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Large-scale distributed demand response is a hotspot in the development of power systems, which is of much significance in accelerating the consumption of new energy power generation and the process of clean energy substitution. However, the rigorous distributed algorithms utilized in current research studies are mostly very complicated for the large-scale demand response, requiring high quality of information systems. Considering the electrical features of power systems, a weak-consistency–oriented collaborative strategy is proposed for the practical implementation of the large-scale distributed demand response in this study. First, the basic conditions and objectives of demand response are explored from the view of system operators, and the challenges of large-scale demand response are discussed and furthermore modelled with a simplification based on the power system characteristics, including uncertainties and fluctuations. Then, a weakly consistent distributed strategy for demand response is proposed based on the Paxos distributed algorithm, where the information transmission is redesigned based on the electrical features to achieve better error tolerance. Using case studies with different information transmission error rates and other conditions, the proposed strategy is demonstrated to be an effective solution for the large-scale distributed demand response implementation, with a robust response capability under even remarkable transmission errors. By integrating the proposed strategy, the requirement for the large-scale distributed systems, especially the information systems, is highly eased, leading to the acceleration of the practical demand response implementation.
Keywords: demand side management, distributed control, large-scale collaboration, slacked control, weak consistency
INTRODUCTION
Energy transition has become a key issue for sustainable economic and social development. The world urgently needs to transform energy production, allocation, and consumption methods today, so evolutions are emerged in both generation and consumption sides (Heffron et al., 2020). Developing and utilizing clean energy instead of the traditional fossil fuel are welcomed in the power production side, while much attention should also be paid to the intelligent interaction of power loads in the consumption side (Hoggett, 2014). Wind power, photovoltaic power generation, and other intermittent new energy sources and new controllable loads have been integrated to the grid on a large scale, leading to the new features of power system operations (Kolhe, 2012).
In spite of the electricity contribution, the high penetration of renewable generations brings some challenges. On the one hand, the uncertainties of the renewable power generation will make the power output and electricity flow in the grid fluctuate more seriously (Dvorkin et al., 2015), which would influence the safe and stable operation of the system. On the other hand, the proportion of conventional power generation is decreasing, which will significantly weaken the dynamic voltage and power regulation capability of the grid (Zheng et al., 2015). Based on these problems caused on the generation side, the consumption side is highly expected to help with the situation. Hence, demand response (DR) emerges. DR emphasizes the direct interaction between the power users and systems via the electricity market or other patterns featuring faster response action, lower cost, better environmental protection, and high potential to increase the system’s flexibility (Huang et al., 2019), which is desired by users and utilities, resulting in a fast development in recent years (Ribó-Pérez et al., 2021).
There has been a lot of research on the utilization of demand-side resources. Among the loads that can participate in demand response, the resident load has high potential. A resident-side demand response energy management model can be established to analyze and evaluate the flexibility from the demand side and to optimize the entire response system (D’hulst et al., 2015). Considering real-time electricity prices, a kind of demand-side energy management controller based on dynamic pricing for residential power usage can be used to reasonably dispatch electrical equipment to maximize user satisfaction and benefit (Chen et al., 2021). The air conditioning load as a kind of thermostatically controlled load, which would account for more than half of the total electricity demand in summer, can become the main control resource in the DR process (Mahdavi and Braslavsky, 2020), realizing an adaptive control mode according to the index of ambient temperature and human comfort (Perez et al., 2016). Considering the small capacity of scattered air conditioning loads, the practical demand response usually requires the participation of quantities of residents through aggregation technology to achieve efficient utilization (Gao et al., 2017), leading to a large-scale problem.
