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Abstract

:

In a bipolar DC distribution network, the unbalanced load resistance, line resistance and renewable energy source will cause an unbalanced current for each node of the neutral line and lead to its unbalanced voltage. This is a unique power quality problem of bipolar DC distribution networks, which will increase the power loss in the network and lead to overcurrent protection of the neutral line in serious cases. A voltage balancer can be adopted to suppress the unbalanced voltage and current. However, the existing literature does not consider the consistent application of multiple voltage balancers in a multi-node bipolar DC distribution network. This paper creatively proposes a consensus control topology combining primary control and secondary control in a radial multi-node bipolar DC distribution network with voltage balancers. In this paper, the formulas for the positive and negative current and duty cycle of a bipolar DC distribution network with voltage balancers are derived, and improved voltage balancer modeling based on a consensus algorithm is built. The radial multi-node bipolar DC distribution network is established in MATLAB/Simulink. The simulation results compare the consensus control with the traditional droop control and verify the effectiveness of the new control structure with voltage balancers.
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1. Introduction


The application of DC distribution is an effective method of power transmission [1]. With the addition of various DC loads, it can be found that the efficiency of the DC distribution network is much higher [2]. With the development of a DC microgrid, the DC distribution system has attracted more attention [3]. The structure diagram of a traditional DC distribution network is presented in Figure 1. Compared with the AC distribution system, it has many advantages [4]:




	
The DC distribution system has fewer power conversion stages, which can reduce power losses [5];



	
In a DC distribution system, renewable energy sources (RESs), electric vehicles and other DC loads are easier to join the power system [6];



	
The DC distribution system can avoid the difficulty of frequency and phase synchronization that the AC system often needs to consider [7].








According to the number of DC buses, the existing DC distribution network system can generally be divided into two types of DC bus frames: unipolar and bipolar DC bus configurations [8]. In the three-wire bipolar DC distribution network, the configuration has one more neutral bus than the unipolar DC distribution network. Therefore, the bipolar DC distribution network will not adopt only one voltage level in the same way as the unipolar DC distribution network. A bipolar DC distribution network can provide two voltage levels with fewer buses: the pole-to-neutral and the pole-to-pole voltage [9]. Application of the bipolar DC structure can effectively reduce the power conversion and improve the overall efficiency [10]. In this case, the distributed generation (DG), green buildings and electric vehicle charging stations can be more flexibly integrated to improve the utilization of the DC power system [11]. Meanwhile, the conduction losses are four times lower than those of the two-wire unipolar DC distribution system [12]. In the structure of a bipolar DC distribution network, similar to the three-phase AC system, multiple voltage levels are provided, which will greatly improve the stability of the system due to the independent operation of the two poles [13]. Moreover, even when one of the DC buses fails, the other two lines can ensure the normal operation of the system [14].



Despite the advantages of a bipolar DC distribution network, there is still the unique power quality problem of positive and negative unbalanced voltages in practical operation [15]. The difference between the DC loads and RESs in a bipolar DC distribution network will lead to a neutral line unbalanced current and further lead to the voltage deviation of different nodes [16]. The unbalanced voltage will also increase the power loss of the system and accelerate the aging speed of the instruments [17]. Therefore, it is necessary to adopt an appropriate method to regulate the unbalanced voltage in the bipolar DC distribution network.



According to the existing literature, there are three types of control methods for adopting devices for the suppression of an unbalanced voltage. The comparison of different control methods is presented in Table 1, and they are as follows:




	
Compensation device: an electric spring (ES) is introduced as compensation equipment in a bipolar DC distribution network;



	
Switching device: serial and parallel automatic commutation switch methods are adopted to control the unbalanced voltage;



	
Interconnection device: VSC and power flow controllers are interconnected with the bipolar DC distribution network to control the unbalanced voltage.








For the method of compensation device, the DC ES is introduced to alleviate the unbalanced voltage caused by a constant power load (CPL) in the bipolar DC distribution network [18]. Due to the existence of the neutral line in a bipolar DC distribution network, the positive and negative voltages are coupled. This method can improve the stability of the system. In [19], the ES was applied to the control of the unbalanced voltage and power losses in the bipolar DC distribution network. Through the proposed method, the control system was simplified, and the anti-interference ability of the system was improved. However, the regulation effects of ES in [18,19] were seriously influenced by the battery capacity and power of the non-critical load.



For the switching device, the authors of [20] proposed a method to regulate the unbalanced voltage and current. The serial automatic commutation switch (ACS) was applied in the control method to adjust the power polarity of the DC loads. Subsequently, the effectiveness of the proposed control method was verified through the simulation results. However, additional switches were required for the proposed control system, which would increase the cost. On the basis of ACS and a genetic algorithm, an unbalanced DC load parallel switching control method was proposed in [21]. The proposed method can suppress the unbalanced loads, voltages, currents and power losses considerably. However, each node needs to be collected, and the operation is rather complex.



For the interconnection device, a buck three-level converter of the proposed model is adopted to assess the power conversion efficiency in the unbalanced bipolar DC microgrid [22]. However, compared with the two-level converter, the three-level converter has higher complexity and a higher cost. In [23], a strategy to realize power flow control (PFC) of the DC distribution network and balance of the positive and negative voltage or power is proposed. The application of series-parallel PFC in a bipolar DC distribution system is studied. Under the constant voltage control, the proposed method can achieve the regulation of the unbalanced currents and flexible control of DC PFC in the bipolar DC distribution network. However, the proposed method of series-parallel PFC cannot regulate the unbalanced voltage of the end nodes adequately.



