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This paper provides a general and systematic comparison of the transmission characteristics of series, parallel and LCL/CLC
resonant circuits of both Inductive Power Transfer (IPT) and Capacitive Power Transfer (CPT) . The transmission characteristics
are CC/CV characteristic, efficiency and output power when the power source is a voltage source or a current source. In terms of
maximum efficiency, it was found to be common regardless of the transmission method or circuit. In terms of output power, it was
found that when using a voltage source, high power was obtained by setting the transmitter side to S in IPT and the transmitter side
to S or CLC in CPT. It was also found that when using a current source, high power was obtained by setting the transmitter side to
P or LCL in IPT and the transmitter side to P in CPT. Furthermore, it was found that IPT obtains high power when the transmitter
side circuit has the CV characteristic and CPT obtains high power when the transmitter side circuit has CC characteristic. In
conclusion, S-S, S-LCL, LCL-S, LCL-P and LCL-LCL are superior in IPT and S-CLC, P-P, P-CLC, CLC-P, and CLC-CLC are

superior in CPT.
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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.
Wireless Power Transfer (WPT) is a system that can transmit power
without cables, and is expected to be widely used in portable
devices, implantable medical devices, electric vehicles, robots, etc.,
due to its features such as freedom of location.

Inductive Power Transfer (IPT) and Capacitive Power Transfer
(CPT) are non-radiative types of WPT. Both have advantage as
transmission methods that can achieve higher transmission
efficiency than the radiative type over transmission distances of up
to several tens of centimetres.(V® The advantages of IPT are that it
is easier to obtain higher power and longer transmission distances
compared to CPT, while the advantages of CPT are that there is no
risk of efficiency loss or heat generation due to metallic foreign
objects, and lower cost and lighter weight due to the use of metal
plates only. In the past, there are some studies that clarifies the
characteristics of S-S, S-P, P-S and P-P, and among the four circuits,
S-S and S-P are considered superior for both IPT and CPT.(>-®
Furthermore, in IPT, there are studies on advanced circuits with
more compensation elements, such as LCL-LCL and double-LCC
circuits.(©-® There are also studies for selecting suitable circuits for
the application, such as electric vehicles and medical equipment,
etc.19-09 Similarly, in CPT, there are studies comparing non-
resonant circuits'® | circuits with more compensation elements!-
22 and circuits with increased power transmission plates.?¥<2 In
addition, there are several studies study of circuit studies for high
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power, which is a challenge for CPT. ?9-27 Furthermore, there are
studies on WPT method that combines IPT and CPT?® and a study
comparing the characteristics of both IPT and CPT.2%-G0)

The previous studies have shown that S-S and S-P are superior to
both IPT and CPT, but these are comparisons based on one method
only, and there are few publications that have made comprehensive
and fair comparisons, including advanced circuits. The previous
study compares resonant circuits as S, P and LCL, but no
experiment and no qualitative studies.®? It is also necessary to
clarify the differences in transmission characteristics in order to
guide the selection of the most suitable transmission method and
circuit for the application.

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. The
circuits to be compared are IPT and CPT, respectively, for the
transmission and receiver sides as series resonance, parallel
and LCL/CLC resonance. The
characteristics are CC/CV characteristic, efficiency and output
power when the power source is a voltage or current source. Unified

resonance transmission

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 compared circuits are presented; in Chapters 3-5, the circuit
equations for IPT and CPT respectively are solved for the
transmission characteristics are derived. More specifically, in
Chapter 3, CC/CV characteristic and compensation element
conditions are determined; in Chapter 4, the efficiency and optimal
load are determined; in Chapter 5, the output power is determined;
in Chapter 6, a comparison of the calculated and simulated results
is made to show the reliability of the calculations; in Chapter 7, the



transmission characteristics are compared for each circuit and
transmission method by fitting fair condition parameters to the
various equations. Chapter 8 presents the qualitative study of the
output power. Chapter 9 provides a comparison with experiments
and Chapter 10 gives a conclusion.

2. Compared Circuits

2.1 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 r; respectively, while the self-inductance and internal
resistance of the receiver coil are L, and 7, 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).

2.2 Equivalent Circuit in CPT A typical transmitter
and receiver capacitor consists of four plates as shown in Fig. 3.
The self-capacitances Cj, 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)(Cy3+Cy4)

C'1 — C12 + et -l % S S e N (3)
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C13+C14+Ca3+Co4

__C24C13—C14Cp3
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2.3 Compared Circuits The compared circuits are
shown in Fig. 5, 6. The circuits consist in IPT are a transmission
coil with a resonant capacitor connected in series and in parallel. In
addition, LCL in IPT is a circuit in which an additional inductor is
placed in series in ahead or behind of P. The circuits consist in CPT
are a transmission capacitor with a resonant coil connected in series
(S) and in parallel (P). Moreover, CLC resonant in CPT is a circuit
in which an additional capacitor in parallel in ahead or behind of S.

2.4  Configuration and Advantage of LCL/CLC As
shown in Fig. 5, LCL circuit is a circuit in which an additional
inductor is placed in series in ahead or behind of P in IPT and an
additional capacitor in parallel in ahead or behind of S in CPT.
The advantage of LCL circuits in IPT is that LCL-LCL circuits
have the same excellent characteristics as S-S circuits and are also
safer than S-S circuits when there is no receiver side. In the case
of S-S, when there is no receiver side, the only resistance
component is the internal resistance of the coil due to series
resonance, which causes a large current to flow, which is

dangerous. However, when the transmitter side is LCL, the input
impedance is large so that few current flows in the transmitter side
circuit, making it safe.

As there is no commonly recognised and established LCL or
CLC circuit in CPT. Therefore, a circuit is selected and defined
that corresponds to the LCL circuit in IPT as CLC, in this paper. In
addition, CLC is considered to be able to obtain high power
because of the transmitter side circuit's CC characteristics. The
reasons why CC characteristics of the transmitter side can obtain
high power are discussed in detail in Chapter 8.

o

Fig. 1. Transmitter coil.
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Fig. 2. Equivalent circuit in IPT.
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Fig. 5. Compared circuit in IPT.
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Fig. 6. Compared circuit in CPT.

