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Abstract—In inductive power transfer (IPT) systems, zero-
voltage-switching (ZVS) operation within wide power range is
an urgent requirement to improve system efficiency and reduce
electromagnetic interference. The combination of phase shift (PS)
control and variable frequency control is usually adopted to realize
ZVS operation. However, in inductor-capacitor-capacitor-series
(LCC-S) systems, the abovementioned hybrid strategy cannot be
used directly due to nonnegligible harmonics, which result in de-
tection difficulties or imprecise calculation of turn-OFF current.
To solve this problem, this article proposes an optimal variable
frequency phase shift (VFPS) control strategy for LCC-S systems
to realize ZVS operation within wide power range. The universal
harmonic-considered time-domain model of LCC-S system is de-
duced, and thus, the switching-moment current of power switches
can be calculated accurately. Based on this value, an optimal
working trajectory for ZVS operation with minimum frequency
variation is presented. Finally, a 2.2-kW IPT prototype is built up
to verify the universality of the deduced model and the validity of
the proposed optimal VFPS control. Compared with PS control and
the VFPS control based on fundamental-harmonic-approximation
method, the systems realizes ZVS operation under wide power
range with efficiency increase of 2.6%–6.9% and 0.8%–8.8%,
respectively, and a peak efficiency of 96.4% is achieved.

Index Terms—Inductive power transfer (IPT), zero-voltage-
switching (ZVS), wide power range, variable frequency phase shift
(VFPS), time domain model.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) technology is gaining
more and more attentions due to its convenience and safety

in recent years, and it is widely applied in biomedical implants
[1], [2], consumer electronics [3]–[6], underwater loads [7]–[9],
electrical vehicles [10]–[15], etc.
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In IPT systems, the power range needs to be wide enough
for different working conditions. During the process of power
regulation, zero-voltage-switching (ZVS) operation is necessary
for improving system efficiency [16], [17] and reducing electro-
magnetic interference [18], [19]. Thus, the ZVS operation within
wide power range is required.

So far, numerous control strategies of full-bridge (F-B) invert-
ers in IPT systems have been studied to transfer power efficiently,
which can be divided into following four major types.

1) Variable pulsewidth control, including symmetrical
pulsewidth control such as phase shift (PS) control [20],
[21], asymmetrical pulsewidth control such as asymmetri-
cal duty-cycle (ADC) control [22], [23], and asymmetrical
voltage cancellation (AVC) control [24], [25], adjusts the
pulsewidth of the F-B inverter to control output voltage or
power. However, when only adopting variable pulsewidth
control, IPT systems cannot achieve ZVS operation with
large variations of load resistance or output power [25],
which results in large voltage spikes in the output voltage
of the inverter and leads to a low efficiency.

2) Variable frequency (VF) control [26], [27], adjusts the
switching frequency of the F-B inverter according to
output power. However, in IPT systems, a wide range of
frequency variation will result in poor transfer efficiency
and wide noise spectrum especially in light load condition
[28].

3) Pulse density control [29], [30] repeats alternate run and
stop to adjust the average output power. A traditional
pulse density modulation was used in [29] to achieve ZVS
and zero-current switching. However, this method causes
severe output current fluctuation.

4) VF variable pulse-width control [18], [28], [31]–[33],
especially variable frequency phase shift (VFPS) control,
features with two degrees of freedom (DOF), i.e., the PS
angle and the switching frequency. The PS angle is used
to regulate the output voltage or power, and the switching
frequency is used to realize ZVS operation within wide
power range. Thus, compared with other three methods
mentioned above, it is common and practical.

Recently, several research works have been conducted on the
VFPS control, and the obtainment of the turn-OFF current is
the key topic since it directly relates to the ZVS condition. For
simple compensation topologies such as series–series topology,
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the turn-OFF current can be obtained easily by detection or
calculation, then the switching frequency of the F-B inverter
is adjusted to realize ZVS operation. In [18], an enhanced phase
detection methodology was proposed to measure the phase of
turn-OFF current, and based on it, an optimal operation frequency
range was put forward in [28]. The multiple harmonics analysis
(MHA) was developed in [31], where the turn-OFF current ex-
pression of power switches was acquired, and new phenomena in
ZVS and voltage gain were discovered consequently. Moreover,
the pulsewidth modulation phase-locked-loop control strategy
was proposed in [32] to achieve output voltage control and ZVS
operation at the same time.

However, for complicated compensation topologies, espe-
cially the multiple resonant component network inductor-
capacitor-capacitor-series (LCC-S) topology that is commonly
used due to the constant current characteristic in primary coil,
the turn-OFF current of the F-B inverter contains numerous har-
monics, which increases the detection difficulty and calculation
complexity. More specifically, for detection, Kim et al. [10]
proposed a zero phase angle tracking and PS control to cor-
respond the output voltage increment caused by high coupling
coefficient. However, the detection issues such as detection error
and multiple zero crossing points of turn-OFF current under light
load increased its implementation difficulty. For calculation, the
harmonic influence on the instantaneous turn-OFF current should
be considered for precise results [34]. The MHA in [31] cannot
be used directly in LCC-S topology, because the time-domain
expression of turn-OFF current contains infinite items, which
leads to the difficulty of calculating the turn-OFF current. Zhang
et al. [34] proposed a closed-form expression of turn-OFF current
in double-side LCC compensation topology for bidirectional IPT
system, and based on it, the instantaneous current at switch-
ing moments can be calculated accurately. However, the time-
domain model proposed in [34] and [35] was not universal and
cannot be applied in variable-frequency control. Generally, there
is no universal time-domain and closed-form model of LCC-S
topology, which is necessary for different control strategies.

To realize ZVS operation within wide power range, an optimal
VFPS control strategy suitable for the widely used LCC-S IPT
system is proposed for the first time. The main contributions of
this article are as follows.

