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This paper provides a general and systematic comparison of the transmission characteristics for circuits non-resonant, series
resonant and parallel resonant circuits of both Inductive Power Transfer (IPT) and Capacitive Power Transfer (CPT) systems. The
transmission characteristics were CC/CV characteristic, efficiency and output power when the power source is a voltage or current
source. In terms of the compensation condition and CC/CV characteristic, S-S in IPT and P-P in CPT were superior because the
compensation condition does not depend on the coupling coefficient and they had gyrator characteristic. For the efficiency, it was
found that, for both IPT and CPT, it was suitable to use S or P on the receiver side for high efficiency. For the output power, in
common with IPT and CPT, higher power can be obtained by choosing S on the transmitter side when a voltage source was used
and P on the transmitter side when a current source was used. Therefore, it is clear that the circuits with superior compensation
condition, CC/CV characteristic, optimal load, efficiency and output power were S-S in IPT when a voltage source was used and

P-P in CPT when a current source was used.
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1. Introduction

In recent years, as electronic devices have become more
widespread and opportunities for charging have increased year by
year. The problems with cable charging include lack of durability,
risk of electric shock, cable deterioration and disconnection. All of
these problems can be solved by wireless power transfer (WPT).

Inductive Power Transfer (IPT) and Capacitive Power Transfer
(CPT) are representative non-radiative methods of WPT. Both have
advantage as transmission methods that can achieve higher
transmission efficiency than radiative transmission over
transmission distances of up to several tens of centimeters. Due to
the difference in the main transmission field, they have different
characteristics: the advantages of IPT are that it is easier to achieve
higher power and longer transmission distances compared to CPT;
the advantages of CPT are that there is no risk of efficiency loss or
heat generation due to metallic particles and lower cost and weight
due to the use of metal plates only. Some previous studies carried
out on IPT to compare the characteristics of different circuits()®
and to select circuits suitable for different applications®-®. On the
other hand, there are some studies that carried out on CPT to
compare the characteristics of different circuits®-(!D and to study
circuits for high power, which is a problem for CPT (-5 There
are series resonance (S) and parallel resonance (P) circuits for IPT
and CPT respectively, and typical circuits such as S-S, S-P, P-S and
P-P circuits exist by the combining of these circuits. Previous
studies compared the four basic circuits of IPT and CPT, but these
comparisons were based on only one of the transmission methods
and not on comprehensive and fair comparisons, including non-
resonance. Furthermore, comparisons have mainly been made with
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voltage source, with few comparisons of circuits using current
source. However, there are situations where current sources are
used 1907 and by comparing voltage and current sources, the
correspondence between IPT and CPT can be found.

Therefore, in this paper, the transmission characteristics
compared by solving the circuit equations, which are the basis of
electric circuits, to obtain the transmission characteristic equations
and substituting the parameters of the unification conditions. For
the circuits, the circuits are compared for IPT and CPT respectively,
when the transmitter and receiver sides are non-resonant, series
resonant and parallel resonant. The transmission characteristics are
the CC/CV characteristic, efficiency and output power when the
power source is a voltage or current source. Unified conditions are
compensation topology based on resonance phenomena, design
method for compensation condition, loading condition, Q value,
coupling coefficient k and power supply performance.

The remainder of the paper is made up as follows: in Chapter 2,
the all compared circuits is presented. In Chapters 3-5, the circuit
equations for each circuit are solved and the respective expressions
for the power transmission characteristics are derived. Specifically,
the compensation condition and constant current (CC) / constant
voltage (CV) characteristics are derived in Chapter 3, efficiency and
optimal load in Chapter 4 and output power in Chapter 5. In Chapter
6 demonstrates the credibility of the calculations by comparing the
calculation with the simulation. In Chapter 7 compares the
transmission characteristics for each circuit by fair condition
parameters to each equation. A comparison with experiment is
made in Chapter 8 and a conclusion is given in Chapter 9.

2. Compared Circuits in IPT and CPT

21 Equivalent Circuit in IPT A typical transmission
coil is shown in Fig. 1 and its structure can be shown by an



equivalent circuit as shown in Fig. 2 (a). It can also be transformed
into an equivalent T-shaped circuit as shown in Fig 2 (b). Here, the
self-inductance and internal resistance of the transmitter coil are L,
and 1 respectively, while the self-inductance and internal
resistance of the receiver coil are L, and r, respectively. The
mutual inductance L,,, the coupling coefficient k representing
the coupling between the transmitter and receiver and the Q values
of the coils are defined as in equations (1) and (2).
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2.2 Equivalent Circuit in CPT A typical

transmitter/receiver capacitor consists of four plates as shown in Fig.

3. The self-capacitances C;,C, and the mutual capacitance C,,
can be expressed by equations (3)-(6), since each of the four plates
is coupled to each other as shown in Fig. 4(a). Therefore, the n-type
circuit can be represented as shown in Fig. 4.

