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ABSTRACT This study proposes a detuned resonant capacitor selection strategy to eliminate the influence
of the changed coupling coefficient on the transferred power and efficiency of a wireless power transfer
(WPT) system using the LCC-S resonant topology. The output characteristics of the conventional tuned
LCC-S system and the novel detuned system are analyzed and compared in detail, the different effects of the
detuned parameters on the system output performance are expounded by simulations, and an optimal detuned
parameter design process is presented. By adjusting the compensated capacitors on the transmitting side, the
output voltage can be constant under varying coupling conditions without changing the switching frequency.
Experiments with a 1.5kW power scale were conducted to verify the proposed theoretical analysis. The
results show that the fluctuation of the output voltage is restricted to 8.2% in the optimized system when the
coupling coefficient changes from 0.18 to 0.38. Under the rated coupling conditions, the experimental results
demonstrate that compared with ZPA (88.29%) and ZVS (90.66%), ZCS (91.52%) operating conditions are
more suitable for a WPT system equipped with IGBTs to improve the overall efficiency.

INDEX TERMS LCC-S compensation, detuned resonant network, misalignment tolerance, wireless power

transfer (WPT), parameter optimization.

I. INTRODUCTION

The concept of wireless power transfer (WPT) was firstly
proposed by Nikola Tesla in the 19" century. However, sig-
nificant advancements and developments in WPT technology
have occurred in the last 20 years. Based on the merits of
this technology, such as galvanic isolation, weatherproofing,
convenience and safety, WPT is expected to replace the tra-
ditional plug-in power supply mode to improve the charging
process of electrical equipment neat and beautiful. WPT can
be used in various power supply applications, such as biomed-
ical implants, portable electronics, unmanned aerial vehicles
(UAVs) and electric vehicles (EVs), etc [1]-[5].
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There are three major implementation ways for WPT,
namely electromagnetic radiation WPT, electrically coupled
WPT, and magnetically coupled WPT [6]-[9]. Among them,
magnetically coupled WPT is an extensively used method,
and it can be further divided into magnetically coupled induc-
tive WPT (MCI-WPT) [8] and magnetically coupled reso-
nant WPT (MCR-WPT) [9]. Contrasted with the MCR-WPT
system, the MCI-WPT system has a more flexible output
capability (from a few W to hundreds of kW) with much
higher efficiency. Because of its high applicability and safety,
MCI-WPT is the most common choice in WPT system
designs. In this paper, MCI-WPT is chosen as the research
subject, and it will be regarded as WPT for convenience in
the following text.

To improve the power transfer performance of the
WPT system, the resonant compensation topology must be
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implemented in the primary and secondary side circuits.
There are four basic compensation topologies, namely SS,
SP, PS, and PP topology, in which “S”” means the LC series
resonant circuit that is composed of coils and compensation
capacitors, and “P”’ represents the LC parallel resonant cir-
cuit that consists of the same components [10], [11]. SS topol-
ogy is the most commonly used of these four topologies due
to its simple structure, coupling coefficient independently
compensated capacitors design, and constant output current
characteristic. But its biggest deficiency is when the sec-
ondary side circuit shut down suddenly, the current induced
in the primary side coils will rush to extremely high as short
circuit condition to destroy the primary circuit system, which
is dangerous to the charging system and staff nearby [12].

As a result, high-order resonant compensation circuits,
such as topologies of LCL-S, double-sided LCL (DS-LCL),
LCC-S, and double-sided LCC (DS-LCC), have been pro-
posed to avoid similar situations [11]-[17]. The introduc-
tion of high-order compensation circuits broadens the design
space for resonant parameters. Existing researches have pro-
posed diverse parameter design approaches for different
topologies and applications. Yao et al. [12] developed a novel
parameter tuning method for DS-LCL compensated circuit,
which suppress the majority of high-order harmonics to make
the system output current more sinusoidal by using the con-
siderable series-connected inductor on both primary and sec-
ondary side. However, the larger the inductance, the bulkier
the whole system, which means the fairly low power density
in LCL-type WPT systems. Hence, the LCC circuit is more
often used in large power applications. In [18], a DS-LCC
compensation network working at a constant switching fre-
quency is introduced, and its power devices are operating at
zero voltage switching (ZVS) conditions. In [19], a parameter
design procedure realizing zero current switching (ZCS) for
inverter has been analysed and adopted based on an LCC-SP
type WPT system, and the differences in voltampere rating of
reactive-compensation elements under ZCS design and zero
phase angle (ZPA) condition are compared.

