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Abstract: Distributed collaborative control strategies for microgrids often use periodic time to trigger communication, which is likely to enhance the burden of communication and increase the frequency of controller updates, leading to greater waste of communication resources. In response to this problem, a distributed cooperative control strategy triggered by an adaptive event is proposed. By introducing an adaptive event triggering mechanism in the distributed controller, the triggering parameters are dynamically adjusted so that the distributed controller can communicate only at a certain time, the communication pressure is reduced, and the DC bus voltage deviation is effectively reduced, at the same time, the accuracy of power distribution is improved. The MATLAB/Simulink modeling and simulation results prove the correctness and effectiveness of the proposed control strategy.
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1  Introduction

In recent years, the development of renewable energy and power electronics has continuously driven the progress of distributed generation, microgrid, and other technologies. Since the DC microgrid can improve the efficiency of power generation and has the advantages of high reliability and low power generation cost [1–3], it has received great attention from scientific researchers [4–7]. However, distributed power generation is intermittent, which leads to power fluctuation and affects the stability of the microgrid. Therefore, the microgrid needs to be combined with energy storage devices to reduce the impact of unbalanced power on the system and improve its stability of the system. Reasonable power allocation for multiple sets of hybrid energy storage power is one of the goals of the coordinated control of optical storage microgrid [8].

At present, the DC microgrid multi-group hybrid energy storage control strategy mainly includes centralized control, distributed control, and decentralized control [9]. Droop control is the most commonly used method of distributed control, in which voltage and current are adjusted by adding a virtual impedance. However, due to the impedance of the circuit, there is still some voltage and current error [10–14]. A central controller is used to compensate for the voltage deviation and accurate current sharing. However, if one of the communication channels fails, it directly leads to the instability of the whole system and causes cascading failures with low reliability [15–20].

To overcome the limitations of the above methods, some researchers have proposed consensus-based distributed control. Each exchange state information with its neighbors and updates its control signals in real-time in combination with its state to finally completes the goal of coordinated control [21–23]. However, in practical applications, the working mode of communication with fixed periods is usually selected, which leads to too frequent updating of system control, high energy consumption, high communication resource requirement and excessive computation [24,25].

To solve the above problem, some researchers have proposed an event trigger control method based on non-periodic data exchange communication [26]. The event is triggered only when the state error exceeds the trigger threshold, which reduces the communication volume to ensure the control performance of the system. Pullaguram et al. [27] proposed dynamic consensus algorithm based on event-triggered communication, which is helpful to achieve the goal of average voltage regulation and proportional current allocation. Han et al. [28] introduced a distributed nonlinear controller and introduced an improved event triggering principle to achieve accurate current equalization and voltage regulation. Guo et al. [29] presented a hierarchical distributed control method by using the idea of event-triggered communication and dc bus voltage feedback. Qian et al. [30] introduced a secondary voltage and frequency control strategy, and reduced the updating times of the controller by adopting the event triggering mode. Zhang et al. [31] proposed a cooperative control strategy for isolated island microgrid, designing event triggering mechanism, packet loss and communication burden in communication process can be reduced on the basis of ensuring voltage and frequency stability of microgrid. Yan et al. [32] used an event triggering mechanism based on adaptive adjustment parameters to save communication network space based on packet loss problem in communication network during information transmission between microgrid and large grid. In [33], a distributed control strategy based on event triggering is proposed to solve the secondary voltage frequency control problem of isolated island microgrid, which enables the controller to communicate at a specific moment and reduces the communication burden of the system. Wang et al. [34] presented a distributed control scheme based on dynamic event triggering mechanism for the microgrid composed of distributed micro-source and energy storage system, which balances the power between micro-source and energy storage and reduces the communication times between controllers.

The event trigger thresholds studied in the above literature are all fixed values, as well as unable to respond in a timely and effective manner to sudden changes in the system, and it ignores changes in system performance.

Therefore, in this paper, an adaptive event triggering mechanism with a variable triggering threshold is developed, which can adaptively adjust the triggering threshold when the system conditions change suddenly so that the system can reach a steady state as soon as possible. Compared with the traditional event trigger control, it reduces the communication pressure of the system. Compared with traditional event trigger control, it reduces the communication pressure of the system.