(C13+C14)(Ca3+C34)
Cy = Cpp + Gt (ot Coa) 3)
Ci3+C14+Co3+Coy
(C13+C14)(Ca3+C34)
CZ — C34 LS T A 2 T A (4)
C13+C14+Co3+Cos
C24C13—C14C:
Cm=M ....................................................... (5)
C13+C14+Co3+Cos

Cm=km .................................................................. (6)

2.3 Compared Circuits The circuits of IPT and CPT,
which are compared in this paper, are shown in Fig. 5 and 6. The
circuits consist of a non-resonant circuit (N), in IPT a transmission
coil with a resonant capacitor connected in series (S) and in parallel
(P), in CPT a transmission capacitor with a resonant coil connected
in series, P, connected in parallel are compared.

Fig. 1. Transmission Coil in IPT.
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3. Compensation Condition and CC/CV
Characteristic

3.1  How to Design Compensation Condition In this
chapter, the compensation condition and the CC/CV characteristics
of resistance load are derived. The compensation elements are
resonant capacitors in IPT and resonant inductors in CPT, which
can achieve high efficiency and high power by appropriate design.
In this paper, the values of reactance compensation elements are
determined by a design method based on gyrator or ideal
transformer characteristic. The design method based on gyrator or
ideal transformer characteristic is a design method in which the F
parameter of a two-terminal pair circuit such as equation (7) are set
toA=D =0 or B= C =0 under the condition thatr; =1, =
0, so that high-efficiency transmission can be achieved.
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3.2 Compensation Condition and CC/CV Characteristic
in IPT The F parameter of S-S circuit in IPT can be expressed
as in equation (10).

( A= (oL, + fwlcl)
B =Vt +55) Vote + 50) - otk (10)
_ 1

jwlm

k b= jwLpy, (](ULZ +](‘)_C)

By proper design of the compensation capacitor, it is possible to
satisfy A = D = 0, in which case C; and C, are as in
equation (11). Furthermore, the F parameter can be represented as
in equation (12).

1 1
C; = oL, —,Cy = H ------------------------------------------ (11)
[Vin] — ]wL [ Out ....................................... (12)
Iin Tout
]wL

Equation (12) shows that the resistance load of S-S in IPT has a
constant current characteristic when the power supply is a voltage
source and a constant voltage characteristic when a current source
is used due to gyrator characteristic.

Table 1. shows the results of the compensation condition. The
compensation conditions of S-P, P-S and P-P circuits depend on the
coupling coefficient k. Therefore, it is not suitable when the
coupling coefficient varies. Table 2. shows the results of CC/CV
characteristics. The circuits including non-resonance do not have
CC/CV characteristic, depending on the type of power supply.

Table 1. Compensation condition in IPT.

Circuit Cy C,
N-N None None
1
N-S None C, = L,
1
N-P None C,= oL,
1
S-N C, = oL None
1
P-N C, = oL, None
1 1
S-S C = oL, C, = 'L,
SP [P — =
a 1T w2(1 - k2L, 27 wl,
P-S (4 - C, = __r
- T WLy 27 w2(1—k?)L,
P-P C = _ C, = __r
B 1T w2(1 - k2L, 27 w2(1—k?)L,
Table 2. CC/CV characteristic in IPT.
Circuit Voltage Source Current Source
N-N None None
N-S None Ccv
N-P None CcC
S-N CcC None
P-N None CC
S-S CcC CcvV
S-P CV CcC
P-S CV CcC
P-p CC Cv

3.3 Compensation Condition and CC/CV Characteristic
in CPT As with CPT, the compensation condition and CC/CV
characteristic are obtained using S-S circuit as an example. The F
parameter of S-S circuit can be expressed by equation (13).

1
{ B = ]w;c{(,()‘tl:ll:zc‘,zn + (1 - (,UZL1C1)(1 - a)szCz)}

szl (e Crzn)}

. 13)
H c =é—:(C1C2 - C5)

[ D= é{cﬁ — 0?Ly(C,C, — CR)}

By proper design of the compensation capacitor, it is possible to
satisfy A = D = 0, in which case L; and L, are as in
equation (14). Furthermore, the F parameter can be represented as
in equation (15).

1 1
= e (14)
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[lm T oG c-ck) 0 (15)
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Table 3. Compensation condition in CPT.

Circuit Ly L,
N-N None None
1
N-S None L, = T
2
1
N-P None L2 = m
2
1
S-N L1 = wz_Cl None
1
P-N L1 = wz_Cl None
S-S L= ! L, = !
: 1T w2(1-k3)C, 27 w21 -kDC,
S-P L —1 L,= !
) 1T w2 27 w2(1-k?)C,
P-S L= ! L —1
) 1T w2(1— k)G, 27 WG,
P-p L= ! L,= !
) 1T w2e, 27 w2C,

Table 4. CC/CV characteristic in CPT.

