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Accurate Modeling, Design, and Load Estimation
of LCC-S Based WPT System With a

Wide Range of Load
Shufan Li , Fang Li , Rong Zhang, Chengxuan Tao , Member, IEEE, and Lifang Wang , Member, IEEE

Abstract—Modeling of the wireless power transfer (WPT) sys-
tem is the premise to design and control it. First harmonic analysis
(FHA) is a simple and effective method to model the WPT system,
but its accuracy may decrease with the variation of load in a wide
range. In this article, harmonics are analyzed in the primary side
of an LCC-S compensation network based WPT system, depicting
a waveform of the output current of the inverter much closer to
the real one compared with FHA-based model. In the secondary
side, the time-domain analysis is conducted both in continuous con-
duction mode and discontinuous conduction mode of the rectifier,
deriving an equivalent input impedance featuring the nonlinear
characteristics of the system. Based on the proposed model, the
parameters of the LCC network are designed, proving to tune
the ZVS condition better than the FHA-based method. Finally, the
load of the system is estimated, achieving a high accuracy (with
the estimating error less than 5%) in a wide range with a simple
sampling method.

Index Terms—Accurate modeling, load estimation, parameter
design, wireless power transfer (WPT).

I. INTRODUCTION

THE wireless power transfer [1], [2] (WPT) technology
are used to transfer power wirelessly through magnetic

coupling [3], electric coupling [4], or microwaves [5]. In the past
20 years, this technology has witnessed its great development
and wide utilization in electric vehicles [6], unmanned aerial
vehicles [7], medical devices [8], portable electronics [9], and
other industrial fields.
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Fig. 1. Charging process of a battery of EVs.

Recently, the focus of WPT is mainly on the improvement
of power transfer efficiency [10], misalignment of the coupling
coils [11], bidirectional/dynamic WPT [12], [13], topologies and
controlling of the system [14], [15], foreigner object detection
[16], and so on. For all the above topics, there is a common
premise—the modeling of the system, which has been studied
since the emerging of WPT technology. Coupled-mode [17],
S-parameters [18], equivalent circuit [19], and other theories
have been taken to model the WPT system, while the models
built based on different theories imply the same essence and can
be conversed and deduced by each other. Among the theories
mentioned above, equivalent circuit model depicts the WPT
system more clearly and can reflect the relations of parameters,
thus is favored by many researchers [20], [21], [22]. To simplify
the modeling and calculation, first harmonic analysis (FHAs)
are often used to model the equivalent circuit. For example, the
equivalent input impedance of the rectifier in the secondary side
are usually considered as a resistive impedance [23], which has
been proved inaccurate especially in the discontinuous conduc-
tion mode (DCM) of the rectifier [24].

DCM usually occurs when the load of the WPT system
deviates a lot from the nominal load [25]. A typical scenario is the
charging of battery for the EVs. As shown in Fig. 1, the charging
process of a battery of EVs usually contains constant current and
constant voltage (CV) stage [26], [27]. The equivalent load of
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the WPT system will increase with the voltage of battery [28].
In CV stage, the value of the equivalent load will be so large that
DCM of the rectifier may occur.

To model the WPT system more accurately, numerical so-
lutions of DCM are given in [25], which is simple but lacks
universality. Time-domain analysis (TDA) are taken in [29] and
[30], where nonlinear characteristics of the system caused by
semiconductor MOSFETs or diodes are considered, and the TDA
are proved to depict both fundamental and harmonics of the
waveforms and thereby improve the modeling accuracy. In [24],
both the primary and secondary side of an SS network based
WPT system are modeled with TDA, which are proved superior
to FHA. However, the TDA method will be very complicated to
apply to both sides of the WPT system, especially when there is
a high-order compensation network.

Accurate modeling makes it possible to estimate the load of
the system, which can help to monitor and control the power
transfer in the primary side without the use of communica-
tion. According to [31], the parameter estimation method is
divided into four categories including nonzero receiver reactance
method, energy injection method, reconfigurable circuit method,
and frequency sweeping method. With such methods, the high-
frequency voltage, current, or frequency itself are usually sam-
pled to calculate mutual inductance, load, or other parameters
of the system. No matter which method is taken, two points are
usually focused: sampling rate and estimation accuracy. Most
load estimating methods takes high sampling rate to sample the
high-frequency voltage or current in the primary side, which
occupies many computing resources of the controller and may
lower the controlling speed. The energy injection method is an
exception since it only samples the envelope of the transmitter
current [32]. However, the method is offline and is not applicable
to an operating system. There are also methods sampling the dc
input current of the system to simplify the sampling [33], the
accuracy of which is good in a specific range maintaining con-
tinuous conduction mode (CCM) of the rectifier, but doubtful in
DCM. The problem, in fact, involves the second focus mentioned
above, the load estimation accuracy in a wide range. The load
of the WPT system can change in a wide range (CV charging
for a battery, for example), the results of estimation may drift
in DCM if the estimation method is based on a CCM model.
DCM mode of the rectifier is considered in [34], of which the
load estimating error for DCM can be less than 2%, but the
error will increase when the load is in a critical state of CCM
and DCM.

