converter station reasonably share the power of the DC system according to its rated capacity, the droop coefficient of the converters should satisfy [25]:


     R  d 1      R  d 2     =    P 2 ∗     P 1 ∗    =    I  d c 2      I  d c 1     ,  



(3)




where    P 1 ∗    and    P 2 ∗    are the rated output power of VSC1 and VSC2, respectively.



When the rated power of both converter stations is the same, there is:    I  d c 1   =  I  d c 2    ,    R  d 1   =  R  d 2    . After considering    R  o u t i    ,    R  l i n e i    , and    R  o u t 1   +  R  l i n e 1   ≠  R  o u t 2   +  R  l i n e 2    , the load current sharing should satisfy:


     I  d c 1  ′     I  d c 2  ′    =    R  d 2  ′     R  d 1  ′    =    R  o u t 2   +  R  l i n e 2   +  R  d 2      R  o u t 1   +  R  l i n e 1   +  R  d 1     ≠ 1  



(4)







From Equation (4), it can be seen that    R  o u t i     and    R  l i n e i     will lead to an error in the output power sharing of each converter station. According to Equations (2) and (4), the droop characteristic curves with different droop coefficients are shown in Figure 3 when    V  n i     is unchanged. Curves ① and ③ correspond to VSC1, and curves ② and ④ correspond to VSC2.



In Figure 3, when the droop coefficient is small, the voltage deviation between the DC bus voltage and the set value is   Δ V  . Due to the different line resistances, VSC1 and VSC2 operate at two points, A and B, respectively, and the current sharing deviation between them is   Δ I  . When the droop coefficient increases, the DC bus’s voltage deviation is   Δ  V ′   . VSC1 and VSC2 operate at two points, C and D, respectively, and their current sharing deviation is   Δ  I ′   . It can be easily known from Figure 3 that   Δ  V ′  > Δ V  ,   Δ  I ′  < Δ I  , so the voltage deviation will be larger and the current sharing deviation will be smaller as the droop coefficient increases.



Therefore, traditional droop control has contradictions between the voltage deviation and current sharing accuracy due to the DC line impedance. In addition, parameter variations, model mismatches, and system faults in the DC distribution network during its operation will impact the droop control. Next, this paper will improve the operational characteristics and immunity of the traditional droop control in DC distribution networks.




2.2. Design of the Improved Droop Control


2.2.1. Setting of Load Current Reference Value Considering the Capacity Ratio


In order to weaken the influence of the line impedance and improve the power-sharing accuracy and voltage quality of the DC distribution network, the capacity ratio of each source converter is introduced so that the load current reference value required for the UDE-based droop control is determined and expressed as follows:


   I  i r e f   =    I  l o a d      n  s i     −    V  b u s   −  V  d c i  *     n  d i     ,  



(5)




where    I  i r e f     is the load current reference value of the i-th source converter and    n  d i     is the droop coefficient of the i-th source converter, which is set in proportion to    n  s i    .   1 /  n  s i     is the capacity ratio of the i-th source converter, expressed as    1 /   n  s i     =    S i   /    ∑  k = 1  l    S k       , where    S i    is the capacity of the i-th source converter and     ∑  k = 1  l    S k      is the sum of the capacities of all the source converters involved in the operation.



When the DC distribution network is operating under ideal conditions, it is hoped that    V  b u s   =  V  d c i  *   . From Equation (5), the load current reference value of each branch is:


   I  i r e f   =    I  l o a d    /   n  s i      



(6)







This implies that each branch’s load current reference value shares the actual total load current according to the capacity ratio.



When considering the influence of the VSC output impedance and line impedance, it is clear that there is    V  b u s   ≠  V  d c i  *   , implying that the DC system has voltage deviation. By introducing   (  V  b u s   −  V  d c i  *  )   to regulate    I  i r e f    , this will eventually achieve    V  b u s     approximating    V  d c i  *    through the subsequent control, which allows each branch’s load current reference value to share the actual total load current according to the capacity ratio.




