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ABSTRACT 
Aiming at the shortcomings of traditional relay protection, an adaptive multi-area protection 
coordination model is studied and designed. Firstly, combining different control strategies such as 
master-slave control and sag control, a method of AC/DC distribution network trend calculation and 
network loss analysis based on the alternating iteration method is proposed and realized to ensure 
that the adaptive relay protection can act correctly. The proposed method is analyzed for AC/DC hybrid 
distribution network trend calculation, and the alternating iteration solution method is used for trend 
analysis and calculation, and the effectiveness of the proposed method is veriϐied by two examples of 
AC/DC hybrid distribution networks. Then the adaptive Agent with reinforcement learning is 
introduced, and its constructed multi-agent system has more system adaptive capability. The adaptive 
current interruption protection is compared with the traditional current interruption protection, and 
its protection principle and protection scope are analyzed, on the basis of which an adaptive 
coordinated protection method based on MAS grid is proposed to realize the MAS adaptive current 
interruption protection, and its simulation is veriϐied. The experimental results show that the method 
of this paper can signiϐicantly improve the ϐlexibility, effectiveness and stability of AC and DC 
distribution network operation. 

Keywords: Hybrid AC-DC distribution network, adaptive protection, multi-agent system, current 
calculation, control strategy 
 

1. Introduction 

The energy crisis is one of the biggest problems faced by mankind in the 21st century, coupled with 
the rapid development of society, which makes the environmental pollution problem increasingly 
serious. Under the double pressure of energy crisis as well as environmental pollution, people begin 
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to turn their eyes to renewable and clean energy such as solar energy, wind energy, biomass energy, 
etc. At this time, the DC power grid has received widespread attention by virtue of the advantages of 
high distributed energy consumption capacity [1-3]. On the basis of the original alternating current 
(AC) power grid, a layer of DC network is superimposed by DC transmission technology to form a 
hybrid AC-DC power system, thus establishing a super grid with wide-area interconnection of multiple 
energy sources [4-5]. The many advantages of hybrid AC/DC power distribution, especially the high 
consumption capacity of distributed energy, make it one of the important ways to solve the energy 
crisis [6-7]. Pooling distributed energy sources from all over the world, combining with the original 
AC grid, and constructing AC-DC hybrid grids is the development direction of the future power system 
[8-9]. 

The gap of multi-area protection coordination strategy limits the development of AC-DC hybrid 
power system. In the AC-DC hybrid power system, realizing the mutual coordination and cooperation 
between AC system and DC system is the key measure to maintain the safe operation of the system to 
realize the multi-area protection [10-12]. However, the special characteristics of AC/DC hybrid power 
distribution methods make their fault types and fault characteristics differ greatly from those of AC 
power distribution methods, and bring new difϐiculties for their fault protection [13-15]. 

Sarangi, S. et al. elucidated the speciϐic advantages and barriers to the development of AC-DC hybrid 
power systems, which can provide uninterrupted and secure power at high load demands, but 
bidirectional tidal currents, low inertia, and transitions between different modes of operation are the 
challenges faced by AC-DC hybrid power system protection [16]. Shu, Y. et al. pointed out that the 
control performance of the traditional stability control system is reduced due to the strong coupling 
and renewable energy integration characteristics of the AC/DC grid, based on which the key issues and 
technologies in the construction of power system protection are analyzed to contribute to the 
construction of an integrated defense system for AC/DC hybrid power systems [17]. Abdelwanis, M. I. 
et al. introduced a neural network optimization approach for AC/DC hybrid microgrids, which 
identiϐies various challenges in hybrid power systems and proposes solutions to provide improved 
paths for the development of smart grids and distributed power system technologies, as compared to 
traditional microgrid structures [18]. Dahane, A. S. et al. investigated coordinated control schemes in 
the context of multi-objective control requirements for AC-DC hybrid power systems, categorized them 
into distributed, centralized, and decentralized control strategies, and discussed various aspects 
related to these control objectives and the advantages and limitations of their control strategies, 
respectively [19]. Wang, G. et al. designed a power coordinated control strategy based on step control 
theory to maintain the power stability of AC-DC hybrid microgrid, for lower control, multiple control 
modes are designed for converters in different application scenarios, and for higher control, a power 
coordinated control strategy is designed for grid-connected islanding mode, to achieve the 
effectiveness and stability of the microgrid under various operating conditions [20]. Prommetta, J. et 
al. showed that electromagnetic and electrical interactions between AC and DC lines affect AC 
protection and DC control, discussed fault detection and fault response for AC protection and DC 
control in a hybrid AC/DC overhead line project, and proposed a fault clearing method based on 
simulation experiments [21]. Qian, Z. et al. described the phenomenon of current surge faults in AC 
and DC distribution networks, for which a comprehensive control and protection strategy for AC and 
DC distribution networks is proposed, which is based on the principles of active current limiting 
control (ACLC) and single-ended fault identiϐication and protection, and is able to effectively reduce 
the average rate of rise of the fault current through fast fault area identiϐication [22]. Chen, Z. et al. 
established a mathematical optimization model for coordinated control in the steady-state security 
domain of an AC-DC hybrid power system by taking the minimum control cost as the objective function 
and combining dynamic constraints to solve the optimal efϐiciency control scheme for preventive and 
corrective control [23]. 