The coordination strategy is extremely important for the large-scale systems, which is also the research hotspot for demand response. Currently, there are three majorly investigated strategies, i.e., centralized control, decentralized control, and distributed control. Through the centralized control, the power consumption of loads is controlled directly using a utility or by a system operator, which features fast response speed and concise control volume (Chen and Liu, 2017). However, this control method depends largely on the information transmitted between the operator and the loads, which issues a higher requirement on the accuracy of information transmission (Tang et al., 2018). It depends on an information platform based on the coupled cyber-physical power system to achieve the coordination between the operator and the user, which requires particularly solid robustness to secure information transmission process (Qi et al., 2017). Although with desired performance, the centralized control requires a process center and a complete information system, which is not economic at all. Hence, the decentralized control combines local control strategy and centralized display, which can avoid the problem of information delay and the high cost to build a strictly robust information transmission system (Bahrami et al., 2018). Although many methods and theories have been proposed to improve the time-delay systems, it is found difficult to keep the balance between small delay and good control precision (Zhu and Fridman, 2020). As can be seen, the response performance is comparatively poor with that of decentralized control strategy, while the over-response and under-response cannot be avoided. For the sake of combining the advantages of the abovementioned control strategies, the distributed control is proposed, which is based on centralized management and distributed control (Burns, 2018). It has been widely used in the IoT industry for its interoperability, scalability, and dependability, which are the key features of many distributed systems (Iwanicki, 2018). Different algorithms and control strategies are widely studied and adopted to improve the efficiency of the distributed control (Xiao et al., 2019) and its natural features of error tolerance (Raynal, 2018). Specific algorithms have been used, including clock synchronization theories (Dalwadi and Padole, 2017) and self-stabilization algorithm (Altisen et al., 2019), to ensure the information consistency and control stability, which are very precise and complicated to realize in some real scenarios as for controllable power loads. Therefore, the distributed control strategy is prominent in large-scale collaborations at the current stage. Meanwhile, the existing demand response process has certain challenges, where the reliability of the physical information system is highlighted (Ming et al., 2018). In the reviewed demand response system, the coordinated and stable status of the information and physical system is the basis of the reliable implementation of demand response (Huang et al., 2019). However, practically speaking, based on the power system features, the power system–demand response does not need these tight conditions, such as the rigorous control algorithm or the extremely reliable information systems. First, the demand response objective value can be flexible around the target since the system state is time-varying. Second, the response individuals do not need the accurate system information all the time, while the focus of the system is the final objective and their focus is their own behaviors. These characteristics provide a potential way to simplify the large-scale distributed demand response implementation.
Based on abovementioned observations, a weak-consistency–oriented distributed control algorithm is proposed in this study to tackle the large-scale demand response problem in a practical way. At the first stage, the air conditioning model and demand response structure are presented and the severe impacts of information errors are extensively discussed. Then, by revising the transmitted information format, the consistency requirement is slacked, resulting in a weak-consistency distributed algorithm. By implementing the proposed algorithm, the demand response performance of large-scale systems is highly improved, especially with a high rate of information errors. The contributions of this study are as follows. First, a weak-consistency–oriented distributed algorithm is proposed based on the features of demand-side resources and the structure of DR in power systems. Then, a specific DR strategy is proposed and proved valid to realize the demand response under the control structure, which is of much robustness especially to solve the problem of errors in the information transmission process, improving the performance of large-scale systems.
AIR CONDITIONING–BASED DEMAND RESPONSE FORMULATION
Model of Air Conditioners for Demand Response
The air conditioning load is a kind of TCL. The modeling of the air conditioning load consists of building a thermodynamic model and the air conditioning unit electromechanical transformation model (Shen et al., 2019).
Thermodynamic Model of Buildings
The thermodynamic model of a house usually adopts an equivalent thermal parameter model. In order to simplify the calculation, only the change process of the indoor temperature is considered (Lu, 2012). In this study, the first-order equivalent thermal parameter model is used, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | The first-order equivalent thermal parameter model.
The model equation is shown as follows:
[image: image]
where [image: image] and [image: image] are, respectively, the indoor and outdoor temperatures at time t, whose unit is °C; R is the equivalent thermal resistance, whose unit is °C/W; C is the heat capacity of the indoor air, whose unit is J/°C; and [image: image] is the air conditioning cooling capacity at time t, whose unit is W.
