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Abstract

:

The multi-terminal AC/DC system will become one of the important forms of the future power grid. The negative impedance characteristic caused by the constant power load in the DC network will reduce the power transfer capacity between the terminals, especially when a grid fault occurs in AC system at any terminal. Energy storage has played an important role in improving the stability of AC and DC systems. This paper proposes an additional control method based on an energy storage system to improve system power transfer capacity with low cost. The state space model of two-terminal AC/DC system is established, and the feedback laws for additional control are further designed by Lyapunov theory. Furthermore, the additional control strategies based on the energy storage system is built, without changing the existing control system of each control object. Finally, the corresponding system simulation model is established by Matlab/Simulink for analysis and verification. The research results show that the proposed additional control method is effective. The power transfer limitation can be overcome by only adding small damping energy with the stable DC voltages under large disturbances, and the power transfer capacity between the terminals can be significantly improved with low control cost.






Keywords:


AC/DC system; energy storage; stability; control; Lyapunov theory












1. Introduction


Due to the rapid development and wide application of the renewable energy, new material and, power electronic technology, and the growing requirement for high power supply quality, reliability, and efficiency, the current AC power distribution system is facing great challenges like diversified requests for power customers, modularized connection of the distributed renewable energy, and complex control of power flow, etc. On the one hand, the form and the number of electrical devices in the power distribution system have changed: a large amount of DC facilities like electrical vehicles, energy storage equipment have been put into use [1]. On the other hand, if the distributed generation (DG) of a photovoltaic system and fuel cell connect directly to the DC grid, the conversion links can be reduced, so the efficiency of the system can be improved [2]. Thus, the growing need for DC devices makes the development of DC power distribution technology an inevitable tendency in the future. Currently, the AC devices are still the main load in the power system. With the connection of the DC equipment, the AC and DC loads will be coexistant for a long period. Therefore, the AC/DC hybrid system is going to play an important role in the future [3,4,5].



In America, Virginia Tech builds a hybrid power distribution system based on the connection of layered AC and DC subgrid [6]. North Carolina State University proposes a future renewable electric energy delivery and management (FREEDM) system [7]. They build a 400 V DC system and a 120 V AC system which are connected to the power grid via intelligent energy management (IEM). The microgrid system of Osaka University [8] and the universal and flexible power management (UNIFLEX) in Europe [9] both design their own AC/DC hybrid system. The AC/DC hybrid system has different structures like point-to-point interconnection or looped circle, hand-to-hand connection, parallel supply pattern, and its derived forms and so on. Among them, the multi-terminal interconnection configuration has fundamentally changed the original structure of the AC power distribution system as well as the connectivity of its branches. The system thus has flexible controllability, diversified topology structure and good network connectivity. This brings remarkable improvement to the system in terms of functional flexibility and power supply reliability. Apart from this, multiple power electronic converters in the DC system, especially VSCs which control the power flow between the DC and AC system, can transfer the power flow from weak AC system to another safe area through DC system by coordinate control, in order to compensate the reactive power and balance the system load. Through multi-terminal coordinate control, system has wider range of power sharing ability and power supply capability. This means that, with the help of the controllable DG, flexible topology of multi-terminal DC interconnection and accurate power flow control, the AC/DC hybrid system can provide plenty of functions like emergency control, power oscillation damping and dynamic mutual voltage support, etc., which can reduce the impact and influence caused by disturbances, therefore, improving the global stability of the whole system. Currently, the demonstration project of a multi-terminal DC system in Baolong, Shenzhen [10] and hybrid AC/DC microgrid with multi-bus structure in Shangyu, Zhejiang [11] are under construction.