The study proposes and realizes an AC/DC distribution network trend calculation and network loss 
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analysis method based on the alternating iteration method by using the power system trend 
distribution prediction method and different control strategies such as master-slave control and droop 
control. The study ϐirst adopts the method of power system trend distribution prediction, and 
proposes to realize an AC/DC hybrid distribution network trend calculation and network loss analysis 
method based on the alternating iteration method, to avoid the relay protection device misoperation 
in the case of system overload and fault, and to prejudge the faulty line in advance, in order to ensure 
that the adaptive relay protection can be correctly operated. Subsequently, combined with the real-
time operating conditions of the power grid, the Agent reinforcement learning mechanism is 
introduced to enhance the adaptive ability of the multi-agent system, and the adaptive coordinated 
protection method based on the MAS power grid is proposed. Finally, the adaptive multi-agent system 
structure is combined with the traditional adaptive protection technology to realize the MAS adaptive 
current interruption protection, and simulation veriϐication is carried out. 

2. Trend calculation of AC/DC hybrid power systems 

2.1. AC-DC hybrid distribution network topology and mathematical modeling 

2.1.1. Research on hybrid AC/DC distribution network planning models and algorithms 
1) Radial structure.The biggest advantage of radial DC distribution network is its simple structure and 
compatibility with AC distribution network. However, it has the same defects as the traditional AC 
radial network: the voltage level at the end of the line decreases with the increase of transmission 
distance and when a node fails, it will cause a large area of blackout. Therefore, this topology is only 
applicable to a small range of low-voltage distribution networks. 
2) Two-terminal power supply structure.This topology is similar to the combination of two radial DC 
distribution networks, and the direction of the current is also ϐixed during normal operation. The 
essential difference between this topology and the radial distribution network is the improvement of 
power supply quality and reliability. The voltage level within the system is ensured by the dual power 
supply. In addition, when a fault occurs at any point in the system, the network can be converted to a 
single-power radial network to continue supplying power, reducing the area of outage and providing 
higher reliability of power supply. However, the construction cost of this network structure is higher, 
and it is suitable for medium and low voltage distribution networks. 
3) Ring structure.This type of power supply has a higher reliability than the two-end power supply 
type DC distribution system, but also can make the load uniformly distributed in the DC sub-network, 
high system stability. When a fault occurs somewhere in the system, the relay protection device will 
locate and remove the fault. During this time, the ring network transforms into a two-end power 
supply type network to continue operation, ensuring that the non-faulted area is not affected. The 
disadvantages of this network structure are the further increase in construction costs and the higher 
requirements for relay protection, which are suitable for medium voltage distribution networks with 
higher voltages. 

2.1.2. VSC steady state modeling. Since this paper focuses on solving the current calculation results 
of the AC-DC hybrid grid, the following assumptions are made about the converter in the analysis 
process: 
1) The converter is a three-phase symmetrical structure; 
2) The current and voltage are ideal waveforms; 
3) The transient characteristics of the converter are not considered, and the phase change process is 
completed instantaneously. 

In order to calculate the three-phase unbalanced current of VSC, this paper adopts the symmetrical 
component method to deal with the interface between the converter and the AC network. The voltage 
sequence component (0 ,1,2)SU  and power sequence component (0,1,2)SS  at the interface are: 
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where T  is the symmetric component transformation matrix with the expression: 
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Where 120je   
When the operation direction of the converter is transformed from AC sub-network to DC sub-

network, the converter can be equated as an active element, and the voltage transformation takes the 
positive sequence component (1)cU  after symmetrical transformation, which is related to the DC side 
voltage dcU  as: 
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Where, M  is the modulation coefϐicient and   is the modulation ratio. 
The VSC will generate some losses during operation, which will have some impact on the results of 

the tidal current calculation. In this paper, the converter loss is taken into account in the calculation 
and the generalized converter loss model is used. 

The loss model can be expressed as: 
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Where lossP  is the converter loss; dcI  is the current on the DC side; cP  and cQ  are the active 
power and reactive power ϐlowing into the converter on the AC side; coefϐicients a  , b   and c  
simulate the intrinsic loss of the converter, the loss linearly related to the current, and the loss squarely 
related to the current, respectively. The loss model is derived from the DC side of the converter, and 
the coefϐicients a , b , and c  are empirical parameters that change with the system operation and 
converter parameters. On this basis, the current calculation also needs to satisfy the power 
conservation. Therefore the VSC currents should also satisfy: 

 s z cP P P   (5) 

  c dc losP P P   (6) 

In Eq. (5) and Eq. (6): zP  is the active loss generated by the converter and the line, and dcP  is the 
active power injected into the DC side. 

The VSC converter has the ability to decouple the AC side from the DC side, i.e., it can independently 
control active and reactive power. Its most basic control methods are mainly categorized into three: 
constant power control, constant voltage control and sag control. 

