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Abstract

:

The feeder terminal unit (FTU) is a critical component of any electric power system that works in a complex electromagnetic environment. However, innovative research of theoretical analysis of electromagnetic–thermal practices inside the FTU system is missing in the literature. This work presents the theoretical methodologies for calculating and analyzing the electromagnetic–thermal influence of FTUs in a high-power electromagnetic (HPEM) environment. The numerical outcomes reveal that the surface of the FTU and connecting cables under powerful electromagnetic pulses (EMP) induce significant electromagnetic fields and high temperatures. Significantly, the electromagnetic pulse and injection of heat through the wires into the FTU may cause interference and possibly damage to the FTU’s circuits and electronics. This work serves as a reference for electromagnetic compatibility (EMC) design of FTUs and provides numerical analysis for ensuring the normal operation of FTU devices under harsh electromagnetic environments.
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1. Introduction


The feeder terminal unit (FTU) is an intelligent electronic device designed for the use in feeder automation to collect data from hundreds of feeders and transmit them to the control center [1,2,3]. It has been applied in distribution automation for fault detection, prediction, isolation, and service restoration. In the electric power environment, high-power electromagnetic interferences are increasingly common. These electromagnetic interferences have a serious impact on the surrounding electronic and electrical equipment and may even endanger the safety of workers. Furthermore, because most of these switching devices use pulse width modulation (PWM) technology, their output voltage and current power spectrum are discrete, which will produce a large number of high-order harmonic components related to the switching frequency, causing electromagnetic pollution in the power grid. Therefore, electromagnetic interference analysis of FTUs under a harsh electromagnetic environment becomes more and more important. However, the design and optimization of FTUs currently still relies on time-consuming trial-and-error procedures, engineering experience, and few available measured surface temperature data. Although the electromagnetic interference problem of FTUs need to be solved urgently, research in this area is still in the development stage due to the particularity and complexity of the FTU electromagnetic compatibility.



With the increased computer power and the development of computational methods, numerical simulation has become an effective and alternative tool for better understanding the electromagnetic induction heating process in the integrated circuit (IC) industry [4,5,6,7,8,9]. Electromagnetic and thermal multi-physics numerical simulation algorithms [10,11,12,13,14] for complex three-dimensional (3D) ICs with power supply structures (such as PDN) or cooling structures (such as heat sink, microchannel, etc.) to provide accurate electromagnetic and temperature distribution are the focus of academic and industrial circles and also the research hot spot of the IC simulation industry [15,16,17,18,19,20,21]. However, little information regarding 3D theoretical analysis of electromagnetic–thermal phenomena inside the FTU system has been reported. Under a high-power electromagnetic (HPEM) environment [22,23], the electromagnetic fields may couple the cables and inject into the interior of the FTU and then generate resonance in the internal cavity, which makes the surface temperature of the high-density ICs inside the FTU rise sharply, resulting in interference and even destruction of the performance of internal circuit and electronic devices. Because the electromagnetic induction and tempering features inside the FTU system have not been better addressed, it is important to develop a robust transient electromagnetic–thermal algorithm and apply it to analyze FTU multi-physics behavior.



In this paper, we introduce a 3D electromagnetic–thermal mathematical model coupling Maxwell’s equations and the heat conduction equation. Based on the finite element analysis tool, the electromagnetic–thermal effect of an FTU system under a HPEM environment is analyzed.



The remainder of this paper is divided as follows. Section 2 summarizes the relevant formulae for simulating the multi-physics properties of FTU. Section 3 gives a series of numerical examples for analyzing the electromagnetic–thermal effect of FTU under a high-power electromagnetic environment. Finally, Section 4 briefly concludes this paper.




2. Methodology


The induction heating process for the FTU can be modeled as a coupled electromagnetic–thermal problem. The mathematical analysis of electromagnetic fields can be carried out by solving the frequency–domain Maxwell’s equations.
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where   H →   is the magnetic field intensity,   E →   is the electric field intensity, the constant  ω  is the angular frequency,   k 0   is the wave number,   ε r   and   μ r   are relative permittivity and relative permeability, respectively,   μ 0   denotes the permeability for free space, and   J →   represents applied electric current density.



After testing Maxwell’s equation by the Galerkin scheme, the discretized system equations can be effectively solved using the finite element method (FEM) method. Note that, under ideal conditions, the electromagnetic power dissipation is completely converted to heat. Thus, the volumetric heat source generated by the eddy current due to the Joule effect can be calculated:


   Q E  =  1 σ      J →  E   2   



(3)




where eddy current density vector     J →  E  = σ  E →    can be used to update the temperature and electromagnetic parameters of the material to realize the bidirectional coupling of electromagnetic and heat fields.



The governing equation of heat conduction can be expressed as


   ρ m   C p    ∂ T   ∂ t   − ∇ · k ∇ T =  Q E   



(4)




where   ρ m   is the density of the material,   C p   is the specific heat, k is the thermal conductivity, and T is the temperature. With appropriate boundary conditions [16], this equation can still be solved by the finite element time-domain (FETD) method.



The co-simulation work flow of the electromagnetic–thermal coupling process can be described briefly: Frequency–domain electromagnetic fields are first calculated by solving Maxwell’s equations. The dissipated power is characterized numerically, and it serves as the heat source for thermal simulation. The temperature profile is obtained at the end of each iteration step, and it is used to update all temperature-dependent material parameters in the structures.




