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Abstract

:

Controlling power flow and achieving appropriate matching between power sources and loads according to the quality of energy is expected to be one of the approaches to reduce wasted energy consumption. A power router, proposed recently, has the capability of realizing circuit switching in a power distribution network. This study focuses on the feasibility of an AC power routing network system composed of multiple power routers. To evaluate the feasibility, we experimentally confirm the circuit switching operation of the parallel and series configurations of the power routers, so that the network system can be designed by the combination of parallel and series configurations.
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1. Introduction


Today, many types of distributed renewable sources, such as photovoltaic generation and wind power generation, have been installed in homes and communities. These sources lack the ability to supply power constantly because of the variability of the sources. For example, output from a photovoltaic system is strongly affected by weather conditions that cause fluctuations in frequency and voltage. In 1998, Toyoda et al. proposed the concept of an open-electric-energy-network (OEEN) where power flow is controlled by multiple electric-energy-routers [1]. This power routing makes it possible for many types of dispersed power sources to participate in an electrical power market without disadvantages to existing power utilities and consumers. Unfortunately, the proposal was made too early to realize the system in those days. Conversely, electrical equipments that have built-in batteries, such as a mobile computer, does not always require high-quality input power. Therefore, more effective power consumption is expected by achieving appropriate source-and-load matching according to the ancillary quality of energy, such as frequency variation and voltage fluctuation [2]. In a conventional AC power distribution system, however, electricity from different power sources cannot be exactly separated in the same distribution line. In order to design a system that has the capability of achieving appropriate matching between sources and loads from a viewpoint of the quality of energy, a path control of power flow on the power distribution network has been investigated as a power routing system that prevents the mixing of powers from different power sources [3,4,5,6]. This type of system is able to realize the concept of OEEN [1]. To establish the power routing system, our group developed a DC power packet dispatching system and an AC power router by applying highly developed power devices and information and communications technologies [5,6,7,8,9,10]. The former is intended to realize a packet transfer in a network for electrical power distribution [5,6,7,8,9]. The latter is intended to realize a circuit matrix for establishing a power distribution circuit [5,6,10]. Power routing methods have been presented and developed by several groups independently. Stalling et al. have designed a universal power router [11], and He et al. have proposed an electric power system with intelligent power switches based on the Internet and microgrids [12]. Conversely, in the cloud computing context, energy dispatched as a pulse, called an energy packet, is also proposed as a method to provide energy on demand to cloud computing servers [13,14,15].



In this study, the feasibility of an AC power routing network system consisting of multiple power routers is preliminarily investigated. Figure 1 shows a schematic diagram of the proposed AC power routing system. We have already developed the hardware for the power router that is able to achieve AC power routing by circuit exchanges [6,10]. The details of the power router are explained in the following section. To evaluate the feasibility of the power routing network system, operations of power routers are experimentally verified in two configurations, i.e., parallel and series configurations. This is because any general network configuration can be classified into parallel and series connections. Simultaneously, we also verify the function of exchanging power lines (PLs) without the restriction of synchronization. This considers a case such as when the power conditioner for a photovoltaic source is driven independently of a commercial power network.
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Figure 1. Configuration of an AC power routing system. PLC: power line communication. 






Figure 1. Configuration of an AC power routing system. PLC: power line communication.
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This paper is organized as follows. In Section 2, a configuration of the AC power routing system and its functions are explained. In Section 3, the operation of the single AC power router is verified. Section 4 and Section 5 discuss the experimental results of the operations of the power routers in parallel and series connections, respectively. Finally, a conclusion and further discussion are provided in Section 6.




2. AC Power Router and Its Network System


An AC power routing network system can be established by connecting AC power routers and information terminals. Figure 2(a) shows a setup of an AC power router and an information terminal, and Figure 2(b) shows a photograph of the prototype AC power router and the information terminal [6,10]. Each component includes a power line communication (PLC) modem and microprocessor CPU with Linux OS. By using the PLC modem, these components communicate with each other by a connected common PL. The function of the power router is to facilitate the exchange of PLs, i.e., circuit switching. The information terminal plays the role of the controller for power routers, and communicates with power routers to share information related to power capacity, the quality of each source and the demands from loads. The ratings of the prototype power router are set at 100–200   V rms  , a continuous power operation of 1000 W and a maximum power of 1700 W. The power router includes circuit exchange switches. The switching devices are Si MOSFETs 2SK3935 (450 V, 17 A). The prototype has four input ports and eight output ports. In this study, we use two input ports and two output ports during the experimental verification. The CPU in the power router must apply a rule to decide appropriate combinations of sources and loads according to the demand and quality of energy. There are several propositions for rule generation methods and routing protocols for achieving an energy on demand system with appropriate source-and-load matching [16,17]. They are the collaborative research results from the same project. These methods are suitable for the AC power routing system. Their optimization is not directly the aim of this study.
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Figure 2. Schematic diagram of the connection setup and a photograph of an AC power routing system: (a) setup of AC power router and information terminal; and (b) a photograph of prototype AC power router and information terminal. 