Circuit Voltage Source Current Source
N-N None None

N-S CcC None

N-P CcC None

S-N None (6%

P-N None Ccv

S-S CcC Ccv

S-P Ccv cC

P-S Ccv cC

P-P CcC (6%

Equation (15) shows that the resistance load of S-S in CPT has a
constant current characteristic when the power supply is a voltage
source and a constant voltage characteristic when a current source
is used due to gyrator characteristic.

Table 3. shows the results of the compensation condition. The
compensation conditions of S-S, S-P and P-S circuits depend on the
coupling coefficient k. Therefore, it is not suitable when coupling
coefficient varies. Table 4. shows the results of CC/CV
characteristics. The circuits including non-resonance do not have
CC/CV characteristic, depending on the type of power supply.

4. Efficiency and Optimal Load

4.1 Type of Power Supply and Efficiency This chapter
derives the equations for efficiency and optimal load in each circuit.
The equations for efficiency and optimal load do not depend on the
type of power supply, so for simplicity, a voltage source is used to
obtain the equations. The reason why it does not depend on the type
of power supply is that the value of the power supply does not affect
the efficiency when a load resistance is used, and the input voltage
Vin and input current I, have a relationship as shown in equation
(16) using the input impedance Z;,.

Vil = 1Zin [Tz ] = ooeeerereresesmm, (16)
Since, since voltage and current sources are interchangeable, it can

be said that the efficiency is independent of the type of power
supply and the optimal load determined from the efficiency is also
independent of the type of power supply.

4.2 Efficiency and Optimal Load in IPT When the
above compensation capacitor conditions are applied, the circuit
equation of S-S circuit is as in equation (17) when the loop currents
I;; and [, are set as shown in Fig. 7.

[Vin] _ [ n _ijm] [111]
0 —jwly 12+ Ry I,
As the matrix determinant is A, the currents are as in equations (18),

(19).
L=1I= "Aﬂ(rz R e s (18)

p— — p— Vm
IZ = Iout = IlZ A

Since the efficiency 71 can be obtained from equation (20), the
respective ratios can be taken as in equation (21). Using Q; and
Q, from equation (2), the efficiency is given by equation (22).

2
n= Rullowtl” e (20)

1112 +72 12+ Ry oy |?

L 21| L 1% Ry e |? = 1 (ry + R 02 L5, 15: 0P L3, Ryyye - (21)

5=S = szlQZTZRL ..................................... 22
n (k202 Q,), +RL )Ty +Rp) (22)

In the same way, the efficiency of the other circuits in IPT can be
obtained as shown in Table 5.

Fig. 7. S-S circuit in IPT.

Table 5. Efficiency in IPT.

Circuit | Efficiency
N-N k?Q1Q;m5R,

{(1+k2Q1Q)72 + R}, + R + Q31
N-S k*Q,Q2m5R,

{(1+k2Q:Q)7; + R}, +R,)

k*QiQ3n,R,
N-P (1 +0f +£2Q:0){(1 + k20:0) Q575 + R + Q3m3R.}
+(1+ QD3 {Qn + (1 + k2Q:1Q)R,}

SN k?Q1Q;m5R,

{(1+k2Q1Q)7, + R}, + R + Q31
P-N k?Q1Q;m5R,

{(1 +k2Q,Q)7, + R} (r, + R + Q377
S-S k*Q,Q.13R,

{(1+k2Q1Q)r2 + R} + R,

K2(1—k*)*QQ3 (1 — k*)*Q31f + RP,R,

S-p (1= k2)?Q377 + R + (1 = k?)?Q5myR,}

{(1+k2Q,Q){(1 = k2)?Q3r7 + RE} + (1 — k2)2Q3nR, } + Q3{(1 — k)2Q317 + k2R()?
P-S k*Q,Q.15R,

{1+ k20103 + RY(z + R + k* Q37

K2(1— k*)* Q@3 R, (1 — k*)*Q3rf + RE)

P-P {(1 = k2)?Q3mry(r, + R, + RE}

[(1+k2Q,0){(1 — k»)2Q377 + R7} + (1 — k»)2Qin, R, ] + Q3{(1 — k)2Q377 + K2R Y




Table 6. Optimal load in IPT.
Circuit | Optimal Load

N-N |1+ Q% + k2Q,Q,
N-S 11+ k*Q,0Q,

[a+ena+ e+ k0 + e + 200

N-P

| A+KQ Q)1 +Q7 +120,Q)
S-N |1+ QF +k%Q,Q,
P-N |1+ QF +k%Q:Q,

S-S 11+ k*Q,0Q,

1+ Q% + k2Q,Q
SP | G-en g e
P-S 7 /1 +k2Q:Q; +k*Q3

1+ QF + k2Q,Q.
R e

The optimal load R;p; to achieve maximum efficiency in S-S

circuit can be obtained equation (24) by applying the differential
equation in equation (23) to equation (22).

an— ..........................................................................
on =0 23)

Rf(;;i =11+ K2QpQy rvereerreereseeseseesi s (24)

In the same way, the optimal load for the other circuits in IPT is
calculated as shown in Table 6.

