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Abstract

:

With the construction of the Power Internet of Things (PIoT) in full swing as well as the development of wireless communication technology, the deployment of wireless sensor networks is the key to the intelligent transformation of power systems. This paper proposes an asymmetric double-layer wireless sensor network coverage scheme for the intelligent substation. We conducted field measurements in the substation to record the received power at different locations, which were compared with the prediction results of the simulation model established by Winprop to verify the effectiveness of the simulation method. Based on the simulation platform, two different simulation models of substation scenarios are built, including a 220 kV outdoor substation and a 110 kV GIS room. The coverage of received power and line-of-sight (LOS) transmission are analyzed for various nodes of different layers. Several node distribution planning methods are proposed and proven to be feasible according to the simulation results. The wireless coverage scheme can provide useful references for the implementation of PIoT in substations.
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1. Introduction


In recent years, the Power Internet of Things (PIoT) has attracted more and more attention because of its many potential benefits to power systems [1]. The PIoT makes full use of wireless communication, artificial intelligence (AI), and other technologies to facilitate interconnection and communication between facilities in the power system so as to accomplish real-time control and scientific decision-making. There are various new services derived by the PIoT, such as substation inspection robots, power transmission and transformation status monitoring, precise load control, etc., which greatly reduce the time-consuming and troublesome manual operation and maintenance monitoring [2,3]. These improvements enable PIoT to be applied to distinct segments of the power grid, such as power generation, transmission, transformation, distribution, and consumption [4,5,6,7].



Compared to distribution and consumption, the transformation segment (e.g., substations) has attracted much less attention from the PIoT application perspective due to its difficult physical access and its extremely harsh environment. However, as an important intermediate segment, the information transmission of the substations heavily relies on wireless communication networks. It is vital to have in-depth knowledge of the radio propagation of the working environment [8]. Notably, the metal equipment such as transformers, GIS switches, bus bars, and towers in substations can seriously affect the transmission path of radio waves, and this multi-metal environmental characteristic causes typical reflections and scattering, resulting in severe losses and time delays [9,10,11]. Therefore, the deployment of PIoT in substation scenarios is quite challenging.



Advanced communication and network technologies are the key to building PIoT [12]. Some wireless communication technologies, such as ZigBee, wireless local area networks (WLANs), WiMAX, and low-power wide area networks (LPWANs), have been applied to the implementation of PIoT [13,14,15]. By utilizing these technologies wisely, the wireless network can be tailored to the needs of the substation scenario, including communication rate, transmission distance, network structure, number of access points, etc. In [16], the disadvantages of conventional substation temperature measurement methods are analyzed, and the reliability of the system is verified by applying ZigBee technology to the substation for comparison. The author in [17] formed a wireless sensor network with battery-limited sensor nodes for monitoring, which substantially decreased the energy consumption of the sensor nodes. Although some communication technologies are proven to be applicable, a low-power consumption and high-flexibility wireless networking scheme is still missing in substations.



It is generally known that the sensor layer, i.e., the wireless sensor network, is an important component of PIoT architecture [18,19,20]. The wireless sensor network deploys a large number of nodes covering the target area or electrical installations; thus, a reliable network coverage scheme is the key to ensuring the safe and stable operation of substations. The author in [21] evaluates the importance of the nodes based on the communication topology layer and the power grid layer in the substation. In [22], a construction scheme for a wireless sensor network for intelligent substations is proposed based on electromagnetic radiation interference protection technology. In [23], a low-cost wireless sensor network is introduced to realize real-time monitoring and the location of local discharge sources by receiving signal strength. In [24], the author built a power IoT sensor network with a hierarchical deployment of communication technology and node collaborative networking. However, there is still a lack of evaluation of the coverage performance of wireless sensor network solutions.



To fill the aforementioned research gaps, this paper aims to investigate the wireless network coverage scheme for PIoT substation scenarios. The major contributions and novelties of this paper are as follows:



(1) A double-layer wireless network coverage scheme is proposed to support data transmission from different types of nodes, including data aggregation from short-range low-rate wireless sensor nodes and data upload from long-range high-rate sink nodes and high-bandwidth nodes;



(2) The simulation software Winprop is used to evaluate the coverage scheme, which enables scenario modeling and electromagnetic simulation. By comparing the measurement results of the field 110 kV GIS substation with the prediction results of the simulation model built based on the actual scenario, the simulation scheme is verified to be accurate and feasible;



(3) We simulated and analyzed the application results of the double-layer wireless network coverage scheme for two different substation scenarios and conducted coverage range analysis based on the potential deployment positions of different types of nodes, verifying the feasibility of this scheme.



