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Efficiency Improvement of LCC-S Based IPT System
by Detuning Design of the Secondary Side
to Gain Unity Power Factor

Shufan Li*?, Fang Li"?, Rong Zhang *“, Lingbing Gong

Abstract—To improve the power transfer efficiency (PTE) of the
inductive power transfer (IPT) system based on LCC-S compen-
sation network, a detuning design method of the secondary side is
proposed in this article. First, time-domain analysis is used to model
IPT system with a tuned and detuned secondary side, respectively.
It was found that the reactive components brought by the rectifier
can be compensated when the secondary side is detuned to a specific
extent, thus gaining a unity power factor (UPF) in the secondary
side. Then, design methods for the LCC network in the primary side
both for fixed and variable load are proposed. Finally, simulations
and experiments are conducted to verify the proposed modeling
and designing method, with which the PTE can be improved in
condition of coil misalignment and load variation, especially when
the rectifier is in discontinuous conduction mode.

Index Terms—Detuning design, efficiency, inductive power
transfer (IPT), time-domain analysis (TDA).

NOMENCLATURE

w Operating angular frequency of the system.

Ly, L, M Self and mutual inductance of the coupling
coils.

Rip,Rys Parasitic resistance of the coupling coils.

Ly, Cy, Cp Impedance compensating inductor and capaci-
tors in LCC network.

Q@ Coefficient designed to realize the ZVS of the
inverter.

Cs Impedance compensating capacitor in the sec-
ondary side.

P, Output power of the system.
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n Power transfer efficiency (PTE).

Iy, I Amplitude of current in coupling coils.

Us Amplitude of the induced voltage in the sec-
ondary side.

i, Current in Lg and Cs.

uc Voltage of Cs.

Uy Input voltage of the rectifier.

UrL Voltage of the load.

Vay Forward voltage of the diodes in the rectifier.

U, Input voltage of the rectifier in CCM.

I, Current in the load.

G Ratio of U, to U,.

Geo Ratio of u, (0) to Us.

ir,_1st> Ur 1st ~ Pundamental components of iy, and u,.

a;, b;, a,, b,  Coefficients of i, 15 and u, 1.

8 Ratio of Ry, to wL,.

Rrce, Xrec Real and imaginary parts of the equivalent input
impedance of the rectifier.

Rrcc g, Xvec_p Ratio of Rye. and X, t0 wLs.

0 Leading angle of u, to iy,.

%) Discontinuous angle of iy,.

wo Resonant angular frequency of L; and C, in
detuned condition.

) Ratio of wy to w.

Jopt Optimum value of 4.

¥ Parameter derived from § to simplify the de-
duction.

Zsec Input impedance of the secondary side.

Xeec Imaginary part of Zgec.

Xsec_p Ratio of Xgec to wis.

w Ratio of M to L.

I. INTRODUCTION

NDUCTIVE power transfer (IPT) technology [1], [2], [3]
I can transfer power wirelessly through magnetic coupling. In
the past 20 years, this technology has witnessed its great devel-
opment and wide utilization in electric vehicles [4], unmanned
aerial vehicles [5], medical devices [6], portable electronics [7],
and other industrial fields.

One of the mainstream applications of IPT system is the
battery charger. A typical scenario is the charging of battery for
the EVs. As shown in Fig. 1, the charging process of a battery
in EVs usually contains constant current (CC) and constant
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Fig. 1. Charging process of a battery of EVs.

voltage (CV) stage [8], [9]. The equivalent resistant load of
the battery will increase with its voltage [10]. In CV stage, the
value of the equivalent load will be so large that discontinuous
conduction mode (DCM) of the rectifier may occur. Maintaining
high power transfer efficiency (PTE) over the whole charging
cycle is essential for an IPT system.

To improve the PTE, a variety of impedance compensation
topologies are adopted, including four basic resonant networks,
S-S, S-P, P-S, and P-P network [11], [12]. The S-S network is
the most widely used with its simple structure and low cost [13].
One problem of the S-S network is the high sensitivity to the
load variation [14], which will bring difficulties in controlling
of the system. To solve this problem, optimum value of the
load is elaborated in [15], [16], and [17], according to which
the maximum efficiency tracking method is proposed. Another
problem of S-S network is that the output power is inversely
proportional to the mutual inductance of the coupling coils,
overcurrent in the primary side may occur in misalignment
occasions [18].

Higher order impedance matching networks are proposed in
view of the high-sensitivity to parameters of S-S networks [14].
Among them, double-sided LCC network [19], [20], [21] and
LCC-S [22], [23], [24] network are favored because primary coil
behaves as a load and coupling factor independent CC source.
The double-sided LCC network improves the designing freedom
of the parameters, but it involves an inductor in the secondary
side, which will occupy much more space than a single capac-
itor. Therefore, LCC-S network is favored in occasions where
lightweight design is needed. To fit the charging requirement of
a battery, a problem faced with the LCC-S network is the load
variation. Different from the S-S network, with which the load
can be tuned to the optimum one by control of the converters,
the load of LCC-S based IPT system cannot be tuned in a wide
range. The reason is that the induced voltage in the secondary
side is constant, thus the duty ratio of the converter is determined
by the output voltage (voltage of the battery in most conditions)
which varies in a limited range. Therefore, the load of LCC-S
based IPT system cannot be tuned to the optimum one in some
occasions. The problem will be even more significant when the
misalignment of coupling coils occurs.

Different parameter design methods [25], [26] and controlling
strategies [24], [27], [28] have been studied to cope with the
variation of the load as well as the coils misalignment. Besides,
there have been studies about active or reconfigurable rectifiers
[29], [30], improving the PTE for wide range of load by effective
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control of the converter. Switched controlled capacitor [31], [32],
[33], [34] has been used to track the changes in coupling coils
or load dynamically, and can also improve the tolerance of mis-
alignment. In the above studies, the equivalent input impedance
of the rectifier in the secondary side are usually considered as a
resistive impedance according to first harmonic analysis (FHA)
[35], which has been proved inaccurate especially in the DCM
of the rectifier [36].