2.2.2. Design of the UDE-Based Droop Control


During the operation of DC distribution systems, the system is often affected by uncertainties and unpredictable disturbances. In order to improve the immunity of the droop control in DC distribution networks, a nonlinear single input and output system state model [21] with uncertainties and disturbances is defined as:


   x ˙  ( t ) = a x ( t ) + b u ( t ) +  d 0  ( t ) + σ ( t ) ,  



(7)




where   x ( t )   is the system state variable,   u ( t )   is the control input variable, and   a , b   represent the state and control coefficients, respectively, which are non-zero constants.    d 0  ( t )   is the known external disturbance variable and   σ ( t )   is all the uncertainties and disturbances of the system, expressed as:


  σ ( t ) = − Δ a ( t )  x ˙  ( t ) + Δ b ( t ) x ( t ) + Δ c ( t ) u ( t ) + Δ r ( t )  d 0  ( t ) + f ( t ) ,  



(8)




where   Δ a ( t )   and   Δ b ( t )   are the unknown state coefficients,   Δ c ( t )   and   Δ r ( t )   are the control coefficient and the external disturbance coefficient, respectively, and   f ( t )   is the unknown disturbance variable.



The general expression for the load current of each source converter branch in the DC distribution network can be written as:


   I  d c i   =    V  d c i  ∗  −  V  b u s      Z o    ,  



(9)




where    Z o    is the total branch impedance, including the converter output impedance and line impedance, that is    Z o  =  Z  o u t   +  Z  l i n e    .



For the DC distribution network, the state variable is set to   x ( t ) =  I  d c i     and the control input variable is set to   u ( t ) =  V  d c i  ∗   . The known external disturbance variable is taken as    d 0  ( t ) =    V  b u s      Z o     , and the system reference command is chosen as    u m  ( t ) =  I  i r e f    . The corresponding uncertainties and disturbances of the parameters and models are described as:


   f i  =   Δ  Z  o i      Z o     V  d c i  ∗  −   Δ  Z  o i      Z o     V  b u s   +  d i  ,  



(10)




where   Δ  Z  o i     is the uncertainty and dynamic variation of the i-th converter branch’s impedance and    d i    is the known and unknown system disturbances.



   I  d c i     is filtered by a low-pass filter to remove high-frequency uncertainty and interference when entering the UDE-based droop control part. The filter is defined as:


   G i  ( s ) =  1  1 +  τ i  s   ,  



(11)




where    τ i    is the time constant. After considering Equations (10) and (11), Equation (9) can be rewritten as:


   I  d c i   =  L  − 1      1  1 +  τ i  s     ∗    1   Z o     V  d c i  ∗  −  1   Z o     V  b u s   +  f i    ,  



(12)




where  ∗  is the convolution symbol and    L  − 1     is the Laplace inversion symbol.



Firstly, deriving Equation (12), and then according to Equation (7), the uncertain dynamic spatial state model of the load current of each source converter branch of the DC distribution network can be obtained as:


    I ˙   d c i   =  1   τ i   Z o     V  b u s   −  1   τ i   Z o     V  d c i  ∗  +  σ i  ,  



(13)




where    σ i    is the total uncertainty and disturbance of the DC distribution network, expressed as:    σ i  =    f i  −  I  d c i      τ i     . Then, Equation (13) is further rewritten as:


   σ i  =   I ˙   d c i   −  1   τ i   Z o     V  b u s   +  1   τ i   Z o     V  d c i  ∗   



(14)







Selecting a filter    g  f i   ( t )   with the appropriate bandwidth to allow for the frequency components corresponding to the uncertain and disturbed signals to pass, the predicted value of    σ i    is:


    σ ^  i  =  L  − 1      G  f i   ( s )   ∗  σ i  =  L  − 1      G  f i   ( s )   ∗     I ˙   d c i   −  1   τ i   Z o     V  b u s   +  1   τ i   Z o     V  d c i  ∗     



(15)







To make the state variable    I  d c i     in the UDE-based droop control track the load current reference    I  i r e f     asymptotically, the tracking error of the load current of each source converter branch is defined as:


   e i  =  I  i r e f   −  I  d c i    



(16)







Then, the dynamic equation required to satisfy the UDE theory [21] is:


    e ˙  i  = −  K i   e i  ,  



(17)




where    K i  > 0   is the error feedback gain coefficient.



