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Analysis and Utilization of the Frequency Splitting
Phenomenon in Wireless Power Transfer Systems

Xu Liu", Xibo Yuan

Abstract—The frequency splitting phenomenon (FSP) is a criti-
cal issue in wireless power transfer (WPT) systems. When the FSP
exists, the load power will sharply increase and can be dozens
of times of the power obtained at the resonant frequency if the
driving frequency varies from the resonant frequency, which se-
riously affects the system safety. This article studies the impacts
caused by the FSP in detail and then proposes a system control
method by utilizing the advantages of the FSP to realize constant
power output and zero voltage switching (ZVS) of the dc-ac in-
verter simultaneously. The splitting frequencies are tracked and
the driving frequency is precisely adjusted together with the dc-link
voltage. The specific implementation method is given in this article
to minimize the impacts on the power transfer performance. An
85 kHz, 3.3 kW WPT system is built up to validate the proposed
method. The experimental results show that when the FSP occurs
at 150 mm coil-to-coil distance and 5 €2 load resistance, the load
power can be hold at 3.3 kW with the dc-link voltage reduced from
327 to 160 V. Meanwhile, ZVS of the inverter is realized and the
inverter efficiency is improved from 95% to 97 %.

Index Terms—Frequency splitting phenomenon (FSP), output
power control, wireless power transfer (WPT), zero voltage
switching (ZVS).

I. INTRODUCTION

IRELESS power transfer (WPT) technology can transfer
W electric energy from a power source to a load across an
air gap without direct electrical contacts. It is attracting more and
more attention and has been widely used in implantable devices
[1]-[4], electric vehicles [5]-[8], and portable devices [9], [10]
to power up or recharge the battery of an electric equipment.
Due to the elimination of physical contacts between the source
and the load, WPT systems can greatly enhance the flexibility
and safety of the electrical equipment.
A common WPT system is composed of a transmitting coil
and a receiving coil. The electrical energy can be wirelessly
transferred through the air gap by the mutual inductance of
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these two coils, while the leakage inductance which is only
associated with one coil does not have a direct contribution to the
active power transfer [11]. When the distance between the two
coils is larger than a critical value and if the mutual inductance
is too large, the characteristics of the transferred power will
change from a single peak curve to a double peak curve when
the driving frequency moves away from the resonant frequency.
This is called the frequency splitting phenomenon (FSP) [12].
In a practical WPT system, the driving frequency is almost
impossible to be exactly the same as the resonant frequency due
to, e.g., the errors in the measurement of the inductance of the
coils and the capacitance of the compensation capacitors, or the
self-inductance changes caused by the variation of the relative
positions between the two coils when ferrite is added in the
coils. Consequently, a lot of research efforts have been directed
toward optimizing the system performance by suppressing the
frequency splitting effect, as the FSP is a key issue related to
the power transfer efficiency, amount and safety of the WPT
systems.

In [12], the splitting frequency equation is defined and a
zero-phase control method is presented to track the splitting
frequency when the coupling changes in the splitting region. In
this way, the load voltage can be maintained when the coupling
coefficient changes. The coupled model theory is adopted in
[13] and the FSP is studied in two, three, and four coils systems,
respectively. The results show that the FSP exists in each WPT
system. In a two-coil system, there are two frequency splitting
points, while in a multicoil system, there will be more frequency
splitting points. Circuit analysis methods on the FSP in the two,
three, and four coils WPT systems can be respectively found
in [14]-[16]. Similar results have been obtained as the coupled
model theory. Meanwhile, the efficiency of the WPT system
is also studied in [14] and the results show that the FSP only
occurs on the load power characteristics, while the efficiency
curve does not split corresponding to the driving frequency in
the two-coil system. Apart from these studies on various number
of coils, many other studies are also carried out on compensation
topologies of the WPT system. In [17] and [18], the four basic
compensation topologies of the WPT system [series—series (SS),
parallel-parallel (PP), parallel—series (PS), series—parallel (SP)]
are all studied for the FSP. It has been found that with the increase
in the coupling coefficient, the WPT systems with SS and SP
compensation topologies both show FSP. However, in the other
two systems, the FSP does not appear.

As the SS compensation topology is most widely used in the
WPT systems, many works have been carried out to suppress
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the FSP in it. A method of using nonidentical resonant coils is
presented in [19] to eliminate the FSP. It is found that when the
transmitting coil is large enough compared to the receiving coil,
the FSP can be eliminated. Another method is proposed in [20]
by adjusting the load resistor to suppress the FSP. The results
show that when the FSP occurs, increasing the load resistance
can help to suppress the frequency splitting. The frequency split-
ting elimination method in a four-coil WPT system is studied
in [21]. It is found that reducing the source internal resistance,
and increasing the mutual inductance of the source coil and the
transmitting coil, as well as the mutual inductance of the load
coil and the receiving coil, all help relieve the FSP and improve
the efficiency. However, in a practical WPT system, the size
of the coils and the position of the coils are usually fixed, the
internal resistance of the power source and the load resistance
are also fixed. Therefore, the FSP is very difficult to be totally
eliminated in practice. As a consequence, there should be more
works carried out to find the advantages and disadvantages of the
FSP in the WPT systems. For example, Narayanamoorthi et al.
in [22] try to utilize the FSP to transfer power and information
simultaneously.