Nonetheless, these proposed methods are all based on
the standard resonant conditions of LCC topology and the
totally aligned coupling conditions. In practice, misalignment
between coupling coils usually is inevitable. And in this
case, the power output capability of the WPT system will
be decreased. So, it is necessary to investigate a method
to alleviate the negative effect on system output caused by
misalignments. A basic method is to adjust the output volt-
age or current by controlling the duty ratio or phase-shift
angle of the inverter circuit [20]. However, the upper limit
of this method is limited by the peak value of the input DC
voltage. Some pieces of literature focus on how to modify
the structure design of the coupling coils to improve the
system misalignment tolerance. Coil structures that have been
proved useful include DD coil, DDQ coil, Tripolar coil,
etc [21]-[23]. Another way to solve this problem is to add
a DC-DC converter, such as Buck or Boost converter, to reg-
ulate the system output within a limited range [24], [25]. But
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TABLE 1. Comparison of different regulation methods.

Regulation ~ Additional ~ Control ~ Receiver Regulation  Practical
method circuit strategy side range realization
[20] No Simple Simple Narrow Simple
Additional
[21] receiver Complex  Complex Narrow Complex
circuit
DC-DC .
[25] converter Complex  Complex Wide Complex
Capacitor
[26] arrays & Complex  Complex Wide Complex
switches
Adjustable . . .
[27] inductor Simple Simple Wide Complex
Capacitor
This paper  arrays & Simple Simple Wide Complex
switches

it will complicate the circuit and control design of the whole
system.

Besides, some researchers try to find the proper compen-
sation parameter design to help maintain the output perfor-
mance stable. In [26], Deng et al. let the DS-LCC circuit
work at the detuned conditions by changing the parallel
compensated capacitors on both sides to deal with the cou-
pling effect problem. But the variable parallel compensated
capacitors on the secondary side complicate the resonant
network design and enlarge the dimension of the receiving
system, which will add additional challenges to the structure
design and assembly of the secondary side WPT system.
Meanwhile, the variable frequency control also makes the
control algorithm complex. According to [27], anovel LCC-S
topology with constant current (CC) output characteristic is
designed and operates at a detuned condition to improve the
system efficiency when coupling coils are misaligned. The
application of basic LC series resonant topology on the sec-
ondary side avoids the complicated receiving system, but the
design of adjustable series compensated inductor makes the
manufacture of which difficult. From the research findings
mentioned above, it can be found that the slightly detuned
resonant system will have better tolerance to changing cou-
pling conditions. Table 1 gives a comprehensive comparison
of the advantages and disadvantages of various regulation
methods to improve the system output stability under wide
coupling changing conditions. And the biggest merit of the
method proposed in this article is that there is no complicated
adjustable inductor manufacture and no bulky receiver circuit
design.

In this paper, a detuned parameter design and selection
strategy have been proposed to adapt to the LCC-S compen-
sated WPT system, to improve the stability of the system
output voltage when a wide variation of coupling coefficient
happens, which could be caused by the axial spacing change
or misalignment of the power-transmission coils. The main
contributions of this paper can be listed as:
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FIGURE 1. Circuit diagram of LCC-S compensated WPT system.

1. Based on the method of fundamental harmonic anal-
ysis (FHA) and the T-type equivalent circuit of the LCC-S
compensated WPT system, the mathematical models of the
conventional tuned LCC-S converter and the detuned one
with two variable capacitors on the transmitting side are
established, and the corresponding mathematical equations
describing their different output characteristics are given and
compared.

2. On the basis of the theoretical analysis of the detuned
system, the effects of the variable compensation capacitors on
the system output voltage gain are illustrated by curve graphs,
and it shows that by changing the compensation capacitances
on the transmitting side, the output voltage gain could be
adjusted dynamically when the coupling conditions of the
WPT system changes.

3. According to the derived mathematical equations,
a detuned capacitances design and selection scheme is pro-
posed to determine the proper compensation capacitances
to help maintain the system output voltage stable under
wide coupling changing conditions. The experimental results
obtained under detuned and ZCS conditions prove that the
adoption of the method proposed can improve the output
voltage stability and operating efficiency of the system.