Combining Equations (13), (16) and (17), the input variable   u ( t ) =  V  d c i  ∗    of the UDE-based droop control needs to satisfy:


   V  d c i  ∗  =  τ i   Z o    −   I ˙   d c i   +  1   τ i   Z o     V  b u s   +  σ i    =  τ i   Z o    −   I ˙   i r e f   +  1   τ i   Z o     V  b u s   −  K i   e i  +  σ i     



(18)







Substituting the predicted value     σ ^  i    of Equation (15) for    σ i    of Equation (18), it yields:


   V  d c i  ∗  =  V  b u s   +  τ i   Z o    −  L  − 1      1  1 −  G  f i   ( s )     ∗     I ˙   i r e f   +  K i   e i    +  L  − 1       s  G  f i   ( s )   1 −  G  f i   ( s )     ∗   I ˙   d c i      



(19)







Equation (19) is the UDE-based droop control characteristics in the DC distribution network.



Combining Equations (5) and (19), the improved droop controller’s structure in the DC distribution network can be obtained, as shown in Figure 4. The controller consists of two parts: the converter’s load current reference part and the UDE-based droop control part. The provision of the system reference commands    I  i r e f     and the load current    I  d c i     of each source converter branch are the necessary conditions for the UDE-based droop control to work properly.





2.3. Analysis of the Improved Droop Control Characteristics


Since uncertainty and disturbance estimation terms are introduced into the droop control design of Section 2.2, combining Equations (15), (17) and (19), the error dynamics of the i-th source converter can be obtained as:


    e ˙  i  = −  K i   e i  −    σ i  −   σ ^  i    = −  K i   e i  −  L  − 1     1 −  G  f i   ( s )   ∗  σ i   



(20)







Since    σ i    is bounded and the chosen filter strictly complies with the specifications, implying    G  f i   ( 0 ) = 1   after Laplace transformation can obtain:


    lim   t → ∞    e i  =   lim   s → 0   s ⋅  E i  ( s ) = −   lim   s → 0     s ⋅  σ i  ( s )   1 −  G  f i   ( s )     s +  K i     =  0  



(21)







From Equation (21), the steady-state tracking error of the load current of the VSC in the DC distribution network is    e i  = 0  , then corresponding to Figure 4 and Equation (5), there is:


   I  d c i   =  I  i r e f   =    I  l o a d      n  s i     +    V  d c  *  −  V  b u s      n  d i      



(22)







As described in Section 2.2.1, the    n  d i     and    n  s i     of each converter are proportional. That is, there must exist a droop coefficient  d  satisfying:    n  d i   =  n  s i   ⋅ d  . Thus,


   n  s i    I  d c i   =  I  l o a d   +  1 d     V  d c  *  −  V  b u s      



(23)







All terms (   I  l o a d    ,    V  d c  *   ,    V  b u s    , and  d ) to the right of the medium sign of Equation (23) are the same for all the parallel source converters in the DC distribution network. It shows that the output current of each source converter is not affected by its output impedance and line impedance and can be reasonably shared according to its capacity. Compared to traditional droop control, this improved droop control can enhance the disturbance immunity and dynamic performance.





3. Improvement of VSC Current Inner Loop for Tracking Performance in the DC Distribution Network


In the DC distribution network, the quality of the voltage operation is not only related to the control strategy between the converter stations, but also to each converter’s operating performance. The VSC current inner loop PI control can theoretically achieve a zero steady-state error tracking effect. However, when there are uncertainties in the structural parameters and operational disturbances in the DC distribution network, these will affect the tracking effect of the current inner loop PI control and then affect the voltage operation quality of the DC system. Based on the UDE control method, a system-state model with disturbances and a desired reference model will be developed in this section to improve the tracking performance and immunity of the VSC current inner loop control in DC distribution networks. Furthermore, the control input variables are derived with the control objective that the system state model tracks the reference model, achieving an improved control of the VSC current inner loop.



3.1. The Disturbance Model of the VSC d-Axis Current


In this paper, a three-phase, two-level VSC is used. Considering the AC-DC system power balance, the mathematical model of the VSC in Figure 1 in the dq-axis coordinate system [26] is written as:


       L s    d  i d    d t   = −  R s   i d  + ω  L s   i q  +  u  s d   −  u  c d        L s    d  i q    d t   = −  R s   i q  − ω  L s   i d  +  u  s q   −  u  c q       ,  



(24)




where    L s    is the AC side equivalent inductance and leakage inductance,    R s    is the AC side equivalent resistance,    u  s d    ,    u  s q    ,    i d   , and    i q    are the dq-axis components of the grid voltage and current, respectively,    u  c d     and    u  c q     are the dq-axis control signals of the VSC, respectively, and  ω  is the AC system angular frequency.