In this article, the FSP is analyzed in detail not only on the
power transfer amount and efficiency, but also on the character-
istics of the reflected impendence from the secondary side to the
primary side, the characteristics of the input impendence of the
dc—ac inverter and the primary and secondary sides efficiencies.
It is found out in this article that when the FSP occurs, adjusting
the driving frequency to the splitting frequency can achieve max-
imum load power, and therefore decrease the dc input voltage
with the same load power obtained at the resonant frequency.
Meanwhile, adjusting the characteristic of the input impendence
of the system by tuning the driving frequency can also help to
realize zero voltage switching (ZVS) of the dc—ac inverter. Based
on the theoretical analysis, a detailed implementation method
by utilizing the FSP to hold the load power constant and realize
ZVS of the dc—ac inverter simultaneously under a varied load
resistance or coupling coefficient is presented. The experimental
results show when the coupling coefficient or the load resistance
varies, the load power can be hold constant at the maximum
output power point with a much lower dc input voltage, which
can reduce the voltage stress of the components used in the WPT
system. Meanwhile, ZVS of the dc—ac inverter can be realized
and the inverter efficiency can be effectively improved to provide
a more reliable operating condition for the inverter.

The rest of this article is organized as follows. The impacts of
the FSP on the power transfer amount, efficiency, characteristics
of the reflected impendence from the secondary side to the
primary side, characteristics of the input impendence of the
dc—ac inverter of the two-coil SS-compensated WPT system are
studied in Section II. Meanwhile, the inverter operation modes
are also discussed when the driving frequency varies from the
resonant frequency. Based on the theoretical analysis, the imple-
mentation methods of the constant output power control strategy
and the ZVS implementation strategy of the dc—ac inverter by
utilizing the FSP are given in Section III. The correctness of
the analysis and the effectiveness of the proposed strategies is

3841

I [ [ I
I [ [ I S I
| | | AD,&p, :
| 1 L C Cﬁ](c

| | | 1 |
|< I I a T §RU‘:
I | T

| : | XD, KD, |
I [ [ I
I I g

High Frequency Inverter

—

(b)

Fig. 1. WPT system. (a) Whole system. (b) Simplified model.

experimentally validated on an 85 kHz, 3.3 kW WPT system and
the results are given in Section IV. Finally, Section V concludes
the article.

II. THEORETICAL ANALYSIS OF THE FSP

The typical circuit diagram of the WPT system is shown in
Fig. 1(a). The primary-side system consists of the transmitting
coil L; and its series-connected compensation capacitor Cy. It
is driven by a high-frequency voltage-source inverter. At the
secondary side, the compensation capacitor Cy is also series
connected with the receiving coil Ly, and then the received power
is delivered to the load through a passive rectifier. At the primary
and secondary sides, the compensation capacitors are both set
to resonant with the coils, which means the resonant angular
frequency w, = 1/A/L1C1 = 1/\/LoC5 [23]. The WPT system
shown in Fig. 1(a) can be simplified into the equivalent simplified
model, as shown in Fig. 1(b). The rectifier, filter capacitor, and
the actual load Ry, are modeled as an equivalent resistance Ry,

2
24/2
Ry = ({) Ria. (1)

With the lumped-element circuit shown in Fig. 1(b), the
current vectors of the primary and secondary sides (/1 and I3)
can be derived, respectively, according to the Kirchhoff voltage
law as follows:

%
T__ % @)
VT WIME, + 71 Z,
H
jwa M
[_; _ M (3)

where 7y = Ry + jwqLi — j/(waC1) is the impedance of
the primary side; Zo = Ry, + Ro + jwgLa — j/(wqaCs) is the
impedance of the secondary side; and wy is the driving angular
frequency.
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Fig.2. Effect of driving frequency on the WPT system performance. (a) Fixed

load resistance and varied coil-to-coil distances. (b) Fixed coil-to-coil distance
and varied load resistances.

With (2) and (3), the power injected into the primary-side
coil system, Py,,;, the power received by the secondary-side coil
system, Py, and accordingly, the coil-to-coil efficiency, 7). then
can be expressed as follows:

Ppri:[ﬁﬁ:Ulll(ZOSQb (4)
_)
Pyec = IL*Ry = 3Ry, )
Psec
cc = 6
1 Ppri ( )
real (Ziy)
cosp = ————= @)
‘Zin|
H

Zin:izzl'i‘
1

7 ®)
where ¢ is the phase angle between the voltage U; and the
current I7, and Z;,, is the input impedance of the inverter.