4.3 Efficiency and Optimal Load in CPT The
efficiency can be obtained by solving the circuit equations by
applying the aforementioned compensation inductor conditions.
The circuit equation of S-S circuit in CPT is as in equation (25)
when the loop currents I;1, I, and I}, are set as in Fig 8. Here,
Ox,Cq, C5 are defined according to equation (26).

—8p+w?LyCry 1
—_— 0
V. nt jwc! joCyr I
e 1 C,C,—C2, 1 .
[ 8 ] - T wcy J@C11C1Cm Jwcy I[”" (25)
1 —8p+w?LyCm 2
[ 0 Tato r+ R, + e |
kZ ’ ’
8 =5, C1 = (C1 = ), Co = Cg = Cry voveesssssnvvveees (26)

As the matrix determinant is A, the currents are as in equations (27),
(28).

. _r2 — 2
h:m:mgigL@+&+ﬁgg&%_l} ..... @7)

A (jwCqy1Ca1Cpy JjwCyr wZCf
Vi 1
L, =1 = [ = e 28
2 out 12 A wzCllCzl ( )

Since the efficiency is obtained from equation (20), the ratio of each
can be taken as equation (29), and the efficiency can be expressed
as equation (30) by using the Q value given in equation (2) for the
resonant coil.

Tl 2|1 Ry e | = (C1C2 = C1)*(ry + R Chira: CHRy - (29)

5-5 —

k2Q1Q272RL (30)

n ((HK20,0) 2 + R (g #Ry) e

Similarly, the efficiencies for the other circuits in CPT can be

obtained as shown in Table 7.

m I m Ry
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Fig. 8. S-S circuit in CPT.

Table 7. Efficiency in CPT.

Circuit | Efficiency
N-N k?Q1Q:m5R,
[{(1 = k2)? + k2Q,Qx}r, + (1 — k2R, 1(r, + R,) + Q515
N-S k*Q,Q215R,
{1 = k2)? + k2Q:Q2)r, + (1 — k2R, ](r; + R + k*Q377
K2QuQ,[{(1 + @)y + R} + Q3RF IR,
N-P Q3{Q3r + (n +R)? — (1— kDR
A+ 0D, + R — k(A + 01y + RIR, + k201 0:{(; + R)? + Q31 IR,
SN k*Q,Q215R,
(1 = k22 + k2Q,Qz}r, + (1 — k2R, 1(r, + R) + Q3757
P-N k?Q1Qx1m5R,,
{1 = k2)? + k2Q,Qx}r, + (1 — k?)?R,1(r, + R,) + Q17
S-S k?Q1Qx1m5R,
{(1+k2Q1Q)r, + R}, + R
K2QiQ[{(1 + @), + R} + Q3REIRR,
S-P (1 - k22037 {(1 + QD)r; + 2R,
HA+ 0D + RIRIA — kD + 0D, + RIR, + k20, Q2{(r; + R + Q315)]
P-S k*Q,Q;mR,
(1 = k2)? + k2Q:Q2)r, + (1 = kHR.J( + R + k*Q315
K2QuQ,[{(1 + @)y + R} + Q3RFInR,
P-P Q3{Q377 + (, + R))? — (1 - kDR
A+ QD) + R = kDA + Q)1 + RIR, + k2Q1Q:{(5 + R)? + Q31 IR,

The optimal load R,y to achieve maximum efficiency in S-S
circuit can be obtained by applying the differential equation in
equation (23) to equation (31).

Rfo—pst'zrz /1+k2Q1Qz ................................................ 31)

In the same way, the optimal load for the other circuits of CPT is
calculated as shown in Table 8.

Table 8. Optimal load in CPT.
Circuit | Optimal Load

NN | s Ja -k 0f + k00,
N-S T Ja -k keed + k0,0,

1+0Q;
P A=k 7 K02+ K200,
N Qq1, (1—k2)? + k*Q% + k2Q,Q,
T
S-N Togr A=K+ 02 +K20:0,

.
PN | 2 [A— k)24 0+ k20,0,
S-S 73/ 1+ k20Q,0Q,

! A=k +0)
S-P ®n TR0,

(1= k) +1,2Q,Q, + k*Q3

PS | aoi

1+ Q2
P-P S . R
@ A s R k0.0,




5. Output Power

5.1  Output Power in IPT The F parameter of S-S circuit
in IPT can be expressed by equation (32).
T
joLm

jwLm
k D=—2_
jwLm
Since equations (33) can be established for V,,; and I,,;, the
input voltage V;, can be expressed from equations (32) and (33) as
in equation (34). The output power P,,; when a voltage source is
used can be obtained from equation (35), so that Py i in S-S
circuit can be expressed as in equation (36).