The rest chapters are arranged as follows: The second part introduces the structure of optical storage DC microgrid; In the third part, the distributed control strategy of hybrid energy storage based on adaptive event triggering is proposed, and its stability and convergence are proved. In the fourth part, the simulation is carried out to verify the proposed control strategy. The fifth part summarizes the thesis.

2  DC Microgrid Structure with Multi-Group Hybrid Energy Storage System

This article takes the isolated DC microgrid as the research object. The structure of the microgrid is shown in Fig. 1, which includes photovoltaic power generation units, multiple groups of hybrid energy storage units, load units, converters and distributed communication network units, the above units can be divided into three layers: physical layer, control layer and communication layer. The physical layer is the bottom structure of the microgrid. The photovoltaic power generation system and the energy storage unit are connected to the DC bus through the converter, and then the converter supplies power to the load. The control layer is used to adjust the duty cycle of the converter, and then control the output current of the power generation unit and the energy storage unit, the communication layer mainly provides information exchange for each energy storage unit to optimize the control of microgrid.
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Figure 1: Structure diagram of DC microgrid with multiple groups of hybrid energy storage systems

To improve energy utilization, the photovoltaic system operates in maximum power mode and does not participate in distributed control between hybrid energy storage systems. Each energy storage system is composed of supercapacitors and batteries. When the load suddenly changes, the hybrid energy storage system balances the unbalanced power in the system to ensure the stable operation of the microgrid.

3  Distributed Cooperative Control Strategy for Hybrid Energy Storage Based on Adaptive Event Triggering

This paper proposes a distributed control to reasonably distribute the unbalanced power between HESSs. First, distribute the power between HESSs through droop control based on virtual resistance. Secondly, use the distributed collaborative control based on the consistency theory, and realize the information exchange between HESSs through the communication network, the event trigger mechanism is introduced to compensate the bus voltage drop during the droop control process, improve the power distribution accuracy, reduce the consumption of system communication resources, and realize the stable operation of the system.

3.1 Distributed Cooperative Control Strategy for Hybrid Energy Storage

At present, most optical storage micro networks use droop control based on virtual resistance, and the control structure is shown in Fig. 2.
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Figure 2: Droop control block diagram

Vi∗ is droop control output reference voltage, rvi is the virtual resistance, and the HESS output current is denoted as Ii. The rated voltage of the bus is expressed as Viref, where ui is the compensation voltage value of the voltage drop generated by the distributed cooperative control to the droop control.

Considering that there is a certain line resistance in the actual DC microgrid, the output current of each HESS cannot be accurately distributed in accordance with the set proportion, and there is a contradiction between the current distribution accuracy and voltage deviation, this paper proposes a distributed cooperative control strategy of hybrid energy storage based on adaptive event triggering.

3.1.1 Graph Theory

The communication network in Fig. 1 can realize information exchange between various Hybrid Energy Storage Systems (HESS) in the microgrid system. The communication network used in this article is an undirected graph. For a system composed of n nodes, their topological relationship diagram is described by graph G, G=(V,E,A), represents an undirected graph composed of n nodes, where V={v1,v2,…vn} represents a collection of n nodes, E represents the set of edges composed of nodes, A=[aij]n×n is a non-negative weighted adjacency matrix, only when there is a connection between nodes, the corresponding aij>0 are met, stipulated aii=0, the Laplacian matrix is L=D−A, D is the degree matrix.

3.1.2 Design Strategy of the Control System

The vital purpose of the distributed cooperative control based on consistency theory is to compensate for the bus voltage drop caused by droop control and reduce the voltage and current deviation between each HESS. Adjust the global voltage and current in the DC microgrid by readjusting the voltage and current setpoints in the HESSs converter control process to achieve average voltage and proportional current sharing. The distributed control block diagram is shown in Fig. 3.
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Figure 3: Block diagram of distributed control

Due to the existence of line resistance, the voltage of HESS output terminal is lower than the voltage of DC bus. In order to reduce this influence, HESSi is made to communicate with the voltage and current of adjacent HESSj and finally approaches the bus voltage rating. The voltage of each HESS is obtained after distributed control, and the reference value of the control voltage is:

V~i=Vi∗+∫∑j∈Niaij(V~j−V~i)(1)