From (2)—(8), it can be found that for a given WPT system,
Ppui, Psec, and 1) are all closely related to the driving frequency,
the load resistance, and the mutual inductance between the two
coils.

Fig. 2 illustrates the impacts of driving frequency on the WPT
system performance under various conditions. In this article, the
self-inductance of the transmitting and receiving coils are both
65 pH and the resonant frequency is set to be 85 kHz. The
vertical coil-to-coil distance is set at 150, 250, and 350 mm,
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Fig. 3. Separated WPT system circuit model.

which are the typical vehicle chassis heights and accordingly
result in the coupling coefficient to be 0.28, 0.15, and 0.09. The
load resistance is set at 5, 15, and 25 €2 to provide different load
conditions. The dc input voltage is kept constant at 100 V.

It can be seen from Fig. 2 that the FSP would occur when
the coil-to-coil distance is so short that the coupling coefficient
is greater than the critical value [see Fig. 2(a)], or the load
resistance is low enough [see Fig. 2(b)]. As such, the maxi-
mum output power now can be found at another two driving
frequencies which are on each side of the resonant frequency
with slightly less efficiency than the efficiency at the resonant
frequency. It also shows that when the FSP disappears, with an
increase in the driving frequency, the peak output power is found
at the resonant frequency, and the output power decreases rapidly
when the driving frequency is away from the resonant frequency.

To further illustrate the influence of frequency splitting on
the system, the simplified WPT model circuit [see Fig. 1(b)] can
be separated into two parts, namely, the primary side and the
secondary side, as shown in Fig. 3.

In this model, the secondary side can be treated as a re-
flected impedance (Z,.¢) in the primary side. Accordingly, the
secondary-side efficiency 7)sec, the primary-side efficiency 7.,
and the coil-to-coil efficiency 7.. can be calculated as follows:

Ry,
Sec = S5 5 9
Tee = B Ry )
real (Zyef)
ri — — 10
ks real (Zyof) + Ry (10
Nee = MNsec X Mpri (11)
Moo)2
Tt = (%1712). (12)
Zs

Equations (9)—(12) indicate that changing the driving fre-
quency will not change the efficiency of the secondary side,
but will affect the primary side as the reflected impedance from
the secondary side will change with the driving frequency.

The real part of the reflected impedance Real(Z...¢) and the pri-
mary side efficiency 7,,; under different conditions are plotted
in Figs. 4 and 5, respectively. It can be seen that with an increase
in the load resistance, the driving frequencies corresponding
to the maximum Real(Z,r) in Fig. 4(a) and to the maximum
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Npri in Fig. 5(a) will increase and have the same values, i.e.,
85 kHz with 5 ) load, 88 kHz with 15 €2 load, and 95 kHz
with 25 € load. Besides, it can also be seen from Figs. 4 and 5
that the smaller the load resistance is, the closer the frequencies
corresponding to the maximum Real(Z,.¢) and to the maximum
7pri are to the resonant frequency. Meanwhile, when the driving
frequency is higher than the resonant frequency, with the driving
frequency continually increasing, it can be seen that the smaller
the load resistance is, the rapidly the Real(Z.cr) and 7y, will
be decreasing [see Fig. 5(a)]. When the load resistance is fixed,
the driving frequency corresponding to the maximum Real(Z,q¢)
and 7),,; will not be affected by the coupling coefficient [see
Figs. 4(b) and 5(b)].

When the driving frequency varies from the resonant fre-
quency, there will be a phase angle between the output volt-
age and current of the inverter. The characteristic of the input
impedance reflects the apparent output power of the inverter and
the phase relationship between the output voltage and current
of the inverter. Fig. 6 plots the imaginary part of the input
impedance of the inverter when the driving frequency fy is
swept around the resonant frequency f;.. It can be seen from
Fig. 6(a) that when the load resistance is 5 2 (blue curve),
the input impedance is inductive when f; is between 76 and
85 kHz or greater than 98 kHz, and is capacitive when f; is
between 85 and 98 kHz or smaller than 76 kHz. When the load
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Fig. 7. Waveforms of Uy and I; and gate signals of the inverter with fq = f;.

resistance is 15 or 25 Q) (purple curve and green curve), the input
impedance is always inductive when fy is greater than 85 kHz,
and is always capacitive when fy is smaller than 85 kHz. With
regards to Fig. 6(b), similar results can be derived, as in Fig. 6(a).
As aresult, when the FSP occurs (blue curve), an increase in fy
(initial f << f;) will make the input impedance first capacitive
and then inductive until fj = f;, whereas a reduction in fy (initial
fa >> f;) will produce a first inductive and then a capacitive
input impedance until f; = f;. The changing points of the
characteristic of Z;;, correspond to the frequency splitting points.
When the FSP is suppressed (as shown in purple and green
curves), increasing the driving frequency from the resonant
frequency will always lead to an inductive input impedance and
decreasing the driving frequency from the resonant frequency
will always lead to a capacitive input impedance.