Due to the symmetry of the dq-axis of the VSC current inner loop, the VSC current inner loop control system will be reconstructed in the following with the d-axis as an example. Based on the UDE control theory, the state variable is chosen as   x ( t ) =  i d   , the control input variable is taken as   u ( t ) =  u  c d    , and the disturbance variable, determined by Equation (24), is    d 0  ( t ) =    u  s d      L  s 0     + ω  i q   . Thus, the disturbance model of the d-axis current can be established as follows:


    i ˙  d  = −    R  s 0   +  r  o n 0      L  s 0      i d  −  1   L  s 0      u  c d   + ω  i q  +    u  s d      L  s 0     +  σ d  ( t ) ,  



(25)




where the subscript “0” indicates the parameter’s nominal value and    σ d  ( t )   is the total uncertainties and disturbances of the d-axis, which can be expressed as:


   σ d  ( t ) = −   Δ  L s     L  s 0       d  i d  ( t )   d t   +   Δ  R s  + Δ  r  o n      L  s 0      i d  ( t ) +   Δ  L s  ω    L  s 0      i q  ( t ) +   Δ  L s     L  s 0     (  u  s d   ( t ) −  u  c d   ( t ) ) +  f d  ( t )  



(26)







Here,   Δ  L s  =  L s  −  L  s 0    ,   Δ  R s  =  R s  −  R  s 0    , and   Δ  r  o n   =  r  o n   −  r  o n 0     and    f d  ( t )   is the unknown disturbance in the d-axis, including unpredictable disturbances such as common DC bus voltage disturbances and data measurement errors in the DC distribution network.




3.2. The Desired Reference Model for the VSC d-Axis Current


In establishing the desired reference model of the VSC d-axis current, the reference state variable is chosen as    x m  ( t ) =  i  d m     and the system reference command is taken as    u m  ( t ) =  i  d r e f    , where    i  d r e f     is the current reference value generated by the voltage outer loop.



The voltage outer loop generates the current reference for the VSC current inner loop control. In order to avoid the interference of the high-frequency component of the current reference to the current inner loop, the low-pass filter is designed as follows:


   i  d m   =  μ  s + μ    i  d r e f   ,  



(27)




where  μ  is the filter bandwidth.



Rewriting Equation (27) in the form of state-space equations, the desired reference model of the d-axis current can be obtained as:


    i ˙   d m   = − μ  i  d m   + μ  i  d r e f    



(28)








3.3. Implementation of the VSC d-Axis Current’s Trackability


To improve the trackability of the VSC current inner loop control in DC distribution networks, the idea of improving the current inner loop control is to generate a control input variable   u ( t ) =  u  c d    , so that the system model can asymptotically track the desired reference model. That is, the state variable    i d    converges to the reference state variable    i  d m    .



The tracking error is defined as:


  e ( t ) =  i  d m   −  i d   



(29)







The expected tracking error converges asymptotically to 0, which needs to satisfy:


   e ˙  ( t ) = − ( μ + K ) e ( t ) ,  



(30)




where K is the error feedback gain, usually letting   K ≥ 0  . Since   μ +  K > 0   , Equation (30) is asymptotically stable. Combining Equations (25) and (28)–(30), it is known that the control input variable    u  c d     needs to satisfy:


  −    u  c d      L  s 0     = μ  i  d r e f   + (    R  s 0   +  r  o n 0      L  s 0     − μ )  i d  + K e ( t ) − ω  i q  −    u  s d      L  s 0     −  σ d  ( t )  



(31)







Let all the uncertainties and disturbances of the d-axis current during the VSC operation control be    σ d  ( t )  . Then, a filter    G f  ( s )   is designed to estimate and eliminate the disturbances    σ d  ( t )  . That is,    G f  ( s )   can be made to pass all the frequency components corresponding to    σ d  ( t )  , and    G f  ( s ) =  λ  s + λ    . Letting    g f  ( t )   be the impulse response of    G f  ( s )  ,    σ d  ( t )   can be predicted as:


    σ ^  d  ( t ) =  σ d  ( t ) ∗  g f  ( t )  



(32)







Substituting Equation (32) into Equation (31) and letting   K = 0   yields:


   u  c d   =  L  s 0     − μ  i  d r e f   + ( μ −    R  s 0   +  r  o n 0      L  s 0     )  i d  + ω  i q  +  σ d  ( t ) ∗  g f  ( t )    