Vi∗ is the reference value of control voltage after droop control and is a non-zero constant. The derivative of both sides of (1) can be obtained:

V~˙i=∑j∈Niaij(V~j−V~i)(2)

Due to the existence of line resistance, the system cannot accurately achieve current distribution according to a given proportion, so the dynamic uniform current is introduced:

i~i=∫∑j∈Niaij(i~j−i~i)(3)

Take the derivative of both sides of (3) at the same time:

i˜˙i=∑j∈Niaij(i˜j−i˜i)(4)

The difference of the voltage between droop controls the distributed control is obtained and sent to the PI controller to get the compensation voltage. The difference between the HESS current obtained through distributed control and the actual output current of the corresponding HESS is sent to the PI controller to obtain the compensation voltage to realize proportional current sharing, and finally, get a new voltage reference value as Eq. (7), realize the compensation of bus voltage drop caused by droop control.

δuV=kpv(Vi∗−V~i)+kIv∫(Vi∗−V~i)dt(5)

δui=kpi(ii−i~i)+kIi∫(ii−i~i)dt(6)

Vi∗∗=Vi∗+δuv+δui(7)

kpv, kIv, kPi and kIi are the proportional integral coefficients of the PI controller.

3.1.3 Analysis of Convergence of Control Strategy

This section mainly proves the convergence of consistency theory. Combining Eqs. (2) and (4), they can be written in the following form:

x˙i(t)=ui(t)(8)

By using the information exchange between neighbors, the control law is designed to achieve the consistency of HESS states, the control law is as follows:

ui(t)=∑j∈Niaij(xj(t)−xi(t))(9)

Theorem. For graph G, the initial state of each node is xi(0), The nodal dynamic equation is x˙i=ui. If the in-degree of all nodes in graph G is equal to the out-degree. Then under the control law (9), the state of each node in the system will converge to the average value of the initial state, achieving a consistent average of the system state, expressed as:

x1=x2=⋯xi=⋯=1N∑i=1Nxi(0)(10)

Proof: ① The known system state equation is x˙=−Lx. The initial state is x(0), where L=MJM−1, The right eigenvectors of the L matrix form the matrix. The left eigenvector of the L matrix forms the matrix M=[v1v2…vN], and satisfied:

x(t)=e−Ltx(0)=Me−JtM−1x(0)=[v1v2⋯vN][e−λ1t⋱e−λNt][u1T⋮uNT]x(0)=(v1e−λ1tu1T+v2e−λ2tu2T+⋯vNe−λNtuNT)x(0)=∑i=1Nvie−λituiTx(0)(11)

When t→∞,

x(t)→(v1e−λ1tu1T+v2e−λ2tu2T)x(0)(12)

Bring λ1=0 into Eq. (8) to get:

x(t)→v1e−λ1tu1Tx(0)+v2e−λ2tu2Tx(0)=v2e−λ2tu2Tx(0)+1→∑i=1Npixi(0)(13)

When t→∞, where e−λ2t→0, Eq. (9) can be simplified to:

x(t)→1→∑i=1Npixi(0)(14)

where pi=[p1p2⋯pN]T, represents the normalized left eigenvector of the eigenvalue λ1=0 in the L matrix, when the system is in a steady state, state vector xs=1→⋅m.

m=∑i=1Npixi(0)(15)

② The out degree of each node in graph G is equal to the in degree, aij=aji, and A=AT, L=LT, satisfied 1→L=0.

u1T(λ1I−L)=0(16)

And satisfied

u1TL=1→L=0=p1→L(17)


p is a non-zero constant, and we get:

u1T=p1→T(18)

Take the right eigenvector of eigenvalue λ1=0, expressed as v1=1→, from this u1Tv1=1, that is:

u1Tv1=p1→T1→=pN=1(19)

From Eq. (12), we can get:

pi=[p1p2⋯pN]T=[1N1N⋯1N]T(20)

Combined Eq. (13),

m=1N∑i=1Nxi(0)(21)

It can be seen that when the system is in a steady state, the individual states all converge to the average value of the initial state. Combined with HESS system in microgrid, the average voltage and current are finally regulated by consistent distributed control.