DCM usually occurs when the load of the IPT system deviates
a lot from the nominal load [37]. To model the IPT system more
accurately, numerical solutions of DCM are given in [37], which
is simple but lacks universality. Time-domain analysis (TDA)
are taken in [38] and [39], where nonlinear characteristics of
the system caused by semiconductor MOSFETs or diodes are
considered, and the TDA are used to depict both fundamental
and harmonics of the waveforms and improve the modeling
accuracy. In [36], both the primary and secondary side of an
SS network based IPT system are modeled with TDA, which
are proved superior to FHA. In one of the previous articles [40],
TDA has been used to calculate the equivalent input impedance
of the rectifier. Based on the TDA, it can be concluded that
the equivalent input impedance of the rectifier is not resistive,
leading to a nonunity power factor of the secondary side, which
will bring reactive components to the system and lower the PTE.

To gain unity power factor (UPF) or nearly UPF, previous
articles have been focused on designing of the compensation
networks. In [41], an LCLC network is used to compensate
for the reactive components caused by the nonlinearity of the
rectifier. The harmonics in the secondary side are analyzed in
[42] to model the system, and an inductor is used in series with
the CLC network to compensate for the reactance resulting from
rectifier operation in DCM mode, aiming to expand the range
of CCM. Nearly UPF is realized in [43] by designing of a shunt
inductor. The three works mentioned above have a common
feature, which is the use of an inductor in the secondary side,
which may increase the volume and costs of the system.

In summary, load variation of the IPT system can increase
the reactive components, leading to low PTE, especially for
light load condition when DCM of the rectifier occurs. By
designing of the compensation networks, UPF or nearly UPF
can be realized, but it usually involves higher complexity.

In this article, TDA is used to model the secondary side of an
LCC-S based IPT system both in tuned and detuned conditions.
In order to improve the PTE, reactive components in the sec-
ondary side are compensated by detuning design of the capacitor
in series with the receiving coil. The parameters of the LCC
network in the primary side have also been designed according
to the fixed load and variable load, respectively. Compared
with the previous article, the contributions of the article are as
follows.

1) Depicting the nonlinear characteristics of the rectifier cir-
cuit in detuned conditions by accurate modeling of the
secondary side with TDA.

2) Improving the PTE by detuning design of the impedance
compensating capacitor in the secondary side.

3) Gaining UPF of the secondary side without adding any
components.
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Fig.2. LCC-S based IPT system.

II. IPT SYSTEM BASED ON LCC-S COMPENSATION NETWORK

An IPT system based on LCC-S compensation network is
shown in Fig. 2. Lp and Lg are self-inductance of primary and
secondary coil, respectively, their mutual inductance is M, and
Rrp and Rpgs are their parasitic resistances. The full-bridge
inverter contains four MOSFETs G1—Gy4, the output power of
which will be tuned by the compensation network L—Cp—C,,.
The impedance of the three arms of the compensation network
should be equal, thus the values of Ly, Cy, and C,, are

Lf :Xp/w
Cy=1/X,/w
Cp = 1/w/(wLp — aXy)

where X, is the impedance of the three arms, and « is used to
realize the ZVS condition of the inverter. By changing a, the
equivalent output impedance of the inverter is tuned, changing
the turn-OFF current (/o) of the MOSFETs without effect on
the constant-current characteristic of LCC network [44]. The
angular frequency w = 27f, while fis the switching frequency
of the inverter.
The amplitude of current in the primary-side coil is

4
777Xp

(1)

I

Uq. @)

The capacitor Cj is used to form a resonant network with L,

and it can be determined by
Cy =1/w?/L,. 3)

The rectifier contains four diodes D1—Dy, and a capacitor C,
works as a voltage filter followed by the load R;. With FHA
method, the input impedance of the rectifier can be derived as

“

The amplitude of the induced voltage in the secondary side
coil is

8
Re = 72RL
m

U, = wMI,. 5)
The output power can be derived as
2M2 U2
P,=" (©)
X2Ry,
The PTE is
P,
= 7
! Pot+3I2Rrp+512Rs @

where /; is the amplitude of current in the secondary-side coil.
The losses in the compensation networks are omitted, and there
are two reasons for the neglection: 1) the main purpose of the
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Fig. 3. Operating modes of the secondary side of the IPT system. (a) State 1.
(b) State 2. (c) State 3.

article is to design the parameters of the compensation networks,
and the parasitic resistances of the compensation networks are
unknown before the designing, consequently the losses in the
transceiving coils will be the main concern; and 2) in comparison
of different designing methods, the losses in the compensation
networks will be found nearly the same, which will be explained
in detail in Section VI.

III. TIME-DOMAIN ANALYSIS OF THE IPT SYSTEM WITH A
TUNED SECONDARY SIDE

In a previous article, we have analyzed the LCC-S-based IPT
system with a tuned secondary side in time domain [40]. In
this article, we will analyze the detuned conditions (in the next
chapter), and the results of analysis for tuned conditions will
also be listed below to compare with the detuned ones. It should
be noted that the deduction of tuned conditions will not be listed
below since it can be referenced in [40].

In an IPT system with a tuned secondary side, the value of
C, is derived by (3). Based on the state of the four diodes of
the rectifier, the operating modes of the secondary side of the
IPT system can be divided into three states (states 1, 2, and 3 as
shown in Fig. 3), which will be analyzed in detail below.

A. Continuous Conduction Mode (CCM)

Fig. 4 shows the waveforms of the secondary side, where u
is the induced voltage of the secondary side, iy, is the current in
L and Cs, uc is the voltage of Cg, and u.. is the input voltage of
the rectifier. To analyze the waveforms, we first assume a phase
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Fig. 4.  Waveforms of the secondary side (CCM).

angle of ug, i.e.,

Us o = Ugsin(wt+0).