The existing research on consensus control in a DC microgrid has made considerable progress. In [24], a new deep learning model was proposed for consensus control prediction to adjust the SOC in a DC microgrid to ensure the stable operation of the power system. However, this model requires a huge amount of training data, which increases the workload and complexity. The authors of [25] proposed consensus control considering the average voltage droop value due to line resistance and droop gain. This control structure can ensure the normal operation of the whole power system under fault conditions and system disturbances, which shows its strong robustness. A distributed timing secondary controller based on the average consistency algorithm was introduced in [26]. The controller can update the control gain independently and realize the voltage regulation of the DC bus, and the secondary controller can accelerate the convergence and ensure the power system is more stable. However, the authors only consider the DC distribution network in island mode, and the radial DC distribution network with an AC source is not considered.



In order to balance the bus voltage and current to ensure the system operates safely within the rated range, a voltage balancer (VB) can be introduced into a bipolar DC distribution network [27]. The VB can supply power to the positive and negative poles while ensuring the pole-to-neutral voltages are equal in a bipolar DC distribution network [9]. The above references do not discuss the structure of the circuit when multiple VBs participate in a radial multi-node bipolar DC distribution network, nor do they discuss the voltage or current unbalance coefficients. Normal operation of the bipolar DC distribution network needs VBs with large capacities. If the positive and negative power deviation is too large, the positive and negative voltage difference will be too large, and the VBs must be large enough to eliminate the deviation. In a bipolar DC distribution network, when one VB fails, the other VBs should be able to balance the bus voltage. Further research is needed on the control of multiple VBs involved in regulating the bus voltage balance.



This paper proposes an optimized consensus control structure based on a sparse communication network, and the main contributions of this study are as follows:




	
A radial multi-node bipolar DC distribution network with multiple VBs is constructed. This radial grid structure has only one AC main power supply. The AC main power supply can be cut off when it fails, and the rest of the DC side can be used as an island system and operate independently.



	
The positive and negative current formula of the multi-node bipolar DC distribution network is derived, and the effects of the line resistance, load resistance, and VB switching duty ratio on the positive and negative current and stability of the system are discussed.



	
The secondary control based on the consensus algorithm with a sparse communication network is applied in a radial multi-node bipolar DC distribution network. The droop coefficient of the primary control is adjusted, and the voltage of the VB is controlled to ensure the stable operation of the power system.








The remaining structure of this paper is divided into four sections. Section 2 introduces the structure of the radial multi-node bipolar DC distribution network and analyzes the influence of the line resistance, load resistance and duty cycles of the switches in the VBs on the DC bus current. In Section 3, the VB dynamic equations are analyzed, and the secondary control based on the consensus algorithm is constructed. Subsequently, the structure of the primary and secondary control is synthesized. Section 4 shows the simulation results. Section 5 is a summary of this paper.




2. Configuration of the Bipolar DC Distribution Network and Discussion on the DC Bus Current


A configuration of the radial multi-node bipolar DC distribution network with VBs is proposed in Figure 2. The proposed configuration of a DC distribution system includes the following parts: the AC source provides AC voltage; an AC/DC converter transfers the AC voltage to DC bus voltage; the VB converts the unipolar DC bus voltage into a three-wire bipolar DC voltage after regulation; and the DGs, energy storage system, constant power loads (CPL) and constant voltage loads (CVL) are connected to the bipolar DC distribution network system.



Figure 3 shows a structure diagram of the radial bipolar DC distribution network with VBs, including the distributed generation part and AC grid part. The PV power can serve as an RES. The unipolar DC voltage generated by the PV array is boosted by DC/DC converter and then converted into the three-wire DC bus voltage by the VB. For the AC grid part, the AC bus voltage is converted to unipolar DC bus voltage by an AC/DC converter and then converted into the three-wire bipolar DC bus voltage by the VB.



In a bipolar DC distribution network, the DC bus voltage and current deviation are important indexes to measure the power quality and power balance. The positive and negative unbalanced power supply, load and line resistance will lead to the unbalanced DC bus current and further increase the voltage deviation. The increase in the unbalanced current and voltage will seriously affect the normal operation of the system, which needs to be controlled. Therefore, the application of the voltage and current unbalance coefficient to evaluate the stability of the bipolar DC distribution network is significant. If the voltage unbalance coefficient is too large and exceeds the rated value, it will cause a large power loss and have a negative influence on the operation of loads [28]. According to ANSI C84, when the voltage unbalance coefficient is less than 3%, the system will operate stably in the whole process. The equation of the voltage and current unbalance coefficient is given in [29,30]:


   {     ε u  % =    |   U  d p   −  U  d n    |    (  U  d p   +  U  d n   ) / 2        ε i  % =    |   I  d p   −  I  d n    |    (  I  d p   +  I  d n   ) / 2        



(1)




where Udp and Udn are the positive and negative bus voltages, respectively. Idp and Idn are the positive and negative bus currents, respectively.



In order to further study the current unbalance coefficient in the power system, it is necessary to obtain the relationship between the positive and negative currents in the bipolar DC distribution network. The simplified structure of Figure 4 is obtained by modeling the VB in Figure 3.