(4) Based on the simulation results, several node planning suggestions are given, and corresponding simulation analyses are carried out to prove their effectiveness.



The rest of this paper is outlined as follows: Section 2 introduces the proposed double-layer wireless sensor network coverage scheme. Section 3 verifies the feasibility of simulation analysis for the coverage scheme. Then, the performance of the proposed wireless coverage scheme is evaluated, and node planning methods are given in Section 4. Finally, conclusions are drawn in Section 5.




2. Substation Double-Layer Wireless Coverage Scheme


A substation wireless sensor network is mainly composed of wireless sensor nodes, high-bandwidth nodes, sink nodes, and access nodes. The operation of a wireless sensor network requires coordination between different types of nodes. Firstly, the wireless sensor nodes sense the environment and device states, which are translated into data and sent to the sink nodes. Based on the practical environment monitoring requirements, various sensors are installed for different substation scenarios, for example, temperature and humidity sensors in the switch room and SF6 sensors in the GIS room. Subsequently, multiple types of sensing data are centrally transmitted to the access nodes by sink nodes after proper processing. Finally, the access nodes aggregate the data within the communication range, perform edge computing, and then remotely upload the data to the base station through an APN or 4G private network.



Concerning the deployment of the wireless network in the substation, it is vital to take into account the universality of the wireless network coverage scheme for different monitoring equipment, substations of different levels, and different areas of substations of the same level. According to the field investigation and service demand analysis of the substation, we proposed an asymmetric double-layer wireless network coverage scheme, which is shown in Figure 1. This scheme divides the wireless network into two layers based on the size of the transmitted data. In the first layer, the wireless transmission targets sensing terminals with small sizes, low power consumption, and high security. The terminals include micro-power sensor nodes and low-power consumption sensor nodes, which are covered by sink nodes adopting short-range communication technology. The former transmits high-frequency, small-data-volume (below KB-level) sensing information with μW-level transmission power, while the latter transmits relatively large amounts of data with mw-level power. The second layer establishes wireless transmission links with a data volume of MB-level between access nodes and sink nodes, mobile high-bandwidth nodes, and fixed high-bandwidth nodes. The links operate in the power wireless private network to ensure high transmission rates and distances. With different transmission links for different orders of magnitude of data, the hierarchical coverage scheme can effectively improve bandwidth utilization and reduce energy consumption.




3. Reliability Analysis of the Wireless Coverage Scheme


Since the large-scale deployment of wireless sensor networks in substations is an engineering problem that requires careful action, it is necessary to evaluate the feasibility of a coverage scheme based on simulation experiments. It seems to be a feasible method to build simulation models based on the actual substation environment to simulate the propagation of radio waves. To confirm that the simulation models are accurate and reliable, we carried out field measurements at the substation and compared the measurements with the simulation results for verification.



3.1. Measurement Campaigns


Taking into account the voltage level of the substation and the generality of the measurement scenario, a 110 kV GIS substation in Fengtai District, Beijing, is selected for field measurements and a wireless network coverage investigation. The 110 kV GIS substation has a 9.4 m length and 6.6 m width, and its internal structure is shown in Figure 2. It can be seen that its center is a large substation facility, surrounded by various metal equipment and sensor devices. We focus on the deployment of wireless sensor nodes, sink nodes, and access nodes in substation scenarios and the trajectory of mobile high-bandwidth nodes. In addition, the complex metal installations in the substation, such as transformers, GIS switches, busbars, towers, etc., are also investigated, which can complicate the electromagnetic propagation characteristics in substations.



Figure 3 shows various sensors and sink nodes installed in the GIS substation, including a transformer core grounding current sensor, an ultrasonic partial discharge sensor, a variable frequency partial discharge sensor, and sink nodes. Different types of sensor nodes are deployed in the target work area, such as the surface of the device, the wall of the substation, etc. Since the location of the sensing nodes is usually fixed, the aggregation nodes need to be deployed in a reasonable location to reduce the impact of the surrounding environment.



The main measurement work is oriented toward the radio wave propagation characteristics in the complex electromagnetic environment of the substation. Hence, a channel sounder is designed to perform radio wave propagation measurements for substation scenarios, as shown in Figure 4.