Varying the driving frequency will change the characteristic
of the input impendence, while the input impendence is closely
related to the operation modes of the dc—ac inverter. Therefore,
the analysis on the operation modes of the dc—ac inverter in
the WPT system is a non-negligible problem when the driving
frequency varies from the resonant frequency.

In order to find out the operation characteristic of the inverter
in the WPT system when the driving frequency varies, the
inverter operation mode in the resonant condition should be
analyzed first. It has been analyzed that when the system operates
in resonant condition, the output voltage of the inverter Uy and
the output current of the inverter I; are in phase. With regards to
the full bridge inverter used in this article, as shown in Fig. 1(a),
a dead-time must be added right after one switch turns OFF and
before its complementary switch turns ON to avoid shoot-through
and guarantee safe operation of the inverter. As aresult, I; cannot
cross zero exactly when the MOSFETs are turned ON or OFF, which
will produce switching losses. In a practical WPT system, the
output voltage and current waveforms of the dc—ac inverter are
shown in Fig. 7.

The detailed operation modes of the inverter in the resonant
WPT system from fy—t5 are shown in Fig. 8 and explained below.
The initial state of the inverter output voltage and current (/+)
are defined to be the reference direction.
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Before #g: S1 and S4 are turned ON and S> and S3 are turned
OFF. Uy and I are both positive but I; has started to decrease,
as L; is discharging in the LC resonant circuit.

to—t1: S1 and Sy are turned OFF, the body diodes of S; and S,
ds and ds, are ON and the system operates in dead-time. U; is
negative but I is still positive because the discharging inductor
L, is charging the capacitor C; and I keeps decreasing. S and
Sy are hard switching OFF.

t1—t: Four MOSFETs are all turned OFF, the system still
operates in dead-time. At #;, L; finishes its discharging process
and C; starts to discharge because of the resonant LC circuit.
Therefore, I is negative after crossing zero and U, is positive,
and d; and d, are ON.

to—-t5: S; and Sy remain OFF and So and S5 are turned ON
at f5. Uy and Iy are both negative but I; will decrease when
the capacitor C; is fully discharged and repeat the process from
to—to with opposite direction of output voltage and current. S
and S3 are hard switching ON.

The driving frequency varies from the resonant frequency
and results in a capacitive input impendence of the inverter,
and the zero-current point of I; occurs before 7y (see Fig. 7).
The waveforms of Uy and I; and gate signals of the inverter
will be shown as Fig. 9. At 1y, I; crosses zero and S; and Sy
are kept switched ON to conduct the current, but the direction of
I, is reversed. At t1, So and S3 remain OFF, and S; and S, are
switched OFF. U; and I; both keep their direction, the current
diverts from the channel of S; and S, into their body diodes dy
and dy, creating ZVS OFF for S; and §4. At £3, So and S3 are
switching ON and I; flows through S5 and S3, meanwhile, d;
and d, are OFF, and U; will be zero immediately. Therefore, at
t2, So and S5 are hard switching ON.

The input impendence of the inverter appears as inductive and
the zero-current point of I; will be shifted out of the dead-time
after t» (see Fig. 7). The output voltage and current waveforms
of the inverter will be shown as Fig. 10. Because of the inductive
impedance of the inverter, the current lags the voltage. Therefore,
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when U; crosses zero at ¢y, I1 will be still positive but decreasing
and cross zero at 1 and then be negative. At t2, So and S3 are
switching ON, the current is diverting from their respective body
diodes to their channels, therefore, S5 and S5 are ZVS ON. During
o to t3, S1 and S4 are OFF and S5 and S3 are turned ON. Uy and
I, are both negative and I; will increase first and then decrease
because of the LC circuit. I; will lag Uy in crossing zero because
of the inductive impedance. Therefore, at ¢35, S5 and S3 are hard
switching OFF.

From the above analysis, it is obvious that when the WPT
system operates at resonant condition, all the four switching
devices in the full bridge inverter are in hard switching ON and
OFF. Besides, it can be found that the switching transient always
happen in the dead-time and the hard switching of the switch-
ing devices is caused by the LC circuit operating in resonant
condition and appearing pure resistive. While when the driving
frequency varies from the resonant frequency and results in
inductive or capacitive input impendence of the inverter, and the
zero-crossing point of I can be shifted out from the dead-time,
only one pair of the body diodes of the MOSFET is conducting
during the dead-time. Therefore, the MOSFETSs in the full bridge
inverter can achieve ZVS ON or OFF according to the impedance
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of the inverter. Besides, when the phase between U; and I is
shifted to remove the period of ty—t; or #;—t2, the pulses during
the dead-time can also be eliminated, which can help to reduce
the stress on the switching devices.