For the convenience of calculation, two nodes were adopted for discussion in this model. The duty cycle of the two switches in one VB discussed was complementary. Therefore, the positive and negative voltage of node 1 were set to D1uref and (1 − D1)uref, respectively, and the positive and negative voltage of node 2 were set to D2uref and (1 − D2)uref, respectively. The equation was obtained according to Kirchhoff’s law from Figure 4:


   {    −  D 1   u  r e f   +  I  p x    r x  + (  I  p x   +  I  p y   )  R p  − (  I  n x   −  I  p x   )  r x  = 0     − ( 1 −  D 1  )  u  r e f   +  I  n x    r x  + (  I  n x   +  I  n y   )  R n  + (  I  n x   −  I  p x   )  r x  = 0     −  D 2   u  r e f   +  I  p y    r y  + (  I  p y   +  I  p x   )  R p  − (  I  n y   −  I  p y   )  r y  = 0     − ( 1 −  D 2  )  u  r e f   +  I  n y    r y  + (  I  n y   +  I  n x   )  R n  + (  I  n y   −  I  p y   )  r y  = 0      



(2)




where D1 and D2 are the duty cycles of the positive switch of node 1 and node 2, respectively; uref is the rated value of the voltage difference between the positive and negative buses of a bipolar DC distribution network; Ipx and Inx are the positive and negative currents of node 1, respectively; Ipy and Iny are the positive and negative currents of node 2, respectively; rx and ry are the line resistance of node 1 and node 2, respectively; and Rp and Rn are the positive and negative load resistance between node 1 and node 2, respectively.



According to Equation (2), it can be concluded that the positive and negative line currents of node 1 and node 2 meet the following criteria:


   {     I  p x   = [  u  r e f   ( (  D 1  −  D 2  )  R n   R p   r x  + 3 (  r x  +  D 1  (  R n  +  r x  ) )  r y 2  + ( (  D 1  −  D 2  )  R n   R p  +  D 2  (  R n  − 2  R p  )  r x  + 2  D 1  (  R n  +  R p  )  r x  )  r y  ) ] / Z      I  n x   = [  u  r e f   ( (  D 1  −  D 2  )  R p   R n   r x  + 3 (  r x  +  D 1  (  R p  +  r x  ) )  r y 2  + ( (  D 1  −  D 2  )  R p   R n  +  D 2  (  R p  − 2  R n  )  r x  + 2  D 1  (  R p  +  R n  )  r x  )  r y  ) ] / Z      I  p y   = [  u  r e f   ( (  D 1  −  D 2  )  R n   R p   r y  + 3 (  r y  +  D 1  (  R n  +  r y  ) )  r x 2  + ( (  D 1  −  D 2  )  R n   R p  +  D 2  (  R n  − 2  R p  )  r y  + 2  D 1  (  R n  +  R p  )  r y  )  r x  ) ] / Z      I  n y   = [  u  r e f   ( (  D 1  −  D 2  )  R p   R n   r y  + 3 (  r y  +  D 1  (  R p  +  r y  ) )  r x 2  + ( (  D 1  −  D 2  )  R p   R n  +  D 2  (  R p  − 2  R n  )  r y  + 2  D 1  (  R p  +  R n  )  r y  )  r x  ) ] / Z     Z = 3  R n  (  r x  +  r y  ) ( 2  r x   r y  +  R p  (  r x  +  r y  ) ) + 3  r x   r y  ( 3  r x   r y  + 2  R p  (  r x  +  r y  ) )      



(3)







The specific effects of the duty cycles, line resistance and load resistance on the positive and negative line currents could be obtained from Equation (3) by setting the value range of both rx and ry to [0.01–0.1] Ω. The rated value of the voltage uref was 30 V, and the load resistance Rp and Rn were both 1 Ω. When D1 and D2 were not equal (setting D1 = 0.45, D2 = 0.55), the variation curve of the positive and negative DC bus currents of node 1 and node 2 could be obtained according to Equation (3). The results are presented in Figure 5.



As can be seen from Figure 5a, the changing trends of the positive currents of node 1 and node 2 were opposite, and the difference between them increased with the decrease in rx and ry. Figure 5b shows that the changing trends of the negative currents of node 1 and node 2 were the same, and their difference was almost the same with the change in rx and ry. In this condition, the bipolar DC distribution network system was in an unbalanced state. Therefore, the different duty cycle had a non-negligible impact on the currents of the bipolar DC distribution network.



In order to study the influence of the line resistance and load resistance on the power system and eliminate the influence of the duty cycle, we set D1 = D2 = 0.5. In this condition, the proposed VB model was in equilibrium, and Equation (3) could be simplified to


   {     I  p x   = (  ( 3   r x   r y  +  R n  (  r x  +  r y   ) )   r y   u  ref   ) / ( 2 Z )      I  p y   = (  ( 3   r x   r y  +  R n  (  r x  +  r y   ) )   r x   u  ref   ) / ( 2 Z )      I  n x   = (  ( 3   r x   r y  +  R p  (  r x  +  r y   ) )   r y   u  ref   ) / ( 2 Z )      I  n y   = (  ( 3   r x   r y  +  R p  (  r x  +  r y   ) )   r x   u  ref   ) / ( 2 Z )     D =  R n  (  r x  +  r y   ) ( 2     r x   r y  +  R p  (  r x  +  r y   ) ) +   r x   r y   ( 3   r x   r y   + 2   R p  (  r x  +  r y   ) )       



(4)







Figure 6 presents that when the duty cycles D1 = D2 = 0.5, the absolute values of the positive and negative currents of node 1 and node 2 were equal. In this case, the absolute values of the currents of node 1 and node 2 were not equal. In order to coordinate multiple VBs to balance the power system in a radial multi-node bipolar DC distribution network, it was necessary to add a secondary control based on a consensus algorithm to the bipolar DC distribution network.