The above-mentioned distributed cooperative control can realize the regulation of the DC bus voltage, However, there are periodic communications between adjacent HESSs. But when the system reaches a steady state, there is no need to change the control signal, the periodic communication carried out at this time will cause a waste of communication resources. Therefore, this paper proposes adaptive event trigger control, which reduces the pressure of system communication by changing the trigger threshold in real time. The following is the design process of an adaptive event-triggering function.

3.2 Adaptive Event Triggering Control

3.2.1 Event Trigger Function Design

Combining Eqs. (2) and (4), the i-th HESS reference voltage and current dynamic equation can be obtained as:

{V~˙i=∑j=1Naij(V~j−V~i)i~˙i=∑j=1Naij(i~j−i~i)(22)

Written in uniform form:

xi~˙(t)=ui(t)(23)

where xi~˙(t) is the i-th HESS voltage and current reference value, x~˙(t)∈[V~(t)i~(t)], ui(t) indicates the input control amount of the PI controller, the expression is as follows:

ui(t)=c∑j=1Naij(x~j(tm′jh)−x~i(tmih))(24)


t∈[tmih,tm+1ih], c is the control gain, h is the sampling period,x~i(tmih) represents the sampling information of the i-th HESS at the most recent trigger time,x~i(tm′jh) represents the sampling information of the latest trigger time of HESSj adjacent to HESSi. Divide the interval [tmih,tm+1ih) between two adjacent triggers of HESSi into tm+1ih−tmih sampling points, and [tmih,tm+1ih)=∪k=tmitm+1i−1[kh,(k+1)h).

The difference between the latest trigger time information of HESSi and the current time sampling information is:

ei(tmih+kh)=x~i(tmih)−x~i(tmih+kh)(25)

ej(tmih+kh)=x~j(tm′jh)−x~j(tmih+kh)(26)

Take the difference between the sampling information of HESSi and HESSj at the moment and add them up to get:

δi(tmih+kh)=∑j=1N(x~i(tmih+kh)−x~j(tmih+kh))(27)

From Eqs. (25)–(26), the HESS system state can be obtained as:

xi~˙(t)=c∑j=1Naij(x~j(tmih+kh)+ej(tmih+kh)−x~i(tmih+kh)−ei(tmih+kh)),t∈[kh,(k+1)h)(28)

Define the event trigger condition of HESSi as:

fi=ei2(tmih+kh)−σi(tmih+kh)δi2(tmih+kh)>0(29)

Establish an adaptive trigger function fi, take the time value at which fi>0, the trigger parameter σi(tmih+kh) is time-varying and satisfies the following formula:

σi(t)={1,ei2(tmih+kh)>ρ−1,ei2(tmih+kh)≤ρ,t∈[tmih+kh,tmih+(k+1)h)(30)


ρ is a non-negative constant, and σi satisfies:

σi(tmih+(k+1)h)=min{σ0,σi(tmih+(k+1)h)}(31)

Trigger parameter σi(t)∈(0,σ0], at each sampling moment, the i-th HESS sends its current sampling state x~i(tmih+kh) to its neighbors, simultaneously receive the current sampling time status x~j(tmih+kh) sent by the neighbor, if the trigger condition Eq. (29) is met, HESSi will update the current sampling time state to the latest trigger state x~i(tm+1ih)=x~i(tmih+kh), since the lower bound of the time interval trig-gered by the hybrid energy storage system event is the sampling period, namely tm+1ih−tmih≥h, so the Zeno phenomenon is avoided, on the contrary, if Eq. (29) is not satisfied, the event will not be triggered and the trigger state will not be updated, which reduces the number of communications and saves communications resources. From Eq. (30) we can see, the comparison of ei2(tmih+kh) and ρ determines the size of the trigger parameter σi(t).

The larger the event trigger parameter σi(tmih+kh), the longer the trigger time of two adjacent events, and the less the corresponding trigger times. The adaptive event trigger goal designed in this paper is to require the event trigger frequency to increase when the system changes suddenly, and vice versa. In the state, the event trigger frequency is reduced to achieve better control performance.

3.2.2 Stability Analysis of Adaptive Event Triggering Control Strategy

In order to prove the stability and convergence of the system after using event-triggered control, define Lyapunov function V=12x~Tx~, its derivative is:

V˙=x~Tx˙(32)

Bring Eq. (28) into (32), and make c=−1/βh.