2.1.3. Load and Distributed Power Modeling 
1) Wind power output model.Wind power is one of the most widely used and commercially valuable 
distributed energy generation technologies, which can convert wind energy into electricity. The output 
power of wind turbine is mainly affected by the wind speed, and its probability density is usually 
represented by the two-parameter Weibull distribution in the current research: 
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Where v  represents the wind speed at the hub of the impeller in the fan, k  and c  represent the 
shape parameter and scale parameter in the Weibull distribution, and w   and wE   represent the 
standard deviation and the mean value, respectively. 

The segmentation function of its active power is: 
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Where clv   represents the cut-in wind speed, crv   represents the rated wind speed, cov  
represents the cut-out wind speed, and rP  represents the rated output power of the wind turbine. 

When the wind turbine uses constant power factor control, the reactive power output WQ  of the 
wind turbine is: 

 tan(arccos )w wQ P    (11) 

Where, cos  denotes the power factor of the WTG. 
2) Photovoltaic power generation output model.Solar energy is the most abundant energy on the earth, 
PV generator can convert light energy into electricity, and its core part is PV cell. The output power of 
PV generator is affected by the light intensity, there is a certain degree of volatility, the current study 
usually uses beta distribution to represent the probability density of light intensity over a period of 
time: 
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where H   denotes the light intensity and    is the Gamma function;    and    denote the two 
shape parameters of the Beta distribution, respectively, whose values are calculated from the mean   
and variance   of the light intensity over a period of time: 
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Its output power function is: 
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Where PP  represents the rated output power of the PV generator and rH  represents the rated 
light intensity. 
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3). Load modeling.There is often a certain error between the actual load in the power system and the 
predicted load, so it is not possible to use deterministic methods for system planning. Therefore, this 
paper uses normal distribution to represent the uncertainty of load: 

  2
, , ,~ ,L i p i p iP N    (16) 

  2
, , ,~ ,L i q i q iQ N    (17) 

where ,L iP  and ,L iQ  denote the random quantities of nodal active and reactive loads, respectively; 
,p i  and ,q i  denote the expectations of nodal active and reactive loads, respectively; and 2

,p i  and 
2
,q i  denote the deviations of nodal active and reactive loads, respectively. 

2.2. Design of tidal current algorithm based on alternating solution method 

2.2.1. Methods for calculating system currents on the a.c. side.The AC side of the AC DC system can 
be calculated by the Newton-Raphson method. The traditional Newton-Raphson method mainly 
involves the Taylor series expansion of the tidal equation ( ) 0F X   and the omission of higher-order 
terms above the second order, and then solves it [24]. The essence of this method is that the central 
idea of the solution process is to continuously approximate the tidal solution using the modiϐied 
equation through successive linearizations. The format of its iterations is: 
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where: X   and X   are n  -dimensional column vectors consisting of the n   state variables and 
their corrections, respectively; ( )F X   is a n  -dimensional column vector containing the n  
functions; J   is the Jacobi matrix, with his j  th column element 
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2.2.2. Methods for calculating DC side system currents.When the AC and DC systems use the 
alternate solution method for trend calculation, the AC system and DC system can be solved separately. 
At this time, any one of the effective tidal current algorithms can be used on the DC side, and when the 
DC distribution system is an open-loop radial network or only a weak ring network structure exists, 
the forward back generation method with a relatively high computation rate can be used for the tidal 
current calculation. 

The incoming branch of bus k   of a DC distribution network is called branch k   and the 
conductance matrix can be expressed as kY . The conductance matrix kY  relates the currents at the 
ends of the branch to the bus voltage. 
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Where: kU  and 1kU   represent the voltage of bus k  and 1k   respectively; kI  represents the 
outgoing current of bus 1k  ; kI   represents the incoming current of bus k . 

The speciϐic steps of the back generation process in DC system current calculation are as follows: 
1) In the iterative step of the back generation process, the injected current is obtained from the DC 
voltage kU  of bus k  with the load on the bus with DG, etc.: LkI , DkI . 
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2) From the obtained LkI  , DkI   and the outgoing branch current 1kI    of bus k  , calculate the 
incoming branch current kI   of bus k  based on KCL. 
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Where: kA  is the set of buses directly connected to bus k . 
3) Calculate the voltage vector 1kU   for bus 1k   from kU  and the obtained kI  . 
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4) From the obtained voltage 1kU    at bus 1k    and voltage kU   at bus k   and the incoming 
branch current kI  , calculate the outgoing branch current kI  at bus 1k  . 

 11 22
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The speciϐic steps of the forward process in DC system current calculation are as follows: 
1) From the voltage value 1kU   at bus 1k   and the outgoing branch current kI , ϐind the voltage 

kU  at bus k . 
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2) Calculate the incoming branch current kI    of bus k   from the voltage 1kU    outgoing branch 
current kI  of bus 1k   and the obtained kU  in the process of back generation. 

 21 22
1k k k k kI Y U Y U    (25) 

3) Calculate the load and DG current injections from the obtained kU : LKI , DKI ; then calculate the 
outgoing branch current 1kI   of bus k  from KCL. 