3. Design of Primary and Secondary Controllers for the Multi-Node Bipolar DC Distribution Network


3.1. Small-Signal Analysis of the Voltage Balancer


The proposed bipolar DC distribution network with a half-bridge VB structure can keep the balance of the positive and negative DC bus currents when the duty cycles between nodes are equal. However, due to the existence of line resistance (RL) and load resistance, there must be deviations between the bus voltages. In order to solve the unbalanced voltage and current, the derivation formula of the control scheme for a half-bridge VB was adopted. Through analysis and calculation, the relevant parameters of the primary control in Figure 7 could be obtained. In this paper, uppercase letters represent the steady state parameters, such as how Ipx and Inx are the positive and negative currents of node 1 under a steady state, respectively, and lowercase letters represent dynamic parameters, such as how iL is the input current of the inductor in the VB, up, and un are the positive and negative bus voltages under a dynamic state, respectively, and    d ^  ,      u ^   n  ,      i ^   L  ,    and       u ^    d c     represent the small disturbance parameters of the duty cycle, negative bus voltage, current of the inductor and DC bus voltage, respectively [31].



Figure 3 presents the structure of the bipolar DC distribution network with a half-bridge VB. When the constructed grid structure was in normal operation, the switches Q1 and Q2 in the VB adopted complementary PWM control, because the main objective of this study was to ensure the balance of positive and negative bus voltages in the bipolar DC distribution network. By setting the duty cycle of the switch Q1 to d1, the duty cycle of the complementary switch Q2 was (1 − d1). According to the structure of the bipolar DC distribution network in Figure 3, the average equation of the VB of node 1 is as follows:


   {     i L  +  C 1    d  u p    d t   −  i n  −  C 2    d  u n    d t   = 0     L   d  i L    d t   −  d 1   u p  + ( 1 −  d 1  )  u n  = 0      i N  =    u n     R n    −    u p     R p         u  d c   =  u p  +  u n       



(5)




where iL is the input current of the inductor in the VB, iN is the output current of the inductor in the VB, which is also the neutral line current, up and un are the positive and negative bus voltages, respectively, C1 and C2 are the positive and negative capacitances, respectively, d1 and (1 − d1) are the duty cycles of switches Q1 and Q2, respectively, L is the inductance of the VB and udc is the difference the voltages of the positive and negative poles.



When C1 and C2 are equal, the voltage deviation of the bipolar DC distribution network can be reduced, and the calculation of the power system transfer function can be simplified:


   {    2 C   d  u n    d t   =  i L  −  (     u n     R p    +    u n     R n    −    u  d c      R p     )      L   d  i L    d t   =  d 1   u  d c   −  u n       



(6)







In order to design the controller of the circuit loop as shown in Figure 7, it was necessary to build a model and analyze the small signal of the proposed half-bridge VB:


   {    d ( t ) = D +  d ^       u n  ( t ) =  U n  +   u ^  n       i L  ( t ) =  I L  +   i ^  L       u  d c   ( t ) =  U  d c   +   u ^   d c        



(7)







By combining Equations (6) and (7), the small-signal simulation equation of the AC state for the half-bridge VB could be obtained:


   {    2 C   d    u ^   n    d t   =   i ^  L  −  (       u ^   n     R p    +      u ^   n     R n     )  +      u ^    d c      R p        L   d    i ^   L    d t   = D   u ^   d c   −   u ^  n  +  U  d c    d ^       



(8)







Then, the transfer function of the controller could be expressed as


   G  v d   ( s ) =          u ^   n  ( s )    d ^  ( s )    |       u ^    d c   ( s ) = 0   =    U  d c     2 L C  s 2  + (  1   R p    +  1   R n    ) L s + 1    



(9)








3.2. Consensus Control of the Voltage Balancers in the Multi-Node Bipolar DC Distribution Network


From the influence results of the line resistance and load resistance on the positive and negative bus currents in Section 2, the voltage and current balance of the bipolar DC distribution network needed further control system influence. In order to solve this problem, this paper adopts the distributed consensus control combining primary control and secondary control.



Figure 7 presents that in the multi-node bipolar DC distribution network, the balance of the positive and negative DC buses could be realized through the consensus control of multiple parallel VBs. In order to realize the control function of multiple VBs, it was necessary to apply a sparse network in a bipolar DC distribution network system. The existence of line resistance and load resistance would aggravate the bus voltage deviation of the bipolar DC distribution network.



