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Based on the high-resolution electromagnetic field intensity observed by the DEMETER satellite, the harmonic electromagnetic radiations in the ionosphere closely above the extra-high voltage and ultra-high voltage power projects in the Chinese power grid have been detected. In the time-frequency spectrograms, these radiations are characterized by parallel spectral lines with spacings of 50, 100, 150, or 600 Hz. The highest frequency can reach approximately 8,850 Hz. The radiations are probably attributed to the nonlinear devices such as converters or geomagnetic disturbance. The harmonic radiations over alternating current-to-direct current (AC-to-DC) substations of power system are generally more diverse and stronger than those over AC-to-AC substations. The measurements on the ground demonstrate that the weak magnetic radiations at several kilohertz with an intensity in the order of nT do exist around substations. A simple physical model is established to understand the characteristics of harmonic radiations propagating from the Earth’s surface to the ionosphere.
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1 INTRODUCTION
It is usually believed that the electromagnetic radiations from the power grid are confined to the Earth’s surface, and they could interfere with the measurement of the geomagnetic field, the safe operation of oil or gas pipelines, the navigation of ships, and geophysical explorations. However, in the 1960s, observations at two pairs of geomagnetic conjugate stations—Siple in Antarctica and Roberval in Quebec, Canada, and Halley Bay in Antarctica and St. Anthony in Newfoundland, Canada—showed that power line harmonic radiation (PLHR) can propagate between the geomagnetic conjugate points in a whistler mode (Helliwell et al., 1975; Park and Chang, 1978; Park and Helliwell, 1978; Park et al., 1983). In the time-frequency spectrogram of the electromagnetic field intensity, PLHR is characterized by a cluster of parallel spectral lines spaced by almost exactly 50/100 Hz or 60/120 Hz and without any drift over time, and their intensity is (5–40) dB stronger than the natural background noise.
The existence of PLHR and its associated triggered nonlinear emissions have been demonstrated by multiple satellites, such as Ariel III (the in-orbit duration is 1967–1978 and with an altitude of 497 km), Ariel IV (1971–1978, 497–590 km), OGO-4 (1967–1970, 409–895 km), ISEE-1 (1977–1987, 280–140,162 km), AUREOL-3 (1981–1986, 408–2000 km), OHZORA (1984–1989, 350–850 km), DEMETER (2004–2010, 660 km), and Chibis-M (2012–2014, 484–504 km) (Bullough et al., 1976; Luette et al., 1979; Bell et al., 1982; Tomizawa and Yoshino, 1985; Parrot, 1994; Němec et al., 2007). The occurrence rate of PLHR is high between local times of 06:00 A. M and 03:00 P. M, and its intensity is weaker on Sundays, consistent with the local power consumption (Park and Miller, 1979); thus, they have been thought to be related closely with the power grid. The suggested sources include the Čerenkov-like radiation generated by an electron beam traversing a dielectric interface when coronal discharge occurs along high-voltage transmission lines, but their frequency is generally more than MHz (Kikuchi, 1983); the unbalanced harmonic currents flow through three-phase long transmission lines, but their radiation power was measured to be far lower than the threshold power of PLHR propagating into the near-Earth space obtained from the experiments at geomagnetically conjugated stations (Park and Chang, 1978; Yearby et al., 1983); the harmonic radiations are generated by nonlinear 12-pulse converters, but the measurements on the ground indicate that these radiations mainly contain linear and left-handed polarization components, which does not support that PLHR is right-handed polarization and propagates along the geomagnetic field in a whistler mode (Yearby and Smith, 1994; Manninen, 2005). To date, a consensus has been reached that PLHR in the near-Earth space is related to the local power grid on the ground, however, its exact source is still uncertain. It is noteworthy that the power line emission (PLE) at 50/60 Hz still exists in the near-Earth space (Park and Helliwell, 1981; Rodger et al., 1995; Dudkin et al., 2015; Wu et al., 2019). The frequency of PLE depends on the local power system and could be largely recorded at night (Pilipenko et al., 2021). PLHR usually occurs with PLE, but PLE does not necessarily occur with PLHR.