Il. THEORETICAL ANALYSIS OF TUNED LCC-S
COMPENSATED WPT SYSTEM

The circuit diagram of the LCC-S compensated WPT system
is shown in Fig. 1. Vp; represents the DC input voltage of the
system, Vap is the high-frequency AC square-wave voltage
produced by the full-bridge inverter (FBI) composed of IGBT
modules (S1 — S4 and D1 — D4), Vcp is the input voltage of
the full-bridge rectifier (FBR) composed by Schottky diodes
(D5 — Dg) and Vp, indicates the output voltage to supply
power to load. Lg; is the series-connected resonant compensa-
tion inductor on the primary side. Cs; and Cy is the series and
parallel resonant compensated capacitor on the transmitting
side, respectively. C; is the series resonant compensation
capacitor on the secondary side. L; and L, represent the
transmitting coils and receiving coils, individually. M means
the mutual inductance between L; and L. In addition to these
essential resonant components, Rg1, Ry, and R are involved
in this diagram to represent the equivalent resistance of each
loop. Ct is the filtering capacitor on the output side, and R, is
regarded as the power load.
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(b)

FIGURE 2. (a) Theoretical circuit and (b) T-type equivalent circuit of LCC-S
compensated WPT system.

Due to the band-pass effect of the resonant tank, only the
fundamental component of the square wave is considered in
the theoretical analysis for simplicity [26], [28]. Utilizing the
method of FHA, the theoretical circuit model of the LCC-S
compensated system can be depicted in Fig. 2(a). In which, U;
and U, indicates the input and output voltage of the LCC-S
resonant topology, namely Vap and Vcp, respectively. And
Ry denotes the equivalent load resistance, which is made up of
the FBR, the output filtering capacitor, and the actual power
load.

—Ro ey

According to Kirchhoff’s Voltage Law (KVL), the sec-
ondary loop voltage equations can be obtained as

. 1 . .
JoMI = (Rz +joly + —) I, + U,
JoCs

) ) @)
U, =R.I,

Thus, the circuit impedance of the receiver side can be
calculated as

1
Zr =joly + —— + R + Ro. 3)
JjoCs

When Z, has reflected the transmitting side, the equivalent
T-type circuit of LCC-S topology can be obtained as shown
in Fig. 2(b).

And the reflected resistor Z; is

5 _ TioMl, _ o?M?
A

“)

According to the equivalent T-type circuit shown in
Fig. 2(b), the equations describing the relationship between
the input impedance and input voltage of LCC-S compensa-
tion topology can be derived as

Zin :ja)le + Ry1

1 1 .
+[. n(. +JwL1+R1+z,)] 5)
LioGn' ol

Ui = Znl;.

In which, the symbol ““||”” means the corresponding elements
are parallel connected in the circuit.

When the standard resonant conditions expressed as (6) are
satisfied, the expressions of input impendence, voltage gain,
and current gain of tuned LCC-S compensated WPT system
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can be derived as (7).

1

JwoLi + - . =0

]wOCsl(o) ]a)OCpl(o)
jooLsg + ———— =0

’ leocpl(m (6)

JwoLs + - =0

JwoC
wy = 27Tf().

where, wy indicates the resonant angular frequency, and fj is
the resonant frequency of the LCC-S topology, namely the
switching frequency of the FBI, the subscript of “(0)” is
used to refer to that the capacitance is for the standard tuned
compensation condition.

oL
Zin(Tuned) = — YE + Rs1
w
— 4Ry
Ry +RL
wiMLy;
U Ry+R, -
Gv(Tuned) = -_0 = 2 L (7)
i 212 a)(%M2
wyLs + Ry m + R
G wiMLg
i(Tuned) = |+ | =
D =™ [w2M? + Ry (Ry + Ro)]
M
Gv(Tuned) ~ L_l (8)
A
N2
(Gv(Tuned) ' Ui)
Po(Tuned) = T
2 2
wyMLy) AR
Ry+Ry k
= ©

W2 M2 2
Wil + Ry | —2— 4+ R
07s1 st Ry + Ry, !