In this article, the LCC-S based WPT system is modeled
accurately both in primary and secondary side. In the primary
side, harmonics of the output voltage and current of the inverter
are taken into consideration which highly improves the accuracy
of the modeling; in the secondary side, the input voltage and
current are modeled with TDA, thus deriving an equivalent input
impedance of the rectifier in the CCM and DCM, respectively.
Based on the above model, the parameters of the LCC compen-
sation network are designed. Besides, a load estimation method
based on the accurate model is proposed. Compared with the
previous article, the contribution of the article is to improve the
modeling accuracy of the WPT system with a wide range of

Fig. 2. Typical WPT system.

load, and meantime to improve the accuracy of load estimation
with a much easier sampling method.

II. WPT SYSTEM BASED ON LCC-S COMPENSATION

NETWORK

A WPT system is as Fig. 2 shows. LP and LS are self-
inductance of primary and secondary coil, respectively, among
which the mutual inductance is M, RLP and RLS are their
parasitic resistance. The full-bridge inverter contains four MOS-
FETs G1–G4, the output power of which will be tuned by the
compensation network Lf–Cf–Cp. The impedance of the three
arms of the compensation network should be equal, thus the
values of Lf, Cf, and Cp are⎧⎨

⎩
Lf = Xp/ω
Cf = 1/Xp/ω
Cp = 1/ω/(ωLp − αXp)

(1)

where Xp is the impedance of the three arms, and α is used to
realize the ZVS condition of the inverter, which will be discussed
later. The angular frequency ω = 2πf, while f is the switching
frequency of the inverter.

The amplitude of current in the primary side coil is

Ip =
4

πXp
Ud. (2)

The capacitor Cs is used to form a resonant network with Ls,
and it can be determined by

Cs = 1/ω2/Ls. (3)

The rectifier contains four diodes D1–D4, and a capacitor CL

works as a voltage filter followed by the load RL. If the harmonics
are neglected, the input impedance of the rectifier can be derived
as

Re =
8

π2
RL. (4)

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

Us = ωMIp. (5)

The output power can be derived as

Po =
ω2M2U2

d

X2
pRL

. (6)

The power transfer efficiency is

η =
Po

Po +
1
2I

2
pRLP + 1

2I
2
sRLS

(7)

where Is is the amplitude of current in the secondary side coil.
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III. ACCURATE MODELING OF THE WPT SYSTEM IN THE

PRIMARY SIDE

FHA method is an easy way to analyze the WPT system, but
it will lead to errors in conditions when accuracy is needed, for
example, in parameter estimation and controlling of the system.
Harmonics are taken into consideration in this article to model
the WPT system, improving the accuracy of modeling.

The output voltage waveform of the inverter is a square wave,
and it can be described by

uinv_n(t) =
4Ud

nπ
sin(nωt), n = 1, 3, 5 . . . . (8)

The phasor form of (8) is

Uinv_n =
4Ud

nπ
∠− 90◦, n = 1, 3, 5 . . . . (9)

The fundamental output impedance of the inverter is

Zinv_1 = jXp +
(−jXp).(jαXp + Zf )

j(α− 1)Xp + Zf
=

X2
p

j(α− 1)Xp + Zf

(10)
where Zf is the reflected impedance.

The fundamental component of the output current of inverter
can be calculated as

I inv_1 =
4Ud

πX2
p

√
R2

f +X2
f_p ∠

(
−90◦ + arctan

Xf_p

Rf

)
(11)

where

Xf_p = Xf + (α− 1)Xp (12)

and Rf and Xf are the real and imaginary part of Zf, respectively.
Thus, the time domain form of Iinv_1 is

iinv_1(t) =
4Ud

πX2
p

[Rf sin(ωt) +Xf_p cos(ωt)] . (13)

As for the harmonic component, only the Lf–Cf loop is consid-
ered because of the filtering characteristics of the LCC network
[35]. When Lf and Cf resonate at the operating frequency f, the
Lf–Cf loop is a low-pass filter to the high-frequency harmonics,
and

Zinv_n ≈ jnωLf +
1

jnωCf
= j

n2 − 1

n
Xp, n = 3, 5, 7 . . . .

(14)
The harmonic component of Iinv is

I inv_n ≈ 4Ud

(n2 − 1)πXp
∠− 180◦ , n = 3, 5, 7 . . .. (15)

The time-domain form of Iinv_n is

iinv_n(t) ≈ − 4Ud

(n2 − 1)πXp
cos(nωt), n = 3, 5, 7 . . .. (16)

According to (13) and (16), the output current of inverter can
be derived as

iinv(t) =
4Ud

πX2
p

[Rf sin(ωt) +Xf_p cos(ωt)]

Fig. 3. Waveforms of iinv.

−
∞∑

n=3,5,7

4Ud

(n2 − 1)πXp
cos(nωt). (17)

Fig. 3 shows the waveforms of iinv, it can be seen that (17)
can feature the simulated output current of inverter closely.