2.2.3. Calculation method of network loss of AC/DC distribution network.The loss of AC and DC 
distribution network consists of three parts: AC side loss, converter loss and DC side loss, which can 
be calculated by equation (26). 

 loss ac loss vsc loss dc lossP P P P      (26) 

Where: lossP  represents the total network loss of the system, ac lossP   represents the loss on the AC 
side of the system, vsc lossP   represents the converter operation loss, and dc lossP   represents the loss 
on the DC side of the system. 

The loss on the AC side of the system ac lossP   can be calculated by the following equation: 
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Where: N   indicates the number of nodes in the AC network; ij   indicates the difference in 
voltage phase angle between nodes i  and j ; ijr  indicates the resistance between nodes i  and j . 

For the network loss of the DC system there is no reactive power, so the network loss is calculated 
as the sum of the active power injected into the nodes on the DC side of each converter and the power 
injected into the DER equipment, and then the DC load can be removed: 
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Where: ,VSC dciP  denotes the injected power on the DC side of the ind converter, dcjP  denotes the 
operating power of the j th load, and ,DER dczP  denotes the injected power of the z th DER device. 

2.3. Example analysis 

Example 1: Take a typical medium voltage AC/DC hybrid distribution network abstracted from an 
actual distribution network in a region as an example, where the IEEE33 nodes are subordinate parts 
of the AC distribution network. Speciϐically, they are selected from the ϐirst 27 AC nodes and named 48 
to 74, which are attributed to AC distribution partition II. In addition, these two will be connected to 
each other through a multi-terminal DC distribution technology to form an AC double-feeder 
interconnection system that combines the characteristics of radial, two-terminal and multi-terminal 
DC distribution grids. Experiments are carried out using simulation software and the convergence 
accuracy is found to be minimum 0.000001.The experiments are analyzed using 1MVA as standard 
capacity. The example system is shown in Fig. 1. 
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Fig. 1. AC-DC power distribution system calculation case system 

The example system is connected to the converters at nodes 4, 19, 24, 29, 56, 64, and 74 to form a 
two-terminal DC distribution network using a droop control strategy (nodes 4 and 19) and a multi-
terminal DC distribution network using a master-slave control strategy (nodes 24, 29, and 56), 
respectively. 

A photovoltaic (PV) power plant is incorporated at node 44, with a wind turbine and PV installed at 
each of the 32 and 36 facilities. The addition of energy storage equipment at node 84 makes the overall 
operation normal. 

The radial DC distribution grid is connected at node 74 by optimizing the operating power of the 
converter. In addition, the PV plant is also connected to DC nodes 77 and 79, respectively. The DC side 
of this converter has a voltage of 10 kV and uses U as its voltage range. 

The DER equipment and related parameters in the AC/DC distribution system are shown in Table 1, 
while Table 2 shows the related parameters of the converter. In addition, Table 3 shows the operating 
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loss data. The results from the DC side current calculation are shown in Table 4, and Table 5 shows the 
results from the AC side current calculation. A total of ϐive iterative steps are used. 

Table 1. Parametric design 

Node position 85 79 77 44 36 32 14 

Capacity 100 200 200 200 300 300 200 
Table 2. VSC parameters 

VSC number 1 2 3 4 5 6 7 

Power /KW 1.031 1.031 0.679 0.679 0.955 2.522 0.247 
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Table 3. Running loss  

Alternating current loss /kw Converter loss /MW Dc side loss /MW Distribution loss /MW 

0.5088 0.2095 0.0571 0.9045 
Table 4. Current calculation of dc system 

Node number Voltage amplitude /p.u. Active load /k W 

30 1  

31 0.982 200 

32 0.98 50.0013 

33 0.976 210 

34 0.976 290 

35 0.98 240 

36 0.975 170 

37 0.979 210 

38 0.977 250 

39 0.981 110 

40 0.998 190 

41 0.982 220 

42 0.978 270 

43 0.975 150 

44 0.975 90 

45 0.988 190 

46 0.98 220 

47 0.978 270 

75 0.986 230 

76 0.978 140 

77 0.979 250 

78 0.98 260 

79 0.977 190 

80 0.972 150 

81 0.976 390 

82 0.971 230 

84 1.002 190 

85 1 230 
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Table 5. The results of the communication system ϐlow 

