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I. Introduction
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 IPT is a sort of “coupled inductors”
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Principle of Inductive Power Transfer (IPT)
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 M-model & T-model
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(a) Equivalent T-model of IPT

(b) Equivalent circuit of (a) (c) Static gyrator-model
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 Static G-Model:

Static Gyrator Model for the Steady State IPT

[34] Y. H. Sohn, B. H. Choi, G. -H. Cho and C. T. Rim, "Gyrator-Based Analysis of Resonant Circuits in Inductive

Power Transfer Systems," IEEE Transactions on Power Electronics, vol. 31, no. 10, pp. 6824-6843, Oct. 2016.
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Voltage source S-S IPT example (tuned in the steady state)
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Static Gyrator Model for the Steady State IPT
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II. Dynamic Phasor-based 

Gyrator Model of IPT
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+

-

+

-

𝑣𝑠

𝑖𝑠

𝐿1

𝑖𝑜

𝐿2 𝑣𝑜

𝐶1 𝐶2

𝑅𝐿

𝑟1 𝑟2

𝑀

Dynamic Gyrator Model for the Transient State IPT

Proposed S-S IPT with internal resistances
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Dynamic Gyrator Model for the Transient State IPT

+

-

𝒊𝟏(𝑡)

𝒗𝟏(𝑡) 𝐺

+

-

𝒊𝟐(𝑡)

𝒗𝟐(𝑡)

+

-

𝐺

+

-

𝐼1(𝑠)

𝑉1(𝑠) 𝑉2(𝑠)

𝐼2(𝑠)

𝒊2 𝑡 = 𝑮𝒗1 𝑡

𝒊1 𝑡 = 𝑮∗𝒗2 𝑡

𝐼2 𝑠 = 𝑮𝑉1 𝑠

𝐼1 𝑠 = 𝑮∗𝑉2 𝑠

Proposed dynamic gyrators (time domain vs. frequency domain)
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Dynamic Gyrator Model for the Transient State IPT

+

-

𝑍(𝑠) 𝑍(𝑠)

−𝑍(𝑠)

𝐼1(𝑠)

𝑉1(𝑠) 𝑉2(𝑠)

𝐼2(𝑠)

+

-

𝑗𝑋 𝑗𝑋

−𝑗𝑋

𝐼1(𝑠)

𝑉1(𝑠) 𝑉2(𝑠)

𝐼2(𝑠)

+

-

+

-

𝑉1 𝑠 = −𝑍 𝑠 𝐼1 𝑠 − 𝐼2 𝑠 + 𝑍 𝑠 𝐼1 𝑠 = 𝑍 𝑠 𝐼2 𝑠

𝑉2 𝑠 = −𝑍 𝑠 𝐼1 𝑠 − 𝐼2 𝑠 + 𝑍 𝑠 −𝐼2 𝑠 = 𝑍 𝑠 𝐼1 𝑠

Dynamic T-Model: Conditions for Imaginary gyrator

𝑮 = 1/𝑍 𝑠 , 𝑮∗ = 1/𝑍∗ 𝑠 = −1/𝑍 𝑠

𝑍∗ 𝑠 = −𝑍 𝑠  𝑅𝑒 𝑍 𝑠 = 0  𝑍 𝑠 = 𝑗𝑋

𝐼2 𝑠 = 𝑮𝑉1 𝑠

𝐼1 𝑠 = 𝑮∗𝑉2 𝑠
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Dynamic Gyrator Model for the Transient State IPT

𝑗𝑋 𝑗𝑋

−𝑗𝑋

𝐼1(𝑠)

𝑉1(𝑠) 𝑉2(𝑠)

𝐼2(𝑠)

+

-

+

-

Proposed dynamic gyrator valid for complex time domain

Z*s=-Zs 


ReZs=0

𝐼2 𝑠 = 𝑮𝑉1 𝑠 = 𝑉1 𝑠 /𝑗𝑋

𝐼1 𝑠 = 𝑮∗𝑉2 𝑠 = −𝑉2 𝑠 /𝑗𝑋

+

-

𝒊𝟏(𝑡)

𝒗𝟏(𝑡)

+

-

𝒊𝟐(𝑡)

𝒗𝟐(𝑡)
1

𝑗𝑋
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𝑣𝑎 𝑀

𝐿1 −𝑀

𝑟1

𝑖1

𝐿2 −𝑀

𝑟2

+

-

𝑣𝑏

+

-

𝑖2

𝑗𝜔𝑀

𝑠𝐿1

𝑟1 𝑟2
𝑠𝑀

−𝑗𝜔𝑀

+

-

−𝑠𝑀𝑗𝜔𝐿1 𝑠𝐿2𝑗𝜔𝐿2−𝑠𝑀−𝑗𝜔𝑀

+

-

𝐼1(𝑠)

𝑉𝑎(𝑠) 𝑉𝑏(𝑠)

𝐼2(𝑠)

Dynamic Phasor Circuit of an IPT

T-Model in time domain

Dynamic phasor circuit in s-domain
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Dynamic Phasor Circuit of an IPT