3. Compensation Condition and CC/CV
Characteristic

3.1 How to Design for Compensation Condition In
this chapter, the compensation condition and 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) and
Fig. 7 are set to A=D =0 or B=C =0 under the condition
that , =1, =0, so that high-efficiency transmission can be
achieved. The gyrator characteristic has CC characteristic when a
voltage source is connected and CV characteristic when a current
source is connected, according to equation (8). The ideal
transformer characteristic has CV characteristic when a voltage
source is connected and CC characteristic when a current source is
connected, according to equation (9).
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Fig. 7. Two-terminal pair circuit.

3.2 Compensation Condition and CC/CV
Characteristic in IPT The F parameter of LCL-LCL circuit
can be expressed as in equation (10).

A= Tolle + (1~ LI ~ 0PLoC) + @01 — 0PLyC)]
! B= iﬂ [{Lo + Ly(1 = @?LoCHL, + Lo(1 — 0?LyCp)} = Li (1 — w?LoCy) (1 — 0Ly ()]
I[ c= i{—u — L)1 = WPLyC) + w*13,C,C)

1
D=—r [(1 = w?L,C)w{L, + Ly(1 — w?LyCy)} + w3 L2,C, (1 — w?LyCy)]
m

By proper design of the compensation capacitor A =D =0 and
it is possible to satisfy C;, C, is as in equation (11). Furthermore,
by applying the compensation conditions of equation (11) to
equation (10), the F parameter can be expressed as in equation (12).

1 1 1 1

C, Zmle =w2—L0'C2 =w2_L2=w2L0, ............................ (11)
JjwLgL

[Vin] = 0 L,: . [Vouf] ............................ (12)
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Table 1.

Compensation capacitance condition in IPT.

Circuit Cy C,
S-S Cy = ! Cy = !
i T 2=,
S-P C, = ! C. —1
: 1T w2(1 - k)L, 27w,
S-LCL C, = ! C, = ! S
: 17 w2, 27 w2,  wily
P-S C, = ! Cy = !
) 17 w2, 27 w1 —k?)L,
P-P Cy = ! Cy = !
) 1T w2(1 - k)L, 27 w2(1 - k2L,
P-LCL Cy = ! Cy = ! = 1
- ST 2= 0T, Wiy
LCL-S Cy = ! = ! Cy = —1
: 1T Wil wlil 27 wilL,
LCL-P C, = ! = ! C ——1
: 1T Wil wlil 27 wilL,
1 1 1 1
e N G = oL, oy
Table 2. CC/CV characteristic in IPT.
Circuit Voltage Source Current Source
S-S cc CcvV
S-P Ccv CcC
S-LCL cv cc
P-S (6)% CC
pP-p cc cv
P-LCL None (6)%
LCL-S cv cc
LCL-P CcC None
LCL-LCL | CC cv

Table 3. Compensation Inductance condition in CPT.
Circuit Ly L,
S-S L= ! L, = !
; 1T w2(1 - kD, 27 w21 -k?)C,
S-P L= — L, = !
- 17 w2 27 w21 -k?)C,
S-CLC L= — L=— =t
) 17 wic, 27w, wiCy
P-S Ly = ! L= —
. 17 w2(1 - kDC, 27 w2,
P-P L ! Ly=—
) 17 wic, 27w,
P-CLC L= — L= =t
. 17 w2, 27 02, wiC,
CLC-S L= =L Ly=—
) 17 w2C,  w2C, LEAYToR
CLC-P L= =L Ly=—
) 17 w2, w2C, 27 w2C,
CLC-CLC | L t__ 1 t__1
) 17 02C,  0?C, 27w,  w?C,

Table 4. CC/CV characteristic in CPT.

Circuit Voltage Source Current Source
S-S cC Ccv

S-P cv cc

S-CLC CcC None

P-S (6% CcC

P-P CcC Ccv

P-CLC Ccv cC

CLC-S None CvV

CLC-P cv cc

CLC-CLC | CC Ccv

Since it has gyrator characteristics from equation (12), it has CC
characteristics when the power supply is a voltage source and CV
characteristics when it is a current source.

Table 1 and 2 show the results of the compensation condition and
CC/CV characteristics for the other circuits in IPT. 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 that P-LCL and LCL-P
do not have CC/CV characteristic depending on the type of power
source, while the other circuits have CC/CV characteristic
regardless of the type of power source.

3.3 Compensation Condition and CC/CV
Characteristic in CPT The F parameters of CLC-CLC circuit
can be expressed as in equation (13).

1
A= T[(»3L1 CE(1 — w?LyCh) + (1 — w?L,C){wC, + wCi(1 — w?L,C,)}]
m

B= ﬁ{wmzc; (1= Ly C)(A - w?L,Cy)}
n

C= *[ Ch(1 = L1 Co) (1 — w?Ly ) + {Co + C1(1 — w?Li C)HC, + Co(1 — w?LyC)}]

|
l E [03L,Ch (1 = 0Ly Go) + w{Co + C;(1 = 02 L1 C}(L — w?L,Cp)]
m

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

L= = [y = = — (14)

w?C; w?Cy w?C,  w%Cy

jw L1L2
[1 ] ](l’CoCz out] ........................... (15)

Since it has gyrator characteristics from equation (15), it has CC
characteristics when the power supply is a voltage source and CV
characteristics when it is a current source. Table 3 and 4 show the
results obtained for the compensation condition and CC/CV
characteristic for the other circuits of CPT. Table 3. shows that S-S,
S-P and P-S circuits have the disadvantage that compensation
condition depends on the coupling coefficient k. Table 4. shows that
S-CLC and CLC-S do not have CC/CV characteristic depending on
the type of power source, while the other circuits have CC/CV
characteristic regardless of the type of power source.




4. Efficiency and Optimal Load

In this chapter, the equations for efficiency and optimal load for
each circuit are derived. The equations for efficiency and optimal
load do not depend on the type of power supply. The reason is that
the value of power supply does not affect the efficiency when load
resistance is used, and the input voltage V;,, and input current I;,
have and the relationship is as shown in equation (16) by using the
input impedance Z;,,.

Vil = 1 Zin [ iy | oeeveeressssseesssmmsssninnssnsisssninnesnons (16)
Therefore, 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.

41 Efficiency and Optimal Load in IPT The loop
currents Iy, I;1, I}, and impedance Z for LCL-LCL in IPT are set
as shown in Fig. 8. The circuit equation of the circuit is as in
equation (17). Here, equation (17) shows the form in which the
diagonal components are organised by applying the compensation
conditions presented in equation (11).

To - 'mic 0
Vol |- e . [
0(=1"%c. N —JoLm | [Lg [ 17)
0 Ly 1A K
JWEm T2 T TR

As the matrix determinant defines A, the currents are as in
equations (18)-(21).