Assuming that the outdoor temperature [image: image] remains constant during the period of time [image: image], we use [image: image] as the initial value to solve Eq. 1 in order to obtain the indoor temperature at time [image: image]:
[image: image]
Electromechanical Transformation Model of Air Conditioners
The electromechanical transformation model of air conditioners describes the relationship between the air conditioning power and the cooling (heat) quantity, that is, the energy efficiency ratio. The energy efficiency ratio of fixed-frequency air conditioners is a constant value, while the energy efficiency ratio of inverter air conditioners is related to the working frequency.
The fixed-frequency air conditioner adopts a fixed-speed compressor to control ON and OFF states according to the temperature [image: image], which is set by the user, so that the room temperature is ranging within a certain threshold near [image: image] and the upper and lower temperature limits, [image: image] and [image: image] are, respectively, [image: image] as shown in Figure 2. [image: image] is the parameter that characterizes the control accuracy of the thermostat controller.
[image: Figure 2]FIGURE 2 | Working characteristics of the fixed-frequency air conditioning compressor.
The compressor start–stop state is represented by S. S is denoted by 0 to indicate that the compressor is in a stopped state, and S is denoted by 1 to indicate that the compressor is in a constant-speed operation state. The relationship between the indicator S and the indoor temperature can be expressed as
[image: image]
Therefore, the relationship between the indicator S and the electric power of the air conditioner, [image: image], can be expressed as
[image: image]
where [image: image] is the electric power of the air conditioner, whose unit is W.
The inverter air conditioner uses a frequency converter to drive the compressor and continuously controls the cooling capacity by adjusting the working frequency and changing the compressor speed (Zhou et al., 2015). As shown in Figure 3, the frequency setting is related to the difference between the actual indoor temperature and the set temperature, which can be expressed by [image: image]:
[image: image]
where [image: image] and [image: image], respectively, represent the allowable maximum and minimum operating frequencies of the inverter air conditioner.
[image: Figure 3]FIGURE 3 | Speed characteristics of the inverter air conditioning compressor.
Structure of Demand Response
The research in this work is based on a hierarchical distributed control architecture based on load aggregators. As shown in Figure 4, the entire control system is divided into grid dispatch layer, load aggregator layer, and user layer. Continuous information exchange between the layers realizes overall load control (Samad et al., 2016).
[image: Figure 4]FIGURE 4 | The multilayer control structure of demand response.
On the one hand, the load aggregator layer needs to receive power control instructions from the grid dispatch center, as well as integrate and analyze load types, operating status, adjustable capacity, whether or not it can participate in DR, and other information of the scattered flexible load within its jurisdiction, in order to evaluate the response potential and reaction time which will be fed back to the dispatch center. On the other hand, the load aggregator layer allocates the power adjustment tasks issued by the power grid to users in the area and receives information feedback after participating in the response process. In such a multilevel control structure, the information transmitted can be divided into information control signals, power reduction signals, control decision signals, price signals, and so on.
Impacts of Information Errors
It can be seen that if there are errors in the information transmission between different layers, the results of regional demand response will be highly influenced. For example, there are 2500 air conditioner users in a certain area who can participate in demand response. The ratio of fixed-frequency air conditioners to inverter air conditioners is 1:1, and their rated maximum operating power is 1500 and 2100 W, respectively. The total response task issued by the load aggregator is 500 kW. When there are errors in information transmission between users, the overall response effect will be considerably affected. The result is shown in Supplementary Table S1 and Figure 5.
[image: Figure 5]FIGURE 5 | Result distribution of different information error rates.
This study defined an index of response rate (%) in order to describe the effect of demand response process. If the response rate is more than 90%, the demand response process can be anticipated as a successful one. It can be calculated by the following function, where [image: image] refers to the demand issued by the load aggregators and [image: image] refers to the actual response power of the cluster:
[image: image]
It can be seen from Supplementary Table S1 and Figure 5 that when the information transmission process is correct, the response result met the response task well; when the information error rate is increasing, the number of users who can normally participate in the response is obviously reduced and the response rate index drops to 27%. Meanwhile, as shown in Figure 6, operation results under 1% information error rate fluctuated in a large range and the average response volume of 50 rounds of operation has quite a large gap to the demand.