3. Analysis of the Electromagnetic–Thermal Effect of the FTU


In a complex electric power environment, FTU systems may face high-power microwave interference and high-voltage arc discharge, and even need to be able to shield from lightning strikes. In this section, we utilize numerical simulation tools to analyze the problems of FTU systems exposed to the HPEM environment. Typical FTU structures include battery compartments, metal housings, and internal circuits and chips, as shown in Figure 1. The questions we are interested in are: (1) What is the electromagnetic intensity and surface temperature on the connecting cables and metal housing when an intense electromagnetic pulses (EMP) impacts on the outer surface of the FTU. (2) Whether electromagnetic waves can inject into the FTU and whether electronic equipment can be electromagnetic interfered with or heated up.



In the numerical simulation, the metal housing of the FTU and other small structures (such as cable joints, fixing screws, etc.) are made of ferroalloy with electrical conductivity of 1.2 × 10   7    [ S / m ]  , coefficient of thermal conductivity of 56   [ W / ( m · K ) ]  , and heat capacity at constant pressure of 440   [ J / ( kg · K ) ]  . The connecting cables are made of copper with electrical conductivity of 6 × 10   7    [ S / m ]  , coefficient of thermal conductivity of 400   [ W / ( m · K ) ]  , and heat capacity at constant pressure of 385   [ J / ( kg · K ) ]  . A high-power Gaussian electromagnetic pulse with 0.7   kV / cm   is vertically irradiated onto the surface of the connecting cables, and the electromagnetic–thermal co-simulation results are shown in Figure 2.



We can see that strong induced electromagnetic fields are generated on the cables and FTU surface. Due to direct exposure to an intense electromagnetic pulse, the magnetic field intensity at the cable reaches 26.5 A/cm, and the electric field intensity reaches 5 kV/cm, as shown in Figure 2a. In addition, because the FTU metal housing and cables are consumable, the induced current is further converted into thermal energy, as shown in Figure 2b. In five seconds of irradiation, the temperature of the cables and FTU metal housing rises to approximately 260    ∘  C. Predictably, in the complex high-power electromagnetic environment, the electromagnetic interference and heat of the FTU housing will have a serious impact on the performance of the electronic and electrical equipment inside, which may even burn out due to overheating.



Because there is induced current in the cable that will generate induced field and further inject into the FTU, the induced electromagnetic waves will oscillate in the FTU’s internal cavity and may produce electromagnetic interference to internal circuits and chips. Figure 3a shows the electric field distribution on the inner surface of the FTU. As we can see, up to 0.55 kV/cm of electric field intensity can be generated on the inner surface of the FTU, which is much stronger than the standard of a high-power electromagnetic environment that was defined by the International Electrotechnical Commission (IEC), which refers to the electromagnetic environment in which the electric field intensity exceeds 0.001 kV/cm. It can be seen that, if the FTU electromagnetic package is not designed efficiently, the electromagnetic interference signal injected from the outside could easily cause a sudden increase in energy density, which will have a serious impact on the electronic and electrical equipment inside the FTU. In addition, the electromagnetic field injected through the cable may also raise the temperature of the FTU’s inner wall, but the temperature increase is not significant because of the low leakage of electromagnetic waves inside the FTU, as shown in Figure 3b.



Another question of interest is whether the circuitry or electronic package connected to the cable inside the FTU will heat up. Under the irradiation of an external EMP, we simulated the heating process of a central processing unit (CPU) connected with metal cables (CPU inside the FTU is also shown in Figure 1). It is assumed that the CPU packaging chip is composed of copper alloy, ferroalloy, and PCB substrates. As the cable temperature increases, energy is transferred rapidly to the CPU center and a heating process occurs, as shown in Figure 4. When the irradiation time reaches five seconds, the heated cable causes the CPU temperature to rise sharply, and the central temperature reaches 76    ∘  C. However, due to different heat conduction locations and material properties, CPU packaging temperature distribution presents uneven characteristics.



Finally, in order to quantitatively observe the heating process of different materials, we set up three probes on different CPU parts. Probe 1 is placed in the copper alloy, which is located in the center of the packaging structure; probe 2 is placed in the ferroalloy, which is located around the package structure; and probe 3 is placed in the PCB substrate, which is located at the bottom of the package structure. As shown in Figure 5, the temperature of all three probes increased with time. However, because the copper alloy is located in the center of heat conduction and has the highest thermal conductivity, the temperature of probe 1 rises rapidly from room temperature to 76    ∘  C. The PCB substrate has the lowest thermal conductivity and is located at the back of the CPU, thus temperature changes are relatively minimal. It can be seen that the external injection of an intense EMP may easily cause a sudden energy accumulation, which may have a serious impact on the performance of electronic and electrical equipment inside the FTU.




4. Conclusions


This study presented an electromagnetic–thermal coupling simulation technique and utilized efficient multi-physical simulation tools to assess the electromagnetic–thermal effect of the FTU. Under extreme EMP irradiation, numerical studies reveal that the connecting cables and metal housing of the FTU create a large induced current and a high temperature. The induced electromagnetic waves and heating impact of the cables can significantly deteriorates the efficacy of the FTU, resulting in severe interference and even damage to the electronic circuits of the FTU. The proposed work presents a novel approach to provide an optimal and electromagnetic compatible layout.
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	Feeder Terminal Unit



	HPEM
	High-Power Electromagnetic



	EMP
	Electromagnetic Pulses



	EMC
	Electromagnetic Compatibility



	CPU
	Central Processing Unit
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	International Electrotechnical Commission
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Figure 1. An intense EMP impacts on the FTU system. 
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Figure 2. Electromagnetic–thermal distribution on the FTU: (a) magnetic field distribution on the FTU; (b) thermal distribution on the FTU. 
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Figure 3. Electromagnetic–thermal distribution on the FTU internal surface: (a) electric field distribution on the FTU internal surface; (b) thermal distribution on the FTU. 
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Figure 4. Thermal distribution on the CPU inside the FTU (contains the locations of three probes). 
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Figure 5. Temperature changes on three probes on the CPU inside the FTU. 
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