The transmitter (TX) is composed of an R&S SGS 100A RF signal source, a PC, and transmit antennas. The receiver (RX) consists of an R&S FSH4 handheld spectrum analyzer, a PC, and receive antennas. The spectrum analyzer supports a frequency band of 9 kHz−3.6 GHz, and the resolution bandwidth (RBW) is 1 Hz, which is convenient for obtaining real-time information. To support different frequency bands, different types of antennas are used, including omnidirectional antennas and biconical antennas. The frequency range of an omnidirectional antenna is 2 GHz–18 GHz, while the biconical antenna works at 500 MHz–3000 MHz. The basic working process of the channel sounder is as follows. On the TX side, the RF signal source is configured by the control software SGMA-GUI of the upper computer and generates the RF signal, which is transmitted through the cable and TX antenna. On the RX side, the fading RF signal is received by the RX antenna and transmitted to the spectrograph through the RF line. Then perform the data acquisition and storage according to the measurement needs.



Based on the field survey of the 110 kV GIS substation, the substation arrangement and corresponding planned measurement scheme are shown in Figure 5. The measurement route is counterclockwise around the central facility from the lower left corner, which refers to the inspection trajectory of mobile high-bandwidth nodes. The TX is fixed, and the RX moves along the measurement route at an interval of 1 m and collects data for a total of 24 positions. The TX antenna is 2.5 m in height, and the transmitting frequency and power are 2400 MHz and 10 dBm, respectively. In addition, the detection signal is set as a single-tone signal.




3.2. Simulation Model


Winprop is a comprehensive simulation tool that supports wireless propagation and radio network planning, allowing not only the modeling of simulation scenarios but also the deployment of antennas to predict wireless propagation. There are several simulation methods that can be chosen for radio propagation prediction, for example, empirical models, semi-empirical models, and ray optical propagation models. We built a 3D model of the 110 kV GIS substation with the components provided by Winprop, as shown in Figure 6a. The model is made regarding the actual substation scenario in terms of size and material. It is essential to choose a rational propagation model according to the characteristics of the environment. In most typical propagation scenarios, a dominant propagation path contributes more than 90% of the total energy. Although the substation is a multipath-rich environment, it is still dominated by LOS communications. Hence, the dominant path model (DPM) was used to build the simulation model based on a trade-off between complexity and accuracy. Since the DPM does not require pre-processing of the building vector database, it is well-suited for large indoor areas. Figure 6b shows the plan view of the simulation model in which the transmission antenna is placed at site 1. The configuration of the transmitter is fully referenced to the actual measurement.



The DPM determines the primary path between the transmitter and each receiver node. The path loss is calculated as


  L = 20 log (   4 π  λ  ) + 10 p log ( l ) +   ∑  i = 1  n   f ( ϕ , i )   +   ∑  j = 1  m    t j  − Ω    



(1)




where  l  donates the distance between TX and RX,  p  represents the PL exponent that is relevant to the propagation environment,  λ  is wavelength,  f  represents the interaction loss caused by diffraction that accumulates along the propagation path,  t  means the loss of transmission. Since the reflection and scattering losses are not negligible, an empirically determined waveguide factor  Ω  is introduced. Given that the electromagnetic waves propagating in the corridor are less attenuated after reflection from the walls compared to free space, the waveguide effect can be expressed as an additional gain in decibels (dB). By applying the DPM for propagation forecast, a series of simulation parameters can be obtained, such as global received power, ray path diagram, path loss diagram, etc.




3.3. Comparative Analysis of Measurement and Simulation Results


Figure 7 depicts a comparison of the received power between the measured and simulated results. On the whole, it can be seen that the magnitude and variation trend of the received power between the simulation and measurement are consistent. In terms of sub-segments, the received power at reception points 1–9 shows a trend of increasing and then decreasing, where the propagation condition between TX and RX is LOS. The overall received power is larger because it is not affected by obstacles, and the strongest received power is at the 5th receiving point closest to the TX antenna. Since the direct path is blocked by the equipment, the received power at reception points 9–13 shows a decreasing trend with the movement. The reception points 13–21 are completely in the non-line-of-sight (NLOS) condition, which results in a lower received power. Predictably, reception points 21–24 show the opposite trend to 9–13, and the result is exactly that. The comparison results show that the error of the simulation model is acceptable. Therefore, it is feasible to design and verify the wireless network coverage scheme through simulation.





