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ABSTRACT This paper proposes a novel LCC-SP compensation topology for inductive power transfer (IPT)
system and its tuning methods to enhance misalignment tolerance. The impedance condition and the
constant current output characteristic of the newly proposed topology are analyzed, followed by a detailed
derivation of compensation parameters based on the discussion about resonant tank. The realization of zero
voltage switching (ZVS) and reactive power demand are discussed by theoretical deduction and numerical
simulation. Then, the parameters detuning method to enhance misalignment tolerance is presented and
it is found that a stable output current is maintained over a wide misalignment. Compared to traditional
compensation topologies, the newly proposed compensation topology provides the advantages of easy
achievement of ZVS, high design freedom and high misalignment tolerance. Finally, the IPT prototype
with the LCC-SP compensation network is built and tested. The experimental results match well with the
calculations, validating the correctness of theoretical analysis.

INDEX TERMS Inductive power transfer, compensation topology, zero voltage switching, misalignment

tolerance.

I. INTRODUCTION

Inductive power transfer (IPT) systems with advantages of
isolation, convenience and safety features, have attracted con-
siderable attention in last several years, such as high-power
applications including batteries charging of electric vehicles
(EVs) [1]-[3] and low-power applications including mobile
devices [4] and implanted implants [5], [6]. A typical IPT
system consists of several stages: a high frequency inverter
(HFT), a magnetic couplers, compensation networks on both
sides and a rectifier circuitry for dc charging. A dc-dc con-
verter may be added for impedance matching or output
adjustment.

High efficiency and steady power transfer is the first
and uppermost objectives for all IPT power applica-
tions. There are many studies to solve these problems,
such as novel compensation topologies and parameters
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optimization [7], [8], magnetic couplers design for larger cou-
pling coefficient [9]-[11], control techniques for obtaining
desired output characteristics [12] and so on. Among these
fields, compensation topology is essential for its determina-
tion of resonant frequency, power factor, output characteris-
tics to achieve higher system efficiency, power density, and
reliability.

A number of IPT compensation networks in both primary
and secondary sides have been developed and implemented
to minimize the VA rating of the power supply. Four
basic compensation topologies, namely, serial-serial (SS),
serial-parallel (SP), parallel-serial (PS), and parallel-parallel
(PP), are mainly researched in recent years [13]-[18]. Among
these four topologies, SS compensation topology is applied
most widely because the resonant frequency is independent of
coupling coefficient [16]. Only two necessary compensation
capacitors in SS topology, resulting in lower cost, smaller
size, less power loss, and higher power density [17]. However,
SS topology has two prominent deficiencies—Ilow design
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freedom and high sensitivity to misalignment [18]. The first
shortcoming reduces system flexibility from the constraint by
loosely coupled transformer (LCT) parameters. High sensi-
tivity to misalignment indicates that when relative position
of two coupling coils changes, the performance of system
deteriorates rapidly. Furthermore, large misalignment brings
in infinite currents across primary capacitor and inductor,
which would damage the power supply.

Therefore, some other high-order compensation topologies
have been proposed recently. In [19], a novel S/CLC topology
was proposed with the advantages of freedom from LCT,
constant voltage output (CVO) and easy achievement of zero
phase angle (ZPA). However, the voltage distortion of pri-
mary coil is serious, which is greatly affected by the load. The
problem of current surge caused by misalignment still exists.
It is necessary to apply higher order compensation for the
primary side and additional protection circuit can be omitted.
Based on symmetrical T-type compensation network, LCL
topology was proposed in [20]-[23], where the compensa-
tion inductance was determined in terms of power balance
between the inverter and the resonant tank. Although LCL
compensation topology has the design freedom to realize
load-independent constant output current (CCO) and input
ZPA simultaneously, the compensation inductance should
be equal to the self-inductance of coupling coil, which is
usually quite large to transfer more power. This prominent
problem leads to large power dissipation and relatively low
system efficiency. Therefore, by employing additional capac-
itor in series to coils, partly reactive power compensated
dispersedly, LCL evolve into LCC, which have contributed
some practical topologies, such as S-LCC [24], LCC-S [25],
LCC-P [26], double-sided LCC (DLCC) [27]-[29]. From
the perspective of smoothing power transfer, an improved
LCC type IPT system that features with distinct param-
eter design approach is proposed in [25]. To date, many
researchers have studied DLCC compensation, and there are
some methods to implement zero voltage switching (ZVS).
With the tuning method presented in [27], the resonant fre-
quency was irrelevant with coupling coefficient and load con-
dition. Li et al. [29] applied DLCC compensation topology
in dynamic electric vehicle (EV) charging and Li et al. [28]
compared the characteristics of the SS and DLCC compensa-
tion topologies, implying outstanding advantages of not only
improvement of high design freedom, but also achievement of
desirable output current characteristics. However, the above
DLCC parameter analysis are operated in the case of small
resistance load or high coupling coefficient, in which case
the rectifier works in continuous conduction mode (CCM),
the current distortion is not serious and the ac load has little
influence on the input impedance angle. Nevertheless, when
the input voltage is low or the coupling coefficient is low, and
the load is large, the rectifier current or voltage will appear
discontinuous [29], [30]. The non-linear rectifier circuit intro-
duces reactance component which increase diode loss. This
problem has also been studied in some literatures, and the
methods include frequency regulation [31], the addition of
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an adjustable inductor [29], or a third capacitor [32]. These
methods are optimized for the second time after the parameter
designs are completed, which increase the complexity of
analysis.