N(Tuned) = Gv(Tuned) : Gi(Tuned)
2
wiMLy
Ry
Ry+Rp

a)(z)M2 AR 212 4 p cu(z)M2 4R
w, )
Ry+R, 0%t T\ RyrR,

Ignoring the equivalent resistances of Rg1, Ry, and R, for
their fairly small impacts on the voltage gain, the expression
of which can be rewritten as (8). Therefore, the output voltage
of LCC-S compensation topology can be reckoned as con-
stant under the rated operating condition (mutual-inductance
M is fixed at a certain value), with the invariable design of
compensation inductor Lg;. Based on (7), (9) and (10) can be
used to calculate the output power and efficiency of the tuned
LCC-S circuit.
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IIl. THEORETICAL ANALYSIS OF DETUNED LCC-S
COMPENSATED WPT SYSTEM
In the conventional tuned LCC-S resonant topology, the
perfect CV output performance is acquired premising the
mutual inductance M is constant under the overall operating
conditions. But in practice, the mutual-inductance between
the transmitting and receiving coils will change when the
misalignment happened or the axial distance of coils varied.
According to (8), the variation trend of the voltage gain
Gy(Tuned) 18 nearly linear when M changes. Consequently, the
WPT system will lose the output characteristic of CV output.
To solve this problem, a detuned parameter design method
by adjusting the values of compensation capacitances on the
primary side is studied in this paper. Firstly, the operating
characteristics of the detuned LCC-S compensated topology
should be analyzed.

In the detuned situation in this paper, the resonant condition
of the transmitting side is no longer valid, but that of the
receiving side is still satisfied like

1
- =0
JwoC (11)

wo = 27fy

Jwolz +

Simultaneously, the detuned status of the LCC-S system
is depicted by introducing the detuned coefficients « and
B, in this paper. Only the compensation capacitances on the
primary side are changed, and the other resonant parameters
maintain unaltered under the detuned situation.

{ Csl(Detuned) =0o- Csl(o) (12)

Cpl(Detuned) = /3 : Cpl(a)

Similarly, the expressions of input impedance, voltage
gain, and current gain of the detuned system can be derived
as

jwoLs1 A
Jwolst A F Ry
B B

Wi MLy

Ro+ Ry -
ja)Ole “A+ ﬁRSI B
WMLy
Ry +RL

p-B

In which, the multinomials A and B can be expressed
as (14). As a result, the system output power and efficiency
can be calculated by (15) and (16), respectively.

2M2 _ _
A=@B—1[-22 +R1) n ijou

Zin(Detuned )

Gv (Detuned) = ( 1 3)

Gi (Detuned) =—

Ry + Ry
B—-—a-—-1),
+’3—]w0le
* (14)
oM R+ (1= 1) jwol
= - — W
R2+RL 1 o JwoL1
I
———]jw
o B JwoLs]
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TABLE 2. Parameter settings for simulation model.

Symbol Parameter Value
Voi DC input voltage 170V
fo Resonant frequency 30kHz
Lg Primary series compensation inductance 36.4uH
Csi(0) Primary series compensation capacitance 0.27uF
Coio) Primary parallel compensation capacitance 0.8uF
Li&L, Self-inductance of coils 140uH
M Mutual-inductance between coils 24~36uH
k Coupling coefficient 0.18~0.26
G, Secondary series compensation capacitance 0.2uF
Vbo DC output voltage 170V
Ry Equivalent resistive power load 16Q2
R, Actual resistive power load 20Q
(Gv(Detuned) ’ Ui)2
Po(Detuned) = (15)
R (opr)
N(Detuned) = Gv(Detuned )" Gi(Detuned ) (16)

To show directly the influence of & and 8 on the output
characteristics of the WPT system, a mathematical model is
established in MATLAB. Table 2 lists the parameters used
in this model. The coupling coefficient & is used to represent
the coupling condition of the power-transferring coils system
here. Its rated value is 0.26 (M =35uH and Gyratea) = 1.0)
under the standard aligned condition, and the calculating
method of k is given as

k M a7
VLiLy

Take coefficients ¢ and B as the independent variable
individually, their different effect on the output voltage gain
Gy(Detuned) can be illustrated in Fig. 3 and Fig. 4. Considering
the convenience for assembly and adjustment, the variation
range of detuned parameters is not larger than 2.

According to the variation trend under detuned operating
conditions of the LCC-S compensated system, the following
conclusions could be summarized:

1. In Fig. 3(a) and Fig. 4(a), when 8 < 1.0, Gy(Detuned) Will
decrease as « increases, and when B8 > 1.0, Gy(Detuned) Will
increase as « increases.

2. In Fig. 3(b) and Fig. 4(b), when B increases, the
increasing rate of Gy(Detuned) Will be reduced gradually as o
decreases.