1) The harmonic-considered universal time-domain model
of LCC-S topology is proposed for the first time, and the
closed-form expression of MOSFET current is also derived,
which can be used to obtain the key turn-OFF current
accurately and is suitable for both variable width control
and VF control.

2) With the calculated turn-OFF current, the optimal VFPS
control strategy applied on LCC-S IPT system is proposed,
with which the ZVS operation can be realized within
wide power range. In addition, the frequency deviation
(between the switching frequency and resonant frequency)
is minimum, which ensures high efficiency of the inverter
and the resonant tank. This strategy is universal in LCC-S
IPT system.

The rest of this article is organized as follows. In Section II,
the impedance characteristics of LCC-S topology under the Nth

Fig. 1. LCC-S compensated IPT topology.

harmonic are analyzed. In Section III, the harmonic-considered
universal time-domain model is deduced, and the closed-form
expression of instantaneous turn-OFF current is obtained. In
Section IV, the optimal VFPS control strategy is put forward to
realize ZVS operation within wide power range. In Section V, a
2.2-kW IPT prototype is built up to verify the universality of the
deduced model and the validity of the proposed control strategy,
and the conclusion is given in Section VI.

II. IMPEDANCE CHARACTERISTICS OF LCC-S TOPOLOGY

UNDER THE NTH HARMONIC

The instantaneous turn-OFF current of the F-B inverter is
the assessment criteria of ZVS operation. However, in LCC-S
topology, this current contains numerous harmonics and, thus,
cannot be calculated precisely with the common fundamental
harmonic approximation (FHA) method. For convenient anal-
ysis of turn-OFF current, two important premises of LCC-S
topology and their derivative process are analyzed in this section.

Fig. 1 shows the typical circuit diagram of the LCC-S com-
pensated IPT topology. Uin is the input dc voltage of the primary
F-B inverter. S1–S4 are the power switches of the primary-side
F-B inverter. Lpr is the series compensated inductance. Cpr is
the parallel compensated capacitor. Cp and Cs are the series
compensated capacitors of primary side and secondary side,
respectively. Lp and Ls are the self-inductances of transmitter
and receiver coils, respectively. M is the mutual inductance
between coils. D1–D4 are the secondary-side rectifier diodes.
CL is the secondary dc capacitor, and RL is the load resistance.

In Fig. 1, the resonant frequency and switching frequency
have following relations:{

ωn = 2πfn

ωs = 2πfs =
2π
Ts

(1)

where ωn and fn are resonant angular frequency and resonant
frequency of LCC-S compensation topology, respectively; ωs,
fs, andTs are switching angular frequency, switching frequency,
and switching period of the F-B inverter, respectively.

In order to minimize the input reactive current and improve
system efficiency, the input impedance of primary-side network
should be resistive, and thus, the design principles of parameters
in LCC-S topology are given as⎧⎪⎨

⎪⎩
ωsLpr = 1

ωsCpr

ωsLp = ωsLpr +
1

ωsCp

ωsLs =
1

ωsCs
.

(2)
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Fig. 2. Equivalent circuit under the excitation of UpN .

The quality factor QLoad is defined as QLoad =√
Ls/Cs//Rac. To simplify the analysis of LCC-S topology, the

F-B inverter and the rectifier together with RL are equivalent
to a voltage source and a resistive load, respectively. The
equivalent circuit of Fig. 1 under Nth harmonic can be obtained
as shown in Fig. 2.

In Fig. 2, the subscript N (N = 1, 2, 3, …) is the harmonic
order of signals. UpN is the equivalent input voltage of primary
resonant network; ZinN is the input impedance observing from
primary side; ILprN is the input current flowing through Lpr;
ICprN is the current flowing throughCpr;UCprN is the voltage
of Cpr; IpN and IsN are the coil currents of the primary and
secondary sides, respectively; ZrN is the reflected impedance;
UocN is the open-circuit voltage of secondary side; Rac is the
equivalent resistance of the output rectification network together
with the load RL, and Rac = 8/(π2RL). The impedances of
branch 1 (namely Zbranch1) and 2 (namely Zbranch2) in Fig. 2
can be expressed and simplified as follows:

⎧⎪⎪⎨
⎪⎪⎩
Zbranch1 = 1

jNωsCpr

Zbranch2 = jNωsLp +
1

jNωsCp
+ ZrN

≈ j
N2ω2

sLpCp−1
NωsCp

, N ≥ 2

(3)

where

ZrN =
(NωsM)2

jNωsLs +
1

jNωsCs
+Rac

≈ −k2jNωsLp. (4)

In (4), M = k
√
LpLs and k is the coupling coefficient.

The impedance of inductor is N2 times larger than the one of
capacitor under Nth harmonic when inductor and capacitor are
full compensated under fundamental frequency. The range of
k is normally [0.1–0.3], which means that ZrN is very small
compared with jNωsLp, and thus, Zbranch2 can be simplified to
(3).

Combining (2) and (3), the relation between Zbranch1 and
Zbranch2 can be acquired as

Zbranch1 ≈ Cp

N2ωs
2LpCprCp − Cpr

Zbranch2, N ≥ 2. (5)

In order to investigate harmonic content, the fundamental
component is taken as the reference. For fundamental frequency,

TABLE I
MAIN PARAMETERS OF THE LCC-S SYSTEM

Zin1 and Up1 can be obtained as follows according to (2):⎧⎨
⎩
Zin1 = (ωsLpr)

2/Rac

Up1 = Uin2
√
2/π.

(6)

For Nth harmonic, ZinN and UpN can be similarly derived
as (7), where ZinN is simplified based on (5)⎧⎪⎪⎪⎨
⎪⎪⎪⎩
ZinN = jNωsLpr + (Zbranch1//Zbranch2)

≈ jNωsLpr + Zbranch1 =
(
N2−1
N ωsLpr

)
j

UpN = Uin2
√
2

Nπ .