According to [40], = 0, and i(¢) can be derived as
ir(t)

Ugsin(w Ty mPwls
snt) (éwtfz+ S ) te o, m/w]
U%‘("Jt)( wt— 34”—1—7T wl., ) € (r/w, 2m/w].

As a square wave, u,(f) can be written as

U, tel0,m/w]
{—UO te (r/w,2m/w].

u(t)

The fundamental components of i;, and u, can be written as

11, 1st = a;iCoswt+b;sinwt
Uy 15t = Ay COSWE+by, SinWL

where a;, b;, a,, and b,, can be derived with

a; =% gﬂ/w i (t)cos(wt)dt = 4325
b; = ﬂ gﬂ/w iz (t)sin(wt)dt = 8RL
ay = % O%/w u,(t)cos(wt)dt= 0

by, =% fg“/w u,(t)sin(wt)dt = Us.

The real and imaginary part of the equivalent input impedance

of the rectifier can be derived as

Rree= agfgz cos {arc tan - (77 —arc tangiﬂ
= 87r2RL/ 7r4+452
Kree= azigz sin [arc tan - (77 —arc tangiﬂ
= 166R./ (w4+452>
where
B=Rp/(wLs).

The equations in (13) can be divided by wLs,, i.e.,

Riec p = 8723/ (7* + 453?)
Xrec_ﬁ - 1662/(7T4 =+ 4ﬁ2)
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Fig. 5. Waveforms of the secondary side (DCM).

where R.c._g and X,¢._g are the ratio of R.c. and X,¢. to wLs,
separately.

®)

B. Discontinuous Conduction Mode (DCM)

Fig. 5 shows the waveforms of ug, i1, u ¢, and u,. in the DCM
mode of the rectifier, and the discontinuous angle of iy, is ¢. It
should be noted that in this article, the use of Cr, (shown in Fig.2)
as a filter is a necessary condition for DCM of the rectifier.

According to [40], i1(t) can be derived as

©) ir(t)
0 teo,£]
QgL [(wt — ) sin(wt + 0)
(10) B —sin(p + 0) sin(wt — )] te (£,Z]
o te (5, 7]
ZgL [(wt — ¢ — ) sin(wt + 0)
an —sin(p + ) sin(wt — )] t€ (“"I”, 25] .
(16)
u,(t) can be calculated by
urp(t) =
(12)
Us {sm(wt +0)—sin(p+0)+G te|0, /v
GU, € (p/w,m/w]
Ui [sin(wt +0) + sin(p +0) — G] 1 € (n/uw, (7 + 9)/w]
—GU;, € ((m+¢)/w, 21 /w].
(17)

The value of ¢, 6, and G can be derived by solving
cos(2p + 0) +2(¢p — m)sinf — cosf =0

(13)  { 2(m — ¢)cosh — 3sinf — sin(2p+0) + 4sin(p+0) = 8G
B [2(m — ¢)cosh — 3sinf — sin(2¢p+0) — 4sin(p+0)] =4nG.
(18)
The fundamental components of iz, and u,- can also be written
as (11), the same as CCM, but the values of a;, b;, a,, and b,,
are different, which can be derived as
(14) a; = £ [0 (t) cos(wt)dt = 8;53 IR
g 27 fw . .
b; = Ozﬂ/wZL(t) sin(wt)dt = 4TML Ta(p,0) (19)
s ay = 2[5 up(t) cos(wt)dt = U sin @
as) by =% gﬂ/w u,(t) sin(wt)dt = U cos 6
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where
Ti(p,0) = (14272 + 2¢? — 4d7g) sin O
+ 2(p — ) cos(2¢ + 0) — sin(2¢ + 0)
Ta(p,0) = (72 + p? — 2mp — 1) cos O + cos(2¢ + 0)
+(p—m)sin(2¢+0)+(p—m) sin 6.
(20)
The equivalent input impedance of the rectifier is

. a? +b2 by b;
Riee = 4 /Wcos |:(7T — acrtani) — (w—acrtana’i)]
a2 +b7 by by
pLEwS] s [(ﬂ' — acrtanau> — (7‘(’ — acrtanai)].
21

3y

Xrec =

Accordingly, Ryc._g and X,ec_g can be derived as

87 [sin O (¢,0)+2 cos 0T (¢,0)]
VT1(2,6)+402(¢.6)°
87[—cos Ty (p,0)+2sin 0I5 (p,0)]
VTi(0.0)> +4Ta(0.60)°

Assuming ¢ = 0, the critical condition of CCM and DCM
can be derived as
{0 =0
B=3.

IV. TIME-DOMAIN ANALYSIS OF THE IPT SYSTEM WITH A
DETUNED SECONDARY SIDE

Rrec_,B -
(22)

X rec_3 —

(23)

As shown in (15) and (22), there is an imaginary part for
the equivalent input impedance of the rectifier Z... when Cj is
tuned with Ly at the operating frequency of the system, no matter
in CCM or DCM mode. The imaginary part of Z,.. will cause
reactive components to the system, thus lowering the PTE.

In this chapter, a detuned condition of the secondary side
will be modeled and discussed, analyzing the possibility of
decreasing the reactive components caused by Z,..

In an IPT system with a detuned secondary side, the value of
C, can be determined by

woly = ——. 24)

. wo =0w, § #1

where w is the angular frequency of the system, and § is the
detuning coefficient of the secondary side. An overdetuned
secondary side will bring lots of harmonics to the system and
lower the PTE. Therefore, the range of ¢ is between 0.5 and 2
in this article.

The operating modes of the detuned secondary side of the
IPT system can also be divided into three states (states 1, 2,
3 as shown in Fig. 3), the same with the tuned one. Next, the
TDA method will be used to analyze the CCM and DCM of the
system.