The primary control part in Figure 7 adopts the voltage and current double closed-loop structure, in which the outer loop is the voltage loop and the inner loop is the current loop. The inputs of the voltage loop are the positive and negative voltage error. After the PI control, the current reference value of VB is obtained. Then there is the current loop, which also applies PI control, and the output is the duty cycle signal of Q1. The primary control cannot fully ensure the balance of the positive and negative DC bus voltages. The proposed secondary control in Figure 7 is a distributed control based on the consensus control principle, which further controls the voltage generated by the primary control. This control can realize consensus control through data information exchange between adjacent contacts. Here, i and j represent two adjacent distributed generators in a bipolar DC distribution network. Its data information exchange principle is as follows:


   ξ i ′  = −   ∑  j = 1  N    a  i j   (  ξ i  −  ξ j  )   i = 1 , 2 , ⋯ , N    



(10)




where ξi and ξj represent the state variables of node i and node j, respectively, and aij is the communication weight of the information exchange between node i and node j.



Due to the existence of the line resistance and loads mentioned above, there will be deviations in the positive and negative DC bus voltages. Therefore, it is more effective to adopt the average value of the DC bus voltage to participate in the secondary control in the bipolar DC distribution network. The secondary control not only needs to provide a reference voltage for the primary control but also adjust the average voltage of the DC bus. According to the average consensus algorithm, the average voltage of the positive and negative DC buses of the ith half-bridge VB can be obtained as follows:


   {     u  a v g p i   =  u  p i   −   ∫    ∑  j = 1  N    a  i j   (  u  a v g p i   −  u  a v g p j   ) d t           u  a v g n i   =  u  n i   −   ∫    ∑  j = 1  N    a  i j   (  u  a v g n i   −  u  a v g n j   ) d t           



(11)




where upi and uni are the positive and negative DC bus voltage of the ith half-bridge VB, respectively, node i and node j are connected through a sparse network under consensus algorithms and uavgpi, uavgpj, uavgni and uavgnj are the average output voltages of the positive and negative buses of the ith and jth half-bridge VB, respectively.



The secondary control system will regulate the average output voltages of the DC buses according to the state information of adjacent distributed power generations. The errors between the DC bus reference voltage uref and the average voltage uavgpi and uavgni of the positive and negative DC buses are obtained. Then, the correction values of the positive and negative DC bus voltages are generated through the PI controller. When the DC bus reference voltage uref is greater than the average DC bus voltage of the VB, the correction value is positive, which means the output value of the PI controller will increase the reference voltage of the voltage droop control and then increase the average DC bus voltage of the VB:


   {    Δ  u  p i   =  k  P p i   (  u  r e f   −  u  a v g p i   ) +  k  I p i     ∫  (  u  r e f   −  v  a v g p i   ) d t        Δ  u  n i   =  k  P n i   (  u  r e f   −  u  a v g n i   ) +  k  I n i     ∫  (  u  r e f   −  v  a v g n i   ) d t         



(12)




where Δupi and Δuni are the positive and negative bus voltage correction values, respectively, and kPpi, kPni, kIpi, and kIni are the proportional coefficient and integral coefficient of the PI controller in the secondary control system at the positive and negative poles of node i, respectively.




3.3. Stability Analysis of the Bipolar DC Distribution Network


In order to study the effectiveness of the proposed control structure on the stability of the multi-node bipolar DC distribution network, the small-signal model of the control strategy is investigated. In addition, the root locus and Nyquist plot are also shown to analyze the stability. To facilitate analysis, in the proposed bipolar DC distribution network, the DG was connected to the DC bus through a DC/DC converter and VB without considering the switching loss and line loss. The power equation of the VB can be expressed as follows:


   {     u  d p    i  d p   =  (  C   d  u p    d t   +  i p   )   u p       u  d n    i  d n   =  (  C   d  u n    d t   +  i n   )   u n       



(13)







According to Equation (13), the linearization equation can be obtained:


   {    C Δ   u ˙   p 0   =    u  d p   Δ  i  d p      u  p 0     −    i  p 0   Δ  u  p 0      u  p 0     − Δ  i  p 0       C Δ   u ˙   n 0   =    u  d n   Δ  i  d n      u  n 0     −    i  n 0   Δ  u  n 0      u  n 0     − Δ  i  n 0        



(14)




where up0 and un0 are the positive and negative bus voltages at a stable state, respectively, and ip0 and in0 are the positive and negative currents of the loads under a stable state, respectively.



According to Equation (14), the primary control dynamic structure diagram of the control system can be obtained (Figure 8a). The reference voltage Δup′ and the load current Δip served as the inputs. Meanwhile, the positive DC bus voltage was the output of the primary control system. Then, the transfer function of the primary control can be expressed as follows:


   {     G p  =    R p  (  k P  s +  k I  )   (  R p  +  R  d p   ) (  k P  s +  k I  ) + s  u  d p   (  R p  C s + 1 ) + s  R p   i  p 0          G n  =    R n  (  k P  s +  k I  )   (  R n  +  R  d n   ) (  k P  s +  k I  ) + s  u  d n   (  R n  C s + 1 ) + s  R n   i  n 0          



(15)




where Gp and Gn represent the positive and negative transfer functions of the primary control, respectively; kP and kI are the proportional coefficient and integral coefficient of PI in the primary control, respectively; and Rp and Rn are the positive and negative loads. The related parameters in the multi-node bipolar DC distribution network are shown in Table 2 and Table 3.