V˙(t)=−1βhx~T(t)L(x~(tmih+kh)+e(tmih+kh))=−1βh[x~(tmih+kh)+x~˙(t)(t−(tmih+kh))]TL(x~(tmih+kh)+e(tmih+kh))=−1βh(t−(tmih+kh))(x~(tmih+kh)+e(tmih+kh))TL2(x~(tmih+kh)+e(tmih+kh))−1βhx~T(tmih+kh)L(x~(tmih+kh)+e(tmih+kh))≤λnβ2h(x~(tmih+kh)+e(tmih+kh))TL(x~(tmih+kh)+e(tmih+kh))−1βhx~T(tmih+kh)L(x~(tmih+kh)+e(tmih+kh))=1βh(λnβ−1)x~T(tmih+kh)Lx~(tmih+kh)+1βh(2λnβ−1)x~T(tmih+kh)Le(tmih+kh)+λnβ2heT(tmih+kh)Le(tmih+kh)(33)

where, x=[x1,x2,…xn]T, e=[e1,e2,…en]T, when β≥2λn.

V⋅⁡(t)≤1βh(λnβ−1)x~T(tmih+kh)Lx(tmih+kh)+1βh(1−2λnβ)(12x~T(tmih+kh)Lx(tmih+kh)+12eT(tmih+kh)Le(tmih+kh))+λnβ2heT(tmih+kh)Le(tmih+kh)=−12βhx~T(tmih+kh)Lx~(tmih+kh)+12βheT(tmih+kh)Le(tmih+kh)(34)

Define the vector, and

δ(tmih+kh)=Lx~(tmih+kh)(35)

Introduce the event-triggered functional Eq. (29), and bring (35) into (34) to get:

V˙(t)≤−12βhx~T(tmih+kh)Lx~T(tmih+kh)+σ0λn2βhδT(tmih+kh)δ(tmih+kh)=−12βhx~T(tmih+kh)Lx~(tmih+kh)+σ0λn2βhx~T(tmih+kh)L2x~(tmih+kh)≤−12βhx~T(tmih+kh)Lx~(tmih+kh)+σ0λn22βhσ0x~T(tmih+kh)Lx~(tmih+kh)=−12βh(1−σ0λn2)x~T(tmih+kh)Lx~(tmih+kh)(36)

When the event trigger parameter satisfies 0<σ0<1/λn2, can get V˙(t)≤0, the system is asymptotically stable. Among them, to calculate λn, we need to know the topology of the communication network, when the network structure fails, λn needs to be recalculated, which is more troublesome, therefore, it is possible to estimate λn based on λn≤n, reducing the dependence on the communication topology.

It can be seen that the HESS system can be gradually stabilized under the control protocol (24) and adaptive event trigger condition (29).

4  Simulation Verification and Analysis

In order to verify the feasibility and effectiveness of the proposed control strategy, a simulation model is built under the Matlab/Simulink environment as shown in Fig. 1, and the system parameters are shown in Table 1.
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Select 3 groups of HESSs systems to form an undirected connected topology, as shown in Fig. 4.
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Figure 4: System topology

The Laplacian matrix corresponding to Fig. 4 is L=[2−1−1−12−1−1−12].

4.1 Simulation and Verification of Distributed Cooperative Control Strategy

The battery SOC of the three groups of hybrid energy storage is 0.85, 0.75, 0.65, and the initial voltage of the supercapacitor is 200 V. The voltage and current status information of the three groups of HESS are exchanged through the communication network. The load is suddenly reduced at 3 s, 7 s Sudden load increase, compared to droop control and distributed cooperative control DC bus voltage changes.

Fig. 5 is a Simulink simulation model built according to Fig. 1, including three hybrid energy storage devices and photovoltaic power generation modules. The photovoltaic converter works in MPPT mode and does not participate in hybrid energy storage power distribution.
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Figure 5: Simulation model structure diagram

It can be seen from Fig. 6 that the traditional droop control cannot compensate for the bus voltage drop loss caused by the line impedance, so the bus voltage is lower than the set bus voltage. In contrast, the distributed control can compensate the bus voltage to make the DC bus voltage closer to its setting rating.
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Figure 6: Comparison of bus voltages under the two control methods