In the above analysis, the parasitic resistance of Lf, Cf, Cp,
and Lp are neglected. This simplification can be explained from
the view of power losses. According to (2), the amplitude of the
voltage on RLp can be derived by

URLP =
4UdRLP

πXp
. (18)

To improve the power transfer efficiency, the power losses
in the primary coil should be very small, therefore the value
of URLP should be very small. Considering that Ud can be
hundreds of volts, the ratio of RLP and Xp should be far less
than 1, which means RLP << Xp. The parasitic resistance of Lf,
Cf, and Cp are usually less than RLP. To conclude, the parasitic
resistance of the primary-side coil and compensation network
are extremely small compared with the inductive or capaci-
tive resistance with which they are in series, thus they can be
neglected.

IV. ACCURATE MODELING OF THE WPT SYSTEM IN THE

SECONDARY SIDE

Based on the state of the four diodes of the rectifier, the
operating modes of the secondary side of the WPT system can
be divided into three states (states 1, 2, and 3 shown in Fig. 4),
which will be analyzed in detail below.

A. Continuous Conduction Mode (CCM)

Fig. 5 shows the waveforms of the secondary side, where us
is the induced voltage of the secondary side, iL is the current in
Ls and Cs, uC is the voltage of Cs, and ur is the input voltage of
the rectifier. To analyze the waveforms, we first assume a phase
angle of us, i.e.,

us_a = Us sin(ωt+ θ). (19)
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Fig. 4. Operating modes of the secondary side of the WPT system. (a) State
1. (b) State 2. (c) State 3.

Fig. 5. Waveforms of the secondary side (CCM).

Next, the full cycle of the waveforms in Fig. 5 will be analyzed
in two parts separated by π/ω.

1) 0 < t≤ π/ω: During this half of the cycle, the waveforms
correspond to state 1 of Fig. 4. The state-space equation of the

system can be derived as

ẋ(t) = Ax(t) +Bu(t) (20a)

where

ẋ(t) =

[
iL(t)
uC(t)

]
, A =

[
0 − 1

Ls
1
Cs

0

]
, B =

[
1
Ls

m 1
Ls

0 0

]
,

u(t) =

[
Us sin(ωt+ θ)

Uo

]
, Uo = URL + 2Vd_f

(20b)
where URL is voltage of the load, Vd_f is the forward voltage of
the diodes, and m = −1.

Equation (20) can be solved by

x(t) = Φ(t)x(0) +

∫ t

0

Φ(t− τ)Bu(τ)dτ

=

⎡
⎢⎢⎣

Us

2ωLs
[ωt sin(ωt+ θ) + sinωt sin θ − 2G sinωt

−2Gc0 sinωt]
Us

2 [−ωt cos(ωt+ θ) + sinωt cos θ + 2G(cosωt− 1)
+2Gc0 cosωt]

⎤
⎥⎥⎦

(21)

where

Φ(t) =

[
cos(ωt) − 1

ωLs
sin(ωt)

ωLs sin(ωt) cos(ωt)

]
, x(0) =

[
0

uC(0)

]
(22)

and G and Gc0 are the ratio of Uo and Uc0 to Us, separately.
According to antisymmetry property [19]

x
(π
ω

)
= −x(0). (23)

By solving (23), it can be derived that{
θ = 0

G = Uo

Us
= π

4 .
(24)

The output voltage gain G is a constant, meaning that
LCC-S compensation network features a characteristic of CV
under CCM state of the rectifier.

By substituting (24) into (21), the input current of the rectifier
can be written as

iL(t) =
Us sin(ωt)

ωLs

(
1

2
ωt− π

4
−Gc0

)
. (25)

Thus, the current of the load is

Io =
ω

π

∫ π
ω

0

iL(t)dt =
Uo

RL
. (26)

According to (25) and (26), Gc0 can be calculated as

Gc0 = −π2ωLs

8RL
. (27)

Accordingly, the state variables are

x(t)=

⎡
⎣ Us sin(ωt)

ωLs

(
1
2ωt− π

4 +
π2ωLs

8RL

)
Us

[
1
2 sin(ωt)+(−1

2ωt+
π
4 − π2ωLs

8RL
) cos(ωt)− π

4

]
⎤
⎦ .

(28)
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2) π/ω < t < 2π/ω: During this half of the cycle, the wave-
forms correspond to state 2 of Fig. 4. The state-space equation
of the system can also be written as (20), 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.

During the full cycle, iL(t) can be derived as

iL(t) =

⎧⎨
⎩

Us sin(ωt)
ωLs

(
1
2ωt− π

4 + π2ωLs

8RL

)
t ∈ [0, π

ω ]

Us sin(ωt)
ωLs

(
1
2ωt− 3π

4 + π2ωLs

8RL

)
t ∈ (πω ,

2π
ω ].

(29)
As a square wave, ur(t) can be written as

ur(t) =

{
Uo t ∈ [0, π

ω ]−Uo t ∈ (πω ,
2π
ω ].