It is worth noting that when an AC side fault happens in one of the terminals in the system, the upstream circuit breakers/switches trip then the local AC load will lose its power supply. If important or sensitive load exists which needs uninterrupted power supply, then the VSC needs to change to the AC V/f control mode quickly after the breakdown (for example, within one cycle time) in order to guarantee the continuous and reliable power supply for the load on the AC side. At this point, the control strategy of this VSC comparing to the whole system is equivalent to the P&Q control (which means the output power of this VSC changes automatically with its AC side load). Normally, the power transfer ability of this VSC is considered to be able to reach its rated capacity. However, on one hand, in a multi-terminal AC/DC hybrid system, when the DC/DC converter uses closed-loop control to regulate the load voltage, it presents the dynamic characteristic of constant power load (CPL) [12]. Both the DC/DC converter and the DC/AC VSC under the P&Q control mode appear the negative impedance feature, which will further aggravate voltage changes under fluctuation of the DC voltage, and even destabilize the system in some serious cases [13,14]. This will weaken the stability of the DC system and the whole system. On the other hand, the low damping resonance link which consists of the equivalent impedance of the DC line and the filter of each VSC, will interact with the output impedance of the VSCs [15]. Its resonance characteristic will induce unstable high frequency oscillation, therefore reducing the power adjustment capability of the AC/DC system. This means that the actual power transfer capacity of the VSC is limited, and it is lower or significantly less than its rated capacity and the operating domain of the multi-terminal AC/DC hybrid system shrinks correspondingly, which will bring down the economics of the system [16].



Tools for the stability analysis of a DC system with CPLs, such as block diagonalized quadratic Lyapunov function, Takagi-Sugeno (TS) multi-modelling, and Brayton-Moser’s mixed potential function, are proposed [17], on the basis of these, other relevant scholars come up with an additional damping control method to solve the problem of improving the stability margin of DC microgrid and multi-terminal DC power distribution system, including constructing the control function based on linearization via state feedback (LSF) (one part represents the compensation for performing linearization on the non-linear system, and another part is used for the configuration of poles) to cope with the instability effect of CPL, in order to enhance the stability of the DC voltage [18]. Aiming at the DC voltage oscillation caused by poor interaction between the power electronic device and the DC network in the multi-terminal DC power distribution system, an active damping control strategy based on the inner current loop is proposed which can improve the ability of mutual power compensation among several power electronic equipment and significantly expand the stability domain [19].



At present stage, research is mainly focusing on adding additional regulators inside the control loop [18,19], or local control strategy of the DC-DC converter and VSC. Some studies using a fractional order proportional integral derivative (PID) control strategy, which can provide an excellent start-up response besides desired dynamic response, or other methods as like fuzzy-PID are proposed [20,21,22]. A rare study has been done considering the global information and coordinated control from the system level based on the local control of each device, using the energy storage device in the DC network to improve the stability and the power transfer boundary of the system, without changing the existing structure of the local controller and its control strategy of each device. On the purpose of solving the above problem, this paper proposes an additional control technology of the energy storage system (ESS) to overcome the negative impedance feature and the limit of VSC power transfer under DC network resonance, and improve the stability of the overall multi-terminal AC/DC system by generating only a small amount of additional power for ESS.



The structure of the paper is described below: Section 2 demonstrates the equivalent circuit and the mathematical model of a multi-terminal AC/DC system. Section 3 gives an analysis of power transfer capacity of this multi-terminal AC/DC system. Section 4 proposes an additional control strategy based on the ESS and its design of the feedback laws. Section 5 presents the corresponding simulation and verification, while Section 6 is the conclusion based on the above theory and simulation results.




2. System Description


In the multi-terminal AC/DC system shown in Figure 1, AC systems 1 and 2 interconnect with each other via the DC network. The AC side of VSC1 and 2 connect to AC system 1 and AC system 2 respectively, and their DC sides feed into the DC bus through DC line. The DG, ESS, and electrical vehicle, can be integrated in the DC network, and their DC voltage can be adjusted by additional DC/DC converters while mismatching with the DC bus voltage. The energy flow on DC bus can consist of two parts: the part of energy production using PV system or ESS under discharge which arrives on DC bus, and the other part of the energy consumed by DC loads such as electrical vehicle, or ESS under charge. When the output power from the power generation unit is greater than the power absorbed by DC loads, the excess energy will be delivered to the AC systems through the multi-terminal DC structure. Otherwise, the AC systems will deliver power to the DC system.



