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Abstract  We advocate high-frequency power electronics as a new interdisciplinary technical field. We expect wireless power transfer  
technology. We present a novel design theory using coupling coefficient for the ZVS resonant wireless power transfer. We study the system 
design when for two coils a distance, a position, and an angle change. We analyze the system characteristics from the both sides of a time 
domain and a frequency domain by use of a multi-resonance analysis (MRA), a harmonic resonance analysis (HRA), and a F-parameter 
resonance analysis (FRA). In the 10MHz-class operation experiment, we use two simple loop coils and GaN FETs. We’ve achieved 74.9W of 
the transmission power, and 74.0% of the total power efficiency. We prove our proposed switching system is high efficiency system. 
Keyword  Zero voltage switching, Electromagnetic field resonance, Multi-resonant circuit, MRA, HRA, FRA, Finite element method 

1.�  ߦ߼ߓߪ
ㄭᐕ㧘౒㡆ဳࠬ࡟ࡗࠗࡢ⛎㔚ߩ㐿⊒ߪടㅦ[7]-[1]ࠆ޿ߡߒ㧚

2007ᐕߦMIT㧔Massachusetts Institute of Technology㧕ߩ⎇ⓥ⠪

₸㧘વㅍലߪߢታ㛎ߩ๟ᵄᢙ10MHz㧘〒㔌2mߚࠇߐႎ๔ࠅࠃ

1994ߪࠄ㧚৻ᣇ㧘╩⠪[6]޿ૐߣ15%ߪ₸㔚ജല߇ߛ50%~40ߪ
ᐕ10ߦMHz⚖ࡠ࠯㔚࿶ࠬࠗࠣࡦ࠴࠶㧔ZVS㧘zero voltage 
switching㧕㔚ᵹⶄ౒ᝄࠦࠍ࠲࡯ࡃࡦ㐿⊒[9],[8]ߒ㧘ⓨᔃࠬࡦ࡜࠻