3. In Fig. 3(a) and Fig. 4(a), when o« = 1 — L1 /L1 (namely
0.74 in the simulation case), no matter how to alter the value
of B, the voltage gain keeps stable as M /Lg;. It can be
testified by introducing this equation into (13) and (14) and
ignoring the effects of equivalent resistances. Consequently,
the voltage gain can be expressed as

woM
Gv(Detuned) ~ 2as2 " (18)

) woM
wols1 +j(B—1) Ry
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FIGURE 4. When k = 0.26, voltage gain changes with (a).

Under the simulation conditions in this paper, the imagi-
nary part of the denominator is much smaller than the real
part of that. Thus, (18) will be simplified as (8), to obtain the
stable voltage gain independent of parameter §.

4. In Fig. 3(b) and Fig. 4(b), when 8 = 1.0, no matter how
to alter the value of «, the voltage gain keeps stable as M /L.
It can be verified by substituting this equation into (13)
and (14) and ignoring the effects of equivalent resistances.

VOLUME 10, 2022



W. Li et al.: Detuned Resonant Capacitors Selection for Improved Misalignment Tolerance

IEEE Access

As a consequence, the system voltage gain can be depicted
approximately as (8) too.

Therefore, it is possible to let the detuned LCC-S system
regain the CV characteristic by applying proper combinations
of o and B. This mathematical relationship can be described
as

Gv(Detuned) (a, B) = Gv(Tuned) = Gv(Rated)- (19)

whereas, there may be different sets of parameter designs that
can satisfy the desired output voltage gain for a detuned sys-
tem. So, it is not sufficient merely by utilizing (19) to deter-
mine a set of suitable parameters to get the CV performance
of the WPT system. Another restrictive condition should be
added to limit the selection of the detuned coefficients further.

IV. REALIZATION CONDITIONS OF DIFFERENT SPECIFIC
OPERATING STATUSES FOR THE FBI

According to existing research, the FBI circuit has three
major specific operating conditions, namely ZPA, ZVS, and
ZCS. In this section, the differences between the three work-
ing statuses and their individual realization conditions will be
thoroughly examined.

A. ANALYSIS OF THE REALIZATION OF ZPA

The FBI will operate at the ZPA condition when the system
input impedance is purely resistive. At the moment, the phase
angle between the input voltage and current of the resonant
network (i.e. output voltage and current of the FBI) will
be zero. On account of the filter effect resulting from the
compensation topology, the high-order harmonic components
usually will be ignored when calculating the input impedance
of the WPT system. Thus, the realization of the ZPA condi-
tion is also mainly considering the fundamental component
of the input impedance of the resonant compensation net-
work. Based on the results derived from FHA, the system
input impedance Zinetuned) Under the detuned status can be
regarded as shown in (13).

In order to make the input impedance purely resistive,
the imaginary part of Zjypetuned) should be adjusted to zero.
Namely, the restrictive condition for detuned LCC-S com-
pensated WPT system under ZPA operating condition is
described as

Im [Zin(Detuned) (a, .8)] =0. (20)

B. ANALYSIS OF THE REALIZATION OF ZVS

The ZVS design has been widely used in many existing pieces
of research and applications to reduce the switching losses of
the FBI [26]. Its principle is letting the anti-paralleled diode
conduct before the corresponding power device (IGBT or
MOSFET) so that the voltage stress across the power device
will close to zero when it is switching on. The key point to a
successful ZVS implementation is to let the output parasitic
capacitor of the power switch be fully discharged within the
dead time. Hence, the turn-off current of the power device
should be large enough to release the stored power during the
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limited time:
4Coss VDi ,max

D 2

|Ioff(Detuned)| =
where Cogs is the output capacitance of the power device, and
it can be deduced from the datasheet of the power switch
easily. rp means the dead time.

To calculate the turn-off current accurately, the higher har-
monics of system input power should not be ignored anymore.
Applicating the Fourier analysis, the input voltage of the
resonant network could be decomposed as:

. 4. . sin (nwot)
Ui = —Vbi Z —

n=1,3,5,...

(22)

The following describes the fundamental input impedance
of the LCC-S system in a detuned state.