Various control strategies can be applied to each VSC, such as the Udc control, the P&Q control, the V/f control, and the Droop control, as demonstrated in Figure 2.



If various control strategies are used for different VSCs, the multi-terminal system can work under the master–slave mode or peer-to-peer mode. The previous one chooses one VSC to be the master using the Udc control, who provides the constant DC voltage supply for DC bus. The rest of VSCs work as slaves applied with the P&Q control and following the power dispatching in order to realize the power flow transferring and balancing. The latter one implies that all the VSCs use the Droop control, and each one of them equilibrizes automatically the system’s power demand.



The master-slave mode is one of the most representable control techniques for the multi-terminal AC/DC system. If AC side of one VSC has malfunctions under this control mode, its circuit breakers or branch protection switches will turn off. In the case of an important or sensitive load connecting to the AC side, the uninterrupted power supply for the local AC load is needed, which means that this VSC has to quickly change from its original control strategy to the V/f control after the fault. Through this seamless switching method, the reliable and continuous power supply for local AC load is ensured. Under this circumstance, the output power of the VSC is determined by its AC-side local load. When the local AC load varies, its output power changes correspondingly. If observed from the DC network, its control mode can be seen as the P&Q control. The multi-terminal AC/DC system in Figure 1 is working under the master-slave mode, whereby the VSC1 operates as the master station which offers steady DC voltage supply and VSC2 runs as the slave station who accepts the power regulation. If the power loss of VSCs is neglected, when the AC system 2 has malfunctions, the equivalent circuit of the whole system with VSC2 supplying uninterrupted power supply for AC system, is shown in Figure 3.



In the shown system, VSC1 connects to the DC bus via DC line (rm, Lm); VSC2 connects to the DC bus via DC line (rs, Ls). ESS connects to the DC bus to provide fast power adjustment (The storage system proposed in this article is based on batteries, 20 Ah, 27 V Lithium battery module and the corresponding ESS are adopted). Um and im represent the DC-side voltage and current of VSC1 respectively. As the master station, the value of Um is normally considered as fixed. Us, is, Cs and Ps represent the DC-side voltage, current, capacitance and transfer power of VSC2 respectively. Udc and Cdc represent voltage and the equivalent capacitance of the DC bus. Pbess, Pload, and PDG represent respectively the ESS power, the load power, and the DG output power. Pbus is the equivalent load power in the DC bus which satisfies:


    P   b u s   =   P   l o a d   −  |    P   D G    |   



(1)







The power circuit of the system demonstrated in Figure 3 satisfies the following equations:


   {     L m    d  i m    d t   =  U m  −  r m   i m  −  U  d c        L s    d  i s    d t   =  U  d c   −  r s   i s  −  U s       C  d c     d  U  d c     d t   =  i m  −  i s  −    P  b u s      U  d c          C s    d  U s    d t   =  i s  −    P s     U s         



(2)








3. Power Transfer Capacity Analysis


After performing the small perturbation linearization on Equation (2), Equation (3) can be obtained:


   [      Δ  i m   •          Δ  i s          Δ  U  d c         Δ  U s   •     •     •     ]  =  [      −    r m     L m       0    −  1   L m       0     0    −    r s     L s         1   L s        −  1   L s           1   C  d c         −  1   C  d c          1   C  d c        P  b u s      U  d c  0   U  d c  0       0     0     1   C s       0     1   C s       P s     U s 0   U s 0         ]   [    Δ  i m      Δ  i s      Δ  U  d c       Δ  U s     ]   



(3)







It can be known from Equation (3) that, under the certain structure of the multi-terminal AC/DC system, the stability of the system mainly depends on the mutual effect of Pbus and Ps. Both the equivalent load of the DC bus and VSC2 under the P&Q control have the negative impedance feature, which directly affecting the stable domain of system. This means that when Pbus changes, the maximum power transfer capacity of VSC2 also has relevant variation, in order to keep the system stable and vice versa. The system parameters are displayed in Table 1. The rated capacity of VSC2 is 180 kW and the corresponding Ps power transfer range is shown in Figure 4a (in this paper, the power flows out from the DC bus is considered as the positive direction).