, N ≥ 2

(7)
Based on (6) and (7), it can be known that for fundamental

frequency, Zin1 is resistive, and thus, ILpr1 and Up1 are in
the same phase; for Nth harmonic, ZinN is inductive and, thus,
ILprN lags behind UpN 90°. To describe the harmonic content
in ILpr , define Δ as the ratio between

∑∞
N=2 |ILprN | and

|ILpr1|, and the expression of Δ is given as

Δ =

∑∞
N=2 |ILprN |
|ILpr1| =

ωsLpr

Rac

∞∑
N=2

1

N2 − 1

=
ωsLpr

2Rac
lim

N→∞

(
N

N + 1

)
≈ ωsLpr

2Rac
. (8)

In (8), the orders of magnitude of ωsLpr and Rac are close,
which means that

∑∞
N=2 |ILprN | and |ILpr1| are similar sized.

Thus, ILpr contains numerous harmonics. To verify the above
analysis, the parameters in Table I are substituted into (8) as
an example, and Δ is obtained as 0.313, reflecting that the
harmonics in ILpr are nonnegligible.

Similarly, in order to compare the harmonic voltage UCprN

and the fundamental voltage UCpr1 in Cpr, define ΓN as the
ratio between them. Based on Fig. 2 and (7), the expression of
ΓN is given as

ΓN =
|UCprN |
|UCpr1| =

∣∣∣∣UpN

ZinN
(Zbranch1//Zbranch2)

∣∣∣∣∣∣∣∣ Up1

jωsLpr

(
jωsLp +

1

jωsCp
+ Zr

)∣∣∣∣

≈
|UpN | 1

N2 − 1

|Up1|
∣∣∣∣1 + Zr

jωsLpr

∣∣∣∣
≤ 1

N (N2 − 1)
, N ≥ 2. (9)
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Fig. 3. Typical waveforms of the F-B inverter.

According to (9), it is easy to know that ΓN decreases with
N increasing. Therefore, it can be known that |UCprN | is much
smaller than |UCpr1|when N is big. Similarly taking parameters
in Table I as an example, when N = 4, ΓN is smaller than 0.017
and, thus, |UCprN | is ignorable.

Thus, according to the analysis above, when calculating
the turn-OFF current, two following vital premises of LCC-S
topology can be concluded:

1) the harmonics in ILpr are nonnegligible;
2) only the fundamental second and third harmonics inUCpr

should be considered.

III. HARMONIC-CONSIDERED UNIVERSAL TIME-DOMAIN

MODEL OF LCC-S COMPENSATED IPT SYSTEMS

Based on the two premises in Section II, the harmonic-
considered universal time-domain model is explained in this
section. According to premise 1), the harmonics in ILpr are
nonnegligible, and the corresponding expression can be derived
by integrating the voltage ofLpr (namelyULpr) in time domain.
According to Fig. 2, the time-domain relation between ILpr and
ULpr is obtained as

uLpr
(t) = up (t)− uCpr

(t) = Lpr

diLpr
(t)

dt
(10)

where up(t), uLpr(t), uCpr(t), and iLpr(t) are the time-domain
functions of Up, ULpr , UCpr , and ILpr , respectively. Accord-
ing to (10), it can be known that iLpr(t) can be acquired if up(t)
and uCpr(t) are known.

A. Derivation of up(t)

Based on driving signals of primary power switches and the
input voltage of the F-B inverter, up(t) can be acquired.

To show the generality of the time-domain model proposed in
this article, the universal waveforms of the F-B inverter are given
in Fig. 3. It can be seen that there are four DOF, i.e., the switching
frequency fs, the complementary pulsewidth α of S1 and S2, the

Fig. 4. Primary-side equivalent circuit under the excitation of UpN .

complementary pulsewidth β of S3 and S4, and the phase δ of S4
leading S1. Based on Fig. 3, the piecewise expression of up(t)
can be obtained as

up (t) =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Uin, t0 ≤ t ≤ t1

0, t1 ≤ t ≤ t2

−Uin, t2 ≤ t ≤ t3

0, t3 ≤ t ≤ t4

(11)

where t0–t4 are the turn-ON and turn-OFF moments of power
switches, and they can be acquired by⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

ωst0 = 0

ωst1 = α− δ

ωst2 = α

ωst3 = α+ β − δ

ωst4 = 2π.

(12)

B. Derivation of ucpr(t)

uCpr(t) can be obtained based on premise 2) in Section II.
Taking ωst0 as the phase reference, the vector form of UCprN

is given as (13), where only fundamental second and third
harmonics are considered

UCprN = |UCprN |∠ϕUCprN
, N = 1, 2, 3 (13)

where |UCprN | and ϕCprN are the rms voltage and phase of
UCprN , respectively.

In order to get |UCprN | and ϕCeqN , Fig. 2 is further sim-
plified as Fig. 4 based on the Thevenin–Norton theorem, where
IeqN is the equivalent input current source. ZeqN is the equiva-
lent input impedance. CeqN and LeqN are the equivalent capac-
itor combined with Lpr and Cpr, and the equivalent inductance
combined with Lp and Cp under the Nth harmonic, respectively.
They can be expressed as

IeqN =
UpN

jNωsLpr
(14)

⎧⎪⎪⎨
⎪⎪⎩
CeqN =

N2ω2
sLprCpr − 1

N2ω2
sLpr

LeqN =
N2ω2

sCpLp − 1

N2ω2
sCp

.