A. Continuous Conduction Mode (CCM)

In CCM mode, the waveforms of the secondary side can be
depicted with Fig. 4, same with the tuned condition. The induced
voltage in the secondary side u, can be assumed as (8).

Next, the full cycle of the waveforms in Fig. 4 will be analyzed
in two parts separated by 7/w.
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1) 0 <t < m/w: During this half of the cycle, the waveforms
correspond to state 1 of Fig. 3. The state-space equation of the
system can be derived as

&(t) =Az(t)+Bu(t) (25a)
where

_ ()
(1) = [uc(t)} ,

0 - L 1,1
S |

[Cls 0 0 0
u(t)=[Ussm((}:t+9)}, U, =Unp+2Vy;  (25b)

where Ugy, is voltage of the load, V4 _fis the forward voltage of
the diodes, and m = —1.
Equation (25) can be solved by

z(t) = ®(t)z(0)

t
+/ ®(t — 7)Bu(r)dr (26a)
0
where
| cos(wot) _ﬁ sin (wot)
e ()= L}Ls sin (wot) ch;s (wot) ] ’
0
z(0) = [uc (O)} . (26b)
Equation (26) can be calculated as
co-[He] o

where F(7) and Fy(t) is shown in (28) shown at the bottom of
the next page.
According to antisymmetry property

T 0
2 (Z) =—a(0) = [—GcoUs] . (29)
The current in load is
=2 / Ti(t)dt = U Fy /(8*7wLy) (30)
™ Jo

where F3 is shown in (28).
According to (29) and (30), the value of 6, G, and G can be
derived by solving

Fi(r/w)=0
Fy(m/w) = —Geo (31)
F3 = 821G /B.

2) wlw <t < 2w/w: During this half of the cycle, the wave-
forms correspond to state 2 of Fig. 3. The state-space equation
of the system can also be written as (25), same as state 1 except
that m = 1. The deduction of the state equation is similar with
the first half of the cycle, and we would not elaborate it here to
save space of the article.
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During the full cycle, i1,(f) can be derived as

ir(t) = {_

As a square wave, u,(f) can be written as (10).
The fundamental components of iy, and u, are in same form
with (11), of which the coefficients can be derived with

a; = UsAq1(6,0)/(0mwLy)
bi = USA2(§, 9)/(57'(ng)

U,Fi(t)/(6wLly) € [0,m/w]

UFy(t — ) /(6wLy) t€ (nfw,2njw]. O

a4y =0 (33)
b, = 4GU, /n
where
A1(6,0) = [ Fi(t) cos(wt)dwt
- f% Fi(t — Z) cos(wt)dwt
o (34)
A2(6,0) = [ Fu(t )sm(wt)dwt

Considering that a; < 0 (which will be discussed in the
Appendix), the real and imaginary part of the equivalent input
impedance of the rectifier can be derived by

- (7r — acr tan b)]
a;

— (77 — acr tan Z—’

a +b
2+b2

b2
Xree = /"zibg sin [acr tan Z—Z

Riec = cos [acr tan .

(35)
Accordingly, R,c._g and X,._g can be derived as
Riee g = 40GA(5,0) /[A1(6,0)° + Az(5,6)] 36)
Xree g = —46GA1(6,0)/[A1(5,0) + Ao (6, 0)7).

By combining (28), (34), and (36), it can be deduced that
Rrcc_p and X,qc_p are only related to ¢ and 3.

B. Discontinuous Conduction Mode (DCM)

In DCM mode, the waveforms of the secondary side can be
depicted with Fig. 5, same with the tuned condition.
Depending on the state of iy (), the operating modes of the
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2) p/w <t < w/w: During this stage, the waveform corre-
sponds to state 1 of Fig. 3, and the state-space equation is the
same with (25), which can be solved by

() = )z (f) + /t/w ®(t — 7)Bu(r)dr

@

_ {Usm(t)/(ést)} (39)

UsFS (t)

where F4(t) and F'5(¢) is shown in (40) at the bottom of the next
page.
The current in load is

™

w [« Us
I,=— i(t)dt = ————F
71'/0 i) §2mwly °

where Fg is shown in (40).
According to (38) and (41), the value of ¢, 6, and G can be
derived by solving

(41)

Fy(r/w) =0
Fs(m/w) = —Geo (42)
F6 = 527TG/B

3) mw < t < (m+p)/w: During this stage, the waveforms
correspond to state 3 of Fig. 3, and u, remains constant because
there is no current flowing through Cs, thus x(7) can be described
with

2(t) = [0_ GcOUJ . 43)

4) (m+p)w <t < 27w/w: During this stage, the waveforms
correspond to state 2 of Fig. 3. The state-space equation of
the system can also be written as (25), same as stage 1 except
that m = 1. The deduction of the state equation is similar with
stage 1.

During the full cycle, i1,(#) can be derived as

0 € [0, p/w]
5ot Fult) p/w, T/w]

R : € (
system can be divided into four stages: in(t) = s (44)
1) 0<t</w: During this stage, the waveforms correspond 0 y € (m/w, (m + %02)/ «]
to state 3 of Fig. 3, and u.. is constant because there is no current 5wL (t— 7) € ((m+¢)/w,27/w].
flowing through C', thus According to (38), u,(f) can be written as
0
2(t) = {GCOUJ | G Ullsin(wt +0) — Geo] € [0,0/u]
) — GU, € (), m/u]
When 7 = p/w " Uslsin(wt + 0) + Geo] t € (m/w, (7 + ¢)/w]
—-GUs € ((m+¢)/w,2m/w].
LN _ _ . ’
Uy (5) =U, = Ussin(¢ + 0) — u.(0) . (38) (45)
Fi(t) = vycos(wt + 0) + dsin O sin(dwt) — v cos O cos(dwt) — G sin(dwt) — G sin(dwt)
(t) = Oysin(wt + ) — Jysin b cos(dwt) — 7 cos O sin(dwt) + G cos(dwt) — G + Geg cos(dwt)