As can be seen from Figure 4, when Pbus = −180 kW, the maximum transfer power of Ps is around 175 kW. With the diminution of the output power of Pbus, the maximum transfer power of Ps gradually decreases. After Pbus becomes absorbed power (Pbus > 0), with the augmentation of Pbus, the maximum transfer power of Ps continues to reduce. When Pbus = 180 kW, the maximum transfer power of Ps is approximately 45 kW. In Figure 4, the maximum transfer value of Ps gradually decreases from 175 kW to 45 kW. This tendency accords with the gradual decrease of system stable margin caused by the continuous increase of the load absorbed power (or the consistently reducing of the DG output power). At the same time, the actual power transfer capacity of VSC has significant reduction comparing to its rated value.



Based on the accumulated data from the classic operating condition, the equivalent load absorbed power from the DC bus is set to no more than 50 kW (Pbus = 50 kW), and its output power to the DC bus is less than 20 kW (Pbus = −20 kW). The corresponding Ps power transfer domain is shown in Figure 4b.



According to the system structure shown in Figure 3, the corresponding simulation model is established by MATLAB/Simulink, and the main parameters are presented in Table 1. The VSC1 is the master station and its rated capacity is 300 kW adopting the Udc control. The VSC2 is set as the slave station and its rated capacity is 180 kW using the P&Q control. Before the fault of AC system2 occurred, the AC side local load of VSC2 is 90 kW and the rated capacity of the ESS is 15 kW. When the fault happens, the protective relaying takes action, the switch on the upstream of VSC2 in AC system2 is been turned off, then VSC2 changes from the original control mode to the V/f control, which ensures the uninterrupted power supply for the local AC load. In this case, Ps = 90 kW.



The Figure 4b implies that when Pbus = 50 kW, the capacity of power transfer for Ps attains its minimum value and is approximately 97 kW. The system stable margin is relatively the lowest. Therefore, this operating point is chosen as the analytical object. The absorbed power of load is set to 100 kW (Pload = 100 kW), the output power of DG is 50 kW (PDG = −50 kW), at this point, the corresponding Pbus equals to 50 kW. The Figure 5 and Figure 6 describe the variation of DC voltage under the situation when the local load of AC side of VSC2 increases from 90 kW to 95 kW, and from 90 kW to 98 kW respectively at t = 2 s.



According to Figure 5, when the operating point (Pbus = 50 kW, Ps = 90 kW) changes to (Pbus = 50 kW, Ps = 95 kW), both the DC bus voltage and the DC-side voltage of VSC2 show obvious oscillation, however, they stabilize after approximately 2 s. In Figure 4, although (Pbus = 50 kW, Ps = 95 kW) approaches to the boundary of the power transfer, it has not yet entered the unstable area. The simulation result reveals that during the power variation, each DC voltage can stay stable after the rapid oscillation regulation, which corresponds to the conclusion of theoretical analysis.



The Figure 6 points out that when the operating point (Pbus = 50 kW, Ps = 90 kW) varies to (Pbus = 50 kW, Ps = 98 kW), the DC bus voltage and the DC-side voltage of VSC2 both have divergent oscillation until losing their stability. Judging by Figure 4, the operating point (Pbus = 50 kW, Ps = 98 kW) has already entered the instability area. The simulation result proves the theoretical analysis.




4. The Additional Control Method Based on Energy Storage System


When the DC network is configured with the ESS, it can provide quick power support for the multi-terminal AC/DC system. Hence it can realize various functions like emergency control, power oscillation damping and dynamic mutual voltage support, etc. At the same time, the contribution of the ESS to the multi-terminal AC/DC system depends on its configured capacity. Normally, the higher the rated capacity of the ESS is, the greater improvement it makes to the system performance, however, the relevant investment cost also gets higher. The configuration of the ESS results from a comprehensive consideration between control effect and the investment cost [23].