(15)
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According to Fig. 4, UCprN is also the voltage of CeqN , and
it can be shown as

UCprN
= UCeqN

= IeqNZeqN = |UCprN |∠ϕUCprN
,

N = 1, 2, 3 (16)

and |UCprN | and ϕCeqN are⎧⎪⎨
⎪⎩
|UCprN | =

√[
Re
(
UCeqN

)]2
+
[
Im
(
UCeqN

)]2
ϕUCprN

= ϕN + arctan
Im(UCeqN )
Re(UCeqN )

(17)

where
The unknown |UpN | and ϕN can be derived based on the

Fourier series of up(t) as

up (t) = a0 +

∞∑
N=1

√
2 |UpN | sin (Nωst+ ϕN ) (19)

{
|UpN | =

√
a2
N+b2N

2

ϕN = arctanaN

bN

(20)

where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a0 =
1

Ts

∫ t0+Ts

t0
up (t) dt =

α− β

2π
Vin

aN =
2

Ts

∫ t0+Ts

t0
up (t) cos (Nωst) dt

=
Vin

Nπ

[
sin (N (α− δ))

+ sin (Nα)− sin (N (α+ β − δ))

]

bN =
2

Ts

∫ t0+Ts

t0
up (t) sin (Nωst) dt

=
Vin

Nπ

[
1− cos (N (α− δ))

+ cos (N (α+ β − δ))− cos (Nα)

]
.

(21)

As a result, combining (16)–(21), the time-domain expression
of uCpr(t) can be obtained as

uCpr (t) =

3∑
N=1

[√
2 |UCprN | sin (Nωst+ ϕUCprN

)]
+ a0

(22)
where a0 is the dc component of uCpr(t) in (20).

ReZrN =

(NωsM)2

QLoad

√
Ls

Cs

1

QLoad
2

Ls

Cs
+

[(
N2ω2

sLsCs − 1
)

NωsCs

]2 Im ZrN = −
(NωsM)2

(
N2ω2

sLsCs − 1

NωsCs

)

1

QLoad
2

Ls

Cs
+

[(
N2ω2

sLsCs − 1
)

NωsCs

]2

Re
(
UCeqN

)
=

(NωsLeq + Im (ZrN ))
(
1−N2ω2

sCeqLeq −NωsCeqIm (ZrN )
)−NωsCeqRe(ZrN )2[

(1−N2ω2
sCeqLeq −NωsCeqIm (ZrN ))2 + (NωsCeqRe (ZrN ))2

]
NωsLpr

|UpN |

Im
(
UCeqN

)
= − ReZrN[

(1−N2ω2
sCeqLeq −NωsCeqIm (ZrN ))2 + (NωsCeqRe (ZrN ))2

]
NωsLpr

|UpN | (18)

iLpr (t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1

ωsLpr

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
(Uin − a0)ωst+

∑3
N=1

⎡
⎢⎢⎢⎣

√
2ReUCeqN

N
cos (Nωst+ ϕN )

−
√
2ImUCeqN

N
sin (Nωst+ ϕN )

⎤
⎥⎥⎥⎦
⎫⎪⎪⎪⎬
⎪⎪⎪⎭

+ d0, t0 ≤ t ≤ t1

1

ωsLpr

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
−a0ωst+

∑3
N=1

⎡
⎢⎢⎢⎣

√
2ReUCeqN

N
cos (Nωst+ ϕN )

−
√
2ImUCeqN

N
sin (Nωst+ ϕN )

⎤
⎥⎥⎥⎦
⎫⎪⎪⎪⎬
⎪⎪⎪⎭

+ d1, t1 ≤ t ≤ t2

1

ωsLpr

⎧⎪⎪⎨
⎪⎪⎩− (Uin + a0)ωst+

∑3
N=1

⎡
⎢⎢⎣

√
2ReUCeqN

N
cos (Nωst+ ϕN )

−
√
2ImUCeqN

N
sin (Nωst+ ϕN )

⎤
⎥⎥⎦
⎫⎪⎪⎬
⎪⎪⎭+ d2, t2 ≤ t ≤ t3

1

ωsLpr

⎧⎪⎪⎨
⎪⎪⎩−a0ωst+

∑3
N=1

⎡
⎢⎢⎣

√
2ReUCeqN

N
cos (Nωst+ ϕN )

−
√
2ImUCeqN

N
sin (Nωst+ ϕN )

⎤
⎥⎥⎦
⎫⎪⎪⎬
⎪⎪⎭+ d3, t3 ≤ t ≤ t4

(23)
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C. Derivation of ipr(t)

Since the time-domain expressions of up(t) in (11) and
uCpr(t) in (22) have been derived, by substituting them into (10),
the universal expression of iLpr(t) can be acquired as follows:
where d0–d3 are constant terms of each piecewise function and
determined by circuit parameters. It is noticed that the physical
meaning of N in (23) shown as the bottom of the pervious page
is the harmonic order considered in uCpr(t). Besides, all of the
harmonics in turn-OFF current are considered in this article. In
(23), |UCprN |,ϕCprN , and a0 can be obtained by (17) and (21),
while d0–d3 are unknown. Thus, to acquired iLpr(t), d0–d3 need
to be known first.

Due to the continuity of inductance current, the piecewise
function (23) should be end to end, and d0–d3 have relations as⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

d1 = d0 +
Uin

ωsLpr
(α− δ)

d2 = d1 +
Uinωst2
ωsLpr

=
Uin

ωsLpr
(2α− δ) + d0

d3 = d2 − Uinωst3
ωsLpr

=
Uin

ωsLpr
(α− β) + d0.

(24)

Because Cp and Cpr have the ability of blocking dc compo-
nent, the integration of iLpr(t) in (23) over a period Ts equals
to zero ∫ t4

t0

iLpr (t) dt = 0. (25)

By combining (23) and (25), the value of d0 is acquired as

d0 =
Uin

(
(α+ β − δ)2 + 2π (α− β)− (δ − α)2 − α2

)
−4ωsLprπ

.

(26)
Thus, d0–d3 can be obtained by (24) and (26).
As a result, the precise time-domain expression of iLpr(t) is

derived, which considers the influence of harmonics. Besides,
it can not only be used in asymmetrical and symmetrical pulse
systems, but also in VF systems. In this article, based on (23), the
ZVS operation within wide power range can be further studied.