(30)

The fundamental components of iL and ur can be written as{
iL_1st = ai cosωt+ bi sinωt
ur_1st = au cosωt+ bu sinωt

(31)

where ai, bi, au, and bu can be derived with⎧⎪⎪⎪⎨
⎪⎪⎪⎩
ai =

ω
π

∫ 2π/ω

0 iL(t) cos(ωt)dt = − Us

4ωLs

bi =
ω
π

∫ 2π/ω

0 iL(t) sin(ωt)dt =
π2Us

8RL

au = ω
π

∫ 2π/ω

0 ur(t) cos(ωt)dt = 0

bu = ω
π

∫ 2π/ω

0 ur(t) sin(ωt)dt = Us.

(32)

Considering that ai < 0, the real and imaginary part of the
equivalent input impedance of the rectifier can be derived as⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Rrec =
√

a2
u+b2u

a2
i+b2i

cos[arctan bu
au

− (π − arctan bi
ai
)]

= 8π2RL/(π
4 + 4β2)

Xrec =
√

a2
u+b2u

a2
i+b2i

sin[arc tan bu
au

− (π − arc tan bi
ai
)]

= 16βRL/(π
4 + 4β2)

(33)

where

β = RL/ωLs. (34)

The both sides of equations in (33) can be divided by ωLs,
i.e., {

Rrec_β = 8π2β/(π4 + 4β2)
Xrec_β = 16β2/(π4 + 4β2)

(35)

where Rrec_β and Xrec_β are the ratio of Rrec and Xrec to ωLs,
separately.

B. Discontinuous Conduction Mode (DCM)

When the value of load is large enough, the rectifier will enter
DCM, the reason of which is elaborated in the Appendix.

Fig. 6 shows the waveforms of us, iL, uC, and ur in the DCM
mode of the rectifier, the discontinuous angle of iL is ϕ.

Depending on the state of iL, the operating modes of the
system can be divided into four states:

1) 0< t≤ϕ/ω: During this state, the waveforms correspond
to state 3 of Fig. 4, and uc remains constant because there is no
current flowing through Cs, thus

x(t) =

[
0

uc(0)

]
. (36)

Fig. 6. Waveforms of the secondary side (DCM).

When t = ϕ/ω,

ur

(ϕ
ω

)
= Uo = Us sin(ϕ+ θ)− uc(0). (37)

2) ϕ/ω < t ≤ π/ω: During this state, the waveforms corre-
spond to state 1 of Fig. 4, and the state-space equation is

ẋ(t) = Ax(t) +Bu(t) (38a)

where

ẋ(t) =

[
iL(t)
uC(t)

]
,A =

[
0 − 1

Ls
1
Cs

0

]
,B =

[
1
Ls

m 1
Ls

0 0

]
,

u(t) =

[
Us sin(ωt+ θ)

Uo

]
, Uo = URL + 2Vd_f .

(38b)
Equation (38) can be solved by

x(t) = Φ(t)x(ϕω ) +
∫ t

ϕ
ω
Φ(t− τ)Bu(τ)dτ

=

⎡
⎣ Us

2ωLs
[(ωt−ϕ) sin(ωt+θ)−sin(ϕ+θ) sin(ωt−ϕ)]

Us[
3
4 sin(ωt+ θ)− 1

4 sin(ωt− θ − 2ϕ)
− 1

2 (ωt− ϕ) cos(ωt+ θ)−G]

⎤
⎦ .

(39)
According to antisymmetry property, (23) also suits for DCM,

thus it can be derived that{
cos(2ϕ+ θ) + 2(ϕπ) sin θ − cos θ = 0
2(πϕ) cos θ − 3 sin θ − sin(2ϕ+ θ) + 4 sin(ϕ+ θ) = 8G.

(40)
3) π/ω < t ≤ (π+ϕ)/ω: During this state, the waveforms

correspond to state 3 of Fig. 4, and uc remains constant because
there is no current flowing through Cs, thus

x(t) =

[
0

−uc(0)

]
. (41)

4) (π + ϕ)/ω< t ≤ 2π/ω: During this state, the waveforms
correspond to state 1 of Fig. 4. The state-space equation of the
system can also be written as (30), same as state 1 except that
m = 1. The deduction of the state equation is similar with state
2.

During the full cycle, iL(t) can be derived as

iL(t) =
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Fig. 7. Relation of ϕ, θ, and G with β.

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

0 t ∈ [0, ϕ
ω ]

Us

2ωLs
[(ωt− ϕ) sin(ωt+ θ)

− sin(ϕ+ θ) sin(ωt− ϕ)] t ∈ (ϕω ,
π
ω ]

0 t ∈ (πω ,
ϕ+π
ω ]

Us

2ωLs
[(ωt− ϕ− π) sin(ωt+ θ)

− sin(ϕ+ θ) sin(ωt− ϕ)] t ∈ (ϕ+π
ω , 2π

ω ].