Zinﬁlxt = Zin(Detuned) (23)

Meanwhile, the higher harmonic input impedance of the
LCC-S resonant topology can be approximately expressed as:

. 1 .
Zin_nth ~ Rs + <}’l - —>]61)0le. (24)
np

Therefore, the corresponding fundamental and higher har-
monic input current of the resonant network could be derived
as:

: UiJ st
IoﬁJ st(Detuned) = =
Zin_ 1st (2 5 )
. Ui_nth
I off _nth(Detuned) = 3 .
Zinfnth

And the calculating expression of the turn-off current is
further deduced as:

Loff (Detuned)

00
= I off _1st(Detuned) + Z I off _nth(Detuned) (26)

n=3,5,7,... (wot=7)

On the other hand, the larger the turn-off current is, the
higher the turn-off loss of the switching device will be, result-
ing in lower system efficiency. Consequently, the restric-
tive condition for detuned LCC-S compensated WPT system
under ZVS operating condition is selected as

4C0ss VDi ,max

. 27)

|Ioff(Detuned) (cr, ,3)| =
C. ANALYSIS OF THE REALIZATION OF ZCS
In [19], the parameter design method for the ZCS operating
condition of the LCC type compensated system is proposed.
Same with ZVS, the implementation of ZCS is also needed
to make the turn-off current satisfy a specific value. But the
turn-off current must be equal to zero to achieve the most
perfect ZCS operating performance. This means only one set
of parameter combinations can make the turn-off current to
be zero, and a small but nonzero value of the turn-off current
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TABLE 3. Contrast between IGBT and MOSFET.

Comparative . . MOSFET
item IGBT (Si) MOSFET (Si) (SiC)
Maximum of
withstand ~6500V ~950V ~1700V
voltage
Ma?( 1mum Hundreds of A few MHz
switching Tens of kHz
kHz [31]
frequency
Tail current Yes No No
Preferable
operating ZCS ZVS ZVS
condition

will exist under other parameter designs [19]. So, the restric-
tive condition for detuned LCC-S compensated WPT system
under ZCS operating condition can be briefly described as

iaﬂ(Demned) (a, ﬁ)| =0. (28)

D. CONTRAST BETWEEN IGBT AND MOSFET ON
SWITCHING CHARACTERISTIC

The calculation formula of switching loss of power device
is as (29) shows. In which, E,, and Eqs represent the dis-
sipated energy at the moment of the power device turning
on and off, respectively. And f,, is the switching frequency
of the power device, which equals the resonant frequency
of the WPT system. From (29), it can be derived that the
switching power loss could be reduced by decreasing either
Eon or Eqgr, which corresponds to ZVS and ZCS conditions
individually.

Psw—Loss = (Eon + Eoﬂ) fow (29)

For the need for high switching frequency in the WPT
system, MOSFET is more often used than IGBT as the power
device in the FBI. MOSFET’s excellent high-frequency per-
formance allows for very small design values for resonant
elements, and existing research has shown that MOSFET
is much more suitable to operate at the ZVS condition
to reduce switching losses [18], [29]. However, its weak-
ness on withstand voltage limits its application of which
on large power-scale occasions. Although the newly devel-
oped SiC MOSFET can handle this problem, the cost of
that is much higher than the IGBT with the same voltage
level.

Unlike MOSFET, IGBT has the tail current to enlarge its
turn-off loss when switching off [30]. In consequence, its Eqgf
is quite larger than its E,. Theoretically, it is much preferable
to let the IGBT operate at the ZCS condition to reduce power
loss. Meanwhile, the lower operating frequency of IGBT
also helps to cut down the switching loss of which. Despite
the design value of the resonant parameters will increase
under the lower resonant frequency, it can be acceptable for
large power applications. A simple and qualitative contrast
between power modules of IGBT and MOSFET can be listed
in Table 3.
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V. PROPOSED PARAMETER SELECTION STRATEGY

Based on the comprehensive analysis above, two major con-
straint conditions are presented to direct the optimized param-
eter design for LCC-S resonant compensation topology to
regain the CV performance under detuned operating con-
ditions. For ease of reading and understanding, equations
describing the two restrictive conditions in the above content
will be reorganized as (30) and (31).

Fi (a, ,8) = Gv(Detuned) (a, /3) = Gv(Tuned) (30)
Im [Zin(Detuned)(aa ,B)] = 0(ZPA)

oss VDi ,max

Fa (e, B) = (ZvS$)

‘Ioﬂ(Detuned) (o, ,3)‘ =

|Ioﬁ(Detuned) (e, ,3)| = 0(ZCS)
3D

And the implementation process of the proposed parameter
selection strategy for coupling changing conditions can be
concluded below.