= —07ycos(dm)sinf — §ysind — vy sin(dm) cos 6 + (G + Gg)(cos dm — 1)

7=5/(52—1)

(28)
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The coefficients in fundamental components of i7,(f) and u,.(f)
can be derived with

a; = UM (6, ¢,0)/(6mwLs)
bi = Usﬂg(é,cp,e)/(éwst) (46)
ay = Usllz(p,0)/(2m)
by = USH4(907 0, G)/(27T)
where
I, (3,¢,0) = [ Fu(t) cos(wt)dwt
_ 7?I<p Fy(t — I) cos(wt)dwt
153, ,0) = [ Fi(t) sin(wt)dwt
- T?LD Fy(t — T) sin(wt ) dwt )
II3(p,0) = 2psin @ + cos(2¢ + 6) — cos @
II4(p, 0, G) = 2¢p cos O + sin(2¢ + 0) + 3sin 6
—4sin(p + 6) + 8G.

Considering that a;, a,, < 0 (which will be discussed in the
Appendix), the real and imaginary part of the equivalent input
impedance of the rectifier can be derived, which is in same form
with (21).

Accordingly, Rrc._g and X,ec_g can be derived as

Brecs = A0 con(are o bt
—arc tan %)

= 5y R st o 2
—arc tan —Hﬁ(gfj, ’0();) )

(48)

By combining (40), (47), and (48), it can be deduced that
Rycc_p and X,c._g are only related to 6 and f3.

Besides, by assuming ¢ = 0, the critical condition between

CCM and DCM can be derived as
0 = d[esc(dm) + cot (o))
{ﬁ = /2 @

C. Overall Analysis of the Modeling of Secondary Side

Based on the modeling of secondary side in tuned and detuned
conditions in Sections III and IV, the parameters featuring the
models in CCM (@, G, and G.y) and DCM (¢, 6, and G) can
be derived, as shown in Fig. 6. The value of 6 [Fig. 6(a)],
ranging from —m to 7, decreases with the increase of both §
and (. Another noteworthy point is that when ¢ is large enough
(0 = 2, for example), the influence of 5 on 6 is very limited.
Also, the “zero curve” of 6 is perpendicular to the horizontal
axis at § = 1 in CCM (8 < 7/2) and leans to the field of §
< 1in DCM (B > 7/2), which indicates that the TDA method
can depict the DCM state more accurately compared with FHA
method which assumes 6 as zero in DCM. Fig. 6(b) shows the
value of Gy, which is negative for all the given § and 3. The
absolute value of G,y decreases with the increase of f3; for a
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Fig. 7. Relation of Ryec_g and Xyec_gwith 6 and . () Rrec_g(b) Xrec_g.

specific /3, it increases first and then decreases with the increase
of § and reaches the maximum value for a value of § larger than
1. The amplitude of G,y can be huge when ( is small and §
is close to 1, which should be avoided considering the voltage
stress on the capacitor. Fig. 6(c) shows the value of ¢ in DCM,
which increases with the increase of both § and /3. For a light load
(alarge f3), a large  means a deep DCM state, which transfers
little power and is adverse to the system. It is also noteworthy
that when f is small enough (1.6, for example), the influence of
0 on ¢ is very limited. Fig. 6(d) shows the value of G. The value
of G increases with /3; for a specific f3, it increases first and then
decreases with the increase of § and reaches the maximum value
for a value of § larger than 1 (5 > 0.5). According to the gain
larger or smaller than tuned condition, the figure is divided into
two parts: higher gain zone (shaded area) and lower gain zone.
In the higher gain zone, a detuned system outperforms the tuned
one.

The relation of Ryec_g and X;oc_g with § and 3 is depicted
in Fig. 7(a) and (b), which shows that R... 3 and X,.. g are
both proportional to 3. The influence of § on Ryec_s and Xyec_p

Iy
Fy(t

(t) = ycos(wt + 0) + (07 — 1) sin(p + 0) sin(dwt — dp) — v cos(p + 0) cos(dwt — dp)
) = dysin(wt + 0) + (1 — ) sin(p + 0) cos(dwt — dp) — v cos(p + 0) sin(dwt — dp) — G

(40)

Fs = —sin(p+60) — dysin€ + (1 — §v) sin(p + 6) cos(dm — dp) — v cos(p + ) sin(dr — dp)
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are very limited for a specific 5. When 3 > 1, however, it can
be noted that R... g decreases and X,.. g increases with the
increase of 9.

V. EFFICIENCY IMPROVEMENT OF IPT SYSTEM BY DETUNING
DESIGN OF THE SECONDARY SIDE

As is discussed in Section IV, the equivalent input impedance
of the rectifier will be influenced by 4, indicating that the reactive
components in the secondary side can be compensated. In this
chapter, the PTE improvement of the detuning in secondary side
will be analyzed quantitatively, and the parameters of the LCC
network will also be designed.

A. Compensation of the Reactive Components in the
Secondary Side by Designing of §

The input impedance of the secondary side (Zg..) can be
calculated with

Zsec == Rs + Rrec + ][(]— - 52)WLS + Xrec]~ (50)

The ratio of Xgec (the imaginary part of Zge.) with wL; is

Xsec_ﬂ =1- 52 + Xrec_ﬂ~ (5D

The relation of X g with d and 3 is shown in Fig. 8, which
shows that Xsc. g is mainly determined by ¢, and X turns from
an inductive impedance to a capacitive one with the increase of
0. A “zero curve” of Xsec g is drawn in Fig. 8, which implies
that for a specific value of 3, the value of ¢ can be designed to
compensate for the reactive components, we define this value of
0 as dopt. Also, the “zero curve” of Xge._g is drawn in the figure
of G-4, [ relation [Fig. 6(d)], showing that the output voltage
gain can be maximum by optimum design of §.