㧚[10]ࠆ޿ߡߒ㆐ᚑࠍ㔚ജല₸77.7%ߡߦ10MHz⚖ታ㛎ߚ޿↪ࠍ

MITߩߢታ㛎ߪ㧘2߇࡞ࠗࠦߩߟⓨ㑆ߢ⏛᳇⚿วߒ㧘10MHz
ታ㛎ߩޘ㧘ᚒߪߢࠈߎߣࠆߔવㅍࠍ㔚ജࠅࠃߦ౒ᝄ㔚ᵹߩ⚖

ଏࠍ㜞๟ᵄ㔚ᵹߡ޿↪ࠍ⟎ᝄⵝ⊑࠷࠶ࡇ࡞㧘ࠦ߇ࠆߔ㉃ૃߦ

ߌవ㚟ߦ⇇㧘਎ߪࠄ㧚╩⠪޿ૐߊ߈ᄢߪ₸㔚ജലࠅ߅ߡߒ⛎

㧘ታ↪ൻߒ⊑㐿ࠍ㔚⛎ࠬ࡟ࡗࠗࡢࠣࡦ࠴࠶ࠗࠬߩ౒㡆ᣇᑼߡ

㧘ࠪࠬߡߒߦ೎ߪㅜ↪ߥ㧚․೎ࠆ޿ߡߒផㅴࠍ⊑㐿ߚߌะߦ

 㧚ࠆ޽ߢᔅⷐਇนᰳߪะ਄ߩ₸㔚ജലࠆߌ߅ߦࡓ࠹
੹ᣣ㧘᳃↢ᯏེࠍᆎࠆࠁࠄ޽ߚߒߣ߼㔚᳇ᯏེ࠴࠶ࠗࠬߦ

㔚ߡߒ੺ࠍ㧘ⓨ㑆ߪࠄ㧚╩⠪ࠆ޿ߡࠇࠄ޿↪߇⟎㔚Ḯⵝࠣࡦ

ജࠍଏ⛎ࠬ࡟ࡗࠗࡢࠆߔ⛎㔚ࠣࡦ࠴࠶߽ࠗࠬߡ޿߅ߦᛛⴚࠍ

ផㅴࠍߣߎࠆߔ↪ᔕࠍࠬࠢ࠾ࡠ࠻ࠢ࡟ࠛ࡯ࡢࡄ㧘ߣߎࠆ޿↪

ߣߎࠆ޿↪ࠍ᳇ㇱຠ⏛ߦ〝㧘વㅍߪߢ㔚⛎ࠬ࡟ࡗࠗࡢ㧚ࠆߔ

႐วࠆࠇࠄ߼᳞߇ዊဳൻߦࠬࠗࡃ࠺㔚ജવㅍ߿႐วߥ࿎㔍߇

๟ᵄߩࠄࠇߎ㧚ࠆࠇߐᦼᓙ߇㜞๟ᵄേ૞ߩ㧘MHzએ਄ߊᄙ߇

ᢙᏪၞߪ㧘㕒⏛⇇㧘㕒㔚⇇ࠍᛒߣࠬࠢ࠾ࡠ࠻ࠢ࡟ࠛ࡯ࡢࡄ߁

㔚⏛ᵄࠆ޿↪ࠍㅢାᛛⴚߩ⁜㑆߽ߣࠆ޽ߦ૏⟎ઃࠇࠄߌ㧘ᣂ

ቇ㓙ᛛ߈ߴ߁⸒߽ߣޠࠬࠢ࠾ࡠ࠻ࠢ࡟ࠛ࡯ࡢࡄ㜞๟ᵄޟ޿ߒ

ⴚߡߒߣᛒࠆ߈ߢ߇ߣߎ߁㧚 
ᧄⓂߪߢ㧘ᣂ޿ߒଔ୯ഃㅧࠍ⋡ᜰߚߒᣂ޿ߒቇ㓙ᛛⴚಽ㊁

㧚᦭ᦸࠆߔឭ໒ࠍޠࠬࠢ࠾ࡠ࠻ࠢ࡟ࠛ࡯ࡢࡄ㜞๟ᵄޟ㧘ߡߒߣ

ᛛⴚࠬ࡟ࡗࠗࡢߡߒߣ⛎㔚ߦᦼᓙࠆߔ㧚㜞ല₸ߩࡓ࠹ࠬࠪߥ

ታ↪ൻߡߒߣ⊛⋠ࠍ㧘౒㡆ᣇᑼࠬ࡟ࡗࠗࡢࠣࡦ࠴࠶ࠗࠬߩ⛎

㔚ࠍឭ᩺ߒ㧘⚿วଥᢙߚ޿↪ࠍᣂ޿ߒ⸳⸘ℂ⺰ߓ⺰ߡ޿ߟߦ

ࠇߘߩ㧘વㅍ〒㔌㧘૏⟎㧘ⷺᐲߡ޿ߟߦ࡞౒ᝄࠦࠗߩߟ㧚2ࠆ

ⶄࠆߔ㧚ឭ᩺ࠆߔᨆ⸂ࠍᕈ․ࡓ࠹ࠬࠪߩ႐วߚߒᄌൻ߇ࠇߙ

౒ᝄ࿁〝⸃ᨆ㧔MRA㧘Multi-Resonance Analysis㧕㧘⺞ᵄ౒㡆⸃

ᨆ㧔HRA㧘Harmonic Resonance Analysis㧕㧘F࠲࡯ࡔ࡜ࡄ౒㡆⸃

ᨆ㧔FRA㧘F-parameter Resonance Analysis㧕[5]-[1]ߡ޿↪ࠍ㧘ᤨ

㑆㗔ၞߣ๟ᵄᢙ㗔ၞߩ෺ᣇߡ޿߅ߦ⸃ᨆࠆߔ㧚ታ㛎ߪߢ㧘ࠪ

ࠃߦ10MHz⚖േ૞ߚ޿↪ࠍGaN FETߣ࡞ࠗࠦࡊ࡯࡞ߥ࡞ࡊࡦ

 㧚ࠆߔ⸽ታࠍߣߎߥน⢻߇㔚ജવㅍߥ₸㧘㜞ലࠅ

17

Administrator
 This article is a technical report without peer review, and its polished and/or extended version may be published elsewhere. 