Considering the conclusions derived in the theoretical analy-
sis about the FSP, it can not only help to determine the optimal
driving frequency to track the maximum output power, but also
help to achieve ZVS ON or OFF of the full bridge dc—ac inverter
as the driving frequency is bound to vary from the resonant
frequency to trigger the FSP. Therefore, for a given system
with specific requirement on the output power, the dc input
voltage can be greatly reduced by tuning the driving frequency
to the splitting frequencies, which can help to reduce the voltage
stress on the switching devices and the compensation capacitors.
Meanwhile, when the driving frequency is carefully designed to
shift the zero-current point of I7 out of the dead-time, ZVS ON
or OFF can also be realized, and the losses of the inverter can
thereby be reduced.

III. IMPLEMENTATION METHODS

A. Implementation Method of Output Power Control

It can be found out from (3) and (5) that for a given WPT
system, tuning the dc input power is the most convenience way
to achieve a constant output power when the load resistance or
the mutual inductance varies. However, utilizing the FSP can not
only help to control the output power, but also contribute to other
performance improvements for the WPT system as analyzed in
Section II. Therefore, these two methods will be compared in
this article to find the advantages of the utilizing the FSP to
control the output power. In the following sections, tuning the
dc input voltage directly is named Method A, and utilizing the
FSP to tune the output power is named Method B.

For method A, a variable regulated dc power supply is used,
allowing the input voltage to be set at the desired value. The
output power is proportional to the load resistance and the dc
input voltage according to the secondary-side power expression
given in (5). Assuming zero dead-time, the rms value of the
fundamental component of a square wave is 2v/2/7 of the
amplitude of the square wave as (13), then the relationship
between the input dc voltage, output power, and load resistance
can be derived as (14)

(2\/5/7T) Upc = Uirms (13)
— Psec/RL (w3M122 + Z1Z2)
U=V . (14)

JwaMio

In order to track the maximum output power, the frequen-
cies corresponding to the frequency splitting points need to be
derived first. The load power given in (5) is closely related to
its partial derivative with respect to the driving frequency. The
partial derivative with respect to the system driving frequency
of the output power in the secondary side can be derived by

aPsec

f(fd) = Of4 = 0.

15)



3846

Therefore, the dc input voltage can be adjusted according by
(16) to achieve the desired output power

L VPee B (2 friage)” My + 2122)
U= - .
J27 fRidge M 12

(16)

As can be seen from Fig. 2, when the FSP occurs, (15) will
have three solutions, that is, fRidege+s> fRidege—> aNd fTrough-
The first two values are the two peak values on either side
of the resonance frequency point. frrouen corresponds to the
trough value of the output power wave and equals the resonant
frequency of the system. Therefore, the driving frequency can
be converted t0 fRidege+ OF fRidege— tO achieve the maximum
power transfer capacity. The lower driving frequency can reduce
the switching losses in the inverter and rectifier. Therefore, in
this case, fRidege— 15 selected to be the tuning objective of the
driving frequency. It should be noticed that when (15) has only
one solution, the FSP disappears, and the output power attains
its peak at the resonant frequency. In this case, adjusting the
output power to the desired value only needs to directly tune the
dc input voltage.

B. Implementation Method of ZVS Operation

It has been analyzed in Section II that in order to realize ZVS
operation of the dc—ac inverter, the input impedance characteris-
tic of the inverter needs to be turned into inductive or capacitive
by tuning the driving frequency, and the zero-crossing point of
I, should be exactly shifted out of the dead-time to reduce the
impacts on the power transfer amount and efficiency. Therefore,
the phase difference of U; and Iy should satisfy the following
equations first:

¢ > w (17
cos ¢ < cos <27T(Tt/2)> (18)

where  is the dead-time and 7'is the period of the inverter output
voltage. It means that the delay time between U; and I is larger
than a half of the dead-time.

The phase difference ¢ is also the phase angle of the input
impedance of the inverter Z;, in (19). Equations (20) and (21)
are, respectively, the real part and the imaginary part of Z;,,

U 2772
I 2
2M2
R =R+ wdQ iz (R2 + Rp) i 0)
(Ro+ Rp)* + (waLa — 1/(waC))
27172 B
X =wqly — L de122(de2 1/(waC3)) N
(.ddcl (R2 + RL) + (deQ _ 1/(0Jd02))
(2D

Therefore, the driving frequencies which can make the delay
time between Uy and I larger than a half of the dead-time can
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be derived from (22) by linking (18) and (19)

To simplify the calculation, Ry and Ry are assumed to be
zero, then (20) and (21) can be transformed into the following
equations:

cosp =

22

2 2
R=—  “aMili 5 (23)
Rp* + (walz — 1/(waCs))
2972 _
X = wyl - 1 wi M7y (waLle — 1/(waC2)) (24)

waCh R+ (waLa — 1/(waC2))*

When the FSP does not exist, in order to minimize the im-
pacts on the power transfer efficiency and amount, the driving
frequency should be as close as possible to the resonant fre-
quency when creating ZVS conditions and maintain the power
transfer efficiency and amount simultaneously (see Figs. 2 and
6). Meanwhile, for the SS compensated WPT systems, the
compensation capacitors are set to resonate with the coils,
which means w, Ly — 1/(w,.C3) = 0. Therefore, the value of
waLlo — 1/(wyaCs) in (23) and (24) will be very small compared
to Ry, in this case, and the following equation can be assumed

to simplify the calculation:
deQ — 1/(wd02) =~ 0. (25)