= =V Lo 272 e,
lo=1lo =" [rl {2+ o) + 0?13 (18)
1 S/
L=h= A jwCy {T + Cz(ré+RL)} (19)
Vin L
bp = Iyt = Iip = 28 (20)
r_ —— Zhe _Vin L
Io = Iou = Te+R +jwll A joCiCy(ri+RL) @D

Since the efficiency can be obtained from equation (22), equation
(25) can be obtained from the ratio equation as in equation (24) and
the Q-value equation as in equation (23). Here, 1y =1y, 15, =1y to
match the Q values.

RLlloutlz ..................................... (22)

7ollo|2+71 112 +72 |1 |2+ R oue |

= @k _ 0Ly _ w_Lz_w_LB_; ........
Q= T T wCyry’ Q2= T T wer, 23)

rollol?: 1yl |22 o | 1 1% Ry gt |

= {(1+Z) 4 k20,0,) 10 (1422 k201 Qury LU

(rg+Rw)
............................................................................................... (24)
—LcL _ K2QIQ3TeRL e,
U [((1+07)(1+03)+k2Q1 Qo Jro+ (1++07 +k2 Q1 Q2)R1] 25

((1+03+k20102 )2 +(14K201Q)RL}
In the same way, the efficiency of the other circuits of IPT can be

obtained in the same way, as shown in Table 5.

Fig. 8. LCL-LCL circuit in IPT.

Table 5. Efficiency in IPT.
Circuit Efficiency
S-S k?Q1Q:m5R,
{(1+k2Q1Q)r2 + R} + R,
k2(1 —k*)*Q:03((1 — k*)*Q3rF + RDnR,
S-P {1 = k220377 + R + (1 —k?)?Q3nyR,}
(1 +K2Q:Q:){(1 — k2)2Q377 + R} + (1 — k)2Q3m Ry} + Q3((1 — k2)2Q3r7 + k2REY?
2 3
S-LCL . k le QZZTZRL _
{1+ QD + RHA+ QF + k20,Q)r, + (1 + k?Q1Q2)RL}
P-S k?Q1Q;m5R,
{(1 +k2Q,Q.)r, + R }(ry + R + k*Q517
K2(1— k*)* Q@31 R, (1 — k*)*Q3rf + RE}
P-P {1 - k»)?Q3n,(r; +R) +RE
[+ K2Qu0)((L — k*)*Q3rf + RE} + (1 — k2)2Q3r, Ry + Q3L — k22 Q317 + K*REY
2 3
P-LCL . k 2Q1 Q;1;R,
{1+ 0D + RHA+ QF + k2Q:Q)r + (1 + k2Q1Q2)R.}
k2Q3 R
LCL-S _ Q7 erz L2 .
{1+ k2QuQ)m + RH( + 0F + k2Q1Q2)7, + (1 + QDR,}
k*QIQ3nR,
LCL-P {1+ Qf +k%Q,02)
{(1+k2Q:0,)(Q375 + RE) + Q3 Ry} + (1 + QD@3 {Q37; + (1 + k2Q1Q)R,}
k*Q3Q3m,R,
LCL-LCL {1+ QDA +Q)) +k2Q,Q:)r, + (1 ++QF + k2Q,Q2)R,]
{1+ Q3 + k2Q,Q)m, + (1 + k2Q,Q2)RL}

In LCL-LCL circuits the optimal load to achieve maximum
efficiency Rpop: is expressed in equation (27) by applying the

differential equation in equation (26) to equation (25).
o _

3%, 2= (e reerererer e (26)
LCL LCL — (1+Qz+k20102){(1+0§)(1+Q§)+k20102} ................. (27)
01" (4170, 0,)(1+Q} +kQ; Q;)

Similarly, for the other circuits is calculated as shown in Table 6.

Table .6 Optimal Load in IPT.

Circuit Optimal Load
S-S 1V 1+ k2Q1Q,
1+ Q3 + k%010,
S-P — k2 _
(=K ., + 007
S-LCL (1 +03)(1 + Q3 +k2Q1Q,)
1+k%Q1Q,

P-S 7 |1+ k2Q1Q, + k*QF
1+ Q5 +k%Q1Q,
P-P 1—k2 — e o coee
(= k0 (e gG+ ko7

P-LCL Tz\/(l + QZZ)(l + QZZ + k2Q1Q;)
1+k%Q:Q,
LCL-S rz\[(l +k20:0,)(1 + QF +k2Q,Q,)
1+ Q?
LCL-P 0r, [OF kZQle)El +Of+ k2f22102)2+ (1+0De3
(1+k2Q1Q2)(1 + Qf + k2Q10Q2)
LCL-LCL

(1 +k2Q1Q2)(1 + QF + k2Q1Q2)

\/(l + 02 + k2Q,0){(1 + Q)1 + 0D + k2Q105)
2




4.2 Efficiency and Optimal Load in CPT Similarly
for CPT, the efficiency can be obtained by solving the circuit
equation by applying the compensation conditions. Here, for
simplicity, the circuit equation is made as in Fig. 9 using current
source-voltage source conversion. As the loop currents Ijq, Iy, I,
and impedance Z for CLC-CLC in CPT are set as shown in Fig. 9
(b) , the circuit equation is as in equation (28). Here, C;,C; is

placed in equation (29).
[r 4 O # 0 LiGoCn —Cn+®2L1CoCm . 1 : 0
jwCoCy JjoCy
in 1 C,C,—Ch
[ ] " wc] JOC{CCm chz [hm] (28)
1 szCm+]mCZRL
0 joc, "2 ¥ aciGrecrs)
Ci = C1 — Cppy € = Cy — G rreeerresemresmissiiis (29)

As the matrix determinant defines A, the currents are as in

equations (30)-(32).