 

�

2.� 㜞๟ᵄࠬࠢ࠾ࡠ࠻ࠢ࡟ࠛ࡯ࡢࡄ 
2.1� 㜞๟ᵄߩࠬࠢ࠾ࡠ࠻ࠢ࡟ࠛ࡯ࡢࡄឭ໒ 
ᣂ޿ߒଔ୯ഃㅧࠍ⋡ᜰߚߒᣂ޿ߒᛛⴚಽ㊁ߡߒߣ㧘ޟ㜞๟ᵄ

ࡄޟ㧚ߔ␜ߦ࿑1ࠍ㧚᭎ᔨࠆߔឭ໒ࠍޠࠬࠢ࠾ࡠ࠻ࠢ࡟ࠛ࡯ࡢࡄ

ࡢࡄޟ㧘ޠࠬࠢ࠾ࡠ࠻ࠢ࡟㜞๟ᵄࠛޟ㧘ޠࠬࠢ࠾ࡠ࠻ࠢ࡟ࠛ࡯ࡢ

ਸ਼ലᨐ⋦ߣ㧘ᛛⴚⲢวߒߣᩇࠍᛛⴚಽ㊁ߩߟ3ߩޠࠬࠗࡃ࠺࡯

ࠛ࡯ࡢࡄ㧚ࠆ޽ߢቇ㓙ಽ㊁޿ߒᣂࠆߔᦼᓙࠍᛛⴚ⊒ዷࠅࠃߦ

㧚㔚ߚࠇߐ␜ߡߞࠃߦDr. Newellߦ㧘1973ᐕߪࠬࠢ࠾ࡠ࠻ࠢ࡟
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Fig. 1  High-frequency power electronics. 
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Fig. 2  A novel switching wireless power transfer system. 

Fig. 3  Multi-resonant ZVS wireless power transfer system 
using electromagnetic field resonant coupling coils.
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Fig. 4  Switching waveforms. 

Table 1  Equivalent input voltage vie and output voltage voe 
no state vie vio Q1 Q2 Q3 Q4

1 on-period 1 Vi vo on off on off
2 on-period 2 Vi 0 on off off on
3 off-period 1 0 0 off on off on
4 off-period 2 0 vo off on off on
5 deadtime 1 vied vo off off on off
6 deadtime 2 vied 0 off off off on

 

Fig. 5  Equivalent circuit with coupling coefficient k.
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(a) Magnetic field analysis         (b) Electric field analysis 
Fig.6  Electromagnetic field analysis near two resonant coils. 
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Fig.7  Coupling coefficient k for two resonant coils.
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Fig. 8  Impedance characteristics of a resonant coil. 
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Fig. 9  Impedance characteristics of a resonant coil with 30pF. 

Fig. 10  Multi-resonant circuit. 
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Fig.11  Resistance and reactance characteristics. 
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Fig.12  Input impedance and voltage gain characteristics. 
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(a) Proposed design theory      (b) Switching simulation 
Fig.13  Output voltage by a proposed theory and a simulator. 
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Fig.14  Whole power efficiency and coupling coefficient.
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(3) Rotate = 45deg. (Shift = 0cm, dx = 20cm) 
(a) Low resonant frequency fr1       (b) High resonant frequency fr2 

Fig.15  Magnetic field analysis near two resonant coils.