The electromagnetic radiations from the power grid including PLHR and PLE have been recognized as a kind of pollutant to the near-Earth space (Parrot and Zaslavski, 1996). They undoubtedly interfere with ionospheric and magnetospheric studies based on ground and satellite experiments. They can even affect the lifetime of energetic electrons in the radiation belt through wave-particle cyclotron resonance and may lead to frequent thunderstorms (Bullough et al., 1976; Yearby and Smith, 1994). With the increase of global power consumption, PLHR will become more serious (Parrot and Zaslavski, 1996). The large changes in the Chinese power grid during the in-orbit operation of the DEMETER satellite create an opportunity to further understand the mechanism of PLHR. In this study, some uncommon power harmonic radiations observed by DEMETER related to the large-capacity ±500 kV DC, and 500 and 1,000 kV AC power projects in the Chinese power grid are illustrated, and a simple physical model was established to analyse some characteristics of these radiation waves.
2 MATERIALS AND METHODS
2.1 The DEMETER Satellite
The DEMETER satellite adopted a near sun-synchronous orbit and operated at an altitude of 660 km from 29 June 2004, to 9 December 2010. Its daytime orbit (from the Northern Hemisphere to the Southern Hemisphere) passed over a specific zone at 10:30 LT, while its night-time orbit (from the Southern Hemisphere to the Northern Hemisphere) passed over the same zone at 22:30 LT. DEMETER has two operating modes: survey and burst. The burst mode was turned on for several minutes or tens of minutes when the satellite flew over some specific zones and provided observation data with a higher sampling frequency.
DEMETER measured the data in the burst mode of electric field E and magnetic field density B in the band of 0–20 kHz using an electric field detector (ICE) and an inductive magnetic field detector (IMSC) with a sampling frequency of 40 kHz. Rather than B which was easily interfered by natural noise, E was analyzed using a short-time Fourier transform with a Hanning window to obtain spectrograms with frequency resolution of 1 Hz and time resolution of 0.8192s, sufficient to detect PLHR. Plasma electron density Ne measured by the Langmuir probe (ISL) with a time resolution of 1s was used to check the variation of the ionospheric state when PLHR occurred.
2.2 The Magnetic Field Measurement
In order to detect the weak magnetic field, a three-axis orthogonal coil with an electric field shielding layer is designed (Li et al., 2021) which is shown in Figure 1. The size of the coil can make its thermal noise level much lower than the natural background noise in the atmosphere (ITU-R P. 372-10). The signal conditioning module uses a two-stage amplification. The signal of the coil induction voltage is acquired by a 16-bit data acquisition card NI-9222, and the maximum sampling frequency is 500 kHz. The sensor can measure a weak magnetic field of 0.15 pT. In the frequency band of 10 Hz–20 kHz, the noise level is lower than [image: image].
[image: Figure 1]FIGURE 1 | The magnetic field measurement device.
3 RADIATIONS RELATED TO EXTRA-HIGH VOLTAGE/ULTRA-HIGH VOLTAGE AC AND DC SUBSTATIONS
Figure 2 shows the geographical projections of four daytime orbits with PLHR on the Earth’s surface, where thin black lines represent the satellite orbits and the blue and orange segments are respectively the locations of common PLHR events containing at least three parallel spectral lines spaced by 50 Hz/100 Hz in the band of 1–5 kHz, and uncommon PLHR events newly detected. Lines in green show geomagnetic field lines across PLHR segments which obtained from the geomagnetic dipole model (Walt, 1994). Assume that PLHR propagates along the geomagnetic field in whistler mode, and the northern footprints of green geomagnetic field lines across the centres of orange PLHR segments are respectively close to the ±500 kV Yimin AC-to-DC substation in which the low AC voltage is converted to the high DC voltage before realizing high voltage DC transmission and the 500 kV AC-to-AC Shunyi substation in which the low AC voltage is converted to the high AC voltage before realizing high voltage AC transmission. The location of substation is marked by green cross.
[image: Figure 2]FIGURE 2 | Geographical projections of the satellite orbits with typical PLHR events.
3.1 Common PLHR Events
Until now, all reported PLHR events are in the band of 1–5 kHz and with the frequency spacings of 50/100 Hz or 60/120 Hz, which are called as common events. From the spectrogram along orbit 18,121_0 on 23 November 2007 in Figure 3A, there are some obvious spectral lines at 1,448/1548/1,648/1748/1848/1948/2048/2147/2,248/2347/2,447/2547/2,847/2,947 Hz with the peak intensity of 0.183 μV/m. Similarly, from the spectrogram along orbit 24,658_0 on 10 February 2009 in Figure 3B, some obvious spectral lines occur at 4,150/4250/4,350/4450/4,750/4,850/4,950 Hz with the peak intensity of 0.252 μV/m. The similar common PLHR events were often detected when DEMETER flew over China. Their dependence on the power consumption, season, and geomagnetic activity has been systematically studied in Wu et al. (2017).