(42)

According to (26) and (42), it can be deduced that

β [2(π−ϕ) cos θ−3 sin θ−sin(2ϕ+θ)−4 sin(ϕ+θ)]=4πG.
(43)

By combining (40) and (43), it can be found that the values
of ϕ, θ, and G are only related to β. The three equations in
(40) and (43) can be solved with mathematical calculation tools
(MATLAB, for example), and before the calculation, the range
of variables should be defined as −π ≤ θ ≤ π; 0 ≤ ϕ ≤ π; G
> 0. The results of calculation are shown in Fig. 7. θ decreases
from 0 with the increase of β, while ϕ increases from 0 with
the increase of β. G increases from π/4 with the increase of β,
signifying that the output voltage will be larger than the nominal
voltage if there is no any controlling.

Assuming ϕ = 0, the critical condition of CCM and DCM
can be derived as {

θ = 0
β = π

2 .
(44)

ur(t) can be easily calculated by combining Fig. 6 and (37)

ur(t) =

⎧⎪⎪⎨
⎪⎪⎩

Us[sin(ωt+ θ)− sin(ϕ+ θ) +G t ∈ [0, ϕ
ω ]

GUs t ∈ (ϕω ,
π
ω ]

Us[sin(ωt+ θ) + sin(ϕ+ θ)−G] t ∈ (πω ,
π+ϕ
ω ]

−GUs t ∈ (π+ϕ
ω , 2π

ω ].
(45)

The fundamental components of iL and ur can also be written
as (31), the same as CCM, but the values of ai, bi, au, and bu
are different, which can be derived as⎧⎪⎪⎪⎨

⎪⎪⎪⎩
ai =

ω
π

∫ 2π/ω

0 iL(t) cos(ωt)dt = Us

8πωLs
F1(ϕ, θ)

bi =
ω
π

∫ 2π/ω

0 iL(t) sin(ωt)dt = Us

4πωLs
F2(ϕ, θ)

au = ω
π

∫ 2π/ω

0 ur(t) cos(ωt)dt =Us sin θ

bu = ω
π

∫ 2π/ω

0 ur(t) sin(ωt)dt =Us cos θ

(46)

Fig. 8. Relation of Rrec_β and Xrec_β with β.

where⎧⎪⎪⎨
⎪⎪⎩
F1(ϕ, θ) = (1 + 2π2 + 2ϕ2 − 4πϕ) sin θ + 2(ϕ− π)

× cos(2ϕ+ θ)− sin(2ϕ+ θ)
F2(ϕ, θ)=(π2+ϕ2−2πϕ−1) cos θ+cos(2ϕ+θ)+(ϕ− π)

× sin(2ϕ+ θ) + (ϕ− π) sin θ.
(47)

Considering that ai, au < 0 (which will be discussed in the
Appendix), the equivalent input impedance of the rectifier is⎧⎨
⎩
Rrec =

√
a2
u+b2u

a2
i+b2i

cos[(π − acr tan bu
au

)− (π − acr tan bi
ai
)]

Xrec =
√

a2
u+b2u

a2
i+b2i

sin[(π − acr tan bu
au

)− (π − acr tan bi
ai
)].

(48)
Accordingly, Rrec_β and Xrec_β can be derived as⎧⎨

⎩
Rrec_β = 8π[sin θF1(ϕ,θ)+2cos θF2(ϕ,θ)]√

F1(ϕ,θ)2+4F2(ϕ,θ)2

Xrec_β = 8π[− cos θF1(ϕ,θ)+2 sin θF2(ϕ,θ)]√
F1(ϕ,θ)2+4F2(ϕ,θ)2

.
(49)

It can be concluded from (49) that Rrec_β and Xrec_β are only
related to ϕ and θ, which means they are only related to β. Fig. 8
shows the relation of Rrec_β and Xrec_β with β. The equivalent
resistance of the rectifier based on FHA method is also shown
in Fig. 8, where Rrec_β_FHA = 8β/π2. In CCM of the rectifier,
Rrec_β is close to Rrec_β_FHA, and the value of Xrec_β is small,
it is reasonable to use FHA to model the system approximately.
However, in DCM of the rectifier, the gap between Rrec_β and
Rrec_β_FHA increases with β, and Xrec_β also rises with β and
cannot be neglected. Therefore, it is necessary to model the
system with TD method in DCM of the rectifier.

In the above analysis, the parasitic resistance of Ls, Cs, and
the diodes in the rectifier are neglected. This simplification can
be explained from the view of power losses. As we can see from
Fig. 4, the parasitic resistance of Ls, Cs, and the diodes are in
series with RL when the circuit is in continuous mode (state
1 and state 2). Thus, the parasitic resistance should be far less
than RL to guarantee the power transfer efficiency. Although a
small value of RL can influence the modeling accuracy of the
system, such circumstances should be avoided in the first place
considering the power losses of the parasitic resistance.
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V. DESIGN OF THE COMPENSATION NETWORK

IN PRIMARY SIDE

According to (1), the key to design parameters of LCC net-
work in the primary side is to solve Xp and α. As is mentioned
above, Xp is the impedance of the three arms of LCC network,
and α is a factor used to realize ZVS. By changing α, the
equivalent output impedance of the inverter is tuned, changing
the turn-OFF current (Ioff) of the MOSFETs without effect on the
constant-current characteristics of LCC network. The minimum
turn-OFF current to maintain ZVS can be calculated by [25]

Ioff_min = −2UdCoss

td
(50)

where Coss is the drain-source junction capacitance of the MOS-
FETs and td is the dead time of the inverter.