Replacement with a dynamic gyrator in the dynamic phasor circuit

𝑠𝐿1

𝑟1 𝑟2
𝑠𝑀

+

-

−𝑠𝑀𝑗𝜔𝐿1 𝑠𝐿2𝑗𝜔𝐿2−𝑠𝑀

+

-

𝐼1(𝑠)

𝑉𝑎(𝑠) 𝑉𝑏(𝑠)

𝐼2(𝑠)

𝑗

𝜔𝑀
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Dynamic Gyrator-based IPT Circuit Analysis

The dynamic phasor circuit of S-S IPT with a dynamic gyrator

+

-
𝑅𝐿

1

𝑠𝐶2

𝐼𝑜(𝑠)

𝑉𝑜(𝑠)

𝑠𝐿1

𝑟1 𝑟2
𝑠𝑀

−𝑠𝑀𝑗𝜔𝐿1 𝑠𝐿2𝑗𝜔𝐿2−𝑠𝑀

𝑗

𝜔𝑀

+

-

1

𝑗𝜔𝐶1

𝐼𝑠(𝑠)

1

𝑠𝐶1

𝑉𝑠(𝑠)

1

𝑗𝜔𝐶2
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+

-
𝑅𝐿

𝐼𝑜(𝑠)

𝑉𝑜(𝑠)

2𝑠𝐿1

𝑟1 𝑟2
𝑠𝑀

−𝑠𝑀 −𝑠𝑀

𝑗

𝜔𝑟𝑀

+

-

𝐼𝑠(𝑠)

𝑉𝑠(𝑠)

2𝑠𝐿2

Dynamic Gyrator-based IPT Circuit Analysis

A simplified dynamic phasor circuit in tuned case (𝝎 = 𝝎𝒓)

𝑍𝑠 𝑠 ≡
1

𝑠𝐶1+𝑗𝜔𝑟𝐶1
+ 𝑠𝐿1 + 𝑗𝜔𝑟𝐿1 =

1

𝑗𝜔𝑟𝐶1 1+
𝑠

𝑗𝜔𝑟

+ 𝑠𝐿1 + 𝑗𝜔𝑟𝐿1 ≅

1

𝑗𝜔𝑟𝐶1
1 −

𝑠

𝑗𝜔𝑟
+ 𝑠𝐿1 + 𝑗𝜔𝑟𝐿1 = =

1

𝑗𝜔𝑟𝐶1
+ 𝑗𝜔𝑟𝐿1 +

𝑠

𝜔𝑟
2𝐶1

+ 𝑠𝐿1 = 2𝑠𝐿1, 

∵ |𝑠| ≪ 𝜔𝑟
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Dynamic Gyrator-based IPT Circuit Analysis

Further simplified approximated circuit, eliminating s-terms

𝑉𝑠 𝑠 = 𝑍𝑠 𝑠 𝐼𝑠 𝑠 − 𝑠𝑀𝐼𝑠 𝑠 + 𝑠𝑀 𝐼𝑠 𝑠 − 𝐼𝑜 𝑠 + 𝑉1 𝑠

= 𝑍𝑠 𝑠 𝐼𝑠 𝑠 − 𝑠𝑀𝐼𝑜 𝑠 + 𝑉1 𝑠 = 𝑍𝑠 𝑠 𝐼𝑠 𝑠 +
𝑠𝑀𝑉1 𝑠

𝑗𝜔𝑟𝑀
+ 𝑉1 𝑠

= 𝑍𝑠 𝑠 𝐼𝑠 𝑠 + 𝑉1 𝑠 (1 +
𝑠

𝑗𝜔𝑟
) ≅ 𝑍𝑠 𝑠 𝐼𝑠 𝑠 + 𝑉1 𝑠 , |𝑠| ≪ 𝜔𝑟

0 = 𝑍𝑜 𝑠 𝐼𝑜 𝑠 − 𝑠𝑀𝐼𝑜 𝑠 + 𝑠𝑀 𝐼𝑜 𝑠 − 𝐼𝑠 𝑠 − 𝑉2 𝑠

= 𝑍𝑜 𝑠 𝐼𝑜 𝑠 − 𝑠𝑀𝐼𝑠 𝑠 − 𝑉2 𝑠 = 𝑍𝑜 𝑠 𝐼𝑜 𝑠 −
𝑠𝑀𝑉2 𝑠

𝑗𝜔𝑟𝑀
− 𝑉2 𝑠

= 𝑍𝑜 𝑠 𝐼𝑜 𝑠 − 𝑉2 𝑠 (1 +
𝑠

𝑗𝜔𝑟
) ≅ 𝑍𝑜(𝑠) 𝐼𝑜(𝑠) − 𝑉2(𝑠) , |𝑠| ≪ 𝜔𝑟

|𝑠| ≪ 𝜔𝑟
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Dynamic Gyrator-based IPT Circuit Analysis

Elimination of a dynamic gyrator from load side
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Dynamic Gyrator-based IPT Circuit Analysis