(33)







After Laplace transform, the frequency-domain control model of the VSC d-axis current inner loop can be obtained by solving Equation (33) as:


   u  c d   ( s ) =  L  s 0     ( μ  i  d m   ( s ) − μ  i  d r e f   ( s ) ) − ( μ + λ +   μ λ  s  ) e  s  + ( −    R  s 0   +  r  o n 0      L  s 0      i d  ( s ) + ω  i q  ( s ) +    u  s d   ( s )    L  s 0     )    



(34)







Equation (34) consists of three terms: the first term is a feedforward differentiation to generate a desired reference for the system-state variables; the second term is a PI-like control to drive the system-state variables to track the reference model; and the third term is the model inverse form to compensate for and eliminate the known dynamic part of the model.



In summary, the structure of the voltage-power coordinated control system based on a UDE in the DC distribution network is shown in Figure 5. The system includes the improved droop control part, the VSC voltage outer loop PI control part, the improved VSC current inner loop control part, and the VSC electrical part of the DC distribution network.





4. Simulation Verification and Analysis


To verify the accuracy of the proposed control strategy, the simulation model of a typical three-source 780 V DC system, as shown in Figure 1, is built in PSCAD/EMTDC software. Table 1, Table 2 and Table 3 list the system parameters and controller parameters.



4.1. Parameter Tuning Simulation of the Improved Current Inner Loop Controller


According to the UDE control theory, the parameter tuning of the UDE controller has two degrees of freedom characteristics between its anti-disturbance and tracking performance [23]. In order to obtain the general tuning law and determine the optimal control parameter values, this part simulates and analyzes the effects of  μ  and  λ  on the VSC’s stability, trackability, and transient characteristics.



The total simulation time for simulation condition 1 is   1 s  . All the controls of the DC system are active at 0.2 s. After the system resumes its normal operation, the single-phase grounding fault occurs in the AC grid at 0.5 s, and the fault is eliminated at 0.55 s. In the parameter tuning, the values of  μ  and  λ  are kept unchanged, respectively, and another value is gradually increased to obtain the simulation results, as shown in Figure 6 and Figure 7. Figure 6 shows the simulated waveforms of the VSC output voltage    V  dc     and d-axis current    i d    after adjusting  λ  when   μ = 800    rad / s   . Figure 7 shows the simulated waveforms of    V  dc     and    i d    after adjusting  μ  when   λ = 800    rad / s   . Since the tracking effect of the d-axis current and the q-axis current in the simulation is consistent, the d-axis current simulation waveform is adopted.



Comparing Figure 6(a1–a4) for   μ = 800    rad / s   , when the fault occurs in the AC system at 0.5 s, when   λ = 800    rad / s    and   λ = 1500    rad / s   , the    V  dc     does not reach the steady-state setting value before the fault disappears at 0.55 s. After increasing  λ  to 3000 rad/s and 5000 rad/s, the    V  dc     can reach the set value by 0.55 s, even if the AC system still has a fault. This indicates that, under the condition of   μ = 800    rad / s   , increasing  λ  is beneficial to enhancing the VSC regulation speed during the disturbance and to improving the transient performance.



When the system resumes steady-state operation after the fault disappears at 0.55 s, the    V  dc     are stabilized at 781.29 V, 780.81 V, 780.13 V, and 780.13 V under   λ = 800    rad / s   ,   λ = 1500    rad / s   ,   λ = 3000    rad / s   , and   λ = 5000    rad / s   , respectively. The recovery times are 0.0335 s, 0.0330 s, 0.0275 s, and 0.0275 s, respectively, which indicates that increasing  λ  can make the VSC obtain a more satisfactory voltage tracking control effect faster for a certain  μ . However, this tracking effect tends to be saturated when  λ  increases to 3000 rad/s. Then, comparing the d-axis current waveforms, the steady-state tracking errors of    i d    shown in Figure 6(b1–b4) are 0.01162 kA, 0.00898 kA, 0.00178 kA, and 0.00178 kA, and the recovery times for the steady-state values are 0.0639 s, 0.0635 s, 0.05775 s, and 0.05775 s, respectively. This shows that the tracking performance of the current is also enhanced, but gradually converges to an extreme value with an increase in  λ . Therefore, increasing  λ  is beneficial to improving the control performance of the VSC current, but when  λ  increases to 3000 rad/s, the improvement in the control performance is not obvious.