The parameters of LCC network will be designed with FHA
and TD method separately below.

A. FHA Method

1) Xp: With FHA method, Xp can be easily determined by
the nominal output power Po_n and nominal load RLN

Xp =
ωMUd√
Po_nRLN

. (51)

2) α: The turn-OFF current can be calculated at time 0, which
is

Iinv_1(0) =
4Ud

πX2
p

[Xf + (α− 1)Xp]. (52)

Considering that the equivalent impedance of the secondary
side is resistant, it can be deduced that Xf = 0; besides, the
turn-OFF current should be equal to Ioff_min because that a
larger value will lead to more conduction losses of the MOSFETs.
Therefore,

α = 1 +
πXpIoff_min

4Ud
. (53)

B. TD Method

1) Xp: With TD method, the design of Xp should follow the
steps as follows:

Step 1: Calculate URL with

URL =
√

Po_nRLN. (54)

Step 2: Calculate β with (34) and determine the operating mode
of the rectifier with (44): if β < π/2, the rectifier is in CCM;
if β ≥ π/2, the rectifier is in DCM.

Step 3: Calculate Us with

Us = G(URL + 2Vd_f ). (55)

The derivation of G depends on the operating mode of the
rectifier: if the rectifier is in CCM, G = π/4; if the rectifier is
in DCM, G can be determined by solving (40) and (43) with
mathematical calculation tools.

Fig. 9. Flowchart of the designing process for Xp and α with TD method.

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

Xp =
4ωMUd

πUs
. (56)

2) α: According to (13), the turn-OFF current can be derived
as

iinv(0) =
4Ud

πXp

(
Xf

Xp
+ α− 5

4

)
. (57)

Thus, α can be calculated as

α =
πXpIoff_min

4Ud
+

5

4
− Xf

Xp
. (58)

As for Xf, it can be derived by

Xf = Im

{
ω2M2

RLS + ωLs

(
Rrec_β + jXrec_β

)
}

(59)

where Rrec_β and Xrec_β can be calculated with (35) or (49),
depending on the operating mode of the rectifier.

A flowchart of the designing process is showing in Fig. 9.
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VI. ESTIMATION OF THE LOAD

To estimate the load of WPT system from the primary side,
the reflected impedance Zf is needed to be known. The voltage
and current of the primary-side coil is measured in literature to
calculate Zf, which takes high sampling rates considering the
high frequency of the power transfer. In this article, instead, Zf

is calculated in a simpler way.
As shown in (17), the output current of inverter iinv is related

with Rf, Xf, and time t. At time 0, iinv is the turn-OFF current of
the MOSFETs, which is shown in (57); at time π/2ω (quarter of
the cycle), iinv can be derived as

iinv

( π

2ω

)
=

4UdRf

πX2
p

. (60)

To measure iinv(0) and iinv(π/2ω), the output voltage uinv
should also be measured as a reference. The detailed process is
as follows:

1) The rising edge of uinv is detected, the time is recorded as
t0, and the current through Lf at t0 is sampled as iinv(0).

2) Time is counted from t0 to π/2ω, and the current through
Lf at time π/2ω is sampled as iinv(π/2ω).

With this method, the sampling rate is much more reduced,
and the complexity of calculation is also lowered.

Assume that

λ =
πX2

p

4Ud
. (61)

It can be derived that{
Rf = λiinv(

π
2ω )

Xf = λiinv(0) + ( 54 − α)Xp.
(62)

Once Zf is known, the input impedance of the rectifier, Zrec

can be calculated by

Zrec =
ω2M2

Rf −RLP + jXf
−RLS. (63)

According to (35) and (49), Rrec_β and Xrec_β are only related
to β (whether in CCM or DCM), and it can be seen in Fig. 8
that the Rrec_β−β and Xrec_β−β curves are both monotonous
and can be used to estimate RL. To facilitate the estimation, the
curves in Fig. 8 are approximated with curve fitting method (as
shown in Fig. 10) and we choose Rrec_β to estimate RL. After
curve fitting, the relation of Rrec_β−β can be approximated as

β ≈ − 0.0008722R5
rec_β + 0.01633R4

rec_β − 0.1187R3
rec_β

+ 0.4305R2
rec_β + 0.9803Rrec_β + 0.02998. (64)

In this article, the mutual inductance of the coupling coils M
is measured before the estimation as a preknown parameter. In
practice, the coupling coils can be misaligned and the mutual
inductance will change, which will influence the accuracy of
the estimation. In the previous articles, there are estimation of
both mutual inductance and load [31], [34]. However, if the load
varies in a large range, the estimation may face the two-solution
problem [33], [34]. Therefore, the proposed load estimation
method can be deemed as a phasic study and we will try to

Fig. 10. Curving fitting of Rrec_β−β and Xrec_β−β.