_ _ Vin | C1G—Ch ®2LyCm+jwCaRy, L
Li=1= A [jwc{cz’cm nt jwCh(1+jwCiRL) + w?c'3 30)
v 1
L =1, = ﬁ{— —} ................................................ 31
2 12 A wZC{Cz’ ( )
ZL, _ Vq 1
I = =ry 32
out = ‘p, A L w2c/ci(1+jwCiRyL) (32

Since the efficiency can be obtained from equation (22), the ratio of
each can be taken as in equation (33), and the efficiency can be
expressed as in equation (34) using Q4,Q, of resonant coils as

equation (2).
L1 [ |2 Ry oye |2

= (4 2 )2( 03r )2 C (r, + i )2
0032 | i/ \QFr3+R} 02Q3r2rZ\'2 T Q2rZ+R}
K2 . K2 Q377RL (33)

Q1er1r2 Q1Qa7172 Q3T +RY

CLC—CLC — k2Q1Q373Ry,
{(1-k2)24+k2Q1Q2}{Q3 72 (ra+RL)+RE }+QF (k*QF 13 +(1-k2)2r,RL +RE}

Similarly, the efficiencies for the other circuits in CPT can be
obtained as shown in Table 7

The optimal load to achieve maximum efficiency in CLC-CLC
circuit Rjop; is expressed in equation (35) by applying the

differential equation in equation (26) to equation (34).

RELC=CLC — o QGG (35)
Lopt 272\ (1-Kk2)2+Q2+K20,Q,

From the above, the results of the optimal load for the other

circuits in CPT are as shown in Tabe 8.

L, T Cm Ty L,

2
Cl—l: Cm Cl Tcm

(a) CLC-CLC circuit in CPT connecting current source
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(b) Equivalent converted circuit

Fig. 9. CLC-CLC circuit in CPT.

Table 7. Efficiency in CPT.
Circuit Efficiency
S-S k?Q,Q,m,R,
{(1 +k2Q,Q)r, + R}, + R
k2Q105[{(1 + 01, + R} + Q3REInR,
S-P A= k2)?Q5r7{(1+ Q) + 2R}
H+ QD) + RIRI( = k{1 + 0D, + RIR, + k2Q1Qx{(r; + R)* + Q5173
k2Q1Q§7”2RL
S-CLC {(1 — k2)? + k2Q,Q.}{Q37,(r, + R,) + RE}
+Q2{k*Q2r2 + (1 — k»)?2r,R, + R?}
PS k?Q,Q,m2R,,
[{(1 = k2)2 + k2Q1Q2)r; + (1 — kDR 1(r, + R) + k*Q375
k2Q:1Q2[{(1 + 07, + R} + Q3REInR,
P-P Q3Q3rF + (r, + RY? — (1 — kDREY
H+ 0D, + RYA = k(A + QD1 + RIR, + k2QQ{( + R + Q3 IR,
k2Q1Q§7”2RL
P-CLC {(1 — k22 + k20, Q. {Q37,(r, + R,) + RE}
+Q2{k*Q2r2 + (1 — k¥)?2r,R, + R?}
k? R
CLC-S 2)2 2 Gr: 2L2 402,.2
[{(Q = k2% + k2Q1Q2}r, + (1 — k2)2R,)(r, + Ry) + k*Q37)
K2Q,Q,[{(1 + @D, + Ry} + Q3REInR,
CLC-P Q3{Q31F + (1 + R? — (1 — k?)REP
H(L+ QD + R~ k(L + QD)1 + RIR, +k2Q1Qx{(r, + R)? + Q3r7YIR,
k2Q1Q237”2RL
CLC-CLC {(1 = k2 + k2Q,Q,{Q%1,(r, + R,) + R?}
+Q2{k*Q2r2 + (1 — k¥)?2r,R, + R?}
Table .8 Optimal Load in CPT.
Circuit Optimal Load
S-S 31+ k20,0,
1-k2)(1+QF
S-p 0rs ( (A +0Q3)
1— k% +k?Q,0Q,
— [2)2 402 2
S-CLC 0, (1-k?)?+k 22 +k2Q1Q;
(1-k?)? + Q7 + k20,0,
(1 —k2)2 +k2Q,Q, + k*QZ
P-S -
(1 - k22
1+0Q;
P-P
erzj (= K7 + K03 + 2010,
1—k2)2 + k*QF + k?
P-CLC 0,7 ( )2 _ gz > Q:1Q;
(1 - k2% + Q3 + k20,0,
CLC-S = kz\/u — k2)2 + k*QZ + k2Q,Q,
CLC-P Q,7, 1+ sz
(1-k?)? + k*Q3 + k%Q,0;
CLC-CLC

(1— k)2 + k*Q2 + k20,0,
@ [T e 2 + k20,0,




5. Output Power

5.1 Output Power in IPT The F parameter of LCL-
LCL circuit in IPT can be expressed as in equation (36). Here, F
parameters in equation (36) show the form in which the
compensation conditions presented in equation (11) are applied.

( A= i—:{CZrZ(LO + Ci1omy) + w?12,C,Cy1e}
B = Z_:{(Lo + Cirory) (L + Ca1y1g) + L5, C1 Gy}
C= i—:(ﬁrz + w?l2,)C,C,

| D=2Han W+ Gnr) + 0?1406}

The relationship between V,,; and I,,; is equation (37). From
equation (7), (36) and (37), V;, can be expressed as in equation
(38). In addition, the output power when using a voltage source
Pout vin in LCL-LCL can be obtained from equation (39).
Therefore, Py yin in LCL-LCL circuit is as in equation (40).

Ve = RpLpyp eoeeeeeeeeeesessssssssssessssssssssssessssnesss (37)

Vi = 2288 [(Ly + Crry )L + Gt (5 + R} + 0L Gy Gy + R)] oeeeeeee (38)

Pt = Ryl pye] %o, (39)

pLCLoLCL K2QiQ3m R Vinl? (40)
out_Vin

73 [{(1+07)(1+03) +420, o}y +(1+ Q3204 0)R |
Similarly, for the other circuits is calculated as shown in Table 9.
Also, input current I;;, is expressed in equation (41), so from

equation (42), the output power circuit when using a current source
Pout 1in in LCL-LCL is obtained as in equation (43).

j Vou ’ r
Iy = ]Z:n—RLt{(HTz + W L3,)C,C,(rg + Ry) + Lo Cyry Jereesereenes 41)
Pout = [Voue|2/ Ry rereeeeessesmsmsnine 42)
pLCL-LCL — KOIGnmaRllnl? (43)
out_Iin

{403+, 0)r (1420, 0,)R)
The results of the output power for the other circuits in the same

way are shown in Table 9 and 10.

Table 9. Output power connecting voltage source in

IPT.

Circuit Output power connecting current source
S-S k2Q1 Q212 R,|Vin|®

{1 +k2Q,Q)r, + R, }?
S-p k?Q1Q3r,R, [Vin|?

1[{QF7, + Ry + k2Q1Q,(ry + R} + (Qar2 — k2Q1R;)?]

k? 3ryR,|Vin|?