Based on the above small-signal analysis, the influence of the parameters under the primary control system on the stability of the DC distribution network was investigated. Considering that the control parameters of the converter were optimized, the influence of the change of the parameters kP and kI on the stability performance of the system was not taken into account. Figure 8b,c illustrates the root locus and Nyquist plot when the droop coefficient changes from 0.01 to 0.2, respectively. With the droop coefficient Rd varying from 0.01 to 0.2, the zeros and poles of the root locus system were located in the negative half plane, and the Nyquist curve did not surround the point (−1, j0). Therefore, the system under primary control was stable. According to [32], with the increase in the droop coefficient, the shunt accuracy of the system would improve, but the voltage unbalance coefficient would be increased. The main focus of this paper is to investigate the voltage unbalance coefficient of the bipolar DC distribution network under primary control with proposed consensus control. The subsequent simulation results in Section 4 will prove that after adding consensus control, the voltage unbalance coefficient will be much better than only adopting traditional droop control, even if the droop coefficient taken in traditional droop control is small. Therefore, the value of the droop coefficient does not need to be large, which was selected to be 0.02 in this paper.



Subsequently, the state space model of the proposed bipolar DC distribution network with primary and secondary control could be obtained. The stability of the proposed control system could be verified through the root locus plot and Nyquist plot, which are shown in Figure 9. It can be seen from Figure 9a that the zeros and poles of the root locus system were located in the negative half plane. According to Figure 9b, the Nyquist plot of the proposed system did not surround the point (−1, j0). Therefore, from analysis of Figure 9, the proposed bipolar DC distribution network with the control system was stable.





4. Simulation Results


In order to verify the effectiveness of the coordinated management strategy of multiple voltage balancers based on the combination of consensus control and droop control proposed in this paper, a four-node bipolar DC distribution network experimental system with four VBs in parallel was built in MATLAB/Simulink. The parameters adopted in the simulation were the same as those in Table 2, and the rest of the parameters regarding the different loads of each node are shown in Table 3.



4.1. Comparison of the Results between Traditional Droop Control and Consensus Control


In order to verify the effectiveness of the unbalanced voltage control strategy on the basis of consensus control for VBs proposed in this paper, a comparative analysis was made between the system that only adopted droop control and the system that added secondary control based on consensus control. From 0 s to roughly 2 s, only the primary control of voltage droop control was used for the bipolar DC distribution system to regulate the voltage deviation. After 2 s, the secondary control based on consensus control proposed in this paper was added to the bipolar DC distribution network. The simulation results are shown in Figure 10.



It can be seen from Figure 10 that during 0~2 s, due to the influence of the line resistance and load resistance in the multi-node bipolar DC distribution network system, the positive and negative DC bus voltage of each node would deviate from the rated value of 15 V. By adopting the discussion of the voltage unbalance coefficient in Section 2, it was concluded that the sum of the voltage unbalance coefficients of the four nodes was larger than the rated value (12%):


     ε u  % =  ε 1  +  ε 2  +  ε 3  +  ε 4      = 7 % + 2.1 % + 0.8 % + 2.2 %     = 12.1 %    



(16)







Additionally, the voltage unbalance coefficient of node 1 was nearly 7%, far exceeding the upper limit value of 3%, which means the bipolar DC distribution network system was not in a stable condition.



After 2 s, the secondary control based on the consensus algorithm was added to the control system. Then, the positive DC bus voltages had an increasing trend approaching 15 V, the negative DC bus voltages had a decreasing trend approaching 15 V, and the overall trend of the voltage unbalance coefficient was a decreasing one. The voltage unbalance coefficients were all within the rated range of 3%, and the sum of the voltage unbalance coefficients was much smaller after 2 s:


     ε u  % =  ε 1  +  ε 2  +  ε 3  +  ε 4       = 1   . 2 %  + 0.4 % + 0.4 % + 0.8 %     = 2.8 %    



(17)







Although there were still deviations between the DC bus voltages and the rated voltage of 15 V after 2 s, the deviations of all nodes were significantly reduced and remained below 3%. This proves the effectiveness of consensus control in a multi-node bipolar DC distribution network.




4.2. Effect of Consensus Control on the Average Output Voltage


This case was designed to show the performance of the proposed distributed consensus control combining primary control and secondary control. In the control system, the multiple parallel VBs under the information exchange of a sparse network could realize the balance of the positive and negative DC buses.



It can be seen from Figure 11 that the average voltage of the positive and negative buses shifted to 14.9 V due to the existence of line resistance and load resistance. Then, consensus control was adopted, and the average voltage of the positive and negative buses was raised to 15 V to reach balance control. The results demonstrate that the proposed secondary control could not only provide a reference voltage for the primary control system but also exert the consistency of the secondary control system to adjust the average voltage of the DC bus to reach the rated value of 15 V.




4.3. Influence of the Load Switching on the Multi-Node Bipolar DC Distribution Network


This case was designed to analyze the effects of different control methods when the load switched in a multi-node bipolar DC distribution network. In the initial stage of 0~1 s, the system only adopted traditional droop control for primary control. In the 1~2 s phase, the additional switching loads (Rsp = Rsn = 5 Ω) were placed between the positive and negative poles of node 2 and node 3. In the last stage of 2 s~4 s, the secondary control based on the consensus algorithm was adopted in the network. The simulation results are shown in Figure 12.