With (25), (23) and (24) can be simplified to be as follows:

2M2
R= “’dRLw (26)
X = wgly — — 27)
= wqla waCr

Therefore, in order to derive the critical driving frequencies,
which can make the delay time between U, and I exactly equal
to a half of the dead-time, the following equation should be
satisfied according to (22):

27 (t/2
cosp = Zo = cos (7T(T/)> =« (28)
Substituting (26) and (27) into (28), the following can be
derived:
wﬁM‘ﬁ
a2 () (29)

B |Zm‘ - w22\ 2 1 2
( dRLlQ> + (del - wdCl)

Take the square of both sides of (29), the following can be
obtained:
W3M122 2
2 ( R )

“ = w2M2, 2 a
(52) + (ks - )

It is assumed that

(30)

T = w3 31)
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Substituting (31) into (30), the following equation can be

obtained:
(3
o= —— It 32
() + (o™ o 2h)

And then, (36) can be derived after the mathematical trans-
formation of (32) as given from (33)—(35)

2 2 2
o [T MZ, 9 9 1 Ly x M7y
— L —2— ) =—=
“ ( Ry, ) T (I ' Jrl‘ClQ Cy Rr

(33)
(34
1 ;fz (_;\}g%)QxQ e 011% N 2% —0 (35)

where « = cos(2n(t/2)/T).

The desired driving frequencies can thereby be derived with
(31) and (36), which are closely related to M2, L, C1, Ry, 1,
and T. For the cubic equation (36), three roots can be derived.
Obviously, the desired driving frequency is a real and positive
value. Besides, as there are two critical points of the dead-time
range, there will be at least two driving frequencies that can shift
zero-current point out of the dead-time. Therefore, meaningful
driving frequencies can be derived from the mathematical cal-
culation with the help of the mathematical calculation tool such
as MATLAB when the related system parameters are substituted
into (36). For example, when the FSP gradually disappears at
a 15 Q load and 150 mm coil-to-coil distance (see Figs. 2 and
6), the calculated driving frequencies are about 80 kHz, 91 kHz,
and 1 MHz, respectively. However, in order to derive (36), the
desired driving frequency should not be away from the resonant
frequency too much as analyzed previously. Therefore, one of
these three roots (1 MHz) is invalid as the assumption (25) is no
longer valid and the omitting items in Z;,, cannot be ignored any-
more. Regarding the other two roots (f; = 80 kHz, fo» =91 kHz),
these two roots mean that the tuned driving frequency can exactly
shift the zero-crossing point of I out of the dead-time of U;.
In other words, with the driving frequencies derived from (31)
and (36), the zero-crossing point of I; can be exactly moved
from #; (resonant condition) to #y (f1) or t2 (f2), as shown in
Fig. 11, in theory. However, due to the assumptions made during
the calculation process [see equations (23)—(25)], these roots are
only approximate values. The calculated driving frequencies will
be resubstituted into the full expression of (19)—(22) to validate
(18) in MATLAB. If (18) is not valid, the calculated driving
frequency will be finetuned up or down (1 kHz in this article).
And, the final results are 78 and 95 kHz, respectively, when
the load resistance is 15 €2, which can satisfy (18) and tune the
input impedance of the inverter into capacitive and inductive
accordingly.
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Fig. 11.  Phase relationship between Uy and I with critical driving frequen-
cies derived from the calculations.

When the FSP occurs, as can be seen from Figs. 2 and 6, the
driving frequency only needs to be slightly higher or lower than
the splitting frequencies to achieve ZVS ON or OFF (inductive
or capacitive input impendence of the dc—ac inverter), and can
maintain the output power around the extreme values, otherwise,
the load power will be seriously affected. As lower the switching
frequency can further reduce the switching losses, frequencies
around fRjqege— are selected to be the desired values. To make
sure the zero-current point of 7; can be shifted out of the dead-
time, the calculated driving frequency will be resubstituted into
the full expressions of (19)—(22) to validate (18) in MATLAB.
If (18) is not valid, the calculated driving frequency will be
finetuned up or down, i.e., when ZVS ON is expected, the driving
frequency will be tuned up from fRriqege— to achieve inductive
input impendence; when ZVS OFF is expected, the driving fre-
quency will be tuned down from fRriqege— to achieve capacitive
input impendence. For example, when the load resistance is 5 2
and the power transfer distance is 150 mm, the FSP occurs (see
Figs. 2 and 6). The frequency splitting points can be derived
from (15), which are 76 KHz (fridege—) and 98 kHz (fRidege+)s
respectively. As analyzed above, frequencies around fRidege—
will be selected as the desired driving frequencies, which will
be finetuned up and down from 76 kHz and resubstituted into
the full expression of (19)—(22) to validate (18). And the final
results are 75 and 78 kHz, respectively, when the load resistance
is 5 €2, which can satisfy (18) and tune the input impedance of
the inverter into capacitive and inductive accordingly.