4. Substation Wireless Sensor Network Coverage Simulation


4.1. Simulation of Wireless Coverage Scheme


Since the simulation model has been verified to be reliable, simulations are carried out for the double-layer wireless sensor network coverage scheme. For the first layer, the main simulation target is the power coverage of wireless sensor nodes, including the micro-power sensor nodes and low-power-consumption sensor nodes. With regard to the second layer, the distribution of received power for the sink nodes is generated and analyzed. It is noted that two typical indoor and outdoor substation scenarios are modeled to evaluate the coverage scheme comprehensively. These two substations are prototyped as an outdoor substation at 220 kV in Jiaxing, Zhejiang, and a 110 kV GIS room in Jinhua, Zhejiang.



4.1.1. 220 kV Outdoor Substation


Figure 8 shows the simulation model and antenna layout diagram of the outdoor substation model established by Winprop. The specific environmental features and measurement configurations are as follows: The outdoor substation is 150 m in length and 100 m in width. There are two main transformers located in the middle of the substation, which are modeled as two huge rectangular metal obstructions. As for the material parameters, the relative dielectric constants of the concrete wall and floor are set to 5.31 and 3.66, respectively. The conductivity of concrete walls, floors, and metal cabinets is configured as 0.09 S/m, 0.02 S/m, and 9.9 × 106 S/m, respectively. According to the standardized communication protocol of the Internet of Things for transformer equipment, the 2.4 GHz frequency band was adopted in the simulation experiment. The transmitted power of micro-power sensor nodes, low-power consumption sensor nodes, and sink nodes is set to −10 dBm, 10 dBm, and 43 dBm, respectively. The deployment positions of the TX antennas are shown in Figure 8b, which are placed at sites 1 and 3, with a height of 2.5 m. Generally speaking, the receiving sensitivity of sink nodes is between −90 dBm and −129 dBm. To make the results universal, the maximum value of this range is determined as the threshold, and the area where the received power is below −90 dBm is regarded as the coverage blind area. Based on the above settings, the power coverage of the two layers is simulated and analyzed.



We first analyze the low-power consumption sensor nodes in the first layer coverage of the 220 kV outdoor substation, and the wireless coverage prediction results with the TX antenna on site 1 are shown in Figure 9.



In Figure 9a, the received power of the low-power-consumption nodes is higher than the threshold from an overall perspective, which implies excellent wireless coverage performance. Due to the blockage of metal equipment, there is significant fading of received power behind the obstacles, forming a deep fading area. It can be seen in Figure 9b that the distribution of LOS transmission is in the open corridor area, metal equipment gap, and part rear areas. While most areas behind the metal equipment are in obstructed line-of-sight (OLOS) communication because the radio waves are diffracted when encountering electrical equipment. Note that the electrical equipment experienced NLOS transmission due to higher transmitting antennas or metal enclosures with electromagnetic shielding.



In the actual deployment of wireless networks, the Zigbee transmission protocol is usually used in substations, and the sensitivity of receivers based on this protocol is usually −97 dBm. Since there is a certain amount of electromagnetic noise in the actual environment of substations, the use of −90 dBm as the sensitivity of the sink node in this paper can provide sufficient fading margin to avoid the lack of reference meaning provided by this result. If it is in the less complex scenario of electrical equipment distribution, the network coverage using the Zigbee transmission protocol can be somewhat extended in the simulation results.



Figure 10a,b illustrates the diagrams of received power and LOS transmission of micro-power sensor nodes. Notably, there are obvious coverage blind areas behind the metal obstacles and at the corners of the substation, which are caused by lower transmitted power. Therefore, it is necessary to plan the micro-power sensor nodes and sink nodes reasonably. Furthermore, the result of LOS transmission is almost the same with low-power consumption sensor nodes.



Then, the coverage situation of the second layer is forecasted based on the TX antenna located on site 3, which is shown in Figure 11. In Figure 11a, the received power can achieve full coverage of the substation. From Figure 11b, it can be seen that the main corridor where the sink nodes and mobile high-bandwidth nodes are located is in LOS transmission. And some fixed high-bandwidth nodes are located behind the metal facilities, which are in OLOS transmission, but they can still meet the basic requirements of wireless coverage.




4.1.2. 110 kV Indoor Substation


The simulation model and antenna layout of the 110 kV GIS room are built in the same way and are shown in Figure 12. The GIS room is 30 m in length and 20 m in width, which is larger than that in Section 3. Various equipment like circuit breakers, bus bars, isolators, etc. is modeled as structures with different shapes. These modules are centrally located in the middle of the room, which will have a significant impact on radio propagation. The material parameters and setup of transmitters are the same as those in the outdoor substation.