Node number Voltage amplitude /p.u. Angle /(°) 
Node load 

Active load /kw Reactive load /kw 

0 1 0 - - 

1 0.989 0.074 100 50 

2 0.98 0.114 80 40 

3 0.986 0.014 110 70 

4 0.982 0.004 50 35 

5 0.982 0.054 50 20 

6 0.982 -0.154 210 100 

7 0.983 -0.024 210 100 

8 0.986 -0.026 50 20 

9 0.986 0.014 50 20 

10 0.985 0.124 43 35 

11 0.939 0.141 50 40 

12 0.945 0.234 50 40 

13 0.928 0.274 110 80 

14 0.931 0.261 400 10 

15 0.958 0.260 50 25 

16 0.951 0.109 50 25 

17 0.947 0.148 80 45 

18 0.982 -0.021 80 45 

19 0.983 -0.517 80 45 

20 0.988 -0.572 80 45 

21 0.953 -0.516 410 45 

22 0.983 0.184 410 50 

23 0.992 -0.234 50 200 

24 0.962 -0.034 50 200 

25 0.984 0.054 110 27 

26 0.946 -0.044 200 20 

27 0.933 -0.076 100 70 

28 0.935 -0.194 200 600 

29 0.915 -0.151 100 50 

48 1.001 0 - - 

49 0.982 0.084 131.45 102.12 

50 0.981 0.056 11.43 14.72 

51 0.979 0.004 35.27 27.43 

52 0.984 0.044 69.11 60.23 

53 0.981 -0.054 141.61 65.24 

54 0.984 -0.074 103.42 60.32 

55 0.986 -0.016 27.33 14.24 

56 0.985 -0.054 80.51 55.11 

57 0.985 -0.094 182.21 101.33 

58 0.983 -0.114 141.23 71.25 

59 0.983 -0.124 21.01 16.45 

60 0.945 -0.411 55.21 21.42 

61 0.979 -0.584 142.27 114.45 
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62 0.982 -0.654 24.27 27.55 

63 0.982 -0.656 35.44 22.36 

64 0.984 -0.784 32.11 22.12 

65 0.984 -0.504 26.35 10.73 

66 0.987 -0.752 154.53 70.27 

67 0.979 -0.224 543.15 349.73 

68 0.982 -0.878 181.52 167.28 

69 0.982 -0.924 91.47 53.13 

70 0.985 -1.174 80.24 35.21 

71 0.941 -1.006 163.69 96.83 

In order to verify the effectiveness of the AC and DC algorithms, taking AC partition one as an 
example, without loss of generality, the value of the current data on the AC side of the converter can 
be derived using the AC current calculation method, and the DC current data after the converter and 
the converter can be equated to a PQ node. And the equivalent PQ node current data is substituted into 
the traditional AC current calculation for veriϐication and validation, and the results are shown in 
Figure 2. From the ϐigure, it can be seen that the two curves completely overlap in the range of 0~30 
nodes, which proves the effectiveness and accuracy of the AC/DC hybrid distribution network current 
algorithm based on the alternating iteration method proposed in this paper. 

 

Fig. 2. Ac partition a node voltage value 

Example 2: In the classical IEEE33 node, DC lines and distributed power sources are added as an 
improved example. The simulation structure of AC/DC hybrid distribution network is shown in Fig. 3. 
① As the voltage level of the DC grid, 12 kV is taken. ② VSCI implements constant DC voltage control; 
while VSC2 relies on constant AC power for adjustment. ③  Tables 6 and 7 show the electrical 
parameters of each node in this optimization scheme such as the line resistance and the load 
information carried by the node. ④ The powers of the four distributed generators are 150 kW, 250 
kW, 80 kW and 100 kW. The AC reference voltage UB = 12.66 kV and the power reference value SB = 
10 MVA is selected. 
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ACDC
AC DC

 

Fig. 3. Simulation case of AC / DC hybrid distribution network 

Table 6. Branch resistance of the DC system 

Branch circuit Resistance/  Branch circuit Resistance/  

33-34 0.3742 37-48 0.4325 

34-35 0.6072 38-39 0.7257 

35-36 0.5276 39-40 0.5769 

36-37 0.7349   
Table 7. The DC system p-node parameters 

Node type Node number Load power /kW Node number Load power /kW 

P node 

34 40.26 38 58.97 

35 50.55 39 297.14 

36 45.09 40 35.28 

37 71.27   

In the VSC equivalent model, since the resistance is much smaller compared to the reactance, the 
resistive characteristics of the VSC are not considered in general studies. In this paper, in order to 
account for the losses of the VSC, the resistance of the existing line can be multiplied by 0.1-0.2 as the 
equivalent resistance of the converter, and then multiplied by 5-10 as its corresponding equivalent 
reactance. It is further assumed that the impedance of the VSCl equivalent model is set to 0.1256 + 
j0.8792 , and the impedance of the VSC2 equivalent model is set to 0.0916 + j0.7328 . Assuming 
that the power injected into the AC portion of the VSC2 equivalent model is 70+j80kVA, the following 
simulation results can be obtained by performing the current simulation simulation. 

Fig. 4-Fig. 6 show the voltages in each quadrant of the AC network nodes, respectively, and the 
results show that no matter whether the voltage at node 1 is at 1 or 0, the ϐinal voltage gradually 
smoothes out with the node. Table 8 shows the voltage information of each node on the DC network, 
from the table it can be seen that from the beginning of the voltage of 1.0000 to the last 0.9684, the 
overall trend is decreasing. 
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Fig. 4. A-phase node voltage of the AC-DC hybrid distribution network 

 

Fig. 5. B-phase node voltage of AC-DC distribution hybrid grid 
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Fig. 6. The c-phase node voltage of the AC-DC hybrid distribution network 

Table 8. Simulation results: DC node voltage 

Node number Node voltage /p.u. Node number Node voltage /p.u. 