IV. PROPOSED OPTIMAL VFPS CONTROL

Based on the closed-form expression of iLpr(t) in (23), the op-
timal VFPS control strategy featured with minimum frequency
variation for LCC-S topology is proposed in this section.

The basic principle is to utilize the PS angle δ to control the
transmission power PL and adjust the switching frequency fs
base on iLpr(ωst0) derived by (23) to realize ZVS operation.
Besides, the frequency variation needs to be minimum for high
efficiency within wide power range.

Fig. 5. Relation between �Zin1 and f∗
s . (a) Under different QLoad. (b) Under

different k.

A. Analysis of Frequency Bifurcation

In order to guarantee the stability of the proposed optimal
VFPS control, the phenomenon of frequency bifurcation should
be analyzed first. The impedance angle of Zin1 under fundamen-
tal frequency in Fig. 2 is derived as, (27) shown at the bottom of
this page, where Leq1, Im(Zr1), and Re(Zr1) can be calculated
from (15) and (18) shown at the bottom of the pervious page,
respectively, with N= 1. The characteristic curves of impedance
angle�Zin1 are shown in Fig. 5, where Fig. 5(a) presents the
influence of f ∗

s and RL when k is assumed as 0.22; Fig. 5(b)
presents the influence of f ∗

s and k when RL is assumed as 26.2
Ω. The superscript “∗” of f ∗

s stands for per-unit value (fs = fn
is taken as the reference).

As can be seen in Fig. 5(a), whenRL decreases to a low value,
the phenomenon of frequency bifurcation will occur around fn,
which is not desirable in VF systems. Similarly, in Fig. 5(b),
when k increases to a large value, the frequency bifurcation

∠Zin1 = arctan

{
[ωsLeq1 + Im (Zr1)] [1− ωsCpr (ωsLeq1 + Im (Zr1))]− ωsCprRe(Zr1)

2

+ωsLpr

[
[1− ωsCpr (ωsLeq1 + Im (Zr1))]

2 + (ωsCprRe (Zr1))
2
]}

Re (Zr1)
(27)
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TABLE II
PARAMETERS OF THE LCC-S SYSTEM

will occur around fn too. Thus, a reasonable parameters design
process is needed to avoid the frequency bifurcation. Since it is
not the main research content in this article, it is assumed that
the system has been designed appropriately without frequency
bifurcation in this article.

Besides, in Fig. 5, the areas corresponding to �Zin1>0 and
�Zin1<0 mean that Zin1 is inductive or capacitive, respectively.
The necessary condition for ZVS operation is that �Zin1 locates
in the inductive zone. It can be seen that the maximum of�Zin1

is closed to 90° in this area, which means the range of fs is wide
enough for ZVS operation within wide power range. In addition
to this, harmonics in turn-OFF current contribute to achieving the
ZVS operation as well.

B. Analysis of Power Characteristic

The characteristic of transmission power PL against δ and fs
should be surveyed secondly. Since only fundamental compo-
nent contributes to PL, the relation among P ∗

L, fs, and δ is given
as

PL
∗ =

PL

Pfull−load
=

I2eq1Re (Zeq1)

8M2U2
in

π2Lpr
2Rac

(28)

where Ieq1 can be obtained by (14) and Zeq1 (i.e., N = 1) is
shown in Fig. 4. Based on (28) and parameters in Table II as
an example, the variation tendency of P ∗

L varies with f ∗
s and δ

under different coupling coefficient k is shown in Fig. 6, where
the per-unit value P ∗

L takes the rated power when fs = fn and
δ = 0 as the reference. Under the VFPS control, four DOF in
Fig. 3 can be simplified to two DOF, i.e., fs and δ.

It can be known that P ∗
L is monotonic with f ∗

s and δ, respec-
tively, under different k and P ∗

L is dominated by δ. Therefore, δ
is used to adjust the transmission power and fs is used to realize
ZVS operation for further analysis. Besides, P ∗

L increases with

Fig. 6. Variation tendency for P ∗
L against the f∗

s and δ with different k of
LCC-S system.

the decrease of δ, and slightly increases with the increase of f ∗
s

when fs is around fn.

C. Conditions for ZVS Operation

Except for the stability preconditions mentioned in part A and
B, there are also some conditions need to be satisfied for ZVS
operation.

Before power switches are turned ON, the parasitic capaci-
tance of switches should be depleted in order to realize ZVS
operation for the F-B inverter. There are four conditions to be
met for ZVS operation, as given in (29) [34]⎧⎪⎪⎪⎨

⎪⎪⎪⎩
iLpr

(t0) ≤ −Ith

iLpr
(t1) ≥ Ith

iLpr
(t2) ≥ Ith

iLpr
(t3) ≤ −Ith

(29)

where Ith is the threshold current and used to discharge these
parasitic capacitors of power switches.

For convenient realization, (29) needs to be simplified. On the
one hand, under the proposed optimal VFPS control, the input
voltage UpN in Fig. 3 is symmetrical, which means that if S1
and S3 can achieve ZVS operation, similarly so can S2 and S4.
Thus, (29) is simplified as{

iLpr
(t0) ≤ −Ith

iLpr
(t1) ≥ Ith.

(30)

On the other hand, by adding iLpr(t0) and iLpr(t1) from (23),
(31) can be derived as

iLpr
(t0) + iLpr

(t1) =
∣∣Im (UCeq1

)∣∣ 2sinδ√
1 + cosδ

+
∣∣Im (UCeq3

)∣∣ 2sin (3δ)√
1 + cos (3δ)

.

(31)

According to (31), when 0 ≤ δ < π/3 or 2 π/3 ≤ δ < π, (31)
is nonnegative; when π/3 ≤ δ < 2 π/3, although the second term
is negative, |ImUCeq3| is far less than |ImUCeq1|, and thus (31)
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Fig. 7. Variation tendency for iLpr(t0) against f∗
s and δ.