21



 

�

10MHzࡉ࡯ࠚ࠙࡞ࡈߩ⸃ᨆࠅࠃߦ㧘⚿วଥᢙkࠍ⸃ᨆߚߒ⚿ᨐ

ߠၮߦ⺰ℂ⸘⸳ߡ޿↪ࠍวଥᢙk⚿ߚࠇࠄ㧘ᓧߒ␜ߦ࿑16(1)ࠍ

㧚ߔ␜ߦ࿑16(3)ࠍ࿑16(2)㧘಴ജ㔚ജࠍ಴ജ㔚࿶ߚߒ▚⸘ߡ޿

૏⟎ߪߢࠇߕ㧘ᄌ૏ߦ෻ߡߒ⚿วଥᢙkߪዊࠆߥߊߐ㧚߹ߚ⚿

วଥᢙk߇ዊ޿ߐ႐วߪ㧘ᄌൻ₸ߪዊ޿ߐ㧚৻ᣇ㧘௑ߩ߈ᄌ૏

ߣߎ޿ߥߒว⚿ࠅߥߣ0߷߶ߪวଥᢙk⚿ߡ޿߅ߦ㧘90degߪߢ

ࠅࠃ಴ജ㔚࿶㧘಴ജ㔚ജߔ␜ߦ㧘࿑16(2)㧘(3)ߚ߹㧚ࠆ߆ಽ߇

෺ፄ․ᕈ㧘ߪ႐ว޿߈ᄢ߇㧚⚿วࠆߥߦ߆ࠄ᣿ߪᕈ․ࡓ࠹ࠬࠪ

ዊ޿ߐ႐วߪනፄ․ᕈࠆࠇߐ␜߇ߣߎࠆߥߣ㧚 
ᦝߦ㧘SCATోߩࡓ࠹ࠬࠪߚ޿↪ࠍ㔚ജല₸․ᕈߩ⸃ᨆ⚿ᨐ

㧚ࠪߔ␜ߦ࿑17(a)(b)ࠍ 㧘߃⿥ࠍ70%ߪ₸ᦨ㜞ో㔚ജലߩࡓ࠹ࠬ

㜞ല₸․ᕈࠍᓧ߇ߣߎࠆน⢻ࠆ޽ߢ㧚߹ߚ㧘࿑16ߣ࿑17ࠍᲧ

セߢߣߎࠆߔ㧘વㅍ㔚ജోߣ㔚ജല₸ߪ㧘߇ࠇߙࠇߘᦨᄢߣ

 㧚ࠆࠇߐ␜᣿߇ߣߎ޿ߥߒ⥌৻ߪઙ᧦ࠆߥ

7.� GaN FET10ߚ޿↪ࠍMHz⚖ࠬࠗࠣࡦ࠴࠶േ૞ታ㛎 
⚿วଥᢙkߚ޿↪ࠍ⸳⸘ℂ⺰ߦၮߒ⸘⸳ࠍࡓ࠹ࠬࠪߡ޿ߠ㧘

㜞๟ᵄേ૞߇ᦼᓙࠆࠇߐGaN FETߚ޿↪ࠍታ㛎ࠆࠃߦᬌ⸽ࠍ

ⴕ߁㧚ታ㛎ߪߢ㧘౒ᝄࠠߪߦ࠲ࠪࡄࡖ㧘᧛↰⵾૞ᚲ⵾ߩਛ㜞

࿶Ⓧጀࠨࡦ࠺ࡦࠦࠢ࠶ࡒ࡜࠮㧘ᢛᵹ⚛ሶߪߦ㧘࡚ࠪ࡯ࠠ࠻࠶

૞⹜ߩ㧘⎇ⓥᲑ㓏ߪߦሶ⚛ࠣࡦ࠴࠶㧘ࠬࠗ࠼࡯ࠝࠗ࠳ࠕ࡝ࡃ

㧚ࠆ޿↪ࠍGaN FETဳࡈࠝ࡞ࡑ࡯ࡁ⵾ࡓ࡯ࡠࠆ޽ߢ࡞ࡊࡦࠨ

100V⠴࿶㧘20Aࠬ࡞ࡄ⠴࿶㧘ࠝࡦᛶ᛫0.21ȍ㧘ࠬ࠼࡞࡚ࠪ࠶࡟

㔚࿶0.8Vࠆ޽ߢ㧚਄᣹㧘㒠ਅᤨ㑆6ߦ߽ߣߪnsࠅ޽ߢ㧘㜞ㅦࠬ

 㧚ࠆ߈ߢᦼᓙ߇േ૞ࠣࡦ࠴࠶ࠗ
㔚ജવㅍߪߦࠬࠗࡃ࠺ၮ␆⊛ᬌ⸛ࠆߖߐ↢⊑ࠍ⇇⏛ߡߒߣ

ᦨዊන૏ࠆ޿↪ࠍ࡞ࠗࠦࡊ࡯࡞ߥ࡞ࡊࡦࠪߩ㧚ඨᓘ5cm㧘✢

ᓘ1mmࠍ࡞ࠗࠦࡊ࡯࡞ߩߟ2ߩធㄭߡߖߐታ㛎ࠆߔ㧚ࠬ ࠴࠶ࠗ

ࠄᓧࠅࠃߦታ㛎ࠆߌ߅ߦ:๟ᵄᢙfs=8.2MHz㧘⽶⩄Ro=50ࠣࡦ