Thevenin equivalent circuit of a dynamic gyrator

𝐺𝑉 𝑠 ≡
𝑉𝑜 𝑠

𝑉𝑠 𝑠

=
𝑗𝜔𝑟𝑀

𝑟1 + 2𝑠𝐿1
∙

𝑅𝐿
𝜔𝑟𝑀

2

𝑟1 + 2𝑠𝐿1
+ 𝑟2 + 2𝑠𝐿2 + 𝑅𝐿

=
𝑗𝜔𝑟𝑀𝑅𝐿

𝜔𝑟𝑀
2 + 𝑟1 + 2𝑠𝐿1 𝑟2 + 𝑅𝐿 + 2𝑠𝐿2

=

𝑗𝜔𝑟𝑀𝑅𝐿
4𝐿1𝐿2

𝑠2 +
𝑟1
2𝐿1

+
𝑟2 + 𝑅𝐿
2𝐿2

𝑠 +
𝑟1𝑟2 + 𝑟1𝑅𝐿 + 𝜔𝑟𝑀

2

4𝐿1𝐿2

→ 𝜁 =

𝐿2
𝐿1

𝑟1 +
𝐿1
𝐿2

𝑅2

2 𝑟1𝑅2 + 𝜔𝑟𝑀
2
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Dynamic Gyrator-based IPT Circuit Analysis

A simplified dynamic phasor circuit in mistuned case (𝝎 ≠ 𝝎𝒓)
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Dynamic Gyrator-based IPT Circuit Analysis

A simplified dynamic phasor circuit in mistuned case (𝝎 ≠ 𝝎𝒓)

𝐺𝑉 𝑠 ≡
𝑉𝑜 𝑠

𝑉𝑠 𝑠
= 𝐺𝑉,𝑑𝑐

=
𝑗𝜔𝑀

𝑟1 + 𝑗𝜔𝐿1 +
1

𝑗𝜔𝐶1

∙
𝑅𝐿

(𝜔𝑀)2

𝑟1 + 𝑗𝜔𝐿1 +
1

𝑗𝜔𝐶1

+ 𝑟2 + 𝑗𝜔𝐿2 +
1

𝑗𝜔𝐶2
+ 𝑅𝐿

=
𝑗𝜔𝑀 𝑅𝐿

(𝜔𝑀)2+(𝑟1+𝑗𝜔𝐿1+
1

𝑗𝜔𝐶1
)(𝑟2+𝑗𝜔𝐿2+

1
𝑗𝜔𝐶2

+𝑅𝐿)
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III. Verifications 

by Simulation
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Simulation Conditions for Tuned Case

No. parameters Values

1 𝑓𝑟 50.3 (kHz)

2 𝐿1 286.3 (μH)

3 𝐿2 284.8 (μH)

4 M 52.01 (μH)

5 𝐶1 35.33 (nF)

6 𝐶2 35.33 (nF)

7 𝑟1 0.967 (Ω)

8 𝑟2 1.018 (Ω)

9 𝑅𝐿 1.29~114.54 (Ω)

+

-

+

-

𝑣𝑠

𝑖𝑠

𝐿1

𝑖𝑜

𝐿2 𝑣𝑜

𝐶1 𝐶2

𝑅𝐿

𝑟1 𝑟2

𝑀

23
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Simulation: 𝜁 =3, RL = 114.54ohm

24

|𝑠| ≪ 𝜔𝑟
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Simulation: 𝜁 =1, RL = 32.55ohm

25

|𝑠| ≪ 𝜔𝑟
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Simulation: 𝜁 =0.3, RL = 7.95 ohm

26

𝑠 ≪ 𝜔𝑟
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Simulation: 𝜁 =0.1, RL = 1.29 ohm

27

𝑠 ≪ 𝜔𝑟?
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IV. Experimental 

Verifications
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Experimental Kit

29
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Experiment: 𝜁 =3, RL = 114.54ohm

30

|𝑠| ≪ 𝜔𝑟
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Experiment: 𝜁 =1, RL = 32.55ohm

31

|𝑠| ≪ 𝜔𝑟
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Experiment: 𝜁 =0.3, RL = 7.95 ohm

32

|𝑠| ≪ 𝜔𝑟
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Experiment: 𝜁 =0.1, RL = 1.29 ohm

33

|𝑠| ≪ 𝜔𝑟? 
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V. Concluding Remark
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IPT dynamics is simple & easy now!

+

-
𝑅𝐿

1

𝑠𝐶2

𝐼𝑜(𝑠)

𝑉𝑜(𝑠)

𝑠𝐿1

𝑟1 𝑟2
𝑠𝑀

−𝑠𝑀𝑗𝜔𝐿1 𝑠𝐿2𝑗𝜔𝐿2−𝑠𝑀

𝑗

𝜔𝑀

+

-

1

𝑗𝜔𝐶1

𝐼𝑠(𝑠)

1

𝑠𝐶1

𝑉𝑠(𝑠)

1

𝑗𝜔𝐶2

The 5th order IPT system becomes the 2nd order gyrator system

|𝑠| ≪ 𝜔𝑟

35