[image: Figure 6]FIGURE 6 | Result distribution of the 50 rounds of operation with 1% information error rate.
The purpose of this study is to optimize the response rate index, combined with the distributed theory and Paxos algorithm, proposing a weakly consistent distributed strategy for demand response, which can effectively avoid the corresponding consequences caused by the problem of information error in the process of demand response, by which the demand response process could achieve a better effect.
A WEAK-CONSISTENCY–ORIENTED DISTRIBUTED ALGORITHM
Paxos Algorithm
In a distributed computing environment, solving the problems of data synchronization between nodes and distributed resource competition and autonomous recovery of single-node failures is the basic guarantee for the correctness and reliability of the system (Shi and Li, 2012). Paxos algorithm is a consensus algorithm based on message passing and high fault tolerance (Lamport, 2006; Rao et al., 2011). In the algorithm, different nodes are represented by three roles: Proposer, Accepter, and Learner (Marzullo et al., 2011). Among them, the Proposer submits a proposal to the Accepter and the proposal contains a resolution; the Accepter approves the proposal; and the Learner obtains and knows the resolution contained in the approved proposal. A node plays multiple roles. The consistency problem of the distributed theory can be simply described as follows: in a distributed system, each node as a participant can propose a plan and the consensus algorithm ensures that only one of these proposals can be selected, while other nodes should also be aware of the proposal which is selected. As a result, all participants will reach only one agreement.
According to the abovementioned Paxos algorithm, the process of air conditioning load participating in demand response can be illustrated. It is assumed that the load aggregator issues power adjustment instructions to users within a certain range, and five users A, B, C, D, and E can participate in the demand response. To simplify the analysis, the order of participation priority of these five users is arranged in an alphabetical order. The response process is shown in Figure 7. The load aggregator releases a power shortage task to each user as 100, and the load capacities that users A, B, C, D, and E can respond to are 20, 30, 30, 40, and 50, respectively. The specific process is as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Illustration of user participation in the demand response process.
The rectangle box in Figure 7 represents the information sent by a certain user after participating in the demand response and the round box represents the information received by a certain user. The number format is “response amount; remaining demand amount.” Before user E responds, the remaining demand received is 0, and hence, there is no need for user E to participate in this demand response.
Weak-Consistency Control Strategy
The weak-consistency control strategy is carried out on the basis of ensuring that the information sent or received by each user is correct. However, in the actual response process, there is a certain bias in information transmission between users. This study believes that demand response objective value can be flexible around the target since the system state is time-varying and the inconsistent state of data in the process will not affect the overall availability and the response performance of the system. There is no need for a strong data consistency, so a weak-consistency distributed strategy and a new kind of information format for demand response are proposed as follows.
First, the responding users could be considered as the nodes in the Paxos distributed algorithm. Then, in the process, the responding user, the Proposer in Paxos, transmits two sets of information to the system pool instead of one, including the load response information of the current user and of the previous one, which is received before the response takes place. The next responding user, the Accepter, could check the two sets of information received and correct errors in the information transmission process, in order to confirm whether the proposal has passed and decide whether to proceed with the next response action. The response process after adopting this strategy is shown in Figure 8. If the information is transmitted correctly, the response is normal.
[image: Figure 8]FIGURE 8 | Illustration using the weak-consistency strategy when the information is correct.
If information errors exist in the process, the errors could be corrected in some occasions. It is assumed that there is no error in the information transmission between the first two users who participated in the response to ensure that the subsequent response process can proceed normally; otherwise, there will be surplus errors in the subsequent process and the demand response cannot be performed normally.
As shown in Figure 9, there are four possible kinds of information errors in the response process:
1) A Learner, user A for example, has errors in the information received after other’s response, which can be corrected based on the two sets of data received before and after.