S-LCL . 2Q1Qz7'2 LVinl _ _

{1+ QF + k2Q1Q)m2 + (1 + k2Q1Q2)R,}
Ps k?Q1Q,7,RL |V |

r1[(rz + R)? +{(Q1 + k2Q2)r2 + Q1R }?]
k*(1 = k»?Q, Q3R |Vin I

P-p - ([(1 —k){1 - (1 - k»0Q,Q.}Q.m, — {(1 — k?)Q, + szZ}RL]Z)
! +H[(1 = k2(Qy + Q,)Qr, + {1 — k2(1 + k20, Q,)}R, |?

k?Q1Q373R, |Vin |*

Table 10. Output power connecting current source in

IPT.
Circuit Output power connecting voltage source
S-S k?Q1QarimaR i |
(rp +RL)?

k2Q,Q3r1maR | 1in|?
S-P s

s+ (QZTZ + RL)2

k2Q,Q3r1maR | 1in|?
S-LCL o7

{1+ Q) + R}
P_S k2Q3 Qarira Ryl lin|?

{1+ k2Q,Q2)m2 + R Y + k*Q317

k2(1 — k»)Q3Q3rrR. | inl?
p-p [(Q = k2)(k2Q; + Q2)Qry + {1 + k2(1 — k*)Q1Q23R, ]2
H(A = kHQyry — k2(Q1 + Q)R }?

k2Q3Q3rir R | 1;n|?

P-LCL
{(1 4 Q% + k2Q1Q)rir, + (1 + k2Q,Q,)1 R, + 172
LCL-S k2QF QariraRy | 1in|?
{(1 +k2Q,Q)r, + R, }?
LCL-P k2Q}Q3riroR |1 |
(1+k2Q10:)2Q575 + (Qfrz + (1 + k?Q1Q)R, )
LCL-LCL k?Q}Q3riraR |1y |?

{(1+ Q7 + k2Q1Q)m; + (1 + k2Q1Q)R, 2

P-LCL
r[{(1+ Qr; + (1 + k2Q1Q2)R, 12 + Q7 {(1 + Q) + R.}?]
k203 R Vi |2
LCL-S . Qz1 Qam2R Vi _ _
r{(1 +QF + k2Q,Q)r, + (1 + QPR }
LCL-P k*Q7 Q3R VinI?
i (1 + QF + k201022 + (1 + QD Q2 + (1 + Q2 + k2Q1Q)R, )]
LCL-LCL k2Q3Q3 1R, |VinI?

rl[{(l + Qf)(l + sz) + szle}rz +@+ Q12 + kZQlQZ)RL]Z

5.2 Output Power in CPT The F parameter of CLC-
CLC circuit in CPT can be expressed as in equation (44).
[A = é—:{szlc(;c,ﬁrl + C,Cr (1 + wCiry) — jwCyCETyT,)
B = é_:{(szle —11)Ch + C1Corry — jo(Lyry + L)}
c= é—:{wZCOC(;Cﬁlrlrz +jwCoCy(1 + wCyry) (1 + wCiry)}
D= é—:{szzcocfnrl + CoCyry — jwL,CoCarys}

In the same way as IPT, the output power when a voltage source
is connected can be obtained as in equation (45).

CLC=CLC — KO3 RUWVinl®
Poutvin” = [{(1—k2+k20102)czzrz+(k201+oz)RL}2] (45)
L +{K2(Q1+Q2)Qar2—(1-k?)RLY?

Table 11.  Output power connecting voltage source in
CPT.

Circuit Output power connecting voltage source

k?Q1Qa7173 R Vi |*
r{(1 +k2Q1Q2)r, + R}
k(1= k*)010,(1 + Q3R V|
7 K41+ Q2R +{(1+ QD((1 - kDQary + K2QuRL) + (L — kDQ,R )]
k*Q:Q31;R,Vinl?

S-CLC - [{(1 =k +k?Q,Q,)Q,m; + (k2Q, + QZ)RL}Z]
! +{k2(Q) + Q)Q,r, — (1 = k)R, I

k?Qyr, Ry [Vin |

S-S

S-P

P-S _ ee oAl
(1= k2Qyr(ry + R)?
pp k2(1 + QP)?QanaRy Vi
Qi [{(1 + Q3)Q,m; + R} + RE)
k2Q23T2RLIVin|2
P-CLC 5 > 5
Q1 {Q%(ry + R? + R}}
k2Q1Q21R, Vi |*
cres A = K2+ 120,07, + (1 — KORJ? +KH{(Q + 07, + QiR ]
k2Q:Q,(1 + Q1)°ry R,V I*
cLe-p n ({1 —k2(1+ QDFRE + [(L+ QD) Qr + (k2Q1 + (1 + k2Q1Q2)Q2 R, 1%
2 3. 2
CLC-CLC k2Q, Q3 R, Vil

Al = k? +k2Q,Q2)Q:m + (k2Qy + Q)R Y + (k?(Qy + Q2)Q21; — (1 — k*)R, Y]