The relation of 5 and d is shown in Fig. 9. To facilitate the
optimum design of ¢, the curves in Fig. 9 are approximated with
curve fitting method. After curve fitting, the relation of d,p¢— /3
can be approximated as

Sopt & — 0.00082813° + 0.013543* — 0.082583°

+0.21698% — 0.083343 + 1.015. (52)
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m 3, (theoretical calculation)

8, (curve fitting)

Fig. 9. Relation of 8 with dopt.

TABEL I
PARAMETERS OF THE SYSTEM

Parameter Value
flkHz 50
UJvV 200
CJuF 150
C,/pF 200
R/Q 10-200
L,/uH 238.18
LJ/uH 129.46
Rip/Q 0.187
R;5/Q 0.123
M/pH 52.89

B. Analysis of PTE of the System
According to (5) and (7), the PTE of an IPT system is
1

T ﬁ(%RLPA1 + RpsAs) 69
where
Ay = B/G
N (54)
w=M/Ljs.

From (9), (16), (32), and (44), it can be derived that A; and
Ay can be determined by f3; considering that Ly, Ry p, and Ry g
are the intrinsic parameters of the system, we can conclude
that 7 can be determined by ;. and /3. Based on parameters in
Table I, the efficiency of the tuned system and detuned system
are calculated separately. For the detuned system, the value of
dopt for a specific § [calculated with (52)] is used in the process
of calculation. Fig. 10(a) and (b) shows the relation of the PTE
with ¢ and 3 in tuned and detuned conditions, separately. The
high PTE zone (where PTE > 90%) is labeled with shadow
both in Fig. 10(a) and (b), indicating that the detuning design
widens the range of high-PTE zone, especially for the large value
of 5. In Fig. 10(c), the ratio of PTE for detuned and tuned
system (7detuned/Mtuned) 18 depicted. In most circumstances,
Ndetuned/Mtuned = 1, showing that the PTE can be improved for a
wide range of ;2 and 5. When there is strong coupling among the
coupling coils (¢ > 0.4), the PTE of detuned and tuned system
are close; with the decrease of (i, Ndetuned/Mtuned 1S increased,
especially for the large value of 5. This phenomenon indicates
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Fig. 10. Comparison of Ngetuned and Ntuned. (a) PTE in tuned condition.
(b) PTE in detuned condition. (¢) Ndetuned/Mtuned.

that in the circumstance of misalignment, the advantage of
detuned design over tuned one can be more obvious.

C. Parameter Design of the LCC Network in the Primary Side
for Fixed Load

To verify the analysis of PTE in practice, the parameters of the
LCC network in the primary side should be determined based
on the tuned or detuned conditions of the secondary side.

According to (1), the key to design the parameters of LCC
network is to solve X, (the value of « can be designed based
on X,,, and will not be elaborated in this article). In this article,
we will discuss the designing of X, for fixed and variable load
separately.

For a constant load, the design of X, should follow the steps
as follows.

Step 1: Calculate Ury, with

URL =V Po_nRLN

where P, ,, is the nominal output power of the system and R,
is the nominal load.

Step 2: Calculate S with (14) and determine the operating mode
of the rectifier with (23) or (49): if 8 < «/2, the rectifier is in
CCM; if 8 > n/2, the rectifier is in DCM.

Step 3: Calculate Ug with

(55)

U, = G(URL+2Vd_f). (56)

The derivation of G depends on whether the secondary side is
in tuned or detuned condition and the operating mode of the
rectifier: if the secondary side is in tuned condition and the
rectifier is in CCM, G = 7/4; if the secondary side is in tuned
condition and the rectifier is in DCM, G can be calculated
by solving (18); if the secondary side is in detuned condition
and the rectifier is in CCM, G can be calculated by solving
(31); and if the secondary side is in detuned condition and the
rectifier is in DCM, G can be calculated by solving (42).
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Fig. 11.  Flowchart of parameter designing process with TSDM and DSDM.

Step 4. Calculate X, by combining (2) and (5), i.e.,

dwMUy
U
A flowchart of the designing process is shown in Fig. 11,
where “TSDM” means tuned secondary-side-based design

method, while “DSDM” means detuned secondary-side-based
design method.

X, = (57)

D. Parameter Design of the LCC Network in the Primary Side
for Variable Load (Taking Battery Charging as an Example)

As shown in Fig. 1, the charging profile of a battery usually
contains CC and CV stage, and the equivalent load varies with
the charging. A switch-controlled capacitor can be used to
change C; to fit for d,p¢. The controlling of C, can be realized
by utilizing a switched controlled capacitor [34], which is not
the main focus of this article, and will be studied in future.

To design X, of a WPT system for battery charging, the whole
charging process should be taken into consideration. Therefore,
the energy transfer efficiency (ETE) is defined as

t)dt / /t " Pty

where fy and ¢, are the starting and end time of the charging,
separately. P,(f) and Py, (7) are the output and input power of the
WPT system at time ¢, separately.

Another noteworthy point for battery charging is the control-
ling techniques in the secondary side. The equivalent output
impedance of the rectifier will be influenced by the dc—dc
converter. In this article, a buck converter [45] is taken as an
example.

n= (58)
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For a specific duty ratio D of the buck converter, the voltage
gain G can be derived as
G =U,/(DUy) (59)
where U, is the voltage of the battery.
The equivalent load of the battery is R}, and the equivalent
output impedance of the rectifier is
Ry = Ry /D2 (60)

According to the above analysis, X,, for battery charging can
be designed with the following steps.

Step 1: Discretize the battery charging profile by measuring or
simulating the charging process per time. Define the initial
value, maximum value, and optimum value of X, as X,, g,
Xpe, and X, op¢. Define the optimum ETE as ETE .. To
initialize the procedure, let X;, opt = X, 9, ETE 1nax = 0.