Another unique feature of IPT systems is the high spatial
freedom of coupling coils. Usually, the transmission stability
of the system is highly dependent on the spatial magnetic
coupling. Moreover, the system parameters and resonance
frequency of compensation network are designed according
to the coupling situation. The inevitable air-gap variation and
misalignment of coils make the issue of enhancing tolerance
to variation of coupling coefficient get more attention. In [33],
the SP/S high-misalignment tolerant topology was elabo-
rated, which combined the characteristics of SS and PS con-
figurations. This topology makes rated power transfer with
25% misalignment but the range of coupling coefficient is
not given. An S/SP type compensation topology is introduced
in [34]. The method has the merit of coupling-insensitive
gain at the intersection point with zero input phase angle of
the input impedance, realizing robust reaction to coupling
coefficient as well as load condition. In [35], the primary
and secondary capacitance detuning categories is identified to
have smooth power profile against varied coupling condition.
The maximum power drop of SS compensated system is not
more than 20% over 200% of coupling variation. However,
when coupling condition varies quickly within wide range,
the dynamic performance of the system is challenged and
effective power transfer is likely to fail. For higher order
compensation topology, Feng et al. [25] kept transmission
power stable of the LCC-S compensated system by optimiz-
ing the parameters of compensation network at the selected
coupling coefficient, simultaneously promising maximum
transmission power and efficiency. A novel series-hybrid
topology in [36] which the series inductors of the primary
and pick-up LCL networks were integrated to improve the
system performance under pad misalignment. The system
utilized polarized magnetic couplers, resulting limit in the
ability of directional anti-misalignment. The aforementioned
literatures mainly focuses on maintaining voltage output,
however, the stable output of IPT system is more desirably a
current source in some applications, such as constant-current
charging stage of EVs.

From the perspective of excellent CCO demand and
smoothing the transmission power fluctuation, a novel
LCC-SP compensation topology and the parameters opti-
mization methods are proposed. T model of LCT and leakage
compensation method are used in this paper’s parameters
design. The weak inductive input impedance angle makes
ZVS realized easily, which can improve the efficiency of IPT
system. Simultaneously, ZVS can be implemented for wide
load and large coupling range. Furthermore, the proposed sys-
tem does not suffer from the constraints of LCT parameters,
since system output power can be readily altered by altering
compensation parameters instead of replacing the LCT. This
paper is organized as follows. Section II briefly introduces
the problems of conventional DLCC compensated system.
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To overcome these problems, the design method of newly
proposed compensation topology and the CCO characteristic,
together with the realization of ZVS are analyzed subse-
quently. The output current fluctuation under wide coupling
coefficient is analyzed and the method to enhance misalign-
ment tolerance is proposed in Section III. A practical example
is designed and manufactured in Section IV to demonstrate
the feasibility and effectiveness of proposed compensation
topology. Finally, Section V concludes this paper.

Il. TOPOLOGY DESIGN

A. PERFORMANCES OF CONVENTIONAL DLCC
COMPENSATED SYSTEM

In many applications, such as batteries of electric vehicle and
mobile devices, direct voltage or current outputs of IPT sys-
tems are demanded. Therefore, the rectifier circuit is needed
to convert high frequency alternating component into direct
component, and then supply dc power for actual load, or other
dc-dc converters. For conventional analysis of DLCC com-
pensation topology, the rectifier load is treated as a resistance
load. However, the rectifier load is nonlinear and does not act
simply as an equivalent resistor. The equivalent impedance
of rectifier load is actually complex, containing resistive part
and imaginary part, and the equivalent value is affected not
only by its parameters, but also by the pre-stage impedance
matching circuit [33], which cannot be easily simplified into
linear impedance. Through the DLCC resonant compensa-
tion network, both real and reactive components of rectifier
load are reflected to the inverter, which presents capacitive,
as shown in Fig. 1 [37]. Here, uap and ipp are output voltage
and current of the inverter, while u,, and ipp are the input
voltage and current of the rectifier diodes. The capacitive
input phase angle of inverter introduces turn-off switching
loss of the MOSFETS, representing a large part of the total
power loss. To minimize the switching loss, it is better that
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FIGURE 1. Simulation waveforms of DLCC compensation system.
(a) Output voltage and current waveforms of inverter. (b) Input voltage
and current waveforms of rectifier and dc current waveform of load.
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switches operate at a ZVS condition, i.e. the inverter output
current should lag behind output voltage.