1. Get the rated tuned parameters under standard resonant
conditions.

2. Obtain the actual mutual inductance M and coupling
coefficient k from the actual G, based on equation (8) when
the relative position of power-transferring coils has changed.

3. Take (30) as the first constraint condition of the detuned
parameter design guidance, to make the system keep CV
output performance when k changes.

4. Select the proper form of (31) as the second constraint
condition of the detuned parameter design guidance, to real-
ize specific FBI operating conditions.

5. Solve the equations and get the suitable detuned coeffi-
cients o and S.

6. Substitute @ and 8 into the corresponding equations to
obtain the optimized value of Cs; and Cp,; for the detuned
LCC-S system parameter design.

7. Change the capacitance of Cs; and Cp; (by switching
different capacitor arrays) in the practical WPT system to help
the system keep the CV output.

The overall flowchart of this strategy is illustrated in Fig. 5.
Although the manufacture of capacitors has around + 10%
tolerance, and the inductance and capacitance probably have
excursions, their influence on detuning parameter regulation
is little. Besides, the duty-cycle and phase-shift control could
be combined with this detuning method to improve the sta-
bility of output voltage further [32], [33].

VI. EXPERIMENTAL VERIFICATION

A. EXPERIMENTAL RESULTS OF TUNED LCC-S SYSTEM
Experiments on a 1.5kW power scale are carried out to
validate the feasibility of the proposed parameter design
method. Fig. 6 shows the actual experimental setup. The
power device composing the FBI is the IGBT module of Infi-
neon FF150R12KT3G, whose operating frequency is 30kHz.
The high-frequency rectifier is composed of Schottky Diode
of IXYS DSEI2 x 101. The coupling coils are symmetrical
DD-type, and each rectangular coil is wound with 8 turns
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FIGURE 5. Flowchart of the detuned parameter selection strategy.

FIGURE 6. WPT experimental platform (1. Oscilloscope, 2. Power
analyzer, 3. DC power source, 4. Ly, 5. Resistive load, 6. Control system, 7.
FBI, 8. FBR and Cy).

of Litz wire in a single layer. The size of the coupler is
600mm x 600mm. The series compensated inductor Lg; is
also wound by Litz wire into a rectangle with 12 turns in a
single layer, and Lg; is overlayed on the transmitting coils
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FIGURE 7. Measured waveforms with rated compensation capacitors,
when k = (a) 0.26 (ZPA), (b) 0.18.

TABLE 4. Practical experimental conditions.

Parameter Value Parameter Value
Voi 170V Coi 0.75uF
Vbo 170V L, 141.24pH
fow 30kHz G 0.20pF
Ly 37.34pH M 36.31uH
L 140.85uH k 0.26
Cq 0.27uF R, 20Q

to save space. The size of Lg; is 300mm x 300mm. The DC
output filter capacitor is 280uF. A resistor with 20£2 is taken
as the power load. ITECH IT6513D is the DC power supply
with a maximum output capacity of 1.8kW. YOKOGAWA
DLM3024 Oscilloscope is utilized to record the experimental
waveforms, and HIOKI 3390 Power Analyzer is used to
analyze the transferred power and operating efficiency of the
whole system.

The rated practical experimental conditions are given in
Table 4. And Fig. 7 displays the different output perfor-
mances of the LCC-S compensated system with the rated
compensation capacitors when coupling condition changes.
It is clear that as the coupling coefficient k reduces, the
output voltage of the conventional tuned system is decreased
correspondingly.

B. EXPERIMENTAL RESULTS OF DETUNED LCC-S SYSTEM
Based on the rated compensation capacitances and the
detuned parameter selection strategy proposed before, corre-
sponding optimal parameters under different coupling coeffi-
cients can be listed in Table 5. In this prototype, the detuned
capacitances are realized by different series or parallel com-
binations of capacitor arrays controlled by off-line switches.
Due to the limitation of the capacitances of the actual applied
standard capacitors, the optimized resonant capacitances can
only be set as close as possible to the ideal calculated ones.
And to reduce possible influential factors to verify the effec-
tiveness of the detuned parameters on output regulation,
power devices of the FBI are operating with a constant 50%
duty ratio, and the closed-loop duty ratio or phase-shift con-
trol is not adopted.