33 1.0000 37 0.9722 

34 0.9764 38 0.9712 

35 0.9742 39 0.9708 

36 0.9735 40 0.9684 

3. MAS-based adaptive multi-region protection coordination strategy 

3.1. Organizational structure of MAS 

3.1.1. Networked structure.This structure is a ϐlat structure where the relationship between Agents 
is equal. The distinctive features of this structure are information localization and peer-to-peer 
communication, therefore, some scholars also call it a distributed autonomous structure. Each Agent 
in the system is autonomous and independent. When the task is beyond the scope of its own ability, 
Agent can interact and cooperate with other, and each Agent communicates directly with each other, 
regardless of the distance. It is a horizontal structure. 

This structure best reϐlects the characteristics of multi-agent, and early applications of networked 
structure include the proposed networked market structure and the proposed networked expert 
group structure. However, the network structure requires direct communication between each agent 
in the system, and needs to save a huge amount of information, especially when the system structure 
is large and complex, the number of communication links of each agent in the system will be 
particularly large, which will lead to a signiϐicant reduction in the efϐiciency of the system. 

3.1.2. Hierarchical structure.Each Agent in the hierarchical structure is divided into layers, and the 
relationship between them is no longer equal, and the hierarchical relationship is ϐixed. The decision-
making and control power of each layer is concentrated in the Agent of the upper layer, which is 
responsible for controlling and coordinating the behavior of the Agent of the lower layer, and the 
communication between the Agents of the same layer has to go through the upper layer, which is also 
responsible for storing the relevant information of the Agent of the lower layer. The communication of 
this structure is obviously not as simple as the network structure.The MAS structure is shown in Fig. 
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7, the lowest layer is the ϐield Agent layer, the middle layer is the coordination Agent layer, and the top 
layer is the decision-making Agent layer. In this structure, each Agent layer only needs to save the 
information of its corresponding lower Agent layer, which has the advantage of information storage 
compared to the network structure, but its communication method is a bit complicated compared to 
it, especially when the amount of information interacted by each layer is relatively large, and it is easy 
to encounter the bottleneck problem. 

Coordination 
layer Agent

Coordination 
layer Agent

Decision Agent

Field Agent Field AgentField Agent Field Agent

…

…

 

Fig. 7. The hierarchical structure of the MAS 

3.1.3. Unionized structures.As the system is getting larger and more complex in size and structure, 
the number of Agents is increasing, and how to solve the information interaction between them will 
become a key issue in the establishment. For this reason, some scholars have proposed the idea of 
coalitional structure. The basic idea is to divide each Agent in the MAS into small coalitions composed 
of appropriate numbers according to some relationship (distance or structure, etc.). The whole system 
consists of these different small coalitions, and each small coalition has a coalition Agent called 
Facilitator, which acts as a transit organization between the small coalitions and is mainly responsible 
for providing services for the interaction of the small coalitions. 

3.2. Coordinated Protection Architecture for Multi-Agent Systems 

3.2.1. Adaptive Agent Based on Reinforcement Learning.The adaptive Agent operation system based 
on reinforcement learning mainly includes the adaptive Agent, the role and the external environment, 
in which the adaptive Agent mainly consists of four parts, namely, the perception module, the decision-
making module, the behavior pool and the execution module [25]. 
1) The perception module is the Agent's perceptron, which is responsible for sensing the state changes 
of the external environment, transferring the results of its perception to the decision-making unit, and 
forwarding the tried-and-true environment evaluation to the learner. 
2) Decision module consists of three units: learner, knowledge and adaptive strategy. The learner 
implements the adaptive Agent to learn the effects obtained from the operations it performs through 
some learning algorithm; the learned knowledge will be stored in the knowledge unit; the adaptive 
strategy unit encapsulates the behaviors that the adaptive Agent can perform and speciϐies the 
mapping relationship between the external perception and the adaptive actions, which is strengthened 
or weakened in the learning. 
3) Behavior pool is mainly to cache the behavioral state of the Agent, and the behaviors in the behavior 
pool are realized to be called by the decision module and ϐinally executed by the execution module to 
act on the environment. 
4) The execution module is the effector of the Agent, which executes the speciϐic behaviors in the 
behavior pool and acts on the external environment, prompting the environment state to change. 
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When the perceptron perceives a new change in the environment, it will trigger a new round of 
“perception-decision and learning-execution” process. 

3.2.2. Hierarchical Multi-Agent System Protection Architecture.This paper adopts hierarchical 
structure applied to multi-agent system design. From the substation point of view, each interval-
oriented protection in the substation adopts distributed information acquisition and control mode, 
and the information collection and decision-making processing of the station level protection adopts 
centralized mode; from the perspective of regional relay protection composition, the station level 
protection of each substation adopts distributed mode, and the wide-area protection decision-making 
center adopts centralized mode. The hierarchical multi-agent system protection structure fully 
embodies the advantages of the combination of distributed and centralized, effectively solving the 
shortcomings of the traditional purely distributed system with a large amount of information in the 
network, but a small amount of information accessed by a single decision-making center, as well as the 
traditional centralized decision-making center with an excessive amount of information in the 
communication. 