TABLE I
PARAMETERS OF THE SYSTEM

Fig. 11. Built experimental prototype.

solve the two-solution problem in the future article to estimate
both the mutual inductance and load.

VII. SIMULATION AND EXPERIMENTAL VERIFICATION

To verify the proposed analysis, design, and load estimation
method, simulation and experiments are conducted based on
parameters in Table I. An experimental prototype is built as
shown in Fig. 11, the primary-side coil is 20-turn with the size
of 35 cm× 35 cm and the secondary-side coil is 13-turn with the
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Fig. 12. Results of parameter design, simulation, and experiments. (a) De-
signed Xp and α. (b) Output power. (c) Power transfer efficiency. (d) Turn-OFF

current.

size of 30 cm × 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.

A. Parameter Design

The parameters of LCC network in the primary side are
designed based on nominal load (RLN) of 10–200 Ω with FHA
and TD method, as shown in Fig. 12(a). As the figure shows, the
values of Xp designed by FHA and TD method are very close,
while the values of α are significantly different.

Fig. 12(b)–(d) shows the output power, efficiency, and turn-
OFF current of the WPT system in the simulation and experi-
ments, where the value of load 10, 50, 100, and 200 Ω were
chosen to simplify the verification. The output power [Fig. 12(b)]
of WPT system designed by TD method is more stable compared
with that designed by FHA method, which reflects the difference
of modeling accuracy between the two methods. Noted that
the output power deviates from the nominal power, no matter
for FHA method or TD method. The main reason is the ig-
norance of the parasitic resistance of components in modeling
and designing of the system. The output power seems to rise
with the increase of nominal load because the current flowing
through the electronic components in large-nominal-load system
is smaller than that in the smaller-nominal-load system, leading
to less power losses. The transfer efficiency [Fig. 12(c)] curves
of the two methods are very close, no matter in simulation or
experiments. The turn-OFF current [Fig. 12(d)], determined by
α, are quite different: for TD method, it can be close to the target
value (−2.5 A); for FHA method, it can deviate from the target
value with the increase of load. Although the turn-OFF current
of FHA method also meets the need of ZVS, its large value for
light load can cause more switching losses.

B. Verification of the TD Modeling

Fig. 13 shows the waveforms of the output voltage, current
of the inverter (Uinv, Iinv) and the input voltage, and current of

Fig. 13. Waveforms of Uinv, Iinv, Urec, and Irec. (a) RLN = 10 Ω.
(b) RLN = 50 Ω. (c) RLN = 100 Ω. (d) RLN = 200 Ω.
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Fig. 14. Filtered waveform of Urec (RLN = 200 Ω).

the rectifier (Urec, Irec) in CCM and DCM. To verify the accu-
racy of TDA, the waveforms based on FHA and time-domain
modeling (TDM) are also depicted in the figure. When RLN

= 10 Ω [Fig. 13(a)], the rectifier is in CCM, both FHA and
TDM feature the experimental results very well. When RLN

= 50 Ω [Fig. 13(b)], the rectifier is still in CCM, the TDM
shows high accuracy, while slight errors occur with FHA. When
RLN = 100 Ω [Fig. 13(c)], the rectifier is in DCM, the TDM
also features the experimental results well, while obvious errors
occur with FHA. When RLN = 200 Ω [Fig. 13(d)], the rectifier
is in DCM, there is a resonant superimposed on the waveform of
Urec, this is because a resonance takes place between Ls and the
combination of Cs and the parasitic capacitance of the diodes
[24]. Although the TDM does not depict such phenomenon, it
shows much higher accuracy than the FHA in depicting Iinv and
Irec. Besides, the mismatch between TDM and the experimental
results will not affect the accuracy of the parameter designing,
because the process hardly transfers active power to the load,
but to the parasitic resistance of Ls, Cs, and the diodes instead.
This conclusion can be verified by 1) the output power for RLN

= 200 Ω in Fig. 12(b) is close to the nominal power (1000 W);
and 2) the waveform of Iinv in Fig. 13(d) is very close to the
experimental one, proving the high accuracy of the modeling in
the primary side, which is based on the TDM of the secondary
side.

The experimental waveform of Urec is processed with average
filter, as shown in Fig. 14. The filtered waveform is close to the
theoretical one. In conclusion, the TDM features the experimen-
tal results very well.