Fig. 8-Fig. 10 give the experimental waveforms of the
input and output, it can be implied that the CV output and
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FIGURE 10. Measured waveforms and efficiency performance of the system with CV and ZCS under k = (a) 0.18, (b) 0.26, (c) 0.38.

different operating conditions (ZPA, ZVS, and ZCS) can be voltage of the detuned LCC-S WPT system is kept constant
realized by changing the compensation capacitors. The output at about 170V. Besides, screen captures of the power analyzer
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TABLE 5. Optimal parameter designs for different operating conditions.

k 855;?325 o Csi(Detuned) B Co1(Detuncd)
7PA 089  024uF 173 130uF
0.18 AT 093 0250F 148  LIIuF
ZCS 0.96 0.26pF 1.51 1.11pF
ZPA 093  025¢F 149  LI24F
0.21 ZNS 0.96 0.26pF 1.41 1.06pF
7Cs 100 0274F 137  1.03uF
ZPA 1.00 0.27uF 1.00 0.75puF
0.26 ZVS 1.04 0.28uF 1.00 0.75uF
ZCS 1.11 0.30pF 1.04 0.78uF
7PA 104  0284F 092  0.69uF
0.30 ZNS 1.04 0.28uF 0.92 0.69uF
ZCS 1.19 0.32uF 0.91 0.68uF
ZPA 100 0274F 065  0.49F
0.38 ZNS 1.11 0.30pF 0.71 0.53uF
7cs 126 034yF 075  0.56uF
250 T T T T

(0.38, 238)

Output voltage Vp, (V)
2

== Tuned LCC-S
100F  (0.18,116) ——E— Detuned LCC-S (ZPA) |
Detuned LCC-S (ZVS)
—&— Detuned LCC-S (ZCS)
50 L L . .
0.15 0.2 0.25 0.3 0.35 0.4

Coupling coefficient &

FIGURE 11. Experimental results on output voltage under various
coupling conditions.

show the measured system DC-DC efficiencies. Among the
measured items displayed in the power analyzer, Upns; and
Irms1 are system input DC voltage and current, Uyns2 and Ips2
are system output DC voltage and current, P and P; are input
power and output power of the system individually, Lo
means the power loss of the whole system, and 7 namely
represents the system operating efficiency.

And Fig. 11 compares the output voltages with rated com-
pensated capacitors and variable ones calculated from the
proposed method. It is obvious that:

1. The proposed detuned parameter design has a distinct
advantage in maintaining the WPT system’s CV output char-
acteristic.

2. The output voltage of the tuned WPT system decreases
from 238V to 116V when k drops from 0.38 to 0.18. The out-
put voltages of the detuned system with variable compensated
capacitors, on the other hand, remain nearly constant.
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FIGURE 12. Experimental results on system efficiency under various
coupling conditions.

Based on the data acquired from the power analyzer,
Fig. 12 gives the whole variant trend of system DC-DC
efficiency, under different coupling coefficient conditions:

1. When k decreases from 0.38 to 0.18, the system effi-
ciency of the conventional tuned LCC-S WPT system varies
from 92.96% to 84.69%. While the efficiency variation
ranges of the detuned systems with changed capacitances are
quite smaller than that of the tuned ones.

2. The overall efficiency of the LCC-S WPT system under
the ZCS condition is the highest, followed by the ZVS con-
dition, and the lowest efficiency is obtained under the ZPA
condition. This phenomenon proves that properly designed
detuning compensation capacitances also can improve the
system efficiency performance.

VIl. CONCLUSION

This paper provides a detuned resonant capacitors design
and selection scheme for LCC-S compensated WPT system
to improve its output voltage stability under wide coupling
changing conditions. It is found that by adjusting the compen-
sation capacitances on the primary side, the CV performance
can be regained, and the power device in the FBI can operate
at ZPA, ZVS, and ZCS status individually, at the same time.
Experiments are carried out to prove the validity of the pro-
posed detuned parameter selection strategy, with the coupling
coefficient varying from 0.18 to 0.38. It is verified that the
output voltage of the detuned LCC-S resonant system can
be kept stable (fluctuation value is less than 8.2%) when the
coupling condition changed.

The variations of corresponding compensation capaci-
tances are realized by different series or parallel connections
of capacitor arrays in this paper. In future research, it can
be replaced by switch-controlled capacitors to realize the
stepless adjustment of capacitances, and the effects of the
introduction of which on system efficiency could be studied
and analyzed further.
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