Another disadvantage of the rectifier and associated regu-
lating circuitry is distortions of current waveforms, resulting
in discontinuous conduction mode (DCM) of rectifier. This
deficiency is intuitively exhibited in Fig. 1(b) for an IPT
system with 1 A terminal output. The diodes do not conduct
all the time,which means almost one quarter of the time
is not utilized and causes great waste of employed diodes.
Moreover, a larger peak value of i ab leads to more power loss
and higher current stress, driving down the system efficiency.
Furthermore, precise theoretical analysis on the output cur-
rent becomes more difficult due to discontinuity and distor-
tion of the rectifier’s input current. In light of the analysis
in [37], the operation mode of DCM and CCM (continuous
conduction mode) is related to the ratio of voltage over the
parallel capacitor Uc to dc output voltage Upc. When the
ratio of Upc to Uc is bigger than 0.7595, the input current of
the full-wave diode rectifier (FDR) is discontinuous. It means
that it is easier to enter DCM mode for light load (100 2
in Fig. 1(b)).

B. PARAMETERS TUNING METHOD OF PROPOSED
LCC-SP COMPENSATION TOPOLOGY

The proposed LCC-SP compensation network and corre-
sponding power electronics circuit are shown in Fig. 2.
U, is original dc input voltage source. S1-S4 are four power
MOSFETs in the primary side. D1-D4 are the secondary-side
rectifier diodes. Lp and Lg are the self-inductances of the
transmitting and receiving coils, respectively. Lp;, Cp; and
Cp; are the primary-side compensation inductor and capaci-
tors, forming the LCC compensation network. Cs; and Csp
are the secondary-side compensation components, forming
the SP compensation network, where the S and P represents
in series and in parallel with receiving coil. M is the mutual
inductance between the two coils. Ly is filter inductor and Cy
is filter capacitor. R is the practical resistive load. The para-
sitic resistances on the inductors and capacitors are neglected
for simplicity of analysis.

LCC-SP compensation network
Voltage source and inverter |'| and coils 'l

Rectifier, filter and load
Power Soura Resonant tank ACload

FIGURE 2. Circuit diagram of LCC-SP compensated IPT system.

Owing to the filtering function of compensation net-
work, the fundamental harmonic approximation (FHA) is
employed. In the following analysis, Uag, U, and Iy, Iyp,
are adopted to represent the first-order harmonics of the
corresponding variables. When the duty cycle of the inverter
is 50%, the relationship between input voltage Uap of
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resonant tank and the dc voltage U, can be expressed as
follow equation:

2V2
Upp = TUd. (1

After the output low-pass filter, the output current Irp can
be derived as

V27
Iro = —;~lab- @

The rectifier load is nonlinear and contains high-order
components, but the reactance part is not easy to express with
a certain value. Generally, compared with the resistive part,
the reactance component is small. For simplicity of analysis,
the circuit of the diode rectifier, LC filter, and resistive load,
is still replaced by its equivalent resistance Rg, which can be
calculated by

7.[2

Rg = —Ro. (3)
8

At present, there are two kinds of compensation methods
for different models of loosely coupled transformer in wire-
less charging system. One method adopts mutual inductance
model, and the main idea is to compensate self-inductance.
Another type of T model of LCT is to compensate leakage
and mutual inductance, which is adopted here. Taking two
mutual inductance coils as a whole and replacing LCT with its
T-type model, the analytical circuit of Fig. 2 can be derived,
as shown in Fig. 3. The apostrophe symbol ““’  indicates
the corresponding variables of the secondary side reflected to

primary side.

Second LC Series
Resonant Tank

First LC Series

LC Resonant Tank Resonant Tank

In | Cn Lp' | I Ly Cer'|
T HE !L_;'_UJ‘_
c— q
6-! Uss (& — | 3Ly Cs' | [] Rs'

- _ |
LC Parallel Resonant Tank

FIGURE 3. Analytical circuit of LCC/SP compensation topology.