2) An Accepter receives incorrect information after the former participant responded. It can only be judged and rectified by previous response information, the current response user’s adjustable capacity, and other conditions. There can be three possible situations:
a) The error occurs in the response information of the previous participant, which can be rectified by the information previously received. In Figure 9, “10; 90” in red can be corrected to “20; 80.”
b) The error occurs in the response information of the current participant, but it can be judged but cannot be corrected only, depending on the previous information and the capacity index. Hence, in order to avoid errors in the subsequent response process, the next participant, user C in Figure 9 for example, should give up participation and send the same response signal as B to the system pool.
c) The error occurs in the response information of the current participant, which cannot even be detected because it coincides with the capacity and other information. It may finally cause some over- or under-response problems, which is 10 in the implementation, and its proportion in the whole demand would be smaller if more users participate in the process. So, this kind of error could be ignored.
[image: Figure 9]FIGURE 9 | Implementation using the weak-consistency strategy when the information is incorrectly transmitted.
Method Flow
After analyzing different possible information errors, a control strategy which can effectively solve the DR problem can be proposed, which is shown in Figure 10.
1) Each user sends two sets of load information to the system pool when participating in demand response: the information of the current responding user and of the previous user.
2) It should be ensured that there is no error in the information transmission between the first two users, so that the process can continue correctly
3) Starting from the second user, it is necessary to verify each time whether the information received is correct. If correct, the information is updated according to the received information and passed on to other users. If not, when the error takes place in the previous response information, it should be corrected based on the historical information and the process could be continued. However, when the error takes place in the current response information, the user should skip the current response period without conducting a response action and the process could start directly from the next user to continue responding.
4) After the current user information is updated, the demand remaining needs to be judged to determine whether the response process is over.
5) For the information received by all the learners, it can be verified based on the information received before and after and the wrong information should be corrected as much as possible without affecting the final response result.
[image: Figure 10]FIGURE 10 | Response strategy of (a) an Accepter and (b) a Learner.
CASE STUDIES
This section uses multiple cases to explore the probability distribution of the response degree when the response strategy proposed in this study is fully adopted, or not. It is assumed that the demand response process takes place on summer days of 34°C outside and the rated maximum operating power of the fixed-frequency air conditioners and the inverter air conditioners is, respectively, 1500 and 2100 W. The simulation is based on the MATLAB 2020 platform, and the computer is configured as Intel(R) Core (TM) i5-8400 2.80 GHz with 8 Gb memory.
Response Capability Analysis
When ratio of fixed-frequency and inverter air conditioners is 1:1 and the information error rate is 0, different numbers of users could meet the demand of different power adjustment tasks. Under the same responding conditions, more participants or smaller demand volume would lead to higher success rate of demand response. That is to say, the total response volume is restricted by the whole capacity of the cluster, and if the task volume is within the capacity, the response would be close to success. The maximum response load that the air conditioning load cluster can afford is positively proportional to the number of users. The actual response volume when the information error rate is 0 can be approximately considered as the maximum response capacity of the whole cluster, which is shown in Table 1 and Figure 11.
TABLE 1 | Maximum response volume of different numbers of users with different type ratios.
[image: Table 1][image: Figure 11]FIGURE 11 | Maximum response volume of different numbers of users with different type ratios.
With the development of technology in air conditioners, additional inverter air conditioners are used, replacing fixed-frequency ones, because of their convenience, low cost, and easy maintenance. In Table 1 and Figure 11, the comparison between different ratios of fixed-frequency and inverter air conditioners participating in demand response is shown, which illustrates that the ratio of air conditioner types could influence response capacity. Under different numbers of users and information error rates, the response capacity also changes by the change in type ratio, which shows a peak when the ratio is about 1:2. The next three groups of results are listed in Table 2 to analyze the reason behind this.
TABLE 2 | Maximum response volume of different numbers of users with different type ratios and different information error rates.