Fig. 8. Optimal working trajectory.

is still non-negative. Therefore, it can be known that in (30), if
iLpr(t0) <−Ith is satisfied, iLpr(t1) >Ith must be satisfied too.

Thus, based on the analysis above, the four conditions in (29)
can be simplified as one condition shown in (32), where a 10%
margin is also taken in case the parameters drift occurs

90%iLpr
(t0) ≤ −Ith. (32)

D. Optimal Working Trajectory of ZVS Operation

The optimal working condition for ZVS operation is with
minimum frequency variation, and the resonant tank maintains
high efficiency within wide power range. After satisfying pre-
conditions in Section IV-A–C, the ZVS operation can be realized
steadily by adjusting fs. However, it cannot realize the optimal
operation by only satisfying (32). Thus, this part further proposes
an optimal ZVS operation trajectory.

According to (32), it is known that the realization of ZVS
depends on iLpr(t0). Thus, the variation tendency of iLpr(t0)
against fs and δ is investigated, as shown in Fig. 7.

As can be known in Fig. 7, no matter what δ is, fs is always
monotonous to iLpr(t0). For example, the red curve is generated
by taking the intersection of the plane δ = 60° and the surface,
where iLpr(t0) increases monotonously with fs. Based on this
characteristic, (32) can be easily satisfied by adjusting the value
of fs. In order to illustrate the adjustment more clearly, taking the
intersection of the plane 90%∗iLpr(t0) = −Ith and the surface
in Fig. 7, the intersection curve is generated as shown in Fig. 8.

Fig. 9. Control block of LCC-S system.

In Fig. 8, Area-1 is the non-ZVS area where 90% iLpr(t0) >
−Ith and (32) is dissatisfied; Area-2 is the ZVS area where
90% iLpr(t0) < −Ith and (32) is satisfied; the blue solid line
is where 90% iLpr(t0) = −Ith, i.e., the critical line of ZVS
operation. Point A is the rated operation point under f ∗

s = 1 and
δ = 0°. Because transfer efficiency decreases with the deviation
between fs and fn, the red dotted line is the optimal working
trajectory, which is under the minimum frequency variation.

To achieve optimal operation, the range of fs variation needs
to be minimum. Taking PL decrease as an example, when rated
PL (corresponding to Point A) needs to be decreased, the oper-
ation point moves from point A vertically upward for minimum
fs variation (i.e., fs is unchanged) with δ increasing. During
this process, the operation point still locates in Area-2 and,
thus, the F-B inverter remains ZVS operation. After reaching
point B on the critical line, if PL still needs to be decreased,
in order to maintain ZVS operation and minimum fs variation,
the operation point then move along the red dotted line until
finally reaching the desired operating point C. The analysis of
PL increasing is similar and, thus, is not repeated here.

As a result, by making the operation point stay on the desired
trajectory, shown as red dotted line in Fig. 8, the optimal ZVS
operation with high efficiency can be achieved.

E. VFPS Control Diagram

Based on the analysis of the optimal trajectory in Section
IV-D, this part gives the realization of the proposed optimal
VFPS control. The primary-side control diagram of the LCC-S
system is given in Fig. 9, consisting of two parts: the power
control loop and the ZVS control loop. The power control loop
is the main control loop to guarantee that the system can transfer
required power to load. Based on this power control, the ZVS
control is added to realize the ZVS operation of the F-B inverter.

For power loop, the output powerPL is sampled and compared
with the desired reference P ∗

L; the difference between them is
then sent as the input of the PI controller; the output of the PI
controller is sent to the F-B inverter as the phase angle δ; by
adjusting δ, PL can finally track to P ∗

L.
For ZVS loop, fs and δ at current control cycle are acquired

to obtain iLpr(t0) based on (23); according to the monotonicity
between iLpr(t0) and fs analyzed in Section IV-D, fs is adjusted
by Δf, which is selected as 50 Hz in this article considering the
response time and system oscillation; then this value is set as
the switching frequency at next control cycle; by modifying fs,
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Fig. 10. Flowchart of the ZVS control block.

the working trajectory is finally located on the red dotted line in
Fig. 8, which is the optimal working trajectory. Due to the large
data volumes, which is four-dimensional (i.e., fs, δ, k, and RL),
the look-up table method is not recommended in this article.

To achieve automatic operation, the flowchart of ZVS loop
is further designed, as shown in Fig. 10, where following three
steps are contained.

Step 1: At the beginning, the original fs is set as the reso-
nant frequency fn, and the instantaneous iLpr(t0) is
calculated based on (23).

Step 2: Based on the calculated iLpr(t0), the controller
judges whether (32) is true or not. Combining with
Fig. 8, if (32) is false, the system is working un-
der non-ZVS operation as shown in Area-1, and fs
should be decreased by Δf (fs[m] and fs[m + 1] are
the switching frequencies at present and next con-
trol interrupt, respectively) until the operation point
reaches Area-2; if (32) is true, the system is working
under ZVS operation as shown in Area-2, and thus
the process moves to the next step.

Step 3: Even if (32) is satisfied, which means power switches
have already been in ZVS operation, this frequency
is probably not the optimal one if the operation point
is not on the desired working trajectory, and fs needs
to be adjusted based on the following principle: the
deviation between fs and fn needs to be minimum.
Thus, fs needs to compare with fn, if fs is larger
than fn such as the region ABF in Fig. 8, fs should
be decreased by Δf until it reaches to fn. If fs is
smaller than fn such as the region ABCD in Fig. 8,
fs needs to be increased by Δf until it reaches to
the red dotted line. Finally, the ZVS operation with
minimum frequency variation is achieved.