Similarly, the received power coverage of the first layer of the wireless sensor network is simulated and calculated first with the transmitter at site 1. In Figure 13, the wireless coverage prediction results of low-power consumption nodes are plotted, including the diagram of received power and LOS transmission. Due to the small area, the received power at any position in the GIS room meets the requirements of receiving sensitivity. From Figure 13b, most areas are in LOS and OLOS communication, while the metal equipment shells and pipes are in NLOS.



Figure 14 shows the simulation results of the received power and LOS transmission of micro-power sensor nodes in the 110 kV GIS room. Although the transmitted power is lower, the receiving power can cover of almost the whole indoor scenario. Since LOS transmission mainly depends on the arrangement of the substation and location of the TX antenna, which leads to the same LOS transmission results.



Figure 15 illustrates the simulation results of sink nodes in the 110 kV GIS room. It can be seen that the TX antenna located in site 2 can achieve full coverage of the indoor substation with a higher received power. The sink nodes and high-bandwidth nodes can be covered by LOS or OLOS transmission, which meet the basic requirements of wireless coverage.



In summary, through the deployment of potential locations of sink nodes and access nodes in the proposed wireless two-layer coverage network, the signal attenuation of different transmission layers and the coverage of the wireless network in specific scenarios are obtained, thus verifying that the new wireless network architecture has certain rationality and can better realize the network coverage of indoor and outdoor substations. In addition, the sensing devices can be deployed in practice based on the simulation results as a reference to avoid deployment in coverage-blind areas.





4.2. Node Planning for Wireless Sensor Network


The simulation results described in the last subsection reveal some deficiencies in the coverage performance of the double-layer wireless sensor network. Therefore, it is vital to adopt some targeted improvements, for instance, in the planning of nodes. It can be found that low-power-consumption sensor nodes and sink nodes achieve better coverage performance in both indoor and outdoor scenarios. In contrast, the micro-power sensor nodes have a large number of coverage-blind areas in outdoor substations due to power limitations. Additionally, there are large areas where the received power is close to the threshold, i.e., the area indicated with dark blue in the diagrams of received power. Theoretically, the reception sensitivity can be achieved at the sink nodes, but it is difficult to ensure the reliability of data transmission at this layer considering the fading margin problems caused by environmental factors, weather, etc. Therefore, optimization of wireless coverage for micro-power sensor nodes is needed, especially in the outdoor substation.



There are two major optimization strategies proposed for the micro-power sensor nodes. The first is to increase the number of sink nodes and reasonably deploy them in blind areas. After investigation, a standard substation usually requires 5–10 sink nodes to achieve wireless coverage of the whole station. Meanwhile, the cost should be considered to provide reliable coverage of all sensor nodes with as few sink nodes as possible. Obviously, a sink node has limited coverage capacity for micro-power nodes, so we placed a sink node at each of the four corners of an outdoor substation with a significant blind area. Figure 16 shows the coverage diagrams of received power for the four sink nodes. It can be observed that most of the areas in the substation have reached the wireless coverage requirements after the addition of new sink nodes. Some individual receiving nodes that do not meet the requirements appear in the gap between the substation box and the wall, the safety work box, and the interior of some substation boxes.



Taking Figure 16b as an example, the received power variation of the propagation path from the sink node to the inside of the transformer is shown in Figure 17. It is visible that the received power inside the transformer box is between −90 dBm and −95 dBm due to the severe penetration loss, but the nodes around and on the surface of the transformer can be well covered. Hence, a reasonable increase and arrangement of the sink nodes can reduce the coverage blind area for micro-power sensor nodes, and at the same time, it can reduce the data transmission burden with only a single node.



The second strategy is to reduce the transmission frequency band of the micro-power sensor nodes, such as the 1.8 GHz frequency band, which is also supported by the power wireless network. A lower frequency band means lower path loss and better coverage. Furthermore, the micro−power sensor nodes require only low transmission rates, and the 1.8 GHz band can provide sufficient bandwidth. The coverage diagrams of received power in the 1.8 GHz frequency band are shown in Figure 18. It can be found that the areas that meet the coverage are increased, and the space between the transformer boxes and the rear area is well covered. In addition, owing to the small space between the substation box and the wall clearance and inside the safety work box, no wireless sensing nodes are usually arranged. Therefore, the second strategy can also effectively solve the wireless coverage problem of some nodes at the edge of the substation.