Table 12. Output power connecting current source in Table 13. Parameters of simulation.
CPT. Symbol Value
Circuit Output power connecting current source Voltage Source Vin 30V
2 2
S-S % Current Source Iin LA
+R;
Coupling Factor k 0.11
Sp k2Q1Q;(1 + Q3)*riroRy i |? e
1 - kD[Q2{(1 + QN + R )2 + R Q value Qo Q1,Q2,Q | 231.02
k2Q1Q3rimaRy |Iin|? IPT CPT
S-CLC 202 2 2 2 2 2
{k erz -(1-k )RL} + Qz{(l —k )rz + RL} Resonant ; - 40k
5 kHz 50 kHz
k(1 = k*)*(1 + 01)*Q1Qar172 R, i | Frequency
P-S {1 -k2+ szle)Ql + szz}rz +(1- kz)QlRL]2 independent on k
+(1 = k?)2(r, + R,)?
( LD Ind Lo, Ly, Lo, Ly | 51.85 pH 1803 i
nductance y L1, Lo,y .
kz(l +Qf)z(1 + sz)leerlrzRL“inlz o R o " depend on k
p-p [(1+03)Q1Q2m2 + {k2(1 + QP(1 + Q) + @10, — 1JR,J? 139.76 nH
2 2
{1+ Q3)Qar2 + (@1 + Q)RL} independent on k
k2Q1Q3 (1 + Q3)2rir,R |y |2 | | Resi , 012 0 1.69 ohm
nterna esistance To, 1,12, 17 . ohm
P-CLC {(1 4+ k2Q1Q2)Q1Q2r2 — {1 — k2(1 + QF) + Q1 Q23R }? 07270 depend on k
+sz{(1 — k2 —k2Q1Q,)r, + Q1R }? 1.71 ohm
CLC-S k2Q3QanroR llinl® independent on k
(A = k2)(ry + R)? +{(Q1 + k?Q)ry + Q1R Y 67.62 pF
5 3 2 N Capacitance Co, C1,C,,C§ 906.08 nF
k2Q7 Q2 (1 + Q5) iR, || depend on k
CLC-P {02(1+ QDry + (01 + Q2RI 68.41 nF
+{0:0;(1 + QP — (1 — k? — Q1Q2 — kK2Q1 Q)R }?
k2Q3 Q3R |inl?
CLC-CLC 100 5 1w 5w 5
{(Q1 + k2Q)Qym, — (1 — k2 — Q1Q2)R.}? + (Q1 + Q2)?R} %0 w0 0
B0 20 ; 80 A 20 g 80 n 20 =
. . ™ E \ = Y E‘
The output power when a current source is connected in CLC- Zao 55 Eeo f 153 Eo0 [y
. . . 250 = 250 | = §80 / =
CLC is shown in equation (42). g [ 1) 0Z La RS- Y]
s | \ 5 [ 2w f 5
pCLC=CLC _ K2Q3Q3rmoRullml2 (46) ol ] % » ‘.‘/ cE o JE
OULII T {(Q1+k2Q2) Qa2 (1-k2~Q1Q2)RLIZ+(Q1+Q2)2RE 10 \ w0 / 0 A
. . . a S X' 05— e L] 0 ——r " 0
For the other circuits, the output power when a current source is L1 o0 oM e e R
connected is shown in Table 12. Effcioncy (s —Efficoncy (ca) Efficncy sim)  — Effcioncy (al) Effcioncy (s —Efficoncy (ca)
Pout_in (sim.} Pout_Vin {cal) Pout_Vin fsim.} Pout_Vin fcal) Pout_in (sim.} Pout_Vin {cal)
Poutlnfsm)  —Founfcs) Foutinfsm)  —sout i cal) Poutlnfsm)  —Founfcs)
Optimal Load Optimal Load Optimal Load
6. Comparison with Simulation (a)S-S (b)S-P (¢)S-LCL
In order to verify that the respective equations for the - il B ®
transmission characteristics obtained in Chapters 3-5 are correct, a % nF w ®
. . . . . 70 £ 2
comparison with the simulation values was carried out. The 155 Eoo 55
simulation is an electromagnetic simulation using the moment wE iy e
method, the coupler used in the simulation is shown in Fig. 10 and . 5 o 5
. . . 20 8 20 5 é
the parameters in Table 13. For a fair comparison, Q values, 1 o 10
. . . L wem o s 40 e AU
coupling coefficientsk and power supply performance are unified. Y1 L0 10000 o 1 e 1w
s R . AL [ohrm] ohm AL (ohm]
In addltlon’ the coupllng CoefﬁCIents k 2 Q Values are Conﬁgured SO Efficiency (sim.) Efficiency (cal.) Efficiency (sim.) Efficiency (cal.) Efficiency (sim.) Efficiency (cal.)
that the coupler area is close to the values while the values are Povintim) —rouC i) o intim)  —po ) Pascintim) —ros i)
Optimal Load Optimal Load Optimal Load
aligned. Furthermore, in order to match k and Q inIPT and CPT,
an external capacitor is used in addition to the transmission (@P-5 (e)P-P (HP-LCL
capacitor in CPT. 100 I B ®
o 20 EY
w ng
70 5
Rx Coil %"” 153
Zso s
290 mm £ 10
@ “:Z
, o 5
300 mm == 10 10
— 0 BT D =T e PRI e AN )
100 im e, = v 250 mm 0.01 1 100 10000 001 1 100 10000 0.01 1 100 10000
600 mm - 100 mm| RL [ehm] RL [ohm] AL [ohm]
= 250 mm er iciancy (sim. iciency (cal iciency (sim. ficiency (cal iciancy {sim. iciency (cal
T i) ) ) el o) el
[ x Coil ] Pout_linfsim]  ——Pout_in {cal) Pout_lin (sim)  ——Pout_fin fcal.) Pout_lin (sim)  ——Pout_fin fcal.)
Optimal Load Optimal Load Optimal Load
(a) Transmission coils (b) Transmission plates
Fig. 10. Transmission coupler. ) (g)LCL-S ) (h)L_CL‘P ) (i)LCL‘_LCL_
Fig. 11. Comparison of simulation and calculation in

IPT.
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Fig. 12. Comparison of simulation and calculation in

The results of the calculation and simulation of efficiency and
output power are shown in Fig. 11, 12. Fig. 11, 12 show that the
equations derived in Chapter 3-5 are correct, as the calculation and
simulation results are in agreement.

7. Comparison of Transmission Characteristics

In this chapter, the parameters of the unification condition used
in the simulation, as presented in Table 13, are substituted into the
respective equations of the transmission characteristics derived in
Chapters 3-5 to compare the transmission characteristics.

71 Optimal Load

IPT and the optimal load for each circuit of CPT are as shown in

The optimal load for each circuit of

Fig. 13. The optimal load in IPT has a small value when the receiver
side is S and a large value when the receiver side is P and LCL. In
CPT, it has a small value when the receiver side is S and LCL and

a large value when the receiver side is P.
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Fig. 13. Optimal Load.

Here, using the approximation of equation (47) to the exact

equation of optimal load derived in Chapter 4, the smaller optimal

Large
Lopt

equations (48), (49) in common with IPT and CPT.
Q=0Q:=0Qmn=r=r1+Q*~Q%1+k*~1-(47)

RLS(%%II =r /1 + kZQZ .................................................. (48)

load rfmet and the larger optimal load R can be expressed as

Q?r

Large _ Q71 e
Riop! = Troregs (49)
Furthermore, using the approximation in equation (50) rRim%" and
Rov?® the relationship as in equation (51) can be obtained.
1+ k2Q? ~ k2Q%-- - (50)
RLS%%IZ:RIZZ;fe = k2 e (51)

Therefore, when the approximation conditions in equations (47)
and (50) can be applied, the value of R/&7?° is1/k* times as large as
the value of Rima.