IV. EXPERIMENTAL RESULTS

For validating the theoretically analysis presented in this
article about the FSP and its utilizing methods, an 85 kHz,
3.3 kW two-coil SS-compensated WPT system is built up, the
detailed parameters of this setup are listed in Table I. The design
of the transmitting coil is as same as the receiving coil as shown
in Fig. 12, and the design parameters of the coils are listed
in Table II. The detailed design and optimization method of
these two coils can be found in our previous work [24], which
can help to improve the power transfer efficiency and capacity
simultaneously when the coil size is limited and coil-to-coil
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TABLE I
EXPERIMENTAL WPT SYSTEM PARAMETERS

Symbol Value Unit
Vb 0-600 v
t 1 us
L 67.7 wH
Cy 52.2 nF
R 138 mQ
L, 67.5 wH
C, 52.1 nF
Ry 142 mQ
d 50-250 mm
Ri, 5-25 Q
Fig. 12.  Coil used in the experiments.
TABLE 11
DESIGN PARAMETERS OF THE COILS
Coil design parameter Value Unit
Litz wire diameter 6 mm
Inner radius 30 mm
Outer radius 286 mm
Channel width 10 mm
Number of Coils 16 #

distance is determined. In the experiments, the coil-to-coil dis-
tance will vary from 50 to 250 mm to provide different coupling
coefficients from strong coupling to weak coupling to trigger or
suppress the FSP according to Fig. 2.

In this article, as the distance between the two coils needs
to be tuned to provide different coupling coefficient from weak
coupling to strong coupling in the analysis and experiments,
the ferrite is not added for avoiding the changing of the self-
inductance of the coils. Which can make sure that the system
always operates at a resonate condition, and thereby providing
a fair comparison when the power transfer distance varies. It
should be noted that even though air coils are adopted in this
article, the analysis about the FSP and the system control method
by utilizing the FSP are both applicable to the coils with ferrite.

The experimental setup is shown in Fig. 13. A dc power
supply EA-PS 81000-30 dc is used to supply power to the whole
system. The primary-side coil system receives the desired high-
frequency power excitation from the full bridge inverter which
consists of SiC power MOSFETs S1—S4 (CREE. C2M0040120D),
then the power is transmitted to the secondary side of the WPT
system, lastly, the power will be delivered to the load resistors
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Fig. 13.

Experimental platform of the WPT system.

after being rectified by an H-bridge rectifier made by four
SiC diodes (CREE. C4D20120) to reduce losses. Two Fluke
Norma 4000 power analyzers are used to measure the dc input
power, inverter output power, rectifier input power, and the
load power. 400 MHz passive probes (PMK, PHV 1000) are
used to measure the gate-to-source voltage and drain-to-source
voltage. Rogowski coil (CWTUMO3B/1/80) is used to measure
the drain current. Differential probe (Agilent, N2791A) is used
to measure the output voltage of the inverter. 50 MHz current
probe (Agilent, 1147A) is used to measure the output current of
the inverter. 100 MHz oscilloscope (Agilent, MSO-X 3014A) is
used to capture the voltage and current waveforms.

A. Experiments for Constant Output Power
Control Strategy

To verify the effectiveness and advantages of the constant
output power control method by utilizing the FSP, the coil-to-coil
vertical distance is fixed at 150 mm first and the load resistance
will vary from 5 to 25 €2 to provide different load conditions. And
then, the load resistance will be kept constant at 15 €2 and the
coil-to-coil vertical distance will increase from 50 to 250 mm
to provide different coupling conditions. In this way, the FSP
can occur first and be completely suppressed subsequently (see
Fig. 2) to provide different system operating conditions.

Based on the calculation functions of Methods A and B, the
desired 3.3 kW constant output power can both be effectively
maintained with slight errors when the load resistance or the cou-
pling coefficient varies in the WPT system, as shown in Figs. 14
and 15. The error is not only caused by these assumptions in the
calculative process but also the non-negligible stray resistance in
the leads and the connection nodes, particularly for the parasitic
resistance in the screws used for connecting the components
in the WPT system. But, it will not impact the analysis about
the study of the constant output control methods and when the
stray resistance existing in the leads and connection nodes can
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Fig. 15. Experimental results for constant output power when coil-to-coil

distance varies.

be greatly reduced or precisely predicted, the precision can be
further improved.