Vogue = RpLpye oot (33)
IO‘LL
Vin = ijf {r (g + Ry + @PL2 ) e (34)
Pyt = RL|10ut|2 ............................................................ (35)
s-§  _ _KQ@mnRWVH?*
Pout'vin = 7 vk, 0nm R (36)

In the same way, the equation for the output power when a
voltage source is connected for the other circuits can be obtained as

shown in Table 9.

Furthermore, as the input current I;;,, is expressed by equation
(37), the output power P,,; when using a current source can be
obtained from equations (32) and (37) from equation (38).
Therefore, Pyt jin in S-S circuit is given by equation (39).

= Your T2
Iin = FwL (1 + RL) 37)
|Vou |Z
Pout = R_Lf .................................................................. (38)
- k2Q1Q2115 R in|?
szufiun = W ............................................ 39)

The results of the output power for the other circuits in the same
way are shown in Table 10.

Table 9. Output power connecting voltage source in
IPT.

Circuit | Output power connecting voltage source

k?Q1Q213 R, Vil

NN =00, ¥ K20:Gm + R + (@ + 07, + G, ]

k?Q1Q215R, Vil
nl{(1 +k2Q,Q)m + R} + Qi (r; + R,)?]
k*Q: Q31 R, |Vinl?
N-P N {(1 - Q02 +k2010,)Qm, — QiR I
Q) + Q)Qm; + (14 k2Q,Q)R,}?

k*Q1Q,m,R,Vin®

N-S

-N
s G+ k20:Q.)r, + R, + Q37T
P-N k*Q,Q,m,R,Vin®
{1 = Q:Q, + k2Q1Q:)m, + R} +{(Q1 + Q)72 + Q1R }]
S-S k2Q1Qu1, R Vin*
ri{(1+k2Q:Q)r + R}
op 20, Q31,R, Vil
1 [{Q3r, + Ry + k2Q:Qx(r, + RDI? + (Qorz — k2Q4R,)?]
P-S k*Q1Qum3R,Vin|*

ri[(r + R)? +{(Q: + k2Q,)r, + QiR }?]
k(1 - kz)leqgrzRLWinV
P-p , ([(1 —k){1 - (1 - k»Q,Q:}Q.r, —{(1 —k»)Q, + szz}RL]Z)
N A = k2)(Q) + Q)Qr, + {1 — k2(1 + k?Q, Q)R ]2

Table 10. Output power connecting current source in
IPT.

Circuit | Output power connecting current source

k2Q, QiR |1y |2
"N G
NS Q@R

(Tz + RL)Z

k2Q,Q37im,R, i |?

N-P . o
27 + (Q3r, + Ry)?

SN k@Rl

(r, + R? + Q3r?
P-N k2Q3QmmoR, |1y |?

{1 +12Q,0)r + R + Q5
s Q@R

(Tz + RL)Z

S.p k2 QuQ3rr Ryl

rf +(Q3r, + R)?
b K2Q3 QiR |

{1+ k2Q,Q,)m, + R, + k*Qirf

k(1 = k*)Q3Q3ri1yR, 1|2
P-P [A= kD2 + Q)Qr, + (1 + K21~ k)Q, QIR
+{(1 = k?)Q,1, — k?(Q, + Q)R }?

5.2 Output Power in CPT The F parameter of S-S

circuit in CPT can be expressed as in equation (40).
( A= —jwCy(ry + joly) + 2 (=5 + jwCyry)
B = ~joCp(ry + L), +JoL) + o (=8 + jwCir) (=8 + jwCory)

Iz - (40
| €= —joCy + 2% (40)

|
( D = —jCy(ry + jLy) + 2 (=8, + jwCy1y)
In the same way to IPT, the output power when a voltage source
is connected can be obtained as in equation (41).

s=s  _ KQu@nnaRilVl®
Pout_Vin T {(1+k2Q,Q,)r5+Ry.} (41)

For the other circuits, the output power when a voltage source is
connected is shown in Table 11

Table 11.  Output power connecting voltage source in
CPT.

Circuit Output power connecting voltage source
N-N k?Q1Q;m,R, Vi |

7 [{(Q1 + QI + (1 + QR +{(1 — k2 = Q:Q)r, + (1 — k?)R,}?]
N-S k?Q1Q;m3 RV |?

r[Qf(ry + R? + {r, + (1 — k2R, }]
N-P k?Q:Q2(1 + Q%R [Vin*

70,0 (1 + Q) — (1 — k2 — k2QF — Q1Q)R.} + (Q1 + Q2)*R}]
SN k?Q1Q215R,Vin|?

i [(1 = k220, + R? + {(k2Q, + Q)1 + k2Q1R, ]

2 |2

P-N _ k Q;QZszRLlel ;

Qin{Qir? + ( + R)?}
S-S k2Q1Qr1maR Vi ?