Similarly, according to Figure 7(a1–a4), when   λ = 800    rad / s   , increasing  μ  can obtain a more satisfactory DC voltage control effect, but the voltage transient process tends to be consistent after increasing  μ  to 3000 Ω/s. Taking the d-axis current waveform as an example, after the disturbance of the AC system is eliminated at 0.55 s, the recovery times of    i d   , as shown in Figure 7(b1–b4), are 0.0639 s, 0.0536 s, 0.0478 s, and 0.0478 s, respectively, indicating that increasing the  μ  value is conducive to the recovery of the d-axis current and improving the transient performance. For the tracking performance, the steady-state tracking errors of    i d    are 0.01162 kA, 0.00749 kA, 0.00336 kA, and 0.00336 kA, respectively, and the    V  dc     are stabilized at 781.29 V, 780.53 V, 780.38 V, and 780.38 V, respectively, indicating that the tracking performance is excellent and tends to be saturated with an increasing  μ .



Comparing the simulation results of Figure 6 and Figure 7, it can be seen that, for the two control parameters  μ  and  λ , keeping one constant and adjusting the other value can positively improve the control performance. In other words, when the system is disturbed, the VSC current loop exhibits a reliable tracking performance and swiftly adjusts the voltage to restore the stability. However, when it increases to 3000 rad/s, the control performance tends to stabilize and the improvement effect is not obvious, so the optimal control parameters are   μ = 3000    rad / s  ,   λ = 3000    rad / s   .




4.2. Simulation Verification of VSC Current Inner Loop Tracking Improvement in the DC Distribution Network


For the VSC current inner loop controller, the control effect is directly reflected in the trackability and immunity of the current inner loop output,    i d    and    i q   , which is beneficial to improving the robustness of the DC bus voltage control. In this section, the VSC in the three-source DC system shown in Figure 1 is taken as the research object to simulate and compare the control effect of the improved VSC current inner loop control strategy and traditional PI control strategy.



The PI controller outer loop parameters are shown in Table 3, and the improved VSC current inner loop controller parameters are   μ = 3000    rad / s    and   λ = 3000    rad / s   . The simulation results under simulation condition 1 are shown in Figure 8, as well as Figure 9. Figure 8a,b show the d-axis and q-axis currents of the VSC under the traditional PI dual-loop control, and Figure 8c,d show the d-axis and q-axis currents under the improved current inner loop control.



From Figure 8b,d, it can be seen that the trackability of the q-axis current components of both control methods in the steady-state case is within the ideal range, because the q-axis current reference value is set to 0 A in the VSC dual-loop control. At the moments of 0.5 s and 0.55 s, when the AC system fault occurs and disappears, the peak q-axis currents are 0.0148 kA and −0.013 kA for the traditional PI control and 0.013 kA and −0.002 kA for the improved current inner loop control, respectively. The fluctuation range of the actual q-axis current is significantly smaller than the former, indicating that the anti-interference ability of the improved current inner loop control is significantly better than that of the traditional PI control.



From Figure 8a,c, it can be seen that, for the d-axis current, both controllers have a good trackability in the steady-state case. At 0.2 s control access, the traditional PI control does not track as well as the improved current inner loop control. The moments of adjustment to the steady-state value for both are 0.31 s and 0.25 s, respectively, indicating that the proposed control strategy has a better transient response and tracking performance.



The VSC output voltage curves under the traditional PI dual-loop control and the improved current inner loop control are shown in Figure 9.



Figure 9 shows that the current inner loop has a small steady-state error under both control strategies. The voltage restoration stabilization times under the two control strategies are 0.050 s and 0.039 s at the moment of 0.5 s, when the single-phase ground fault occurs at the AC power end, and at the moment of 0.55 s, when the fault is removed, indicating that the improved inner loop current control has a faster regulation speed. After the fault, the voltage peaks corresponding to the two moments of 0.5 s and 0.55 s are 736.7 V and 821.6 V under the traditional PI control and 739.3 V and 814.5 V under the improved current inner loop control, indicating a better voltage robustness under the improved current inner loop control.