When the disturbance occurred in the multi-terminal AC/DC system, its state variable can be expressed as:


   x  =   x  o  + Δ  x   



(4)




where   x   is the current value of the state variable,     x  o    is its steady state value before the perturbation and   Δ  x    is the disturbed value of the state variable. Then the following equation can be deduced from Equation (2):


     [  x  ]   •  =  A x  +  B  u  



(5)







With:


   x  =  [    Δ  i m      Δ  i s      Δ  U  d c       Δ  U s     ]     A  =  [      −    r m     L m       0    −  1   L m       0     0    −    r s     L s         1   L s        −  1   L s           1   C  d c         −  1   C  d c        0   0     0     1   C s       0   0     ]     B  =  [    0     0      1   C  d c         0    ]     P  b u s      U  d c  o   (   U  d c  o  + Δ  U  d c    )    Δ  U  d c    











Assuming that P and Q are both positive definite symmetric matrix and P is the solution of the Lyapunov equation [24]:


   P A +    A  t   P + Q   = 0   



(6)







The design of the additional feedback control of the ESS is demonstrated in Equation (7):


   u ′  = −   B  t   P x   



(7)







In order to improve power transfer capacity with low cost, the design of the additional control strategy based on the ESS is shown in Figure 7. This implies that on the basis of the current controller, the additional current instruction value iadd represented in Equation (8) is superposed:


   i  a d d   =  u ′  − u  



(8)







As shown in Figure 7, the additional control strategy first acquires the operating information of the multi-terminal AC/DC system, such as DC currents and voltages. By means of these data, the u is generated from the state-space model in Equation (5). Then after solving and obtaining the positive definite symmetric matrix P, with the help of matrix B, u’ can be calculated from the Equation (7). Based on the above variables, the additional current instruction value iadd formed by Equation (8) is sent to the ESS to improve the power transfer capacity of the multi-terminal AC/DC system through the additional control, without changing the existing structure of the ESS controller and its parameters.




5. Analysis and Verification


5.1. Analysis of the Improvement of Power Transfer Capacity


Figure 8 describes the power transfer boundary of the multi-terminal AC/DC system with the ESS, and after being performed by the additional control strategy with Pbus changing from −20 kW to 50 kW (The parameters for calculation is the same as in Table 1). Comparing Figure 4b and Figure 8, it can be known that after applying the additional control, the power transfer boundary of Ps is significantly improved. Taking Pbus = 50 kW as an example, the maximum transfer power of Ps after applying the additional control based on the ESS is around 183 kW, however, it is about 97 kW without the additional control, which has an improvement of almost 90%. This implies that the damping ability can be provided by additional control based on the ESS in the multi-terminal AC/DC system. Therefore, the power transfer capacity of VSC2 can be expanded effectively. This control method can also stabilize some operating points which would lose its stability before applying the additional control.




5.2. Simulation Verification


Performing the addition control on the simulation model built in the part 3 and still choosing Pbus = 50 kW as the analytical object, Figure 9 and Figure 10 describes the variation of the DC voltages under the circumstance when the local load in AC side of VSC2 augments at t = 2 s which means that Ps rises from 90 kW to 100 kW, 120 kW, 150 kW, and 180 kW respectively.



As can be seen from Figure 9, when Ps changes from 90 kW to 100 kW, 120 kW, 150 kW and 180 kW, Udc can quickly become stable after short-time oscillation with small amplitude. Among all the situations, the one that increasing from 90 kW to 100 kW causes the least undulation of the amplitude of Udc and the shortest recovering time to return to its steady state. The maximum fluctuation of Udc is less than +0.31% and −0.49% of its stabilized value. Whereas the variation of Ps from 90 kW to 180 kW leads to the highest amplitude undulation of Udc and the longest steady-state recovering time. The maximum fluctuation of Udc is no more than +3.81% and −4.93% of its stabilized value. The simulation result proves that when Ps changes, the higher the transfer power goes, the acuter the oscillation of Udc is, the larger the fluctuation range is, and the longer time it takes to regain its stability.