{1+ k2Q,Q,)r, + R, }

k2 (1= k@101 + Q3)*1,R, Vi I?
-P

S 7 [+ QDR + {0+ @) (1= kD@, + K2Q,R,) + (1 — KD Q,R.F]
P-S k?Qa1oR, VinI?

(1= k?)Qury(r, + Ry)?
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Table 12. Output power connecting current source in
CPT.

Circuit | Output power connecting current source
k2Q,Q;mimy R |1in|?
N-N (1= k2)2(r, + R)* + Q217
NS K20, QR
(1 —k?)2(r, + R)? + k*QZrf
N-P k2Q:0,(1 + Q)°rimy Ry Iin]?
{1-k2(1+ QDFR] + Q{1+ QD + R}
S-N k2Q1Q,mim5R | 1in|*
(1= k220, + R + Qf17
P-N K21+ Q1)*QiQrmeR i
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1 - k)[QF1 + QD + R} + R
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The output power when a current source is connected is shown
in equation (42).
s—s  _ Kk?QiQeriraRyllinl?
Poutjin - W """""""""""""""""""""" (42)
For the other circuits, the output power when a current source is
connected is shown in Table 12.

6. Comparison with Simulation

In order to verify that the respective equations for the
transmission characteristics equations obtained in Chapters 3-5 are
correct, a comparison with the simulation values was performed.
The simulation is an electromagnetic simulation using the moment
method, the coupler used in the simulation is shown in Fig. 9 and
the parameters in Table 13. For a fair comparison, the @ values, the
coupling coefficient k and power supply performance were
common. In addition, the coupler area was designed to be close in
value while the coupling coefficient and Q value were common.
Here, from Chapter 3, the resonance conditions for S-P, P-S and P-
P in IPT and S-S, S-P and P-S in CPT depend on the coupling
coefficient, so the parameters of the resonant capacitor in IPT and
the resonant coil in CPT are shown in two different cases.
Furthermore, in order to match k and Q in IPT and CPT, an
external capacitor are used in addition to the transmission capacitor
in CPT.

[Frei )

(a) Transmission coil for simulation in IPT

Rx Coupler

20 mm $,

_—
- 250 mm

o
= 100 mm|
e

250 e 8
MM 1x Coupler

(a) Transmission coupler for simulation in CPT

600 mm

Fig. 9. Transmission coupler.

Table 13. Parameters of simulation..

Symbol | Value
Voltage Source Vin 30V
Current Source Iin 1A
Coupling Coefficient | k 0.11
Q value Qu.Q; | 23102
IPT CPT
Resonant Frequency f 85 kHz 450 kHz
independent on k
138.05 pH
Inductance Ly, L, 51.85 pH
depend on k
139.76 uH
independent on k
1.69 ohm
Internal Resistance LTy 0.12 ohm
depend on k
1.71 ohm
independent on k
. 67.62 nF
Capacitance C1,Cy 906.08 pF
depend on k
68.41 nF

The results of the calculation and simulation of efficiency and
output power are shown in Fig. 10, 11. The output power connecting
a current source was converted from the power supply current when
a voltage source was connected. Fig. 10, 11 show that the equations
derived in Chapter 3-5 are correct, as the calculation and simulation
results are in agreement.
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Fig. 11 Comparison of simulation and calculation in CPT.

solution can be obtained as shown in Table 14, regardless of the
transmission method.
0:1=0,=Qnr=r=r1+0Q?~Q%1+k?=1--(43)
Furthermore, under the approximate conditions of equation (44),
the optimal load of each circuit is expressed to equation (45).
1+ k?Q? ~ k2Q?- - (44)

Small
RLopt

7. Comparison of Transmission Characteristics

The parameters of the unified conditions used in the simulation
as shown in Table 13. are substituted into the equation to compare
for each transmission characteristic. In addition, the efficiency and
output power are compared with the load as the optimal load.

Mid .

Large
Lopt* R

Lopt

=k k:1

'R

7.1 Optimal Load For the optimal load, the optimal load
for each circuit of IPT and the optimal load for each circuit of CPT
are as shown in Fig. 12. From Fig. 12, it is found that the optimal
load values for both IPT and CPT depend on the circuit
configuration on the receiver side.

Here, using the approximation of equation (43) to the exact
equation for the optimal load obtained in Chapter 4, an approximate

Therefore, when the conditions in equations (43) and (44) are
satisfied, the smaller the coupling coefficient, the greater the
difference in the value of the optimal load. From the above, it is
necessary to select the receiver circuit according to the value of the
load.
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Fig. 12 Optimal load.

Table 14. Approximate solution of optimal load.

Receiver
S N S P
Transmitter
N Middle Small Large
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Fig. 13 Maximum Efficiency.

Table 15. Approximate solution of efficiency.
Receiver
- N S P
Transmitte
N Middle High
S k2Q3 k2Q?
1+k2Q2+ QA +Q+Q* | 7 ——2

7.2 Maximum Efficiency The results for the
maximum efficiency at optimal load are shown in Fig. 13, where it
can be found that for both IPT and CPT, the efficiency is lower than
for the non-resonant circuit N on the receiver side compared to
other circuits.