The comparison of the three waveforms from Figure 8 and Figure 9 illustrates that the effect of system disturbances on the VSC    i d    and    i q    is weakened after applying the improved current inner loop control, which is beneficial to improving the voltage transient performance of the DC distribution network.




4.3. Performance Verification of the Voltage-Power Coordinated Control Strategy for the Three-Source DC Distribution Network


The proposed coordinated controller is applied to the three-source DC distribution network in Figure 1 to verify the control effectiveness in both DC bus voltage regulation and load current sharing. The comparison control strategies are the traditional droop control and the VSC current inner loop PI control.



Under simulation condition 2, the total simulation time is 6 s. All the controls of the DC system are active at 0.2 s, and the DC side capacitance    C  e q     of VSC2 varies from 7.8 mF to 15.6 mF at 1 s. VSC2 is withdrawn from the system operation due to the fault at 1.5 s, and a resistive load of 0.28 MW is connected to the DC bus at 3 s. The photovoltaic module is connected to the DC bus at 4 s. The simulation results under the two control strategies are shown in Figure 10a,b, which are the DC voltage    V  b u s     and VSC current    I  d c     under the traditional control. Figure 10c,d show the    V  b u s     and the    I  d c     under the coordinated control.



From Figure 10a,c, it can be seen that, when the DC system is started up with consecutive disturbances, such as parameter changes, the VSC2 withdrawal, load increase, and PV unit access, the voltages    V  b u s     under the traditional control corresponding to the five periods are 760.1 V, 775.6 V, 740.6 V, 708.8 V, and 746.7 V, respectively, which show large variations compared to the rated voltage of 780 V. In contrast, the voltages    V  b u s     for the five periods under the coordinated control are 780.07 V, 780.03 V, 780.06 V, 778.50 V, and 780.07 V, respectively, and all of them can recover to near 780 V in a shorter time.



Meanwhile, comparing Figure 10b,d, the regulation ability of the two control strategies for each VSC current sharing can be analyzed. In the simulation, the control objective of each VSC load current is to share the load current in equal proportion to its capacity. Taking the VSC2 out of operation at 1.5 s, for example, the load currents of the VSC1 and VSC3 with the same capacity are stabilized at 0.1246 kA and 0.1693 kA, respectively, in Figure 10b, without equalizing the currents until the next disturbance at 3 s. Under the coordinated control proposed in this paper, as shown in Figure 10d, the currents of the VSC1 and VSC3 are adjusted from 0.1813 kA and 0.2110 kA at 1.5 s to the same current value of 0.194 kA at 2.3 s when the VSC2 is withdrawn.



Obviously, the comparative analysis reveals that the improved droop control effectively distributes the load current to each power source based on its capacity when disturbances occur during operation. As a result, each power source is fully utilized. Additionally, the enhanced tracking and disturbance immunity of the VSC current inner loop enables the rapid restoration of the DC system voltage to its rated value after disturbances. This contributes significantly to improving the voltage quality and operational stability of the DC system.





5. Conclusions


The voltage stability control of the DC distribution network is not only related to the control strategy between the converter stations, but is also closely related to the VSC control strategy. In this paper, a voltage-power coordinated control strategy of the DC distribution network based on a UDE is proposed, with the control objective of improving its voltage stability while achieving reasonable load current sharing, which includes an improved droop control strategy and improved VSC current inner loop control strategy.



The main findings of this study can be summarized as follows:



(i) To achieve a reasonable sharing of load power among power sources and enhance the operational quality of a DC system’s voltage, an improved droop control strategy based on a UDE is proposed. Firstly, the capacity ratio of each source converter is introduced into the droop control. Subsequently, the traditional droop control commonly used in DC distribution networks is improved based on the UDE control theory. Through simulation verification, the proposed droop control method in this study demonstrates a superior load current sharing performance and DC system voltage stability compared to traditional droop control, even under disturbances such as power source variations and changes in the system parameters.



(ii) To enhance the tracking performance and anti-disturbance ability of the VSC current inner loop control, as well as to enhance the voltage stability of the DC system, the VSC current inner loop control is improved based on a UDE. The simulation results indicate that the proposed VSC current inner loop controller exhibits excellent tracking and immunity to disturbances during AC system faults, with minimal transient processes. These advancements contribute to strengthening the robustness and stability of the DC system’s voltage.