Step 2: Input the first group of battery charging data, including
Uy, I (charging current), and R;. Calculate R with (60),
where D is the initial value of the duty ratio.

Step 3: Calculate 5 with the same method for constant load.

Step 4: Calculate G, Us, and d,py With the same method for
constant load.

Step 5: Calculate G with (59), which may differ from the result
of step 4, thus define it as G’. Calculate the absolute value of
the difference between G and G, |G—G|.

Step 6: Update the value of D, and loop steps 3—5 until D
reaches its maximum value. After the loop, the minimum
value of |G—G’| can be obtained, and define it as |G—G’| in.
If |G—G’| min is larger than a specific value G;(0.01, for
example), denoting that the value of X, does not fit, and X,
will be updated and return to step 2.

Step 7: Calculate the PTE with (7), where P, can be derived
with P,= Ul I, can be calculated with (2), and I, can be
derived by (32) or (44).

Step 8: Update the battery charging data and loop steps 2—6 until
the last group of data.

Step 9: Calculate ETE with (58), and update ETE .« and X, opt
if the calculated ETE is larger than the old one.

Step 10: Update X,, and loop steps 2-8 until X,, reaches its
maximum value.

A flowchart of the designing process for battery charging is
shown in Fig. 12.

VI. SIMULATION AND EXPERIMENTAL VERIFICATION

To verify the proposed modeling and design method, simu-
lation and experiments are conducted based on parameters in
Table I. An experimental prototype is built as shown in Fig. 13,
the primary side coil is 20-turn with the size of 35 cm x 35 cm,
the secondary side coil is 13-turn with the size of 30 cm X
30 cm. Four IPW65R080 MOSFETs are used in the inverter and
two IXYS DSEI 2X101 diode modules comprise the rectifier, a
TI DSP TMS320F28335 is used as the controller.
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Fig. 14. Results of parameter design in simulation and experiments.

(a) Designed X, and dop¢. (b) Output power. (c) PTE.

A. Parameter Design for Fixed Load and Experimental
Verification

The parameters of LCC network in the primary side are
designed based on a fixed nominal load (R y) ranging from
10-200 2 and nominal power (P,,_,,) of 1000 W with TSDM and
DSDM, as shown in Fig. 14(a). As the figure shows, the value of
X, based on DSDM is slightly larger than that based on TSDM.
This can help to partly explain the neglection of the losses in
the compensation networks in (7). The value of . increases
with Ry, 5. Fig. 14(b) and (c) shows the output power and PTE of
the IPT system in the simulation and experiments, and the value
of load 10, 50, 100, and 200 2 were chosen in experiments
to simplify the verification. The output power [Fig. 14(b)] of
IPT system designed by DSDM is larger than that designed by
TSDM. Noted that the output power deviates from the nominal
power, no matter for DSDM or TSDM. The main reason is the
ignorance of the parasitic resistance of components in modeling
and designing of the system. The PTE [Fig. 14(c)] of the system
based on DSDM is larger than that of TSDM in the whole range
of load, and the gap increases with the load, which verifies the
analysis in Section V.

B. Verification of the Time-Domain Modeling With
Experimental Waveforms

Fig. 15 shows the waveforms of the input voltage and current
of the rectifier (Uyec, Irec) When LCC-S network is designed
with DSDM. When R,y = 10 and 50 €2 [Fig. 15(a) and (b)], the
rectifier is in CCM, and the theoretical waveforms feature the
experimental results very well. When Ry y = 100 €2 [Fig. 15(¢c)],
the rectifier is in DCM, and the theoretical waveforms also
feature the experimental results well. When Ry = 200 2
[Fig. 15(d)], the rectifier is in DCM, and there is a resonant
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Fig. 15.  Waveforms of Uyec and I1oc for DSDM. (a) R y= 10 Q. (b) RL,n=
50 Q. (¢) Rpy= 100 Q. (d) R, y= 200 Q.

superimposed on the waveform of U,, this is because a res-
onance takes place between Ly and the combination of C, and
the parasitic capacitance of the diodes [36]. In conclusion, the
theoretical waveforms feature the experimental results very well.

C. Performance Analysis in Condition of Misalignment and
Load Variation

To compare the performance of TSDM and DSDM in con-
dition of misalignment (the mutual inductance M and coupling
coefficient k£ with the misalignment distance is shown in Fig. 16)
and load variation, experiments are conducted both in state of
heavy (Ry, xy = 50 ) and light (Rz, y = 100 £2) nominal load, as
shown in Fig. 17. With the misaligned distance of the coupling
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coils increases from 0 to 14 cm, the output power of the IPT
system with heavy [Fig. 17(a)] and light load [Fig. 17(b)] both
decreases from 1000 W to less than 200 W, and there is hardly
difference between TSDM and DSDM. The PTE, however, is
quite different between TSDM and DSDM. With heavy load
[Fig. 17(a)], the PTE based on TSDM decreases to less than 80%,
while the PTE based on DSDM is higher than TSDM with the
misalignment distance increases. With light load [Fig. 17(b)],
the PTE based on DSDM is also higher than TSDM, and the
difference rises with the misalignment distance. The value of 3
for Rpn = 50 and 100 €2 are 1.233 and 2.467, separately, and
the PTE difference in the experiments agrees with the theoretical
analysis shown in Fig. 10(c).

In the load-variation experiments, the load of the system varies
from 0.8 to 1.2 times of the nominal load when the coils are fully
aligned. With heavy load [Fig. 17(c)], there is hardly difference
in the output power between TSDM and DSDM. The PTE of
DSDM is slightly lower than TSDM when R;/Ryy is lower
than 1, and is slightly higher than TSDM when R /R,y is higher
than 1. With light load [Fig. 17(d)], the output power and PTE
of DSDM is higher than that of TSDM when the load is lighter
than the nominal load, but the difference may be reverse with a

1015 20
Time(h)

Time(min)
(a) (b)
Fig.20. PTE for [46] and [47] with the optimum value of X,. (a) PTE for [46].
(b) PTE for [47].

heavier load. The PTE difference in the experiments agrees with
the theoretical analysis shown in Fig. 10(c), where the difference
of PTE increases with 3.