For magnetic structures, the turn ratio of ideal transformer
between the primary to secondary side is defined as

n=_|=2£. )

Lp" and Ly’ in Fig. 3 are the leakage inductances of primary
and secondary coils respectively while Ly, stands for the
primary converted mutual inductance. With M = k./LpLsg,
Lp', Ls’ and Ly, can be calculated by the following equations:

Lp,=(—kLp
Ly = (1 —kn’Ls (5)
Ly =nM, .
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where k is the coupling coefficient between the primary and
secondary coils. Cs;’, Cso’ and Rg’ are the primary-referred
values of Csj, Csy and Rg, respectively. According to the
T-type model of the LCT, Cs1’, Csy’ and Rg’ can be derived
as

C.;] = Cgl/l’l2
Ciy = Csa [ n? (©6)
R = n*Rg.

In this paper, Cp; is designed to resonate with Lp’ in series
and Cs;” and Lg" make up a series resonant tank. Ly and Cs1’
form a parallel resonant tank. All resonant angular frequen-
cies equal ws, the system operating angular frequency. Then
the following equations can be yielded:

T
LpCr ~ LCh  LuCyy

w§ = )

According to circuit theories, LC series resonance is equiv-
alent to short circuit and parallel resonance is equivalent to
open circuit. When all resonances satisfy (7), the equivalent
circuit can be simplified as the voltage source Uap trans-
fers energy to the equivalent load Rg’ through the series
inductance Lp; and the parallel capacitance Cp;. When Lp;
resonates with Cp1, i.e. (8) is satisfied, according to constant
voltage input to constant current output characteristic of an
LC resonant tank, the current I, over Rg’ can be deduced as
shown in (9)

ws = , ®)

) Cpi . Uap
1, = —JUas, | I _]C!)LPI. 9

On the basis of (9), if Uap is constant, the output cur-
rent Ipp" of LC resonant tank will be also constant, having
nothing to do with the load. In terms of the relationship
between primary-referred value of resistance Rg’ and the
actual load Rg, the current I, through Rg and the output
current /o through R can be yielded

nUap
Ly = nljy =~ 2. (10)
nUy
Iro = . (11D
wsLpi

The entire resonant tank composed of LCC-SP compensa-
tion network shows a constant current output characteristic.

Equation (11) also indicates that LCC-SP compensated
IPT system is free from the LCT constraints imposed as n,
on account of introduced Lp;. Irp can be readily altered by
changing Lp;. The increasing degree of design freedom is
very helpful in the scenarios with strict coil size limitations.
The average power consumed by Ro can be subsequently
obtained as

U3Lp

= 12
(wsLp1)*Ls o (12

Pro
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C. ZVS AND CCM REALIZATION
To reduce the switching loss and improve system efficiency,
we prefer to achieve zero voltage switching (ZVS) condition.
For a full-bridge converter, this means the resonant current
slightly lags the resonant voltage which forms the ZVS oper-
ation condition for all MOSFETs. For analytic simplification,
an input impedance Z;, of inverter is defined.

Under perfect resonant conditions, which mean that Lp’,
Ls', and Ly resonate with Cpp, Csy’ and Cs’, respectively,
the input impedance Zj, seen from Fig. 3 can be deduced as

Zcer1 Zpg

Zin =Z1p1 + ,
" MY Zep + Zpg:

(13)

where Zgg' is the referred equivalent impedance parallel to
the compensation capacitor Cp;. Substituting (3) and (6)
into (13), Z;, can be depicted as

8(wsLp1)?

- (7°n*Ro + j8wsLpy).  (14)
64(wsLp1)? + w*n*R?,

in

The input impedance angle 6 can be obtained as

180° 8wLpy
0 = arctan ———. (15)

T wn“Ro
It can be seen from (15) that the input impedance Zj,
is always inductive and the inductance Lp; and coil ratio n
exert an influence on the input impedance angle 6. As a
comparison, the input impedance of inverter for a 100
load resistance is shown in Fig. 4. The values of compen-
sation components Lpy, Cp1, Cs1 and two coils Lp, Lg are
same as previous mentioned DLCC compensation topology.
In terms of Fig. 4 (a), the output current slightly lags behind
output voltage, only 10.1°. The efficiency of IPT technology
is improved with near zero input reactive power. The input
impedance angle keeps positive with respect to different resis-

tance and tends to be small and stable with larger load.
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FIGURE 4. Simulation waveforms of proposed LCC-SP compensation
system. (a) Output voltage and current waveforms of inverter. (b) Input
voltage and current waveforms of rectifier and dc current waveform of
load.
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After the LCC-SP compensation network, the power trans-
mission converts to a constant source, and Uy over the rec-
tifier works between CCM and DCM. The method in [37]
is still available, but the criteria of work modes becomes the
ratio of load current Irp and receiving coil current /s, which
can be given as