[image: Table 2]The two types of air conditioners taking part in the simulation are of different rated power outputs. As shown in Table 2, no matter what the information error rate is, the response result of 1:2 ratio is the best correspondingly. The rated maximum operating power of the fixed-frequency air conditioner and the inverter air conditioner, is respectively, 1500 and 2100 W, while the former one works with a fixed-speed compressor and the ON–OFF strategy and the working power of the latter one is related to ΔT, the difference between the actual indoor temperature and the temperature set by the user. That is to say, the actual power of fixed-frequency air conditioners which can take part in the response is constantly 1500W, having the ability to provide more response capacity with less number of air conditioners. Also, the actual power of inverter air conditioners changes between 755W and 2100 W according to ΔT, which is randomly emerged in the process to simulate the real working situation. It is of better flexibility to provide power when the inverter ones are comparatively more. However, when the ratio comes to 1:3, the decrease in the number of fixed-frequency ones will lead to a drop in the overall response capacity.
Discussion on Demand Response Implementation
In this section, several cases are set in Table 3 in order to discuss the difference in the performance of demand response with or without the strategy proposed and the performance under different information error rates of the strategy proposed in order to test and prove the robustness of it. The information error rate is set from 0 to 0.5%. The results are listed in Tables 4, 5 for comparison.
TABLE 3 | Cases set for analysis and discussion.
[image: Table 3]TABLE 4 | Implementation results of different information error rates in Case 1.
[image: Table 4]TABLE 5 | Implementation results of different information error rates in Case 2.
[image: Table 5]As shown in Tables 4, 5, and Figure 12, Figure 13, if the information error rate increases, the number of users who cannot take part in the response will increase correspondingly. With the strategy, when the response demand is comparatively small, the information error will not affect the final response result and the system response requirements can still be reached. Although there are data inconsistencies caused by information transmission errors in the response process, this intermediate state does not affect the availability and final consistency of the overall system. It illustrates the fault tolerance characteristic of the distributed system. Through the comparison among the corresponding rows of Table 4 and Table 5, a significant difference occurred in the response situation between adopting the demand response strategy proposed in this study or not, which could convincingly illustrate that the strategy is of high validity and good fault tolerance feature.
[image: Figure 12]FIGURE 12 | Comparison between adopting the strategy or not in Case 1.
[image: Figure 13]FIGURE 13 | Comparison between adopting the proposed strategy or not in Case 2.
In order to test the robustness of the system with the strategy proposed, we set different information error rates to the response process to observe the consistency of the response result with the method of repeated trials.
As shown in Figure 14, where information error rate is set to 5 and 10% under Case 1, if we perform 50 rounds of response process, it will illustrate that when adopting the strategy, the response rate can mostly reach the requirement of 90% under information error rates even up to 10%. The response rate of 50 rounds is listed in Supplementary Table S2. However, without the strategy, when the security and correctness of information transmission are ignored in the demand response process, the response rate will be extremely poor, which drops to 39% in average when the information error rate is only 0.1%. In addition, when performing 50 rounds of response process, the response amount and response rate vary greatly, but there is no obvious regulation, as shown in Figure 15 and Supplementary Table S3. The phenomenon, on the one hand, can illustrate the significant influence of information transmission error on the response result and, on the other hand, prove the necessity to adopt a strategy to prevent or avoid the problem. The strategy proposed can effectively improve fault tolerance ability and stabilize the result when the errors exist.
[image: Figure 14]FIGURE 14 | Response results of 50 rounds with the strategy.
[image: Figure 15]FIGURE 15 | Response results of 50 rounds without the strategy.
CONCLUSION
This study considers the possible errors in information transmission when large-scale loads participate in demand response. Based on the information format modification and the Paxos distributed algorithm, a weakly consistent demand response strategy considering information collation and correction is proposed, targeting the practical DR implementation with robustness. Through the analysis of specific demand response cases of residential air conditioning loads under different conditions, the proposed strategy is demonstrated to be effective in information self-inspection and furthermore the robust demand response implementation. Specifically, the proposed approach is especially applicable to the large-scale systems, while the error tolerance range is increased to 10%. The proposed distributed algorithm provides a reliable and robust scheme for the implementation of large-scale demand response, which is a strong foundation of the future smart-grid development.
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