Figure 10 is similar to Figure 9, under four different situations of Ps variation, as Us quickly stabilizes after oscillation with small amplitude. When Ps changes, the higher the transfer power is, the more drastic the oscillation of Us is, and the longer the steady-state recovering time is.



Comparing these two pictures, it is worth noting that under the same variation of Ps, Us has more evident oscillation, bigger undulation of the amplitude, and longer steady-state recovering time than Udc. All the operating points (Pbus = 50kW, Ps = 100kW), (Pbus = 50kW, Ps = 120 kW), (Pbus = 50 kW, Ps = 150 kW), (Pbus = 50 kW, Ps = 180 kW) in Figure 4 are in the unstable area. When the multi-terminal AC/DC system is configured with the ESS and the additional control strategy, then these points all appear in the stable area. Combining the simulation results in Figure 9 and Figure 10, it is worth noting that when Pbus equals to 50 kW, increasing the transfer power of Ps to 100 kW,120 kW, 150 kW, and 180 kW causes only small undulation of the DC voltage. The whole system can stay stable and would not affect the normal operation of all devices/loads. This observation matches the theoretical analysis for the stable domain.



When the local load in AC side of VSC2 changes, the transfer power of Ps varies correspondingly. After applying the additional control, the ESS will dynamically generate the corresponding instruction value for the additional current during the voltage changes and realize the rapid oscillation damping to ensure the whole stability. Figure 11 describes the additional power of the ESS during simulation.



Under four different changes of Ps, the additional power of the ESS Pbess (Pbess = iadd × Udc) can quickly reach its steady state through the short-time regulation. Among these situations, the undulation amplitude of Pbess is the smallest when Ps changes from 90 kW to 100 kW and the steady-state recovering time is also the shortest. The largest fluctuation range of Pbess is less than +0.98% and −1.37% of the transferred power and its stablized value is only 75 W which is less than 0.08% of the transferred power. The undulation amplitude of Pbess attains its maximum when Ps increases from 90 kW to 180 kW and it takes the longest time to reach its stable status. The largest fluctuation range of Pbess is less than +5.86% and −7.04% of the transferred power and its steady value is only 680W which is less than 0.38% of the transfer power. This implies that under these four operating conditions, the undulation amplitude of the additional power during the regulation process of the ESS is smaller comparing to the requested transfer power of VSC2. The steady-state value after stabilization is very small which means that the cost paid by the ESS using the additional control in order to improve the system power transfer capacity is low.



Figure 12 describes the analytical results under Ps changes from 90 kW to 100 kW–180 kW (each 5 kW is an interval). From 12a, Udc can stay stable under all the different operating conditions mentioned above and their steady-state values are approximately constant. The amplitude of fluctuation is all within ±4.93% of their steady-state values during the regulation process. Figure 12b shows that Us can remain stable under all situation and their steady-state values are nearly the same with each other. During regulation, the fluctuating range of Us is all within ±7.35% of their steady-state value. By comparing the two subfigures, the fluctuation amplitude of Us is always larger than that of Udc during regulation process under the same power transfer variation.



Figure 12c implies that under all circumstances, the variation of the steady-state value of Pbess is small. Moreover, the ratio of each value to its corresponding transferred power of Ps is less than 0.38%. During the regulation process, the amplitude of undulation of Pbess is all within ±7.04% of its corresponding transferred power.



Figure 12d implies that under the same variation of transfer power, the time to regain its steady-state of Udc is the shortest, followed by that of Us and the time of the additional power for the ESS to reach its stable status is the longest. At the same time, the recovering time of Udc, Us and Pbess get longer with the gradual augmentation of the transferred power of Ps, however these three can all get back to their steady-state within 1.5 s.



Thus, after the multi-terminal AC/DC system implements with the ESS and performs the additional control strategy, the system will be able to overcome the limitation of the power transfer for all VSCs caused by different factors such as the negative impedance feature and the resonance characteristic of DC network, etc., therefore improving the power transfer capacity and the mutual support ability of each terminal, and at the same time ensuring the stability of the DC voltage and the continuous power supply for the important load on the AC side under AC system fault. The additional control achieves the safe and reliable operation of the multi-terminal AC/DC system under complicate working condition.