3.3. MAS Adaptive Multi-Area Current Disconnect Protection Coordination 

3.3.1. Conventional current interruption protection.Current protection which operates immediately 
as a result of an increase in current when both reliability and selectivity are met is known as time-
limited current-break protection. In order to ensure the correct selectivity of the action, the time 
limitless current interruption protection can only protect part of the line. The time-limitless current 
interruption protection is also known as section I current protection, and the protection device is 
located on the power supply side of each line of a single-side power supply radial grid. 

When a power system is analyzed for a short circuit, if the power supply potential is certain, the 
value of the short-circuit current KI  depends on the fault type factor KK  and the total reactance 
X  between the short-circuit point and the power supply (ignoring the total resistance R ), and can 

generally be expressed as: 

 
1

K ph K ph
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s

K E K E
I

X X X l

 


 (29) 

Where: KK : Coefϐicient of short-circuit fault type, in case of two-phase short-circuit, 3 / 2KK  ; 
in case of three-phase short-circuit, 1KK  . 

phE : Phase potential of the equivalent power supply of the system  V . 
sX : Equivalent reactance of the system normalized to the protection installation   . 

1X : Positive sequence reactance of the line per unit kilometer length  / km . 
l : Distance from the short-circuit point to the protection installation  km . 
Suppose that protection 1 and protection 2 are installed in lines WL1 and WL2 respectively. 

According to the requirement of selectivity, when a short-circuit fault occurs in the adjacent next-level 
line, the protection device does not start; for protection 1, when a short-circuit occurs at point K2 at 
the ϐirst end of the line WL2, protection 1 does not act, and protection 2 should act to remove the short-
circuit fault. As the maximum short-circuit current at point K2 and the maximum short-circuit current 
at the short-circuit on bus B at the end of WL1 of this level of line are approximately equal, the action 
current of protection 1 shall be greater than the maximum operation mode for: 
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Where ,1
I
opI : Protective device 1, paragraph I  current protection action current value, also known 

as the protective device primary action current: 
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I
relK : Reliability coefϐicient of current protection paragraph I . When the DL electromagnetic type 

current relay is used, the value is 1.2-1.3; when the GL inductive relay is used, the value is 1.5-1.6. 
(3)

maxkBI : RMS value of the cycle component of the primary transient short-circuit current during a 
three-phase short-circuit on busbar at the end of line B  under the maximum operation mode of the 
system. 

The Protection Regulation requires a calibration sensitivity factor of 15%-20% for a two-phase 
short-circuit in the minimum mode of operation, and 50%m   in the maximum mode of operation. 
The protection ranges are as follows: 
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3.3.2. Adaptive ϐlow rate cut-off protection.The time-less current interruption protection can only 
protect part of the length of this line, for this reason, adaptive current interruption protection is 
proposed. Adaptive relay protection is characterized by a timely change in the operating 
characteristics or setting value of the protective device according to the power system operation mode 
and the occurrence of different types of faults. The current-ϐlow interruption protection selects the 
action current setting value according to the maximum operation, i.e: 
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Where: ,minsZ : Minimum impedance of the equivalent positive sequence of the system. 
LZ : Positive sequence impedance of the protected line. 
phE : System equivalent phase potential, constant. 
I
relK : Reliability factor. 
KK : Short circuit type factor. 

System operation mode, short-circuit type coefϐicient KK   and the short-circuit point in the 
protected line location determines the size of the protection current, located in line LZ  at the short-
circuit, the short-circuit current is: 
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Making Eq. (32) and Eq. (33) equal, the current ϐlow protection range   can be found to be: 
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Eqs. 1I
relK  , 1kK  , ,mins sZ Z , so that the protection range in the maximum mode of operation 

is greater than the actual protection range  , and the protection range will be shortened to zero as 
the short-circuit type factor KK   becomes smaller and sZ   increases. The condition for the 
protection range to be zero is: 
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To overcome the shortcomings of Eq. (32), the adaptive current interruption protection current is set to: 
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Where: sZ  Equivalent positive sequence impedance of the system at the protection installation, 
which varies according to the mode of operation. The adaptive current break protection range is: 
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From equation (37), it can be seen that s  varies with the change of system impedance sZ , but 
always meets the basic requirements of current ϐlow protection and is in an optimal state. The 
condition that the adaptive protection range is zero is: 
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Comparison from Eq. (34) and Eq. (37) can be made: 
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3.3.3. MAS Adaptive Current Disconnect Protection.The MAS protection system contains several 
Agent units, each of which collaborates with each other to accomplish the protection task. The 
protection Agent is composed of several algorithm modules, which are called by the system according 
to the real-time operation. The adaptive current interruption protection algorithm also belongs to the 
protection Agent algorithm module for the protection Agent to choose to call. First, the execution 
Agent group collects data from the power system and passes the collected information to the 
coordination Agent group. Secondly, the coordinating Agent group checks the collected information 
and calculates the change of fault components and system operation status, and transmits the 
calculation results to the scheduling Agent group and the protection Agent. Again, the scheduling 
Agent group makes adjustments based on the results and sends the instructions back to each relevant 
coordinating Agent group, and detects the operating status of the coordinating Agent group. The 
Protection Agent judges the fault type and phase according to the detected value, selects the 
corresponding protection module, gives the protection action to the Execution Agent group, and ϐinally 
the Execution Agent group handles the fault. MAS adaptive coordinated protection system organically 
combines the MAS system with the adaptive protection system, utilizing the characteristics of multi-
agent system hierarchical partitioning, which makes the protection ability improved, while 
maintaining the normal operation of the power grid. 