As can be seen from Fig. 14, when the load resistance in-
creases from 5 to 25 Q and the coil-to-coil distance is kept
constant at 150 mm, the dc input voltage reduces from 327 to
163 V by adjusting the dc input voltage directly (Method A).
While for Method B, when the FSP occurs, the dc input voltage
can be greatly reduced compared to Method A, i.e., Vpc is
reduced from 327 to 160 V at 5 €2 load resistance. Besides,
it can be found out from the experimental results that the lower
the load resistance is, the higher the required input dc voltage
will be, and the dc input voltage can be greater reduced by
Method B. With the load resistance continually increasing, the
FSP disappears as expected, the desired driving frequency of
Method B corresponding to the maximum output power point
equals to resonant frequency. Therefore, Method B does not
need to tune the driving frequency anymore and Method B
is Method A essentially in this case. Regards to the power
transfer efficiency, the efficiency derived by Method B cannot be
higher than those with Method A with the same load resistance,
because maximum efficiency can only be achieved when the
driving frequency equals the resonant frequency. When the load
resistance is kept constant and the coil-to-coil distance increases
from 50 to 250 mm, similar results can be derived as the load
resistance varies (see Fig. 15).

As a conclusion, compared with tuning the dc input voltage
to adjust the output power, utilizing the frequency splitting char-
acteristic of the WPT system can fully utilize the system power
transfer capacity and can decrease the driving frequency/dc
input voltage, which is beneficial in reducing the stress on the
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Fig. 16. Experimental waveforms of the WPT system in resonant conditions.

components used in the WPT system, thereby providing a safer
operating condition for the system.

B. Experiments for ZVS Implementation Strategy

As analyzed in Section II, when the coil-to-coil distance is
fixed at 150 mm, the FSP will occur at 5 € load resistance, and
gradually disappears at 15 €2 load resistance (see Figs. 2 and
6). Therefore, these two load conditions are selected to validate
that the ZVS realization method can be effectively achieved no
matter the FSP occurs or not.

The experiment for exactly resonant condition (fg = f;) is
carried out first. The dead-time of the driving signals for the
full bridge dc—ac inverter is set to be 1 us for safety in the ex-
periments. The measured output voltage and current waveforms
of the inverter and the switching waveforms of the MOSFET are
shown in Fig. 16.

As can be seen from Fig. 16 that when the WPT system
operates under resonant condition, the output voltage and cur-
rent waveforms of the inverter show good consistency with the
theoretical analysis, and that the SiC MOSFETs operate in hard
switching conditions, which is also consistent with the analysis
in Section II (see Fig. 7).

According to the theoretical calculation results presented in
Section III-B, for realizing ZVS operation of the dc—ac inverter
used in this 85 kHz WPT system and minimizing the impacts
on the power transfer efficiency and amount, the desired driving
frequencies are 78 and 75 kHz witha 5 Q2 load, and 95 and 78 kHz
with a 15 €2 load for inductive and capacitive input impedance,
respectively.

The measured output and switching waveforms of the inverter
and the MOSFET under these two load conditions are shown in
Figs. 17 and 18 accordingly. It can be seen that with the ZVS
realization methods, ZVS ON or OFF can be realized as desired by
tuning the inverter input impedance to inductive or capacitive,
respectively. The experimental waveforms show good consis-
tency with the analysis in Section II about the analysis on the
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ments with a 15 Q load.

voltage and current waveforms of the dc—ac inverter affected by
characteristic of the input impendence.

To analyze the impact of the proposed ZV'S operation strategy
on the performance of the WPT system, all the experimental
results are presented in one figure as shown in Fig. 19. First,
it can be found out that whether the WPT system operates
at resonant condition or ZVS condition, the output power can
all be maintained at 3.3 kW with the proposed system control
method by utilizing the FSP. Second, with the proposed ZVS
implementation method, the coil-to-coil efficiency decreases
slightly because of the unresonant operating conditions, but the
inverter efficiency is effectively improved, e.g., from 95% to
97% when the FSP occurs at 5 €2 load, and from 95% to 98%
when the FSP disappears at 15 €2 load. Even though it results in
a small decrease in the coil-to-coil efficiency, but higher inverter
efficiency is critical for system safety, and can thereby reduce
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the volume of the heatsink and increase the power density of the
system. Besides, the overall efficiency of the whole system can
be nearly maintained constant as the resonant conditions.

V. CONCLUSION

In this article, the FSP of the two-coil WPT system with an
SS compensation topology is studied in detail. It is found in
this article that the FSP will occur when the coupling coefficient
increases or the load resistance decreases. As the FSP cannot
be completely suppressed in a practical WPT system, a system
control method by utilizing the advantages of the FSP is pro-
posed in this article. With the proposed method, the FSP can
help to decrease the dc input voltage and create ZVS operation
of the dc—ac inverter with the same power transfer amount. An
85 kHz, 3.3 kW WPT system is built up to validate the proposed
method. The experimental results show good consistency with
the theoretical analysis. In the experiments, when the FSP occurs
at 150 mm coil-to-coil distance and 5 €2 load resistance, the dc
input voltage is reduced from 327 to 160 V with a 3.3 kW load
power, meanwhile, ZVS of the dc—ac inverter is realized and the
inverter efficiency is improved from 95% to 97%.
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