5.3. Economic Analysis of the Energy Storage System


This paper improves the power transfer capacity of VSC by implementing the ESS to the DC bus of the multi-terminal AC/DC system and using the additional control strategy. The capacity of the ESS usually needs to find a compromise between the control effect and the investment cost. The cost for adding the ESS to the system is mainly including the DC/DC converts and the batteries. In order to have significant improvement of the power transfer capacity for VSC, the method of additional control technique proposed in this paper or the traditional configuration method can be used. The latter one indicates that the difference of the power transfer capacity before and after the improvement can be supported by the capacity expansion of the power converter of the ESS.



Choosing Pbus = 50 kW (The maximum value of Ps is around 97 kW as shown in Figure 4b) as the analytical object, Table 2 and Table 3 describes respectively the economic comparison of improving the power transfer capacity of Ps for DC/DC converter, and batteries using the proposed method in this paper and the traditional one.



The result in Table 2 shows that the additional control for improving the power transfer capacity of Ps proposed in this paper can effectively reduce the power capacity of DC/DC converters for the the ESS. Moreover, with the growing of the power transfer capacity of Ps, the investment cost saving effect of the converter becomes more conspicuous. When Ps reaches its rated value, the method proposed in this paper can save approximately 85% of the investment cost compared to the traditional one.



The result in Table 3 shows that by applying the additional control techniques on the ESS, just a few additional power and damping energy provided by the ESS can achieve notable improvement of the power transfer capacity of the system. If Ps rises from 97 kW to 100 kW and keeps running for 1 h, only 0.076 kWh storage batteries is requested. When Ps satisfies its rated power and continues to operate for 1 h, 0.678 kWh batteries is sufficient. Comparing to the traditional method, the proposed technique can save the cost of storage batteries for about 99%.



Overall, the cost of applying the additional control based on the ESS is very low, but its ability of improving the system power transfer capacity is remarkable.




5.4. Sensitivity Analysis and Contribution Discussion


Equation (6) shows that when the A and B matrices are fixed, the P matrix will be determined by the Q matrix. So, the performance of the addition control depends on the Q matrix. The Q matrix is the positive definite symmetric matrix, and it is usually chosen equal to k*In with In being the nth-order identity matrix. k is the important weighting parameters in the matrix Q, and the different values of k at different positions in In will lead to a change in the feedback control laws, which further affects the contribution of the additional control to the improvement of system power transfer boundary. Figure 13 describes a sensitivity analysis of the weighting parameters of the control strategy, compared to a relevant baseline with n = 4 and k = 0.01.



Figure 13 implies that under the same change range [0.01 0.016], the improvement of the power transfer boundary under the weighting parameters change at Q[1,1] is the most significant, then followed by change at Q[2,2], and the smallest when change at Q[3,3]. Taking Pbus = 50 kW as an example, the maximum transfer power of Ps after applying the additional control based on the ESS is around 215 kW, 185 kW, 180 kW, and 183 kW under the weighting parameters change at Q[1,1], Q[2,2], Q[3,3], Q[4,4], respectively. From the sensitivity analysis, designing a reasonable matrix Q, especially Q[1,1], is an important foundation for improving the performance of the additional control and expanding system power transfer boundary.





6. Conclusions


This paper aims at the multi-terminal AC/DC system, builds its corresponding equivalent circuit and the state-space model, and analyses the system power transfer capacity. On the basis of that, this paper proposes an additional control technique based on the ESS with low cost to improve the power transfer capacity and performs the corresponding test and verification. The main conclusion is summarized in the following statements:



	
Due to the different factors such as negative impedance feature and DC network resonance, the actual power transfer capacity of AC/DC system could be sharply lower than its rated capacity which leads to remarkable shrink of the system power transfer boundary and lowers the economics of the whole system.