[image: Figure 3]FIGURE 3 | Typical PLHR occurrences over an AC-to-AC substation (A) and an AC-to-DC substation (B).
3.2 Uncommon PLHR Events
3.2.1 Events Related to the 500 kV AC-To-AC Substation
Figure 4A shows the spectrogram of the electric field intensity along orbit 30,300_0 on 1 March 2010. Some obvious lines at 2,350/2,450 Hz, 4,151/4251/4,351/4,451 Hz, and 8,351/8452/8,551/8651/8,751/8,851 Hz are detected, which have far exceeded the frequency band of common PLHR events. Particularly, the harmonic spectral lines in the bands of (2,350–2,450) Hz, (4,150–4,450) Hz and (8,350–8,850) Hz are not simultaneously observed. The distances between their centres are approximately 9.97 km (0.08°) and 18.7 km (0.15°) at the satellite altitude. From Figure 2, these PLHRs seem to be related to the 500 kV Shunyi substation at (40.24°N, 116.74°E) with a capacity of (2 × 750 + 2 × 1,250) MVA. It is the load-centre substation in 500 kV Fengzhen-Wanquan-Shunyi power project. From Figure 4B, the smallest and greatest intensities of PLHR lines are 0.087 μV/m at 8,651 Hz and 0.228 μV/m at 4,251 Hz, which are 3.88 and 11.81 dB higher than the average background noise, respectively. Three days before PLHR occur, the maximum SYM-H index is only 18 nT and during its occurrence the SML and SMU index shown in Figure 4C have a very small disturbance. Cross-covariance analysis of PLHR between (4–4.5) kHz and (8–9) kHz was performed, and the correlation coefficient is less than 0.2, which indicate that the radiations in the two bands are more likely to be independent, and there are no wave-wave coupling between them (Němec et al., 2017).
[image: Figure 4]FIGURE 4 | Uncommon PLHR occurrences over the 500 kV Shunyi AC-to-AC substation. (A) Time-frequency spectrogram of the electric field intensity along orbit 30,300_0. (B) Amplitude-frequency characteristics of the electric field intensity. (C) Fluctuation of the geomagnetic indices SMU/SML.
The magnetic field around the Shunyi substation was measured in April 2020. Figures 5A,B shows the harmonic ratio at 50 m away from the substation and along the transmission line (280 m away from the substation). The greatest intensities of the harmonic radiations are respectively 0.68 nT in the band of (1,500–2,200) Hz, 0.93 nT in the band of (3,900–4,000) Hz and 0.23 nT in the band of (7,600–8,000) Hz. It is noted that the harmonic radiation frequencies in Figures 4B, 5A are not exactly same. Their difference may be due to the big change of the substation structure from 2010 to 2020, the doppler frequency shift, or the nonlinear effect of ionosphere. Particularly, the radiations at several kHz are gradually attenuated according to Figure 5C and it is difficult to detect them at distances beyond 500 m from the substation. Therefore, the source of PLHR is inferred to be in the substation.
[image: Figure 5]FIGURE 5 | Measurement results of the magnetic field near the Shunyi AC-to-AC substation. Normalized values of the magnetic field density at 50 m (A) and 280 m (B) away from the substation. Panel (C) show variations of the maximum magnetic field density in bands of 3,900–4,000 Hz and 7,600–8,000 Hz with distance away from the substation.
3.2.1 Events Related to the ±500 kV AC-To-DC Substation
The ±500 kV Hulunbeier-Liaoning power project was the first EHV DC interregional interconnection project in the northeast power grid of China. The ±500 kV Yimin substation with the capacity of (1,000 + 2×600) MVA located at (48.65°N, 119.79°E) is the starting point of the project and is approximately 5 km away from the Yimin power plant. There has been no PLHR detected until this substation was put into operation on 28 September 2010. Figure 6A shows the time-frequency spectrogram of the electric field intensity along orbit 33,929_0 on 3 November 2010. During 02:03:02–02:04:00 universal time (UT), in the band of (2.3–4.5) kHz, besides those common radiations at frequencies 2,350 Hz, 2,401 Hz, 2,449 Hz and 2,551 Hz with the interval of ≈50 Hz and frequencies 2,851 Hz and 2,949 Hz with the interval of ≈100 Hz, there are some particular radiations at frequencies 2,551 Hz, 2,701 Hz and 2,851 Hz with the interval of ≈150 Hz and at frequencies 3,549/3,649 Hz and 4,149/4,249 Hz with the interval of ≈600 Hz. From the amplitude-frequency characteristic in Figure 6B, the smallest and greatest intensities of PLHR are 0.62 μV/m at 2,851 Hz and 1.39 μV/m at 3,549 Hz, and they are 11.42 and 27.30 dB higher than the average background noise, respectively.