Here, using the approximation of equation (43) to the exact
efficiency equation obtained in Chapter 4, and setting the load as
Table 14, it can be approximated as Table 15 for IPT and CPT in
common. The above shows that for high efficiency transmission,
the receiver side should choose S or P, regardless of the
transmission method.

7.3 Output Power connecting Voltage Source The
results obtained for the output power when a voltage source is
connected shown in Fig. 14. Here, the load value is optimal load.

Fig. 14 shows that the output power is high when the transmitter
side is S, and in particular S-N circuit produces the highest power,
for both IPT and CPT, Here, using the approximation of equation
(43) to the exact equation obtained in Chapter 5, IPT and CPT can
be approximated as shown in Table 16. From the above, it can be
seen that when a voltage source is connected, high power can be
obtained by selecting S circuit for the transmitter side circuit,
regardless of the transmission method.

Fig. 14 Output power connecting voltage source.

Table 16. Approximate solution of output power
connecting voltage source.

Receiver
. N S P
Transmitte
Low Middle
2 12
N k QIVmI kZ /1 +k2Q2|Vin|2
{1+ Q*+eyr I —1
r(1+/T+k7¢2)
High
Extra High
2n2 2
S k2Q3|Vin|? k2Q*|Vinl _
{T+2Q7+ 2+ Q3 | rJT+k2Q%(1+/1+K7Q?)
Low Middle
2 12
P k QIVmI kZ /1 +k2Q2|Vin|2
{1+ Q*+eyr I —1
r(1+/T+k7¢2)
100000
16329
10000 32013335
g 1163 o -
g 1000 234 238
“g 100 40 a0 40 40
;‘ 10 3 3 33 2 2
° ! " | . . E
% b2 02
N-N NS N-P SN P-N 55 5P PS PP N-N M-S N-P SN P-N §S SP PS PP
i exact solution (IPT) B exact solution (CPT) @ approsimate solution IP7) 4 approximate solution (CPT)
Fig. 15 Output power connecting current source.
Table 17. Approximate solution of output power
connecting current source.
Receiver
- N S P
Transmitte
Low Middle
N
2n3 2
e QT+ Q7 i
1+Q)2+Q 2
S (1+\/1+k2Q2)
Extra High High
P K2 Q°linl® K2Q
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VI+I2Q? (1+/T+,2Q?)




7.4 Output Power connecting Current Source The
results obtained for the output power when a current source is
connected shown in Fig. 15. Here, the load value is optimal load.
Fig. 15 shows that, as with a voltage source, the magnitude of the
output power varies depending on the transmitter side circuit. It was
found that high power was obtained on the transmitter side P,
especially in P-N circuit. Here, using the approximation of equation
(43) in Chapter 5 for the exact equation of the output power, it can
be approximated as in Table 17. regardless of the transmission
method. From the above, for both IPT and CPT, when a current
source is connected, high power can be obtained by selecting P for
the transmitter side circuit.

7.5 Summary of Transmission Characteristics The
transmission characteristics of each circuit obtained from the above
are summarized in Table 18 and 19. Here, Table 18. shows the table
when the power supply is a voltage source and Table 19. shows the
table when the power supply is a current source. The evaluation of
the good points using v marks shows that S-S in IPT is the best
when the power supply is a voltage source and P-P in CPT is the
best when the power supply is a current source.

Table 18. Summary of transmission characteristics. (voltage source)