Iro _ |Zscil
Is |Zsc1 + Zre|
When the ratio is smaller than 0.7595, the input voltage is
continuous. For light load, it is easier to work under continu-
ous conduction mode. Fig. 4 (b) presents the input voltage and
current waveforms of rectifier. The resistance of load is 100 2
and the ratio can be calculated as 0.510, much smaller than
the critical value 0.7595. From Fig. 4 (b), the input waveform
of u,y is near-sinusoidal, holding continuous over time. The
drawback of a conventional DLCC system, discontinuous
input current of rectifier dissolves.

(16)

Ill. ENHANCEMENT OF MISALIGNMENT TOLERANCE

In this section, the general output current with respect to
varied coupling coefficient is elaborated and studied firstly.
The mutual inductance model is applied to calculate electri-
cal quantities in the target system. By comparing different
detuned performances, the suitable compensation is identi-
fied to build the high misalignment tolerant IPT system.

A. OUTPUT CURRENT UNDER MISALIGNED SITUATION
The core component of an IPT system is magnetic couplers
with the conventional transformer replaced by a loosely cou-
pled transformer. The relative position between the primary
and secondary windings is normally changeable, introducing
variations in the values of inductances and coupling coeffi-
cient of the transformer [12]. Therefore, an IPT system should
tolerate not only a large variation of load, but also a wide
range of coupling coefficient.

The LCC-SP compensation system shows an excellent
CCO characteristic and has nothing to do with the cou-
pling coefficient under perfect resonant condition. However,
the output current no longer conforms to (11) due to the mis-
alignment. In the following section, the form of impedance is
employed to represent the values of compensate components.
According to the design methods of compensation network in
the Section II, adopt ko to represent the coupling coefficient
under normal operation, we can get the relations between Csj,
Cso and Lg as

koZrs +Zsc1 = 0, an
(1 = ko)Zrs + Zsc2 = 0. (18)

Then the secondary impedance Zg and reflected impedance
Z; to the primary side can be obtained

(koZLs)?
Zy = ————, (19)
s koZrs — Zgre
K\,
Z, = % (n"Zre — koZLp). (20)
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Zcpy and Zpp designed in resonance condition have the
following relation

(I —ko)Zip+Zcp2 =0 2D

The total series impedance of Cpo, Lp and Z; is given as

k2 nk\?
Zyy = \ko— — | Zep + | — ) Zre. (22)
ko ko

The input impedance of the inverter can be deduced as

Zep1 Lty

Zin = Zppt + —21ET
" Ll Zcpl +Zyy

(23)

Based on Kirchhoff’s law, the currents through Lp, Lp and
equivalent load Rg can be yielded

Do — Uap
=
Zcpi
Irp = Irpi
Zcept+Zepr +Zip + Zy (24)
JoMIpp
Iis =
Zs
Ly = Is Zcsi
=l S———.
¢ Zcs1 + ZRe

Therefore, for the load before the rectification, the follow-
ing equation between the load current I, and the inverter
output voltage Uap can be calculated as

.nk Upp

lap = —Jj ko Zupt (25)
When the positions of the two coils make k equal to ko,
the output current I, is the same as that of (10). The output
current increases linearly when k increases from O to 1, which
means great output current fluctuation. The misalignment
tolerance of unmodified LCC-SP compensation topology is

relatively low and not practical.

B. MODIFIED PARAMETERS TUNING METHOD

Some previous works have pointed out that parameters opti-
mization in topology are simple but efficacious to minimize
the power fluctuation [32], [33]. The resonant Lp; and Cp
determine the output current, which is suitable for misalign-
ment study. The fully tuned configuration of the coupling
transformer is fabricated, i.e. Cpp and the reflected capaci-
tance of Cs; and Cs should be compensate Lp’, Ly, Ls' with
well aligned ky. Since magnetic couplers is main components
of power transmission, Lp and Lg are the basic premise
of parameters design. Thus taking the impedance of Lp as
reference, the detuned impedance factors of Lp; and Cp; are
defined as follows:

|ZLpl

a= , (26)
|Zcp1l
|Zrp1]

- . 27)
p |Zypl
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Replacing the Lp; and Cp; with « and B, the current across
the transmitter coil can be updated as

Uas

—
(1=ap) (& + ko) + BZur + (1 - ap) () Zee
8)

Ip =

Substituting (28) into (24), the output current I,y is given
as

Ly — Uag

b =
(_(1 — aBnk + ((1*0!/3)£0+/3)nk0) Zis + (Pkogﬁ)n KZrE
— & (29)
 Xeg+Reg

Consequently, the entire compensation network can be
equivalent to a series impedance composed of the reactance
Xeq and the resistance Req. Let

A=—1—aB)n

B = ((1 — aB)ko + B)nko (30)
_ (1~ afnzar]
ko Zrs|

Xeq and Req can be rearranged as follows by replacing with
A,Band D

B
Xeg = (Ak + E) Zrs
Req = Dk |Zs|.