Figure 12 presents that the change in the positive and negative bus voltages in the initial stage of 0~1 s was the same as that under condition A. In the 1~2 s phase, all the voltage unbalance coefficients of the four nodes increased for the interference of additional loads. The unbalance coefficient of node 1 reached 7.5%, which was much higher than the rated value of 3%, which means that the bipolar DC distribution network system was in an unstable state. This stage shows that the control system only adopted droop control, as the primary control could not effectively control the unbalanced voltage. In the last stage of 2 s~4 s, consensus control was applied in the control system. The change trends of the positive and negative DC bus voltages of the four nodes were the same as that of case A; the positive voltages had an upward trend which approached 15 V, and the negative voltages had a downward trend which also approached 15 V. In addition, the voltage unbalance coefficients were reduced and nearing 0%. In order to quantitatively analyze the effectiveness of consensus control on the positive and negative bus voltages, the method of calculating the total voltage unbalance coefficient in case A was applied in this case:


     ε u  % =  ε 1  +  ε 2  +  ε 3  +  ε 4      = 1.2 % + 0.5 % + 0.75 % + 0.75 %     = 3.2 %    



(18)







After the load switching in the multi-node bipolar DC distribution network, the whole system could still significantly reduce the voltage unbalance coefficients of all nodes and keep them within the rated range, which proves the effectiveness of consensus control.



Figure 13 presents the sum of the power losses of the four nodes on the neutral line. When the loads were switched at 1 s, the power loss on the neutral line was reduced. After 2 s, the proposed consensus control was added, and the power loss on the neutral line was further reduced. Figure 14 illustrates the changes in the positive and negative load voltages and voltage unbalance coefficients when the DC bus rated voltage changed from 30 V to 60 V. As can be seen from Figure 14, the positive and negative load voltages changed twice as much as before, and the changing trend was consistent with Figure 12a,b. Moreover, the voltage unbalance coefficients were consistent with Figure 12c. According to the analysis, it can be proven that the proposed control system had good effectiveness.




4.4. Effects of Consensus Control on the Excessive Line Resistance


Grid failure will cause the line resistance to increase, resulting in a dangerous situation for the power system. This case was applied to verify that the proposed control strategy could effectively control the bus voltage and voltage unbalance coefficient. In this simulation, we set the line resistance to be much larger than before (e.g., 10 times the size of the previous resistance). The rest of the circuit design was the same as that in case C. During the 0~1 s interval, we only adopted droop control in the system; in the 1~2 s interval, we put the additional loads (Rsp = Rsn = 5 Ω) between node 2 and node 3; and in the 2~4 s interval, the coordinated control based on the combination of primary control and secondary control on the basis of a consensus algorithm was adopted. The obtained results are presented in Figure 15.



Figure 15 shows that within the 0~1 s interval, the changing trends of the positive and negative bus voltages were the same as those in case C, and the deviation of the voltage was more than before. In addition, the voltage unbalance coefficient of node 1 reached 9%. From 1 s to roughly 2 s, due to the addition of new loads between node 2 and node 3, the voltage unbalance coefficients of all nodes increased. The highest voltage unbalance coefficient of node 2 and node 3 increased to 8.7% and 4.2%, respectively. In this system, only the voltage unbalance coefficient of node 4 was below 3%; it was 2.1%. Then, under the influence of droop control, the voltage unbalance of node 2 and node 3 was reduced to close to 3.2%, still exceeding the maximum upper limit. At this time, the multi-node bipolar DC distribution network was in a severely unbalanced state. Within 2~4 s, the consensus control could exert its ability to control the DC bus voltage. The voltage variation trends of the four nodes were the same as those in case C. All the positive voltages showed an upward trend and were close to 15 V, and the negative voltages showed a downward trend and were close to 15 V. At this time, the voltage unbalance coefficients of the four nodes were all less than 3%, and the total voltage unbalance coefficient could be expressed as


     ε u  % =  ε 1  +  ε 2  +  ε 3  +  ε 4      = 1.4 % + 0.8 % + 0.4 % + 0.85 %     = 3.45 %    



(19)







Under the influence of excessive line resistance, the total voltage unbalance coefficient was slightly higher than that in case C, but it was still within the rated range. After applying consensus control in a multi-node bipolar DC distribution network, the whole system could significantly reduce the voltage unbalance coefficient of each node and keep it within 3% of the rated range, which proves the robustness and effectiveness of the proposed control system.




4.5. The Adaptability of Consensus Control to Voltage Unbalance Coefficients


In this case, the adaptability of the proposed consensus control to line resistance and load resistance in a multi-node bipolar DC distribution network will be discussed. We changed the line resistance between 0.1 Ω and 1 Ω and the load resistance to between 0.5 times and 1.5 times the previous value. Then, the voltage unbalance coefficients of the four nodes in the designed system were collected during droop control and consensus control, and we constructed the following histogram.



As can be seen from Figure 16a, although the line resistance was changing, the voltage unbalance coefficients of the four nodes did not change much during droop control or consensus control. After adding consensus control, the voltage unbalance coefficients were significantly reduced. This shows that the designed control system has strong robustness and stability. Figure 16b presents that with the load resistance changing from 0.5 times to 1.5 times, the voltage unbalance coefficients of the 4 nodes decreased during both droop control and consensus control. After consensus control was added, the voltage unbalance coefficients of the nodes decreased significantly. The control system could still maintain effectiveness when the line resistance and load resistance changed in the proposed multi-node bipolar DC distribution network. This shows that the adaptability of the proposed consensus control combining the primary control with the secondary control system was good.