For example, assume that whenPL changes, the variation of δ
is 0–50°, and in order to simplify the explanation, the influence of
fs on PL is neglected. The operation trajectories under different
situations are analyzed as follows.

1) If PS control is adopted, when PL decrease, the operation
trajectory is A-B-E as shown in Fig. 8, and B-E is located
in the non-ZVS area.

Fig. 11. Experimental prototype.

2) If VFPS control is adopted without step 3, when PL

decrease, the operation trajectory is A-B-C; however,
when PL increase, the operation trajectory is C-D. The
frequency of point D is smaller than fn, which decreases
the efficiency.

3) If VFPS control is adopted without the frequency limiting
fn, when PL increase, the operation trajectory is C-B-F.
The frequency of point F is larger than fn, which decreases
the efficiency.

Consequently, adopting the proposed flowchart in Fig. 10, the
system can realize ZVS operation located in the optimal working
trajectory within wide power range.

V. EXPERIMENTAL VERIFICATION

A. System Setup

To verify the accuracy of above analysis and feasibility of
the proposed optimal VFPS control strategy, a 2.2-kW LCC-S
compensated IPT experimental prototype is built up, as shown
in Fig. 11. It mainly consists of a dc source, a high-frequency
F-B inverter, a LCC-S resonant network, an F-B rectifier, and
a resistance load; and the specifications are given in Table II.
The parameters are designed appropriately to guarantee high
efficiency of the system and avoid frequency bifurcation around
fn. The F-B inverter is controlled by TMS320F28335, and the
power switches used in this inverter are Infineon high speed
power MOSFET IPW65R041CFD. The rectifier diodes in sec-
ondary side are DSEP60-06A.

Due to the large output capacitance of the MOSFETs, the current
for ZVS operation in switching moments is approximately 2.7 A,
which means Ith= 2.7 A, and according to (32), the design value
of switching-moment current for ZVS operation is 3 A.

B. Verification of the Harmonic-Considered Universal
Time-Domain Model

In order to verify the accuracy of the proposed harmonic-
considered model in Section III, the experimental and calcu-
lated waveforms of four tests are compared in Fig. 12(a)–(d),
respectively. Parameters of tests are shown in Table III.

To verify the universality of the proposed harmonic-
considered time-domain model, the experiment conditions of
four tests are different, given as follows: test 1 is under full



5526 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 5, MAY 2020

Fig. 12. Waveforms of test 1–4. (a) Test 1 under full duty cycle control. (b) Test
2 under AVS control. (c) Test 3 under ADS control. (d) Test 4 under proposed
optimal VFPS control.

duty cycle control with fs = fn and symmetrical pulsewidth of
the F-B inverter, and outputs the rated power; test 2 is under
AVC control with fs = fn and asymmetrical pulsewidth of the
F-B inverter; test 3 is under ADC control with fs = fn and
symmetrical pulsewidth of the F-B inverter; test 4 is under the
proposed optimal VFPS control with symmetrical pulsewidth of
the F-B inverter, and fs is unequal to fn.

As can be seen in Fig. 12, the blue line is the measured wave-
form of up(t), and the orange line is the measured waveform
of iLpr(t). The black dotted line is the calculated waveform
of iLpr(t) using the universal time-domain model proposed
above. The measured waveforms are in good agreement with the
calculated waveforms. Negligible error exits, which is caused

TABLE III
VALUE OF CONTROL PARAMETERS IN FOUR TESTS

by the dead time of the F-B inverter and the neglect of loss
resistance; however, the proposed harmonic-considered univer-
sal time-domain model is still accurate enough to analyze the
LCC-S system.

Consequently, the four tests verify the accuracy and univer-
sality of proposed model. It is not only suitable for asymmetrical
and symmetrical pulse systems, but also VF systems.

C. Verification of the Optimal VFPS Control Strategy

To verify the validity of the proposed optimal VFPS control
strategy, two groups of contrast closed-loop experiments are car-
ried out. One is the steady-state contrast experiments with the PS
control, the VFPS control based on the FHA method, and the pro-
posed optimal VFPS control based on the harmonic-considered
model, respectively. The other is experiment of dynamic process
when PS control turns into the proposed optimal VFPS control.

1) Steady-State Contrast Experiments: The ZVS operation
with three control strategies (i.e., PS control, VFPS control based
on FHA method, and the proposed optimal VFPS control) at 1/8
rated load, 3/8 rated load, 5/8 rated load, and 7/8 rated load
are compared, respectively. The differences among these three
control strategies are as follows.

1) PS control adjusts the phase between the leading leg and
the lagging leg of the inverter for output power control.

2) VFPS control based on the FHA method, according to
the calculated turn-OFF current that is based on the time-
domain model of the fundamental harmonic, adjusts the
switching frequency to realize ZVS operation. Meanwhile
the system adjusts the phase between two legs of the
inverter to control the output power.

3) The proposed optimal VFPS control based on the
harmonic-considered model. The differences between the
proposed optimal VFPS control and the VFPS control
based on FHA method are reflected in the following two
aspects.

a) The first is the calculation method of the turn-OFF current.
The calculation method in this article is based on the
proposed harmonic-considered model of LCC-S topology,
which is more accurate to calculate the turn-OFF current.

b) The second is the deviation of the switching frequency
within wide power range. With the accurate turn-OFF

current and well-designed control, the frequency deviation
(between the switching frequency and resonant frequency)
is minimum, which ensures high efficiency of the resonant
tank.
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Fig. 13. Waveforms of up and iLpr at 1/8 rated load with (a) PS control, (b) VFPS control based on FHA method, and (c) proposed optimal VFPS control.

Fig. 14. Waveforms of up and iLpr at 3/8 rated load with (a) PS control, (b) VFPS control based on FHA method, and (c) proposed optimal VFPS control.

Fig. 15. Waveforms of up and iLpr at 5/8 rated load with (a) PS control, (b) VFPS control based on FHA method, and (c) proposed optimal VFPS control.