(3D

Considering the terminal dc current after rectifying and
filtering, the amplitude current needs to be concerned, which
is discussed as

V2r |Uq]

]Amp(a’ ﬂv k) = |Iab| =

— (32)
4 |Xeq + Req|

The derivative of Jamp(a, B, k) with respect to k can then
be calculated

3IAmp [Uas| 2 2\—3 2 2 B
T IZle(A + k)72 <(A + DY)k k3>. (33)
where A = Ak + B/k, k = Ck. Equation (33) indicates
that the maximized /amp can be calculated by setting the
derivative of Iamp(cr, B, k). Using Qs = |Zps|/Zge for
the secondary quality factor and solving 9/amp / dk = 0,
the extreme point can be obtain as

ko +

kopt =dq , 34

1 —ap
where
1

g+ (1/0s)

The extreme point kot is determined by the detuned Lp,
and Cp; and has an impact on its corresponding maximum
current. To ensure a smooth current profile around nominal
coupling coefficient, the point kop is set to equal ko and the

q = ko (35)
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maximum current is set to nominal output current Iom,. Thus,
for the same rated load and align situation, the currents of
load are the same with tuned and detuned parameters. Taking
ko coupling as the center, extend the coupling coefficient
range of constant current in both directions. The minimum
coupling coefficient is denoted as ki, and the maximum one
is denoted as kmax. The current fluctuations at the boundary
coupling (kmin, kmax) are set to the same. The conditions for
satisfying the stable power transmission are as follows:

kopt = ko, (36.1)
IAmp(kopt) = Inom, (36.2)
IAmp(kmin) = [Amp(kmax)~ (36-3)

Depending on the implement of (36), the designed parame-
ters have clear and quantitative anti-misalignment capability.
For instance, assuming that the demand current Jomp is 1 A
and the nominal coupling coefficient ky is selected as 0.3.
Apparently, the load, represented as Qs, reflects the impact
of kopt variation on output characteristics. To investigate the
performance of different loads, the Rp is fixed as 50 €2,
100 €2 and 150 €2, corresponding Qs is 1.56, 0.78 and 0.52,
respectively. The expressions of kopt and Iamp are complicate
and the numerical analysis tool MATLAB is used. Fig. 5 (a)
exhibits the profiles of factor solutions when kot equals ko.
For each Qs, the distributions of detuned factors o and 8 are
on two sides of the resonance line (¢*8 = 1). The detuned
factors of Lp; is reversely proportional to the detuned factors
of Cp1. Meanwhile, the curve with smaller Qs is closer to the
resonance line. The effects of different Qg on the maximum
output current /amp are shown in Fig. 5 (b). In terms of
Fig. 5 (b), an intersection point My (4.163, 0.240) comes
about through three solution lines. In essence, it is the tuned
point at which Lpj resonate with Cp;. In order to make the
maximum output current equal to the rated output current,
it is necessary to bring about larger o and smaller 8 than
resonance point.

Therefore, at the nominal coupling coefficient kg, the solu-
tions of the maximum output current Jamp(Kopt), which equal
to the rated value I,om can be obtained, as shown in the
Fig. 5 (c). Denoted by M; and N; (i = 1, 2, 3), each analytical
solutions are far away from resonance point and distributed
on both sides of the resonance line. Among them, M, M»
and M3 are located at (5.926, 0.203), (5.932, 0.188) and
(5.926, 0.182), respectively, while N1, N, and N3 are posi-
tioned at (5.305, 0.129), (5.716, 0.149) and (5.795, 0.156).
The products of o and § in M; are less than 1, nevertheless
the product of @ and B in Nj; is greater than 1. The differ-
ent effects of M; and N; on the system are reflected in the
input impedance. As shown in Fig. 6, the input impedance
of inverter with M; is inductive around nominal coupling
coefficient, desirable for the inverter to have ZVS. However,
the currents across MOSFETs with N; lead the voltages,
which brings great switch losses and is not suitable for
practical application.
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FIGURE 5. Curves of solution to satisfy stable output current. (a) kgpt
satisfying (36.1). (b) / Amp satisfying (36.2). (c) Solution points satisfying
(a) and (b).