Figure 2. Schematic diagram of the connection setup and a photograph of an AC power routing system: (a) setup of AC power router and information terminal; and (b) a photograph of prototype AC power router and information terminal.
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Figure 1 shows a schematic diagram of the connection setup of the AC power routing network system with the power router. The AC power router exchanges the lines to connect objective sources and loads appropriately according to the gathered demand and supply information. The power distribution system is expected to have a mesh network structure when power routers are applied. Thus, when several routes are shut down, it is possible to deliver power by finding an alternate path in the network. In addition, it is also possible to prevent the mixing of powers from different sources by implementing a time-dependent exchange. Therefore, the source derivation of each electric power stream must be guaranteed. In general, a network structure reduces to two connections, i.e., a parallel connection and a series connection. Figure 3(a) and Figure 3(b) shows examples of the parallel and series connections, respectively. In this study, in order to confirm the feasibility of the prospective power routers in a local network system, we verify the circuit switching operation by power routers depending on whether two power routers are connected in parallel or in series.
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Figure 3. Elemental configurations of the network: (a) parallel configuration of power routers; and (b) series configuration of power routers. 
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3. Operation of AC Power Router


First, we verify the function of the single prototype AC power router for expected conditions experimentally. For this verification, we use two input ports 1 and 2, and two output ports A and B in the power router. Thus, we can select from two circuit topologies, i.e., “1 and A” and “2 and B” are connected or “1 and B” and “2 and A” are connected. After detecting the instance when the input voltages coincide with each other, the CPU in the power router sends a switching command signal to power switches in the routers to change the circuit topology. By causing the circuit to switch close to the equipotential instance, namely, equipotential switching, inrush current and surge voltage are suppressed [10]. However, it is inevitable to encounter some hard switching because of the delay between sending the switching signal and accomplishing the switch.



To confirm the operation of the AC power router, two experiments are performed with two input power voltage sources as follows:

	Experiment I. 

	
input 1: 60 Hz/100   V rms  , input 2: 60 Hz/90   V rms   with no phase difference;




	Experiment II. 

	
input 1: 60 Hz/100   V rms  , input 2: 60 Hz/90   V rms   with 120   ∘   phase difference.









The power voltage sources connected to inputs 1 and 2 are a commercial power and an independently simulated power source, respectively. The independently simulated power voltage source can be operated at an arbitrary frequency, amplitude and phase. In the above-mentioned experiments, we assume the simulated source as distributed power sources with and without phase synchronization of the commercial power source. Here, incandescent bulbs are set as loads.



Figure 4 shows the measured output voltage and the current waveforms of the power router, respectively, under the phase synchronized condition, i.e., Experiment I. The lower boxes in (a) and (b) show the switching command signals. Conversely, Figure 5 shows these waveforms under out of phase synchronization, i.e., Experiment II.
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Figure 4. Output waveforms of circuit switching operation with no phase difference between two inputs: (a) output voltage waveforms; and (b) output current waveforms. 
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Figure 5. Output waveforms of circuit switching operation with 120   ∘   phase difference between two inputs: (a) output voltage waveforms; and (b) output current waveforms. 






Figure 5. Output waveforms of circuit switching operation with 120   ∘   phase difference between two inputs: (a) output voltage waveforms; and (b) output current waveforms.
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From these results, it is determined that the power router succeeds in exchanging the lines after detecting the equipotential instance under both conditions. Moreover, the inrush current and surge voltage occur, especially in the out of phase synchronized condition. This is because there is a time delay between the detection of the equipotential instance and switching. This delay is essential to executing an algorithm in the CPU. The surge voltage and inrush current might prevent the switching from occurring. However, we confirmed that circuit switching can be performed successfully for the experimental parameters. The results show that the delay of the switching operation does not cause a switching failure in this case. An improvement of the algorithm in the CPU can obviously shorten the delay, so that the surge can be suppressed. Improvements to suppress the surge influence at the switching time and the quantitative evaluation of harmonics are inevitable in practical applications.




4. Parallel Connection of Power Routers


We verify the circuit switching operation in the parallel connection of the power routers. Figure 6 shows a schematic diagram of this experimental configuration. The controller for the power router is located upstream. We have explained that the developed information terminal controls each power router directly. However, a personal computer with a PLC modem may apply the same for remote exchanging of connections. It is feasible to establish a remote controlled routing network using the same control protocol. The simulated power is operated at 50 Hz/101   V rms  . This implies that the system is under the out of phase synchronization scenario. A PLC modem is connected to the commercial PL. The communication between the power routers and the PC is established by the commercial PL by the PLC. Loads are connected to two output ports of the power router, A and B. The other output ports, i.e., C and D, are open circuits. We verify circuit switching by the power router in two cases that are different based on the connected load, i.e., incandescent bulbs or light-emitting diode (LED) bulbs. The incandescent bulb is considered to be an electric heating load. Meanwhile, the LED bulb is a constant current load that includes a regulator. For the setup, we measured the output voltages and currents of ports A and B to which the loads are connected.
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Figure 6. Schematic diagram of a system in parallel connection. 