4. MAS Adaptive Multi-Regional Protection Coordination Simulation Analysis 

4.1. Impact of the point of failure 

When the power potential ratio h is 0.93 and the potential difference   is 20º, the location of the 
fault point is divided into 5, which are at the ϐirst end, at the 1/4 point, at the center point, at the 3/4 
point, and at the end. Figure 8 shows the trajectory of the measured resistance amR , from which it can 
be clearly seen that amR  increases with gR , and the closer it is to the N section, the larger amR  is, 
with a maximum value of 160. Figure 9 shows the trajectory of the measured reactance amX   at 
different locations on the line. The horizontal coordinate represents gR  and the vertical coordinate 
represents amX , and the overall reactance shows an increasing trend. 
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Fig. 8. Resistance changes were measured at different fault points 

 

Fig. 9. The change trajectory of the reactance is measured at different fault points 

4.2. Multi-Agent Based Adaptive Action Characterization 

The system parameters are unchanged, and the trajectory of the measured impedance amZ  changes 
nonlinearly when gR  and the location of the fault point change, and the measurement results are 
shown in Fig. 10. Line Ⅰ in the ϐigure indicates the trajectory of the change of each point of amZ  in 
the case of no transition resistance. From the ϐigure, we can see that amZ  is only related to the location 
where the short circuit occurs, and its trajectory is a straight line perpendicular to the x-axis. Line II 
shows the relationship between amR  and amX  when a short circuit occurs at 90% of the line and at 
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the same time gR   changes. Line Ⅲ shows the trajectory of amZ   change from 0% to 90% of the 
short-circuit point when gR =280 . Line Ⅳ indicates the gR  change from 0% to 280 . The area 
enclosed by the four lines Ⅰ, Ⅱ, Ⅲ and Ⅳ indicates the operating area of the impedance relay. 

 

Fig. 10. The trajectory of the measured impedance changes at the different fault points 

According to Fig. 10 it can be seen that no matter how the operating conditions change, the ideal 
operating region of the impedance relay in the protection Agent can be derived as shown in Fig. 11. 

 

Fig. 11. Ideal action characteristic curve of the impedance relay 

Let a and b be the action characteristic curves of offset characteristic impedance relay and multi-
agent based adaptive impedance relay, respectively. According to this chapter, when a single-phase 
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ground fault occurs in the system via the transition resistor, the offset characteristic impedance relay 
is easily affected by the gR, resulting in the range exceeding and mis-activation, while the multi-agent 
based adaptive protection has a better performance. Assuming that the total length of the line remains 
L=130km, the operation mode of b becomes 1.04, and the potential difference   becomes 0°; the 
shift information of the switch is collected by WAMS in the executing Agent, and the data is transmitted 
to the protection Agent in the impedance relay. The data acquisition module in the coordinating Agent 
group, and then the topology analysis module utilizes the network maximum ϐlow algorithm to carry 
out the connectivity of the network. The topology analysis module uses the network maximum ϐlow 
algorithm to analyze the network connectivity and derive a topology analysis connectivity graph 
containing nodes and branches; the data obtained from the topology analysis is processed by the 
rectiϐication calculation Agent group to derive a comprehensive zero sequence measurement 
impedance 0MZ , 0NZ . When the operation mode of the system is changed, the impedance relays in 
the protection Agents can update the data of the local side and the opposite side in a timely manner, 
and based on the change curve of the multiagent adaptive action characteristics, as shown in Fig. 12. 
The change curve of multi-agent based adaptive action characteristics is shown in Fig. 12. 

When the decision-making Agent group conϐirms the tripping command, the action curve of the 
impedance relay in the protection Agent changes from a to b, which improves the reliability of 
protection. Through simulation analysis we can see that when a non-metallic short circuit occurs at 
the short circuit point, the multi-agent based impedance relay can adjust the protection range in real 
time and dynamically, so as to effectively counteract the transition resistance. 

 

Fig. 12. Based on the multi-agent adaptive action characteristic changes 

5. Conclusion 

In this paper, we ϐirstly design an AC/DC hybrid distribution network trend calculation and network 
loss analysis method based on the alternating iteration method, according to the established trend 
calculation model of the main equipment, the alternating iteration solution method is used for the 
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trend analysis calculation and network loss calculation, and the feasibility of the proposed method is 
veriϐied by two examples of AC/DC hybrid distribution networks. Finally, the MAS-based adaptive 
current interruption protection is combined with examples for simulation calculation, and the 
adaptive protection is combined with the hierarchical module-based multi-agent protection system, 
and the experimental results show that the multi-agent-based impedance relay can adjust the 
protection range in real time and dynamically, so as to effectively counteract the transition resistance. 
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