This paper focused on the stability of the DC bus voltage and reasonable power sharing of DC distribution networks. It primarily involved a theoretical analysis level, combined with engineering applications that still have limitations, such as a lack of consideration for the communication between the converter stations’ coordinated control, as well as the absence of considerations for operational variable collection and the implementation of hardware and software for the controllers. These aspects warrant further research and attention in future studies.
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Figure 1. Structure of the DC distribution network and its voltage-power control system. 
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Figure 2. Steady-state equivalent circuit for double-terminal DC distribution system. 
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Figure 3. Droop characteristic curves with different droop coefficients. 
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Figure 4. The improved droop controller structure in the DC distribution network. 
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Figure 5. The voltage-power coordinated control system in the DC distribution network (d-axis). 
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Figure 6. The VSC control characteristics with   μ = 800    rad / s    when  λ  is adjusted: (a1–a4) output voltage of VSC; (b1–b4) d-axis current of VSC. 
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Figure 7. The VSC control characteristics with   λ = 800    rad / s    when  μ  is adjusted: (a1–a4) output voltage of VSC; (b1–b4) d-axis current of VSC. 
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Figure 8. Output current of d/q axis of VSC: (a,b) with traditional PI dual-loop control; (c,d) with improved current inner loop control. 
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Figure 9. Output voltage of VSC: (a) with traditional PI dual-loop control; (b) with improved current inner loop control. 
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Figure 10. The droop characteristic verification in the DC distribution network: (a,b) with traditional droop control; (c,d) with coordinated control. 
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Table 1. System parameters.






Table 1. System parameters.





	
System Parameter

	
The VSC1

	
The VSC2

	
The VSC3






	
Grid-side voltage amplitude    V s  / V  

	
380

	
380

	
380




	
Grid-side voltage phase angle   δ / degree  

	
0

	
0

	
0




	
AC-side resistance    R s  / Ω  

	
0.03

	
0.03

	
0.03




	
AC-side inductance    L s  / mH  

	
0.25

	
0.25

	
0.25




	
DC-side capacitance    C  e q   /  μ F   

	
7800

	
7800

	
7800




	
DC-side inductance    L  e q   / mH  

	
0.1

	
0.1

	
0.1




	
Converter losses    P  l o s s   / kW  

	
5

	
5

	
5




	
Grid-connected line resistance    R l  / Ω  

	
0.3

	
0.2

	
0.2




	
Grid-connected line inductance    L l  / mH  

	
0.06

	
0.02

	
0.02




	
Converter transmitted active power rating    P ∗  / MW  

	
5




	
Converter transmitted reactive power rating    Q ∗  / MVar  

	
0




	
Grid-side frequency   f / Hz  

	
50




	
Switching frequency    f  s 1   / Hz  

	
8000
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Table 2. Parameters of PV system.






Table 2. Parameters of PV system.





	PV Parameter
	PV Parameter Values





	   Temperature   T / ° C   
	20



	   Radiation   intensity   G (    W / m   2  )   
	600



	   Maximum   transmitted   active   power    P  p v max   / MW   
	0.5



	   Filter   inductance    L p  / mH   
	0.1



	   Filter   capacitance    C p  /  μ F    
	3000



	   Grid - connected   line   resistance    R  l p v   / Ω   
	0.2



	   Grid - connected   line   inductance    L  l p v   / mH   
	0.01



	   Switching   frequency    f  s 2   / Hz   
	3600
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Table 3. Parameters of the controller.
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Controller Loops

	
Controller Parameter

	
Controller Parameter Values






	
The VSC inner loop (d-axis)

	
    k  pi   ( Ω )   

	
0.5




	
    k  ii   ( Ω / s )   

	
1/0.08




	
The VSC outer loop (d-axis)

	
    k  pv   ( Ω )   

	
3.5




	
    k  iv   ( Ω / s )   

	
1/0.0035




	
The VSC inner loop (q-axis)

	
    k  pi   ( Ω )   

	
0.5




	
    k  ii   ( Ω / s )   

	
1/0.08




	
The VSC outer loop (q-axis)

	
    k  pq   ( Ω )   

	
0.3




	
    k  iq   ( Ω / s )   

	
1/0.02




	
Droop control coefficient

	
    R  d i   (  kV / kA  )   

	
3




	
Boost transformer coefficient

	
    k  p b o o s t   ( Ω )   

	
1




	
    k  i b o o s t   ( Ω / s )   

	
0.5
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