The output current characteristics of M; against various
coupling coefficient are given in Fig. 7. It is assumed that
the stable current needs to fluctuate less than 10%, i.e. the
output current cannot be less than 0.9A. By 36.3, kpyi, and
kmax are obtained. In order to distinguish the misalignment
characteristics, regions close to kmin and kmax are zoomed
in. For three sets of optimized parameters, the currents is
collectively kept within a wide flat region. When Qs equals
1.56, the minimum kp;, = 0.201 and the maximum kpax =
0.446 are obtained, nearly 112% coupling variation. The
current fluctuation tendencies of Qs = 0.78 and 0.52 are
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FIGURE 7. Output current fluctuations against varied coupling coefficient
for three sets of M; (i = 0, 1, 2, 3).

same as 1.56, the coupling coefficient range of maintaining
transmission power are (0.207, 0.435) and (0.209, 0.430),
respectively. When the small Qg is applied to the system,
the coupling range with stable current is narrowed down
slightly. The feasible coupling coefficient variation in the nar-
rowest range is still more than 105% (from 0.209 to 0.430).
Compared with the output current linearly increased under
the tuned parameter M, the anti-misalignment performance
has been greatly improved. In addition, it can be seen from
Fig. 5 (c) that the distributions of M; are relatively concen-
trated, which indicates that M; has not only the characteristics
of misalignment tolerance, but also the ability to maintain
stable output under a wide range of loads. This can also be
verified from Fig. 7, where the load ranges from 50 2 to
150 €2 but the fluctuation curves are very close. Consequently,
it can reveal that the optimized methods of detuned Lp; and
Cp; provide admirable robust reaction to the variation of both
coupling coefficient and loads.

For different sets of M; (i =0, 1, 2, 3), the input impedance
profiles versus working frequency are exhibited in Fig. 8.
Fig. 8 (a) indicates the trends of the curves are similar, where
the input impedance of high-order harmonic is much larger
than that of the fundamental component (85 kHz), result-
ing in small harmonics in the current flowing through Lpi,
contributing to near-sinusoidal output current of the inverter.
Fig. 8 (b) shows that the input impedance angles are inductive
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FIGURE 8. Curves of input impedance versus working frequency with
M;(i =0, 1,2, 3). (a) Amplitude characteristic. (b) Phase characteristic.

at operation frequency in tuned and modified situation. The
leading phase angle of the detuned parameters is larger than
that of the resonance parameters, equaling 14° with M, and
42° with M1, respectively. The input impedance angles of sec-
ond and higher harmonics equal 90°, only reactive power can
be produced. Fig. 8 suggests that the excellent high-order
harmonic suppression capacity of LCC-SP system is achieved
to reduce power loss and improve system efficiency.

IV. EXPERIMENTAL VERIFICATION
The experimental setup for the integrated LCC-SP compensa-
tion IPT system is built and shown in Fig. 9. A high power dc
supply is used to transfer energy to high frequency inverter
and an electronic load is used to replace the battery load
after rectifier. TMS320F28335 DSP, implemented as con-
troller, is responsible for sending PWM signals to the inverter.
The specifications of the studied prototype are tabulated
in Table 1. The available resistance and current of load are
50 Q2 and 1 A, leading to 50 W rating wireless power transfer
system. The dc bus voltage is 42 V, slightly greater than the
theoretical value for the power loss on diverse components.
The experimental output dc voltage and current with
no misalignment at two different loads stage are shown
in Fig. 10. In the beginning, the load is at 100 2. Uro and
Iro are 98.35 V and 0.984 A. When the resistance suddenly
drops to 50 2, Urp decreases from 98.35 to 52.68 V, nearly
half of the normal value. After an instant surge, Iro drops
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TABLE 1. Some critical parameters adopted in the simulation.

Symbo

| Parameters Value
Uy Input dc voltage 42V
f Switching frequency 85 kHz
k Coupling coefficient 0.15-0.5
Lp Primary compensation inductance 126.1 uH
Lp Transmitting coil inductance 540.2 uH
Ls Receiving coil inductance 180.1 uH
Cpy Primary parallel compensation capacitor 27.61 nF
Cpa Primary series compensation capacitor 9.25 nF
Cs Secondary parallel compensation capacitor 65.12 nF
Csy Secondary series compensation capacitor 27.49 nF
a Impedance deviation of Lp, 5.907
s Impedance deviation of Cp; 0.206
Ro: 100Q2—500Q
ug: [S0V/div] )
f’ ‘.
98.35V - 1 4
P Ez.sav
bRzt
io: [LA/div] o | ‘

e —— ‘(- i
stzl II.OSGA

s}

100 ms/div

FIGURE 10. CCO characteristic of proposed LCC-SP compensation
topology.