㧚౉ߔ␜ߦ࿑18ࠍ㔚ജല₸․ᕈࡓ࠹ࠬࠪߣવㅍ㔚ജ․ᕈߚࠇ

ജ㔚࿶60Vߪߢ㧘಴ജ㔚࿶61.2V㧘ᦨᄢવㅍ㔚ജ74.9W㧘ࠪࠬ

㧘಴ജ㔚࿶51.0V㧘ߪߢ㧘౉ജ㔚࿶50Vߚ߹㔚ജല₸73.3%㧘ࡓ࠹

વㅍ㔚ജ52.0W㧘ᦨ㜞ࠪࠬࡓ࠹㔚ജല₸74.0%ࠍ㆐ᚑࠆ޿ߡߒ㧚 

8.�  ߼ߣ߹
ᣂ޿ߒଔ୯ഃㅧࠍ⋡ᜰߚߒᣂ޿ߒᛛⴚಽ㊁ߡߒߣ㧘ޟ㜞๟ᵄ

࠶ࠗࠬࠆߔឭ᩺ߊߒ㧘ᣂߒឭ໒ࠍޠࠬࠢ࠾ࡠ࠻ࠢ࡟ࠛ࡯ࡢࡄ

ࠍ⺰ℂ⸘⸳ߚ޿↪ࠍวଥᢙ⚿ߡߒ㑐ߦ㔚⛎ࠬ࡟ࡗࠗࡢࠣࡦ࠴

ᓧ߇วଥᢙ⚿ߩࠬࠗࡃ࠺㔚ജવㅍࠅࠃߦ㧚㔚⏛⇇⸃ᨆߚߓ⺰

㧘಴ജ㔚࿶㧘ࠅ޽ߢน⢻߇⸘⸳㔚ജߩࡓ࠹㧘⛎㔚ࠪࠬ߫ࠇࠇࠄ

વㅍ㔚ജ㧘ࠪࠬోߩࡓ࠹㔚ജല₸߇⸃ᨆࠆ߈ߢ㧚 
ߡ޿ߠၮߦ⺰㧘⸳⸘ℂߦࠄߐ GaN FET ߚ޿↪ࠍ 10MHz േ

૞ታ㛎ࠍⴕ޿㧘ࠪ ₸㔚ജലోߩࡓ࠹ࠬ 74.0%㧘વㅍ㔚ജ 74.9W
 㧚ࠆ޽ߢᚑᨐߥ⊛ᦼ↹޿ߥߦߢ߹ࠇߎ㧚ߚߒᚑഞߦ
੹ᓟ㧘ࠬ࡟ࡗࠗࡢ⛎㔚ߩᦝࠆߥᛛⴚ⊒ዷߣᏒ႐ࠆߌ߅ߦᣂ

 㧚ࠆߔᦼᓙࠍዷ㐿ߩࡦ࡚ࠪ࡯ࠤ࡝ࡊࠕ޿ߒ
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Fig.16  Power system characteristics by proposed theory. 
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Fig.17  Whole power efficiency characteristics by SCAT. 
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Fig.18 Experimental whole power efficiency at 8.2MHz.
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