[image: Figure 6]FIGURE 6 | Uncommon PLHR occurrences over the ±500 kV Yimin AC-to-DC substation. (A) Time-frequency spectrogram of the electric field intensity along orbit 33,929_0. (B) Amplitude-frequency characteristics of the electric field intensity. (C) Fluctuation of the geomagnetic indices SMU/SML.
Three days before PLHR occur, the maximum SYM-H index is only 16 nT, but in Figure 6C during its occurrence the SML index decreases rapidly by more than 100 nT and the SMU index is larger than 30 nT. The geomagnetic disturbance became a little stronger than that in Figure 4C, which can promote the generation of the geomagnetic-induced currents (GICs). GICs can make the converting transformers DC-biased and result in harmonic voltage at frequencies f = 3fN where fN is the nominal frequency, so it is speculated that GICs may be the origin of radiations spaced by 150 Hz. Additionally, due to the characteristic harmonic frequencies of the 12-pulse AC/DC converter are [image: image], it is natural to associate the origin of the radiations at 3,549/3,649 Hz and 4,149/4,249 Hz with the harmonics of the converter at n = 6 and n = 7.
The event shown in Figure 6 is a good example to illustrate the dependence of PLHR on the harmonic source in the power grid and its propagation characteristics in the ionosphere can be studied by a quasi-linear model. Compared with results in (Yearby and Smith, 1994; Manninen, 2005), this event shows that the radiations of converters do not have to be left-handed polarised, or their polarization direction will be changed during the propagation into the near-Earth space.
4 PROPAGATION CHARACTERISTICS OF PLHR
The ionosphere is a coupling system between the atmosphere and magnetosphere, so DEMETER can capture the energetic particles precipitated from the radiation belt. During the propagation of PLHR wave along the geomagnetic field line, it can interact resonantly with the charged particles in cyclotron motion along the geomagnetic field line in which the wave intensity will be amplified by energy exchange between PLHR waves and energetic electrons (Bruce and Gurbax, 1997). Due to the complexity of the space environment and the limitation of satellite-based observation technology, now it is quite difficult to solve rigorously and scientifically the propagation mechanism of PLHR and their effects. This section attempts to explain some characteristics of PLHR through a simple linear model.
Considering that the dimensions of the substation on the Earth’s surface are far less than the Earth’s radius, a horizontal stratified model is established in Figure 7 to study the propagation characteristics of PLHR. The first layer ([image: image]) is the Earth with conductivity [image: image] and relative permittivity [image: image], and the second and third layers are in the neutral atmosphere ([image: image]) with conductivity [image: image] and relative permittivity [image: image]. The ionosphere ([image: image]) is assumed to be a uniformly stratified, anisotropic, lossless and collisionless plasma for simplicity, and the relative permittivity tensor [image: image] of the nth layer ([image: image]) can be expressed as (Fedorov et al., 2016):
[image: image]
where j is the imaginary unit; [image: image] is the angular frequency; the subscript n represents the nth layer; [image: image] and [image: image] are the plasma frequency and the cyclotron frequency of the j-type particle whose density can be extracted from IRI2016 and NRLMSISE-00 models; B0 is the local geomagnetic induction intensity and has an angle of [image: image] with respect to the z-axis which can be extracted from the IGRF model,. The harmonic radiation source located at the interface [image: image] in the neutral atmosphere is equivalent to a horizontal dipole [image: image] in the x-direction where l is the current loop length and [image: image] is the current magnitude derived from the magnetic field density [image: image] at harmonic frequency f measured on the ground (Ward and Hohmann, 1987):
[image: image]
where c is the light speed in the vacuum and [image: image] is the vacuum permeability.
[image: Figure 7]FIGURE 7 | Propagation model of waves radiated from a dipole above the ground.