5. Conclusions


This paper proposes a novel consensus control system combining primary control and secondary control of a radial multi-node bipolar DC distribution network with voltage balancers. The proposed system can complete the information exchange of multiple nodes based on a sparse communication system. The voltage balancers can provide multiple voltage interfaces and stabilize the unbalanced voltage of the circuit system. In this paper, the equations of the positive and negative currents and duty cycle of the voltage balancers in a bipolar DC distribution network are deduced, and the effects of the line resistance and load resistance on the power system stability are discussed. The simulation results show that the consensus control can still maintain the stability of the power system after switching the load. The proposed consensus control can also reflect its effectiveness when the line resistance and load resistance change. The designed control system is robust and effective, which is conducive to the stable operation of the bipolar DC distribution network.
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Figure 1. Configuration of a traditional DC distribution network. 
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Figure 2. Configuration of the radial multi-node DC distribution network with voltage balancers. 
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Figure 3. The system structure diagram of radial bipolar DC distribution with voltage balancers: (A) AC side and (B) DC side. 
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Figure 4. Simplified model of the voltage balancer. 
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Figure 5. Influence of line resistance on (a) positive DC current and (b) negative DC current when duty cycles D1 = 0.45 and D2 = 0.55. 
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Figure 6. Influence of line resistance on (a) positive DC current and (b) negative DC current when duty cycles D1 = D2 = 0.5. 
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Figure 7. Block diagram of multi-node bipolar DC distribution network with consensus control. 
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Figure 8. (a) The structure, (b) root locus, and (c) Nyquist plot of the primary control system with the droop coefficient in the bipolar DC distribution network. 






Figure 8. (a) The structure, (b) root locus, and (c) Nyquist plot of the primary control system with the droop coefficient in the bipolar DC distribution network.



[image: Electronics 11 00166 g008]







[image: Electronics 11 00166 g009 550] 





Figure 9. The (a) root locus and (b) Nyquist plot of the proposed control system in the bipolar DC distribution network. 
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Figure 10. After adopting traditional droop control and adding consensus control, the changes in the (a) positive voltage (b) negative voltage and (c) voltage unbalanced coefficient in multi-node bipolar DC distribution network. 
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Figure 11. The effect of distributed consensus control combining primary control and secondary control on the average voltage of the (a) positive bus and (b) negative bus. 
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Figure 12. After the load switching, the influence of traditional droop control and consensus control on the multi-node bipolar DC distribution network’s (a) positive voltage, (b) negative voltage and (c) voltage unbalance coefficient. 
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Figure 13. The sum of power losses of the neutral line. 
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Figure 14. When the bus voltage is increased to 60 V, the effects on the (a) positive load voltage, (b) negative load voltage and (c) voltage unbalance coefficient under the proposed consensus control. 
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Figure 15. Under the condition of high line resistance, the influence of traditional droop control and consensus control on the (a) positive voltage, (b) negative voltage and (c) voltage unbalance coefficient. 






Figure 15. Under the condition of high line resistance, the influence of traditional droop control and consensus control on the (a) positive voltage, (b) negative voltage and (c) voltage unbalance coefficient.



[image: Electronics 11 00166 g015]







[image: Electronics 11 00166 g016 550] 





Figure 16. Variation of multi-node voltage unbalance coefficient with (a) line resistance and (b) load resistance under droop control and consensus control. 






Figure 16. Variation of multi-node voltage unbalance coefficient with (a) line resistance and (b) load resistance under droop control and consensus control.



[image: Electronics 11 00166 g016]







[image: Table] 





Table 1. Comparison of different unbalanced voltage control methods.
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Methods

	
The Branch Methods

	
Advantages

	
Disadvantages






	
Compensation device

	
Electric spring (ES) [18,19]

	
1. Improve the stability of the system

2. Control of unbalanced voltage and power losses

	
Influenced by battery capacity and power of the non-critical load




	
Switching device

	
Serial automatic commutation switch [20]

	
1. Regulate the unbalanced voltage and current

2. Suppress the unbalanced loads, voltages, currents and power losses considerably

	
1. Additional switches are required, which will increase the cost

2. Each node needs to be collected and the complexity is increased




	
Parallel automatic commutation switch [21]




	
Interconnection device

	
VSC [22]

	
1. Assess the power conversion efficiency

2. Regulation of the unbalanced currents and flexible control of DC PFC

	
1. Higher complexity and higher cost

2. Cannot regulate the unbalanced voltage of the end nodes adequately




	
Power flow controller [23]
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Table 2. The parameters of the bipolar DC distribution network.
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	Parameter
	Value
	Parameter
	Value





	uref/V
	30
	kP
	0.03



	RL/Ω
	0.01
	kI
	3



	Rdp = Rd
	0.02
	L/mH
	5



	Rdn = Rd
	0.02
	C/mF
	1.8
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Table 3. Configuration of positive and negative loads.
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	Load (Ω)
	Node 1
	Node 2
	Node 3
	Node 4





	Rp
	1
	5
	10
	5



	Rn
	5
	8
	5
	2
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