From the above, higher efficiency can be obtained by selecting

the receiver circuit according to the value of the load.

7.2

maximum efficiency at optimal load are shown in Fig. 14, which

Maximum Efficiency The results for the
shows that the efficiency is similar for all circuits regardless of IPT
and CPT

Here, the maximum efficiency can also be calculated by applying
the approximation in (47) to the exact equation derived in Chapter
4 and applying the optimal load in equation (48) or (49). The
maximum efficiency in all circuits for both IPT and CPT can be

expressed as in equation (52) by approximation.

ll circuits — k?Q?
s =— +(52)
max (1+\/1+k2Q2)2

Therefore, if the approximation in equation (47) is applied, at
optimal load, the maximum efficiency is common regardless of the

method or circuit.
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Fig. 14. Maximum Efficiency



7.3 The

results obtained for the output power of the voltage source at the

Output Power connecting Voltage Source

optimal load are shown in Fig. 15. From Fig. 15, it can be seen that
higher power is obtained when the transmitter side is S in IPT and
when the transmitter side is S or CLC in CPT.

Here, the approximation in equation (47) and the optimal load in
equation (48) or (49) are used in the exact equation for the output
power when the voltage source is connected, as derived in Chapter

High
F out_Vin

5. The resulting output power of the higher and the lower

output power P:2,;,, canbe expressed as in equations (47) and (48)
in common with IPT and CPT.
High  _ KWl (53)
ULV T 1407 (14 T4K7Q7)
k2/1+k2Q K2J1+k2Q2|Vin|*
Py yin = — e (54)
(1+\/WZQZ)

Furthermore, using equation (50), the relationship shown in

equation (55) can be obtained. The value of P/% is1/k* times as
high as the value of PX2¥y,,.
High
P vin: Poatyin = Lik2 e, (55)

Therefore, when using a voltage source, large power can be
obtained by using S on the transmission side in IPT and S or CLC

on the transmitter side in CPT.

7.4 The

results obtained for the output power when the current source is

Output Power connecting Current Source
connected at the optimal load are shown in Fig. 16. From Fig. 16,
it can be seen that IPT has a larger value when the transmitter side
is a P or LCL circuit and CPT has a larger value when the transmitter
side is a P circuit.

Here, the approximation of equation (47) and the optimal load of
equation (48) or (49) are used in the exact equation for the output
power of the current source derived in Chapter 5. The resulting

High
Pout _lin

output power of the higher and the lower output power

pLew,. can be expressed as equations (56) and (57) in common with

IPT and CPT.
High _ K2QM Lin (56)
Ut e (141K Q)
plow szzr— VIHEQ il e, (57)
out_lin — (1+\/T202)

In addition, under the approximate conditions of equation (50), their

relation can be expressed by equation (58). The value of P71
is 1/k* times as high as the value of P i
High L _
N T B I (58)

Therefore, when using a current source, to obtain higher power,
it is suitable to use P or LCL on the transmitter side in IPT and P on
the transmitter side in CPT.
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Fig. 15. Output power connecting voltage source.
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Fig. 16. Output power connecting current source.
7.5 Summary of Transmission Characteristics The

transmission characteristics of the circuits obtained from the above
are summarised in Table 14. Here, The results are summarised here
when the power supply is as the voltage source, as it is commonly
used.

As aresult of the evaluation of the good points using v marks,
it can be concluded that S-S, S-LCL, LCL-S, LCL-P and LCL-LCL
are superior in IPT and S-CLC, P-P, P-CLC, CLC-P and CLC-CLC
are superior in CPT.

Furthermore, under the approximate conditions as in equation
(47), (50), the equations common to IPT and CPT were obtained for

all efficiency, optimum load, and output power.



Table

14. Summary of Transmission Characteristics.

k=0 Compensation cc/ev Optimal . Output Number of
Efficiency
Characteristic Condition Characteristic | Load Power v
S-S Large Current v Independent on k v/ CC Small v/ High v/ High /4
S-P Large Current Depend on k v/ CV Large v/ High v/ High 3
S-LCL Large Current v Independent on k v/ CV Large v/ High v/ High /4
IPT P-S v/ Small Current Depend on k v/ CV Small v/ High Low 3
v long distance P-P v Small Current Depend on k v/ CC Large v/ High Low 3
v low dielectric impact P-LCL v/ Small Current v Independent on k None Large v/ High Low 3
LCL-S v/ Small Current v Independent on k v/ CV Small v/ High Low /4
LCL-P v Small Current v Independent on k v/ CC Large v/ High Low V4
LCL-LCL v/ Small Current v Independent on k v/ CC Large v/ High Low /4
S-S Large Current Depend on k v/ CC Small v/ High v/ High 3
S-P Large Current Depend on k v/ CV Large v/ High v/ High 3
S-CLC Large Current v Independent on k v/ CC Small v/ High v/ High /4
CPT
P-S v Small Current Depend on k v/ CV Small v/ High Low 3
v low cost
P-P v/ Small Current v Independent on k v/ CC Large v/ High Low /4
v low metal impact
X . P-CLC v Small Current v Independent on k v/ CV Small v/ High Low /4
v light weight
CLC-S Large Current v Independent on k None Small v/ High v/ High 3
CLC-P Large Current v Independent on k v/ CV Large v/ High v/ High /4
CLC-CLC Large Current v Independent on k v/ CC Small v High v/ High /4
8. AQualitative Study of Output Power
From Chapter 7, it was found that the magnitude of the output ! !
Vind, .
. . . . . inlin Transmi Rece
power depends on the transmitter side circuit. This chapter provides renemter i B k.
. . 1
the qualitative study for output power. ' !
. . . —
8.1 Impedance on Receiver Side The impedance of Zn g
the receiver side Zg,, as shown in Fig. 17, is important for a (@IPT
qualitative study. The equation of the impedance on the receiver I |
| 11 4
side of each circuit at the optimal load is shown in Table 15. \ Cn !
. . . . . Vindin : | Recei
Applying the approximation of equation (47) to the equations Tranemitter I H e &,
. . . . . |
given in Table 15. allows the receiver side impedance to be | !
. .. . [
expressed in a common for each transmission method, as in Zm " Zpe
equations (59) and (60). (b)CPT
ZIPT = r(l + /11 k202 szz) .......................................... (59) Fig. 17.  Impedance of each part.
Q*r
ZEPT = (60)
1+,/1+k2Q? . .
¢ Table 15. Impedance on receiver side.
Furthermore, from the gyrator characteristics of the coupler Method | Circuit | Receiver impedance
section, the impedance in the front of the coupler ZIFT, ZSPT are S s+ R,
as in equations (61) and (62). P
2 3 2 2
pT _ @2l _ kK2Q%r? _ K2Qr Q3maR, Q573
= —_m _ e 1+ +
R VN 1 P "\ arer) e ew
gepT — L _ @ r(a+/i+ice?) (62) LeL Q3rf
m W2C2Zpy  Kk2Zpy k2 ' ' r Y +R,
Therefore, the output power depends on the transmitter side S 0
. . 272
configuration, as shown in Chapter 7 - 3 and 4, because the e / 2+ (r, + R)?
impedance on the receiver side is common for each transmission 5 ORI O TR+ R
. T, + T, + +
meth h imal | . CPT 2Ry (2 2)12 L L
ethod at the optimal load Q7 1 (@ + R
LCL Q7 Q72 (21, + R)? + {Q2(Z + roR, + RZ) + RZ}2
Q3(ry + RD?+ R}
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8.2 CC/CV Characteristic on Transmitter Side and
Output Power The relationship between CC/CV characteristic
of the transmitter side and the magnitude of the output power is
shown in Table 14.