	
Using the additional control technique does not have to get involved or change the structure of the current control system of the ESS. By using only the additional instruction given by the dynamic feedback control, the power transfer capacity can be effectively improved to its rated capacity and at the same time ensure the DC voltages and the ceaseless power supply for the important load under the disturbance of the AC system fault.



	
When the system is equipped with the ESS, using additional control method can save more investment cost of the DC/DC converters and the batteries than the traditional method. The cost for realizing the purpose, such as improving the transfer power of VSC to its rated value and notably expanding the system power transfer boundary, is quite low.
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Figure 1. Typical structure of the multi-terminal AC/DC system. 
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Figure 2. Classic VSC control strategies. 
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Figure 3. System structure and the equivalent circuit. (a) System structure under failure at one VSC; (b) Equivalent circuit. 
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Figure 4. The power transfer boundary. (a) Pbus from −180 kW to 180 kW; (b) Pbus from −20 kW to 50 kW. 
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Figure 5. The simulation result when Ps changes from 90kW to 95kW: (a) The DC bus voltage; (b) The DC-side voltage of VSC2. 
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Figure 6. The simulation result when Ps changes from 90kW to 98kW: (a) The DC bus voltage; (b) The DC-side voltage of VSC2. 
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Figure 7. Additional control strategy. 
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Figure 8. The power transfer boundary after applying the additional control based on the ESS. 
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Figure 9. Simulation results of Udc: (a) Ps changes from 90 kW to 100 kW; (b) Ps changes from 90 kW to 120 kW; (c) Ps changes from 90 kW to 150 kW; (d) Ps changes from 90 kW to 180 kW. 
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Figure 10. Simulation results of Us: (a) Ps changes from 90 kW to 100 kW; (b) Ps changes from 90 kW to 120 kW; (c) Ps changes from 90 kW to 150 kW; (d) Ps changes from 90 kW to 180 kW. 
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Figure 11. The curves of the additional power of the ESS: (a) Ps changes from 90 kW to 100 kW; (b) Ps changes from 90 kW to 120 kW; (c) Ps changes from 90 kW to 150 kW; (d) Ps changes from 90 kW to 180 kW. 
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Figure 12. The performance comparison with the implementation of the addition control: (a) DC bus voltage; (b) DC-side voltage of VSC2; (c) The additional power of the ESS; (d) The steady-state recovering time. 
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Figure 13. The sensitivity analysis of the weighting parameters: (a) The power transfer boundary under different values of k at Q[1,1]; (b) The power transfer boundary under different values of k at Q[2,2]; (c) The power transfer boundary under different values of k at Q[3,3]; (d) The power transfer boundary under different values of k at Q[4,4]. 
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Table 1. Parameters of the multi-terminal AC/DC system.
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	Symbol
	Value
	Symbol
	Value





	rm
	0.0137 Ω
	rs
	0.0219 Ω



	Lm
	0.0670 mH
	Ls
	0.1073 mH



	Cdc
	1100 µF
	Cs
	500 µF



	Um
	800 V
	Pbus
	−20 kW–50 kW
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Table 2. Power capacity comparison of DC/DC converter of the ESS.
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	Power Transfer Boundary after Improvement(kW)
	Capacity Needed Using the Traditional Method (kW)
	Capacity Needed Using the Proposed Method (kW)
	Economical Saving (%)





	100
	3.00
	1.37
	54.33



	120
	23.0
	4.15
	81.96



	150
	53.00
	8.36
	84.23



	180
	83.00
	12.68
	84.72
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Table 3. Energy capacity comparison of batteries of the ESS (Run for 1 h).
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Power Transfer Boundary after Improvement (kW)

	
Capacity Needed Using the Traditional Method (kWh)

	
Capacity Needed Using the Proposed Method (kWh)

	
Economical Saving (%)




	
Transient State

	
Steady State






	
100

	
3.00

	
4.57 × 10−5

	
0.076

	
97.46




	
120

	
23.0

	
2.53 × 10−4

	
0.226

	
99.02




	
150

	
53.00

	
9.29 × 10−4

	
0.451

	
99.15




	
180

	
83.00

	
5.35 × 10−3

	
0.678

	
99.18
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