Figs. 7 and 8 respectively show the variation curves of the output power of the supercapacitor and battery under the distributed cooperative control strategy. It can be seen that in the system startup stage, the supercapacitor and battery discharge to maintain the bus voltage, and the battery output power continues to increase, while the supercapacitor output power increases instantly and then gradually recovers to 0, combined with Figs. 9 and 10, it can be seen that the SOC of the two types of energy storage batteries decreases to meet their charge-discharge characteristics. At 3 s, the load drops suddenly and the hybrid energy storage is charged, so its output power decreases. Due to the slow response speed of the battery, its SOC cannot increase instantly, but the decreasing rate becomes slow. However, the response speed of the ultracapacitor is fast, so its SOC increases instantly. At the moment of 7 s, the load increases suddenly, and the mixed energy storage starts to discharge again. The output power of both batteries increases, and the battery SOC decreases at a faster rate, while the supercapacitor SOC decreases instantly to meet the characteristics of rapid charge and discharge.

[image: images]

Figure 7: Supercapacitor output power
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Figure 8: Battery output power
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Figure 9: Supercapacitor SOC
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Figure 10: Battery SOC

It can be concluded from the above analysis that the distributed cooperative control can reduce the influence of line impedance on the DC bus voltage, ensure the DC bus voltage to be stable at the desired voltage value, and keep the output current of each HESS consistent.

4.2 Adaptive Event Trigger Simulation Verification

Based on distributed cooperative control, an adaptive event triggering mechanism with variable trigger parameters is introduced and compared with the one with constant trigger parameters.

Fig. 11 shows the variable change process under the control of adaptive trigger parameters of voltage, wherein (a) is the change curve of three groups of HESS trigger parameters, and (b) is the sampling point at the trigger moment. It can be seen that the value of the trigger parameter is smaller than its initial value, verifying the correctness of the range of trigger parameter values in Section 3.

[image: images]

Figure 11: Adaptive event trigger control of voltage

Combined with Figs. 7 and 8, it can be concluded that in the system startup stage, HESS output power increases gradually, corresponding triggering time interval decreases, triggering parameters also decrease, and triggering frequency increases, until DC bus voltage reaches steady-state, triggering frequency decreases, and control signal basically remains unchanged. Fig. 12 shows the variable change process under the adaptive trigger parameter control of current, and the working process is similar to Fig. 11.

[image: images]

Figure 12: Adaptive event trigger control of current

Fig. 13 shows the ei variation curves of the three groups of HESS state measurement errors. It can be seen that the measurement errors gradually decrease. Combined with Fig. 13, it can be seen that the triggering frequency of corresponding events also decreases.

[image: images]

Figure 13: ei change curve

Contrast Figs. 11b and 14, 12b and 15 it can be seen that at system startup phase, the adaptive parameters than fixed trigger triggering frequency trigger is higher, the time needed for steady-state shorter, and the system steady-state phase, basic not trigger event triggered adaptive parameter, and fixed trigger parameters in steady state will trigger events, In the steady state, the number of triggering is higher than that of adaptive event triggering, which increases the communication burden of the system. In comparison, adaptive event triggering has more advantages.
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Figure 14: Constant trigger parameter control of voltage
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Figure 15: Constant trigger parameter control of current

5  Conclusion

The research objective in this article is a DC microgrid with several groups of HESS. This article presents an adaptive event-triggered distributed cooperative control strategy in order to cope with increased communication burden and waste of communication resources caused by periodic time triggering, which can be modified in real-time Event trigger interval, keeping limited communication resources. Through the simulation of the DC microgrid system under load disturbance, the DC bus voltage is increased by 0.6% compared with the traditional droop control, the power distribution accuracy of the hybrid energy storage is also significantly improved, and the communication frequency in the steady state of the system is reduced, which verifies that improve the effectiveness of control strategies.
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Table 1: System parameter

Parameter Value

DC bus rated voltage/V 400

Virtual resistance/s2 0.2,0.2,0.2
Line impedance/$2 0.15,0.1, 0.1
Battery 100 V/10 Ah
Super-capacitor 250 V/82.5F
Kovs Kios Keiy Koy 0.02, 3,0.02, 3
Droop control PI parameters 0.15, 8
Communication cycle/h 0.00005

B 20000

P 0.0001

oy 0.058

Low pass filter time constant/s 1
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