From Table 16, it can be seen that in the case of IPT the output
power is higher when CC/CV characteristic on the transmitter has
CV characteristic. Furthermore, in the case of CPT the output power
is higher when CC/CV characteristic on the transmitter has CC
characteristic.

Here, ZIPT and ZSPT ratio can be expressed in equation (63)
using equation (50).

ZIPT, ZCPT — 2.1
Therefore, The value of ZGFT is1/k® times as large as the value of
ZIPT,

From the above, it can be said that IPT can obtain a high power
when the transmission side has CV characteristic because the
impedance in the front of the coupler Z/PT is small, and CPT can
obtain a high power when the transmission side has CC

characteristic because the impedance in the front of the coupler

ZSPT s large.
Table 16. CC/CV characteristic on transmitter side and
Output Power
Method | circuit | Power supply CC/CV characteristic Output power
voltage source cv High
S current source cc Low
voltage source None Low
IPT P
current source cv High
voltage source cc Low
LCL
current source cv High
voltage source cC High
S current source None Low
voltage source cv Low
CPT P
current source cc High
voltage source cC High
CLC
current source cv Low

9. Comparison with Experiment

The Experiment were carried out to verify the transmission
characteristics in actual conditions. The parameters used are shown
in Table 14 and 18. A vector network analyser (VNA) was used for
the measurements . The experimental environments are shown in
Fig. 18. Here, in order to match k and Q in IPT and CPT, an
external capacitor is used in addition to the transmission capacitor
in CPT.

(@)IPT
/

i Receiver B ~ Compensatmn
2in
N /

 Compensation
Capacitance : C,

(b)CPT
Experiment environment.

Fig. 18.

Table 17. Parameters of experiment in IPT

symbol value
Voltage Source Vin 10
Coupling Factor 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, Ty 0.38 ohm, 0.40 ohm
Resonant Capacitance C1,Cy 35.95 pF, 35.14 pF
Q value Q1,0Q; 142.39, 113.93

o cal sexp

Efficiency[%]
3
Qutput Power [W]

40 s . - 5 . . Pvs
30' . . ° '™
@ . o
e % oo 3
.
csne® o e o oo sse sapes 8812 *°
0.01 1 100 10000 001 1 100 10000
RL [ohm] RL [ohm]
(a)Efficiency (b)Output power



Fig. 19. Comparison of experiment and calculation for
LCL-LCL in IPT.
Table 18. Parameters of experiment in CPT
symbol value
Voltage Source V; 10
Coupling Factor k 0.08
Resonant Frequency f 450 kHz
Transmission Capacitance Cy,C, 889.04 pF, 887.64 pF
Compensation Capacitance | C,, C} 915.49 pF, 907.81 pF
Resonant Inductance Ly, L, 139.19 pH, 134.35 uH
Internal Resistance LT 2.44 ohm, 2.03 ohm
Q value 01,0 161.12, 186.85
0 ®cal exp. ®cal. exp.
Ll
80 o 0.9
70 . . 0.8
= 50 ° . z 07
3 50 ‘ ° E 96 ™
I3} . & 5 05 .
g 40 . 3 z o .
E 30 g
gos :
20 N 02 o
o L% 01 L
voupes, | -
0.01 1 100 Loooo 0.01 1 100 10000
AL [ohm] RL [ohm]
(a)Efficiency (b)Output power

Fig. 20. Comparison of experiment and calculation for
CLC-CLC in CPT.

The calculated and experimental results obtained for efficiency
and output power with varying loads are shown in Figs. 19 and 20.
The results for LCL-LCL circuit in IPT and CLC-CLC circuit in
CPT are shown here as representative. It can be seen that the
experimental and calculated results are in general agreement.
Therefore, it can be shown that the transmission characteristics

presented in this paper are same even in actual environment.

10. Conclusion

In this paper, circuits consisting of series, parallel and LCL/CLC
resonance are compared in a general and systematic. In terms of
compensation condition and CC/CV characteristic, S-S and LCL-
LCL in IPT and P-P and CLC-CLC in CPT can be said to
correspond to each other in that the compensation conditions are
independent of the coupling coefficient and have gyrator
characteristic. The optimal load for both IPT and CPT varies
depending on the receiver side, so it is necessary to select the
appropriate circuit on the receiver side according to the value of the
load. As for the maximum efficiency, it is clear that it does not
depend on the transmission method or circuit. In terms of output
power, common to IPT and CPT, the magnitude of the output power
varies with the transmitter side. When using a voltage source, [PT
are superior to S on the transmitter side and CPT are superior to S
or CLC on the transmitter side. When using a current source, IPT

can obtain higher power by selecting P or LCL for the transmitter
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side and P for the transmitter side for CPT. Furthermore, by using
the approximate conditional equation, a qualitative study has found
that IPT can obtain high power when the transmitter side has CC
characteristic and CPT when the transmitter side has the CV
characteristic. From the above, it can be concluded that S-S, S-LCL,
LCL-S, LCL-P and LCL-LCL are superior in IPT and S-CLC, P-P,
P-CLC, CLC-P and CLC-CLC in CPT. As the optimal load values
vary from large to small, a suitable circuit can be selected from the

above according to the optimal load
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