D. Parameter Design for Battery Load and Simulation
Verification

According to Section V-D, the parameter design for battery
load should be based on the battery charging profile. In this
article, however, the experimental setup for battery charging is
lack due to the limitation of the laboratory. Instead, the proposed
parameter design method is verified by using battery charging
profile in the literature. Fig. 18 shows the charging profile in [46]
and [47], respectively. It should be noted that the data shown in
Fig. 18 are based on the figures in the literature, and has little
difference with the original data, which will not influence the
results of parameter designing.

The parameters of LCC network are designed based on the
battery charging profile and other system parameters in [46] and
[47]. The relation of ETE with X, is shown in Fig. 19. Simulation
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TABEL II
COMPARISON OF SECONDARY-SIDE DESIGNING METHODS
Literature Compensation Designing Rectifier mode UPF in the Range of load Power rate PTE with fully
network method secondary aligned coils
side
[25] SS Detuning design CCM No Constant voltage 60 W =70%
[31] LCC-LCC Switched capacitor CCM No 5-50 Q 400 W Not mentioned
[32] SS Switched capacitor Not mentioned No Not mentioned 650 W 91.2%
[33] LCC-S Switched capacitor CCM No Fixed at 28.3 Q 700 W 86.9%
[48] LCC-TCN Switched capacitor CCM No Fixed at 28 Q Not mentioned Not mentioned
[26] LCC-LCC Detuning design CCM No Fixed at 40 Q 1 kW 91.73%—-95%
[43] LS-SL Dual shunt inductor CCM andDCM  Nearly UPF 43-300 Q 2.1 kW 86%—95.6%
[34] SS Switched capacitor CCM Nearly UPF Fixed at 54.8 Q 3.2 kW 95.68%—96.3%
Proposed LCC-S Detuning design and ccnpangpem UPF 50-200 @ 1 kW 87.7%-93.5%
switching capacitor
A C _ A= 7(changed C,) 0.0
L 800 - - -0.27
]
70 - -.l 092 g.g:
@ 'AA ..I- 1.4‘51 T 4090 070
= A wl 600 - 1058 -0.84
= u S < ’ 0.
6‘/’5 ] .I‘A AA l.t;e 535“0' A- 0.86Q -?-Zs A
o AAAAA 0] o. o8 0.60.8 1.0 1.2 1.4 1.6 1.8 2.0 0.6081.0121.41.61.820
P,(changed C,
T T T T 200 T T 0.80 (a) (b)
00 150 200 60 80 100 120 140 160 180 200
RL@) RL© o
(a) (b) 0,060
-0.090
\ 0.13
Fig. 21. Results of experiments with and without change of C,. (a) Cs 05

changing with dop¢. (b) Output power.

results agree with the theoretical values well, and in a specific
range, the ETE increases with X,,. However, when X, is larger
than the optimum value, the duty ratio of the buck converter
cannot meet the needs of output power, and such values of X,
should be given up. Finally, the optimum value of X,, for [46]
and [47] are 25.2 and 27.6 €2, respectively, and the highest ETE
in simulation are 95.1% and 89.6%, respectively.

With the optimum value of X,,, the scatter plot of PTE during
the whole charging procedure is shown in Fig. 20. The equivalent
load of the battery will be light when the charging enters CV
mode, thus leading the rectifier into DCM, and Cs will be
regulated to realize UPF. In the CC charging stage, the PTE
for fixed and variable C; are close; while in the CV charging
stage, the PTE for variable C, is obviously higher than that of
the fixed load.

E. Experimental Verification of the Variable Cg

To further verify the proposed parameter design method, the
value of C; is regulated according to d,p,, with the change of load
in the experiments. Based on a system (based on the prototype
in Fig. 13) of which the parameters are designed with DSDM for
R n =504, aload variation experiment is conducted. When the
load varies from 50 to 200 €2, the value of C; is changed based
on dopy, as shown in Fig. 21. The output power and PTE of the
system are compared with the system with a constant value of
C; (based on dopt for Ry = 50 Q). The output power and PTE
have been improved with the change of C;.

The proposed designing method in this article is compared
with the previous articles, as shown in Table II. Comparatively
speaking, the detuned design method in this article can realize

-0.23
-0.26

0.6081.0121.4 1.6 1.8 2.0
5

(©)

Fig. 22. Relation of a; and a,, with ¢ and 3. (a) a; in CCM. (b) a; in DCM.
(¢) a, in DCM.

UPF in a wide range of load, while keeping a relatively high
PTE and simple structure of the secondary side.

VIII. CONCLUSION

A detuning design method of the secondary side of an LCC-S
based IPT system is proposed in this article to improve the
PTE and realize UPF of the secondary side without adding any
components. The state-space equation in time domain of the
rectifier circuit both in CCM and DCM are analyzed, proving
that the equivalent input impedance of the rectifier is inductive.
By modeling of the detuned secondary side, it was found that the
PTE of a detuned system is higher than a tuned system in most
circumstances, especially when the coupling coils are highly
misaligned or there is a light load. The parameters of the LCC-S
network both for fixed and variable load are designed based
on the detuned secondary side. The proposed modeling and
designing method are verified with simulations and experiments.

APPENDIX

The value of a; in CCM of the rectifier is shown in Fig. 22(a),
from which it can be concluded that the sign of a; is negative. The
value of a; and a,, in DCM of the rectifier is shown in Fig. 22(b)
and (c), from which it can be concluded that the signs of a; and
a,, are both negative.
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