Fig. 16. Waveforms of up and iLpr at 7/8 rated load with (a) PS control, (b) VFPS control based on FHA method, and (c) proposed optimal VFPS control.

The waveforms of up and iLpr of the F-B inverter at 1/8 rated
load, 3/8 rated load, 5/8 rated load, and 7/8 rated load are shown
in Figs. 13–16, respectively.

As can be seen from Figs. 13–16, the inverter suffers hard-
switching operation with PS control, which results in a large

voltage spike in up. Besides, the inverter can realize ZVS op-
eration with either the VFPS control based on FHA method or
the proposed optimal VFPS control. However, the variation of
the switching frequency with the VFPS control based on FHA
method is wide, especially in light load condition, which is not
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Fig. 17. Dynamic waveforms at 7/8 load. (a) Entire dynamic process.
(b) Detail waveforms under PS control. (b) Detail waveforms under proposed
VFPS control.

optimal and leads to poor efficiency of the resonant tank. On the
contrary, the switching frequency variation with the proposed
optimal VFPS control is minimum because the turn-OFF current
at different rated load is closed to the set value.

It is noting that in Fig. 13(c), even if the waveform exists
two zero crossing points before the switching transitions taking
place, the system can still achieve ZVS operation. In Fig. 16(b),
although δ is zero, the switching frequency is less than 85 kHz
and the power is about in 7/8 rated load.

Consequently, the proposed optimal VFPS control can realize
the optimal ZVS operation within wide power range in LCC-S
topology. The contrast experiments verify the validity of the
proposed optimal VFPS control.

2) Dynamic Waveforms: The following experimental wave-
forms in Fig. 17 are the dynamic process at 7/8 rated load.
The initial control strategy is PS control, and after a while,
the proposed optimal VFPS control is adopted. Fig. 17(a) is
the entire dynamic process from PS control to VFPS control.
Fig. 17(b) and (c) are the detail waveforms under PS control and
proposed VFPS control, respectively.

Fig. 18. System efficiency and switching frequency comparison with three
control strategies. (a) Efficiency comparison. (b) Switching frequency compar-
ison.

As can be seen in Fig. 17(a), before the VFPS control is
adopted, the F-B inverter works with hard-switching operation,
and the voltage spike exceeds 600 V, which may damage power
switches. Once the proposed optimal VFPS control is enabled,
the F-B inverter turns into ZVS operation after 21.5-ms dynamic
process with Δf = 50 Hz, which is acceptable in IPT system

D. Efficiency Comparison

The dc to dc efficiency curves and the switching frequency
comparison with three control strategies are shown in Fig. 18.
As can be seen from Fig. 18, the following conclusions can be
obtained.

1) The rated power is 2.2 kW and a peak efficiency of 96.4%
is achieved with k = 0.22.

2) The efficiency with the PS control drops rapidly when
power decreases, with efficiency decrease of 2.6%–6.9%
than the one adopted the proposed optimal VFPS control.
The reason is that inverter suffers hard-switching opera-
tion with the PS control, which leads to a poor efficiency.

3) The efficiency with the VFPS control based on FHA
method drops rapidly in light load with efficiency decrease
of 0.8%–8.8% than the one adopted the proposed optimal
VFPS control, even if these experiments can realize ZVS
operation. The reason is that the frequency deviation in
light load is wide with the VFPS control based on FHA
method, which leads to a poor efficiency.

4) The efficiency with the proposed optimal VFPS control
maintains high level within wide power range, which is at-
tributed to the ZVS operation and the minimum frequency
deviation.
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Fig. 19. Various losses of the LCC-S IPT system.

The loss parameters of each component in LCC-S system
can be obtained in the data book. The losses are calculated
theoretically and listed in Fig. 19. Fig. 19 depicts various losses
of the LCC-S IPT system in the full load condition. When the
output power is 2.2 kW, the calculated power dissipation of the
inverter is 5.3 W, which is relatively small compared with other
losses because of the ZVS operation. The drain-source on-state
resistance of MOSFET used in this article is relatively small. The
greatest loss is 20.8 W (29%) in Lp, and the second one is 15.2
W (21%) in Cp. Due to the large current in primary-side coil,
the losses in LP and Cp are relatively large compared with 4.9
W in Ls and 4.9 W in Cs. In addition, the losses in Lpr, Cpr,
and rectifier diode are 3.3, 6.2, and 11.2 W, respectively.

VI. CONCLUSION

In order to realize ZVS operation of the LCC-S topology
within wide power range, this article proposes an optimal
VFPS control strategy. The universal harmonic-considered time-
domain model of the LCC-S system is obtained, which takes
high-order harmonics of power switches current into consid-
eration. And it is not only suitable for the symmetrical and
asymmetrical pulse control, but also for the VF control. Based on
this model, the switching-moment current of power switches can
be calculated accurately. By comparing it with the ZVS criterion
and adopting proper logic procedure, the controller adjusts the
switching frequency to achieve ZVS operation with minimum
frequency variation. With the proposed control, the efficiency of
the F-B inverter within wide power range is improved by ZVS
operation and the resonant tank maintains high efficiency by
operation with the minimum frequency variation.

In the experiment part, a 2.2-kW IPT prototype is built. The
measured waveforms are in good agreement with the calculated
waveforms under different control strategies, which verify the
accuracy of the proposed time-domain model. Moreover, the
results of contrast experiments show good agreement with the
theoretical analysis. Switches in the F-B inverter can realize
the optimal ZVS operation within wide power range with a
peak efficiency of 96.4%. The efficiency with proposed optimal
VFPS control strategy is 2.6%–6.9% higher than the one adopted
PS control due to its soft-switching realization and 0.8%–8.8%
higher than the one adopted VFPS control based on FHA method
due to the minimum frequency variation.
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