Figure 6. Schematic diagram of a system in parallel connection.



[image: Energies 06 06293 g006]





Figure 7 and Figure 8 show the measured waveforms in the systems with incandescent bulbs or LED bulbs. From these figures, it is confirmed that circuit switching is successfully performed in both cases without switching failure. The LED bulbs generate the non-sinusoidal and intermittent current waveform because of the built-in regulator. From these results, it is noted that the circuit exchange can be performed after detecting the voltage cross point that is independent of the current waveform. However, note that the switching surge voltage would occur if there exists a difference between the input currents.
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Figure 7. Output waveforms in parallel connection. Incandescent bulbs are set as loads: (a) output voltage waveforms; and (b) output current waveforms. 
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[image: Energies 06 06293 g007]







[image: Energies 06 06293 g008 1024] 





Figure 8. Output waveforms in parallel connection. Light-emitting diode (LED) bulbs are set as loads: (a) output voltage waveforms; and (b) output current waveforms. 






Figure 8. Output waveforms in parallel connection. Light-emitting diode (LED) bulbs are set as loads: (a) output voltage waveforms; and (b) output current waveforms.
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5. Series Connection of Power Routers


Here, we verify the circuit switching operation in series connected power routers. The controller for the power routers is located upstream. Figure 9 shows a schematic diagram of the experimental configuration for the series connection of the power routers. In addition, we number the power routers #1 as the upstream and #2 as the downstream router, respectively. Regarding power router #1, its input port 1 is connected to the 60 Hz/100   V rms   commercial PL. Input port 2 of this power router is connected to the independently simulated PL, which is operated at the same parameters as in the previous parallel connection setting, i.e., 50 Hz/101   V rms  . Conversely, regarding power router #2, 60 Hz/90   V rms   stepped down power is fed to port 1. In addition, input port 2 of power router #2 is directly connected to output port B of power router #1. This implies that power routers #1 and #2 are connected in series. We set the incandescent bulbs at output ports C and D of the downstream power router #2. LED bulbs are set at output ports A and B of the upstream power router #1. Thus, the LED bulb is set on a branch of the line connecting power routers in series. The communication between the power routers and the PC is established by the commercial PL by the PLC. In this configuration, the communication channel is kept for PLC, because the line among the PLC modems is held.
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Figure 9. Schematic diagram of a system in series connection. 






Figure 9. Schematic diagram of a system in series connection.
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Figure 10 and Figure 11 show the output waveforms in a series connection. The former corresponds to the case where power router #1 has exchanged lines, and the latter corresponds to the case where power router #2 has exchanged lines. The current passing through power router #1 to power router #2 increases, because there are two loads on the path. The output current at port B is the sum of the currents, i.e., the pulse current to the LED bulb is added to the sinusoidal current to the incandescent bulb. From these figures, it is confirmed that circuit switching in the series configuration can be successfully performed without fatal error, even in the presence of these factors, such as the sum of the pulse and sinusoidal current waveforms, and out of synchronization.
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Figure 10. Output waveforms in a series connection when the upstream power router #1 exchanges lines: (a) output voltage waveforms; and (b) output current waveforms. 
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Figure 11. Output waveforms in a series connection when the downstream power router #2 exchanges lines: (a) output voltage waveforms; and (b) output current waveforms. 






Figure 11. Output waveforms in a series connection when the downstream power router #2 exchanges lines: (a) output voltage waveforms; and (b) output current waveforms.
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6. Conclusion and Discussions


In this study, the feasibility of AC power routers is examined in a local power distribution network. The circuit switching operations in parallel and series configurations of the prototype AC power routers were confirmed experimentally to prove the feasibility of developing a switching network system. The results show that in parallel, as well as series configurations, the power router is able to exchange PLs successfully. Even if the input voltages are not synchronized in phase and frequency, the power router operates as in the case of synchronized sources. This behavior approximates the case of independently-driven power sources. Based on these results, it was determined that the AC power routing system should perform properly with a combination of parallel and series configurations.



Currently, a broadband PLC modem is installed in the prototype power router. In general, it is difficult to establish communication between two PLC modems over lines with transformers. However, a narrowband PLC has attracted interest in smart grids, because it is expected to establish communications when transformers are present [18]. A change in PLC modem type should not represent any substantial problems for establishing a network using power routers of the type discussed in this study. A time delay of the signal transmission over the system should not become a serious problem, because the period of the voltage cross point when circuit switching is performed is sufficiently large compared to the signal propagation time. In addition, the development of a SiC power device is most expected to be installed in the power router to allow the exchange of PLs with higher voltages [19]. The implementation of SiC power devices is inevitable to enlarge the power management capacity in the power router and to decrease the conduction and switching losses that constitute the main power losses in the power router. The power efficiency of the prototype power router with Si power devices is 99.67% under steady-state conditions [10]. In addition, SiC power devices are expected to reduce losses by 90% compared with Si devices in the same voltage class [20], which would represent significant reduction in waste power on a national or global scale. With the use of the power router we have developed, we have opened the door to a power routing system that satisfies the management of power distribution according to energy on demand.
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