C. Load Estimation

To verify the proposed load estimation method, experiments
are conducted both in state of heavy (RLN = 50 Ω) and light
(RLN = 100 Ω) nominal load, and the results of load estimation
with TD method are compared with the FHA method. It should
be noted that the load estimation with FHA method is same with
TD method when calculating Zf, but different in the estimation of
Zrec; the intention for the former is to simplify the experiments,

Fig. 15. Results of load estimation. (a) Zf (RLN = 50 Ω). (b) Zrec (RLN =
50 Ω). (c) RLe (RLN = 50 Ω). (d) Zf (RLN = 100 Ω). (e) Zrec (RLN = 100 Ω).
(f) RLe (RLN = 100 Ω).

and the reason for the latter is a resistive Zrec with FHA method
will make much difference compared with TD method.

1) Heavy Nominal Load (RLN = 50 Ω): The load of the
system varies from 50 Ω (heavier load will lead to higher
power which will exceed the designed capacity) to 200 Ω and
will be estimated with TD and FHA method, respectively. In
Fig. 15(a) and (b), the estimated Zf and Zrec calculated with
TD method are compared with the experimental value. It can
be seen that the amplitude of Zrec is in reverse ratio with Zf,
and the estimation errors will be superposed with the process of
calculation. The estimation of RL both in TD and FHA method
are compared in Fig. 15(c), both the estimated loads are smaller
than the real value, while the accuracy of TD method is within
5%, which is better than the FHA method in the whole range
of load.

2) Light Nominal Load (RLN = 100 Ω): The load of the
system varies from 100 to 200 Ω and will be estimated with
TD and FHA method, respectively. In Fig. 15(d) and (e), the
estimated Zf and Zrec calculated with TD method are compared
with the experimental value. Similar with what happened when
the nominal load is 50Ω, the estimation errors will be superposed
with the process of calculation. The estimation of RL both in
TD and FHA method are compared in Fig. 15(f), the accuracy
of TD method is within 5%, which is much better than the FHA
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TABLE II
COMPARISON OF LOAD ESTIMATION METHODS

method in the whole range of load. The load estimation method
is compared with the other method proposed in the literature,
as shown in Table II. Among the listed methods, the proposed
one in this article takes harmonics in the primary and secondary
side in consideration, estimating the load in a wide range with
a low-complexity sampling method to achieve a relatively high
estimating accuracy.

VIII. CONCLUSION

Based on LCC-S compensation network, the WPT system is
accurately modeled in this article to design the parameters in
the network, and the load is estimated with a simple sampling
method. The harmonics in the output current of the inverter is
calculated, and the state-space equation in time domain of the
rectifier both in CCM and DCM are analyzed, proving that the
equivalent input impedance of the rectifier is inductive, which is
more accurate than the FHA-based resistive model, especially
in DCM. Based on the proposed model, the parameters of the
LCC network are designed. Compared with the FHA-based
designing method, the improvement of the proposed method
is mainly the accurate tuning of turn-OFF current of the MOSFETs
in the inverter. To estimate the load of the system, the output
current of the inverter at time of zero and quarter-cycle from
the rising edge of zero crossing point of the output voltage
are sampled to calculate the reflected impedance. The proposed
method reduces the sampling rate and lowers the complexity
of calculation, estimating the load in a wide range within error
of 5%. Although the characteristics of the harmonics can also
be depicted with simulation tools, a main contribution of this
article is to reveal the inherent operation principles of the system,
such as the mathematical expressions of the output current
of the inverter and input current of the rectifier, the critical
condition of CCM and DCM of the rectifier, and the relation
of Zf with the output current of the inverter. All the principles
above can facilitate the analysis, design, and parameter esti-
mation of the system, which cannot be derived directly by the
simulation.

APPENDIX

A. Discussion About DCM of the Rectifier

When the load is large enough, the rectifier cannot retain
CCM, the reason can be explained with proof by contradiction
as follows.

Fig. 16. Relation of F1(ϕ, θ) and β.

Assuming that the rectifier operates in CCM when β is higher
than π/2, the current in Ls at time t0+ (a positive value infinitely
approaching to 0) can be derived according to (25)

iL(t0+) =
Us sin(ωt0+)

ωLs

(
1

2
ωt0+ − π

4
+

π2

8β

)
. (A1)

Considering that sin(ωt0+) > 0 and ωt0+ are infinitely ap-
proaching to 0, the sign of iL(t0+) determines on the sign of
(−π/4 + π2/8/β). Therefore, when β > π/2, the sign of iL(t0+)
will be negative, which conflicts with Fig. 5. In fact, when β >
π/2, iL(t) will be zero until us(t) is large enough to conduct the
diodes in the rectifier. In other words, the rectifier will operate
in DCM when β is higher than π/2.

B. Sign of au and ai in DCM of the Rectifier

The value of au and ai in DCM of the rectifier is shown in (46),
and the sign of them will be discussed separately as follows.

1) Sign of au: From Fig. 7, it can be concluded that the value
range of θ in DCM is −π < θ < 0; hence, we have sinθ < 0.
Therefore, the sign of au is negative.

2) Sign of ai: According to (40) and (43), F1(ϕ, θ) can be
calculated with β, as shown in Fig. 16, based on which it can
be derived that F1(ϕ, θ)< 0. The sign of ai is determined by
F1(ϕ, θ) and it is also negative.
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