Transmission Method Circuit | Compensation Condition | CC/CV Characteristic | Optimal Load | Efficiency | Output Power Number of v
N-N Independent on k v None Middle Middle Low 1
N-S Independent on k v None Small v/ High Middle 2
N-P Independent on k v None Large v/ High Middle 2
IPT S-N Independent on k& v v CC Middle Middle v/ Extra High | 3
v long distance P-N Independent on k& v None Middle Middle Low 1
v low dielectric impact | S-S Independent on k v/ v/ CC Small v/ High v/ High /4
S-P Depend on k v/ CV Large v/ High v/ High 3
P-S Depend on k v/ CV Small v/ High Middle 2
P-p Depend on k v/ CC Large v/ High Middle 2
N-N Independent on k v None Middle Middle Low 1
N-S Independent on k v/ v/ CC Small v/ High Middle 3
CPT N-P Independent on k& v v/ CC Large v/ High Middle 3
v low cost S-N Independent on k& v None Middle Middle v/ Extra High 2
v low metal impact P-N Independent on k v/ None Middle Middle Low 1
v right weight S-S Depend on k v/ CC Small v High v High 3
S-P Depend on k v/ CV Large v High v High 3
P-S Depend on k v/ CV Small v/ High Middle 2
P-P Independent on k& v v/ CC Large v High Middle 3
Table 19. Summary of transmission characteristics. (current source)
Transmission Method Circuit | Compensation Condition | CC/CV Characteristic | Optimal Load | Efficiency | Output Power | Number of v/
N-N Independent on k v/ None Middle Middle Low 1
N-S Independent on k& v v/ CV Small v High Middle 3
N-P Independent on k v v/ CC Large v/ High Middle 3
IPT S-N Independent on k v None Middle Middle Low 1
v long distance P-N Independent on k& v cC Middle Middle v Extra High | 2
v low dielectric impact | S-S Independent on k v v/ CV Small v/ High Middle 3
S-P Depend on k v/ CC Large v/ High Middle 2
P-S Depend on k v/ CC Small v/ High v/ High 3
P-p Depend on k v/ CV Large v/ High v High 3
N-N Independent on & v None Middle Middle Low 1
N-S Independent on k v None Small v/ High Middle 2
CPT N-P Independent on k v None Large v High Middle 2
v low cost S-N Independent on k& v v/ CV Middle Middle Low 2
v low metal impact P-N Independent on k v v/ CV Middle Middle v Extra High | 3
 right weight S-S Depend on k v/ CV Small v/ High Middle 2
S-P Depend on k v/ CC Large v/ High Middle 2
P-S Depend on k v/ CC Small v/ High v High 3
P-P Independent on & v v/ CV Large v/ High v/ High /4




8. Comparison with Experiment

Experiments were carried out for measurements in a real
environment. The parameters used are shown in Table 20 and 21. A
vector network analyzer (VNA) was used for the measurements and
the experimental environment is shown in Fig. 12. Here, in order to
match k and Q in IPT and CPT, an external capacitor Cyey, Coey
are used in addition to the transmission capacitor in CPT.

The calculated and experimental results for efficiency and output
power at different loads are shown in Fig. 16. S-S in IPT using a
voltage source and P-P in CPT using a current source are shown
here because of their excellent characteristics as shown in Chapter
7. For P-P in CPT, the output power connecting a current source
was converted from the power supply current when a voltage source
was connected.

Fig. 17 and 18 show the results: from Fig. 17, 18, it can be seen
that the experimental and calculated results have a similar trend, so
that the transmission characteristics presented in this paper are also
the same in a real environment.

Receiver Coil ; L,

VNA

Resonant Capacitance ; €;,C,

(W)IPT

/ Resonant Coil :7L.7_l.:

Receiver
Capacitance ; C,

Additional
Capacitance | €y, Cy,,

Transmitter
Capacitance

(h)CPT
Fig. 16 Experiment environment.

Table 20. Parameters of experiment in IPT

Symbol Value
Voltage Source V; 10V
Coupling Coefficient k 0.10
Resonant Frequency f 85 kHz
Transmission Inductance Ly, L, 96.73 pH, 97.09uH
Internal Resistance LTy 0.36 ohm, 0.46 ohm
Compensation Inductance Lo, L 98.76uH, 98.81uH
Internal Resistance To,Tg 0.38 ohm, 0.40 ohm
Resonant Capacitance C1,Cy 35.95 pF, 35.14 pF
Q value Q1,Q; 142.39, 113.93
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Fig. 17 Result of experiment in IPT.
Table 21. Parameters of experiment in CPT
symbol value
Current Source Iin 1A
Coupling Coefficient k 0.08
Resonant Frequency f 450 kHz
Transmission Capacitance Cy,C, 889.04 pF, 887.64 pF
Compensation Capacitance | Co, C; 915.49 pF, 907.81 pF
Resonant Inductance Ly, L, 139.19 pH, 134.35 uH
Internal Resistance 11,72 2.44 ohm, 2.03 ohm
Q value 01,02 161.12, 186.85
® cal ® exp. ® cal ® exp.
100 20
90 "% 18
80 . < Lt 16 oo
= 70 . ® B 14 * .
< 60 - 3 12 .
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] . o &
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Fig. 18 Result of experiment in CPT.

9. Conclusion

In this paper, the transmission methods of the circuits consisting
of non-resonant, series resonant and parallel resonant circuits of
both IPT and CPT were compared in a systematic and fair. In terms
of compensation condition and CC/CV characteristic, S-S in IPT
and P-P in CPT are superior in that the compensation condition does
not depend on the coupling coefficient and that they have gyrator
characteristics, and a corresponding relationship can be found
between them. In terms of optimal load and efficiency, IPT and CPT
vary according to the circuit configuration on the receiver side, so
for high efficiency transmission, it is suitable to use S or P for the
receiver circuit. In terms of output power, which is also common to
IPT and CPT, the magnitude of the output power varies depending
on the transmitter side. Therefore, it is appropriate to select S for
the transmitter side when using a voltage source, and P for the
transmitter side when using a current source provides that high
power. From the above it is concluded that S-S in IPT and P-P in
CPT are superior.
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