In addition to the two specific optimization measures mentioned above, there are some other methods that can improve the coverage quality in combination with the scenario characteristics of the substation. For example, under the premise of meeting the business monitoring needs of smart substations and the monitoring quality of wireless sensors, LOS transmission between wireless sensor nodes and sink nodes should be achieved as far as possible, which can reduce the impact caused by shadow fading and increase the wireless transmission distance.





5. Conclusions


In this paper, the wireless sensor network in an intelligent substation for PIoT has been investigated. We have designed an asymmetric double-layer wireless coverage scheme that mainly contains sensor nodes, sink nodes, and access nodes. To evaluate the coverage scheme, the simulation software Winprop was used to model the substation scenarios and perform wave propagation predictions. Before that, the reliability of the simulation model had been verified. A measurement system has been designed and used for field measurement in a 110 kV GIS room, and then the received power at measurement points is compared with the simulation results at the same places, which show a similar magnitude and variation trend. Subsequently, a 220 kV outdoor substation and a 110 kV GIS room have been modeled, and the materials parameters and measurement setup have been configured according to the standard and actual environments. The simulation predicts the coverage of different nodes in the two layers, which include micro-power nodes and low-power consumption nodes in the first layer and sink nodes in the second layer. The diagrams of received power and LOS transmission have been shown and analyzed for these nodes of two substations. The results have indicated that micro-power nodes possess a large blind area caused by lower transmitted power. Finally, several node planning methods have been proposed to improve coverage. From the results, increasing the number of convergence nodes as well as reducing the communication frequency can effectively improve coverage. On the whole, the double-layer wireless sensor network coverage scheme can achieve coverage for the target area and provide useful references for the deployment of PIoT in substations.
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Figure 1. Schematic diagram of double-layer wireless network coverage. 
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Figure 2. Internal structure of the 110 kV GIS substation. 






Figure 2. Internal structure of the 110 kV GIS substation.



[image: Symmetry 15 01020 g002]







[image: Symmetry 15 01020 g003 550] 





Figure 3. The sensor nodes and sink nodes deployed in the GIS substation are: (a) transformer core grounding current sensor; (b) ultrasonic partial discharge sensor; (c) variable frequency partial discharge sensor; and (d) sink nodes. 
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Figure 4. Measurement system architecture. 






Figure 4. Measurement system architecture.
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Figure 5. Substation arrangement and measurement route. 
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Figure 6. Simulation model of the 110 kV GIS substation. (a) The 3D simulation model; (b) the antenna layout. 
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Figure 7. Comparison of received power between measured and simulated results. 
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Figure 8. Simulation model of a 220 kV outdoor substation: (a) 3D simulation model; (b) antenna layout. 
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Figure 9. Wireless coverage prediction for low−power consumption sensor nodes in a 220 kV outdoor substation. (a) Distribution diagram of received power; (b) distribution of LOS transmission. 






Figure 9. Wireless coverage prediction for low−power consumption sensor nodes in a 220 kV outdoor substation. (a) Distribution diagram of received power; (b) distribution of LOS transmission.



[image: Symmetry 15 01020 g009a][image: Symmetry 15 01020 g009b]







[image: Symmetry 15 01020 g010a 550][image: Symmetry 15 01020 g010b 550] 





Figure 10. Wireless coverage prediction for micro−power sensor nodes in a 220 kV outdoor substation. (a) Distribution diagram of received power; (b) distribution of LOS transmission. 
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Figure 11. Wireless coverage prediction for sink nodes in a 220 kV outdoor substation. (a) Distribution diagram of received power; (b) distribution of LOS transmission. 
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Figure 12. Simulation model of a 110 kV GIS room. (a) The 3D simulation model; (b) the antenna layout. 
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Figure 13. Wireless coverage prediction for low−power-consumption sensor nodes in a 110 kV GIS room. (a) Distribution diagram of received power; (b) distribution of LOS transmission. 
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Figure 14. Wireless coverage prediction for micro−power sensor nodes in a 110 kV GIS room. (a) Distribution diagram of received power; (b) distribution of LOS transmission. 
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Figure 15. Wireless coverage prediction for sink nodes in a 110 kV GIS room. (a) Distribution diagram of received power; (b) distribution of LOS transmission. 
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Figure 16. Coverage diagrams of received power for the added four sink nodes. (a) deployed in the bottom left corner; (b) deployed in the bottom right corner; (c) deployed in the upper right corner; (d) deployed in the upper left corner. 
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Figure 17. Received power from the sink node to the transformer. 
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Figure 18. Coverage diagrams of received power for the second strategy. 
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