Assuming [image: image], [image: image], [image: image], [image: image], [image: image] and [image: image], [image: image], [image: image] and [image: image] takes the values in Figures 5C, 8, compares the peak values of electric field intensity at the height of 660 km observed by DEMETER and calculated by the full-wave theory method (FWM). It seems that the observed values do not attenuate much with increasing frequency, while the calculated values have a decreasing tendency. The calculated values are larger than the observed values at 2,350/2450/4,150/4250/4,350/4450 Hz but smaller than the observed values at the band of 8,350–8,850 Hz. The difference between them may result from the complicated gyro-resonance effects between the harmonic radiation wave and the energetic electron which cannot be described by FWM. Figure 9 shows the variation of the electric field intensity along the x-direction at the satellite altitude calculated by the FWM in which the peak intensities at lower frequencies occur earlier and the distance between the peak intensities at 2 and 8 kHz is 17.5 km. From the observation result in Figure 4A, the distances between the strongest harmonic spectral lines in the bands of (2,350–2,450) Hz, (4,150–4,450) Hz and (8,350–8,850) Hz are approximately 8.7 and 9.97 km, totally 18.67 km, in agreement with the calculated distance 17.5 km.
[image: Figure 8]FIGURE 8 | Comparison of the electric field intensity observed by DEMETER and calculated by FWM.
[image: Figure 9]FIGURE 9 | Variation in the electric field intensity at the satellite altitude calculated by the FWM.
In addition, if the electromagnetic wave in the range of (2–9) kHz generated by the Shunyi substation at 40.24°N is supposed to be guided by the geomagnetic field and propagate into the space plasma, then the wave is located at approximately 35.9°N when it reaches the altitude 660 km. The horizontal distance between Shunyi substation and PLHR segment is 515 km and their latitude derivation is 4.2° in Figure 2, which is in agreement with the horizontal distance 530–547.5 km and the latitude derivation 4.3°–4.5° between the dipole source and the peak electric field intensity in Figure 9.
5 DISCUSSION AND CONCLUSION
This paper discussed the electromagnetic environment issue due to power projects from the perspective of near-Earth space. Based on the observation data of DEMETER, many uncommon PLHR events have been detected after some EHV/UHV substations put into the Chinese power grid. Compared with those common events in the band of 1–5 kHz and spaced by 50/100 Hz, the frequency band of newly identified events is extended to approximately 8,850 Hz and spaced by 50/100/150/600 Hz, which further demonstrated PLHR is closely related to the local power grid.
Since PLHR was identified (Helliwell et al., 1975), its source has been focused on the power lines. However, the measurements on the ground show the harmonic radiation around the EHV/UHV substation is stronger than that around the power line, and it contains more abundant harmonic components. Although the frequencies of the harmonic radiation components observed by satellite in 2010 and measured around the substations in 2020 are not exactly identical, they are similar. As an important part of power grid, the substation contains not only high-voltage systems composed of buses, transformers, breakers, inductors, and grounding electrodes to implement power collection, distribution, and transformation but also weak electronic systems to implement the functions of protection, control, and communication. They are easier to generate steady-state radiations due to three-phase unbalanced current, GIC and corona current and transient radiations due to lightning strikes, faults, and switch operations. Under the excitation of specific source, the substation is more likely to act as an artificial transmitter than the power line, generate high-order harmonic radiation and transmit them to the near-Earth space. Compared with the AC-to-AC substations, the AC-to-DC substations have an extra 12-pulse converter, and their harmonic radiation is more diverse and stronger, which have been verified by our satellite-based PLHR events. However, the harmonic current along the long-distance power line will be affected by the distribution parameters and has an attenuation tendency, and their radiation can also be weakened by the demagnetization of overhead ground wire. The EHV/UHV substation is more likely to be a source of PLHR.
To date, a common consensus is that PLHR will become more and more severe, and its triggered emissions increase the background VLF noise level in the near-Earth space. These additional noise makes the experiment design for magnetospheric study more complicated, degrades VLF communication links, and interferes with ground-based experiments. With the development of modern power grid, its effects on the ionospheric state which is closely related to human activities, such as radio communication, broadcasting, radio navigation, radar positioning and so on, should arouse attention and be evaluated seriously. Our work has only promoted the solution of the corresponding source of PLHR on the ground. How the radiation in the substation is generated still needs to be systematically demonstrated in future. Moreover, the propagation characteristics of PLHR between the hemispheres, and its impacts on the dynamics of energetic electrons in the Earth’s radiation belt also need the support of a large amount of satellite-based observation events and thoroughly theoretical analysis.
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