to 1.056 A, which is only 7.32% larger than the previous
value, showing excellent CCO characteristic. For resistances
equal to 100 2 and 50 €2, the output waveforms of HFI and
the input waveforms of diode rectifier are shown in Fig. 11.
Under 100 2 resistance load, the current lag phase angle
is close to zero, as slightly inductive. When the resistance
alters to 50 €2, the angle that the current leads the voltage
is about 11°, indicating the realization of ZVS and reduction
of switching loss. The input voltage of rectifier keeps con-
tinuous always and mainly discrepancy is the amplitude of
the near-sinusoidal waveform. Experimental results coincide
well with the theoretical analysis.

Fig. 12 shows the output current and efficiency curves
of IPT system with varied load from 30 €2 to 100 2. The
efficiency is the entire system efficiency from the dc input
power to the electronic load. The output current decreases
linearly with the resistance, from 1.09A to 0.96A, and
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FIGURE 11. Experimental waveforms of system. (a) Output waveforms of
inverter when Rg = 100 €. (b) Input waveforms of rectifier when Rg =
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waveforms of rectifier when Rg = 50 2.
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FIGURE 12. Output current and transmission efficiency versus load Rq.

the fluctuation maintains within 10% of the rated output
current. The efficiency of the system increases from 86.7% to
91.8%. The power loss of the IPT system mainly consists of
the switching loss of inverter, stray loss caused by parasitic
resistance in compensation network, transmitting coil and
receiving coil. Under resonant state, the high efficiency is
maintained.

Considering conditions of misalignment, the detuned
Cp; =38.33nFand Lp; = 111.2 uH are adopted, where « is
5.907 and B is 0.206. This calculation factors are based on the
resistor of 50 Q2. The experimental waveforms are provided
in Fig. 13, the ZVS condition is maintained regardless of cou-
pling coefficient and the input impedance changes to capaci-
tive only with very small coupling coefficient. Fig. 14 exhibits
the profile of output current iro with respect to coupling
coefficient of the LCT. In comparison, the system with tuned
parameters is also fabricated. It can be seen that the current
decreases rapidly with decreasing coupling coefficient and
the current at coupling of 0.2 drops below 55% of current
at coupling of 0.5, whose fluctuation is much larger than the
modified detuned one. From Fig. 14, with detuned parame-
ters, the output current fluctuations is less than 10 % when the
coupling coefficient changes about 250% (from 0.2 to 0.5).
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FIGURE 13. Experimental waveforms of system Output waveforms of
inverter and current of transmitting coil with detuned LCC-SP
compensation. (a) k = 0.15. (b) k = 0.3. (c) k = 0.4. (d) k = 0.5.
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FIGURE 14. Experimental results of output current versus coupling
coefficient k.

The maximum current is 1.09 A when the coupling coef-
ficient is around 0.3, a little higher than 1.05 A in tuned
condition. The deviation of the results come from the effect of
parameter shift and stray loss. The tendencies of results show
good agreement with theoretical analysis. The comparison
results demonstrate an extremely good misalignment toler-
ance capability with detuned parameters.

Since the ZVS state can be naturally realized under tuned
and detuned LCC-SP compensation topology, high efficiency
of the system can be achieved. As shown in Fig. 15, when
k is equal to 0.3, the efficiency under tuned parameters is
88.35%, the efficiency after detuning is 89.82%, and the
efficiency fluctuation under two working conditions is only
1.47%. According to Fig. 14, the currents under two working
conditions are 1.05A and 1.09A, and the current fluctuation is
3.81%. Both cases work in ZVS state, and the ratio of the loss
to the total power is smaller when the current is high, so the
efficiency increases slightly. When the coupling coefficient
decreases, the inductance of the input impedance decrease,
while there is no increase in reactive power. Since the out-
put current is maintained and the inductance is weakened,
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FIGURE 15. Transmission efficiency versus coupling coefficient k.

the efficiency will first have a growth trend. Then, the out-
put current will decrease and the efficiency will begin to
decline. However, under the tuned parameters, the output
current drops rapidly with lessen coupling coefficient and the
transmission capacity of the system decays. The system loss
takes a greater part, which leads to a lower efficiency than
detuned condition. In the detuned LCC-SP system, a high
dc—dc efficiency over 80% is maintained in the range of k
from 0.2 to 0.5. When the coupling strengthens more than 0.3,
more reactive power is needed to transfer same quantity of
real power. As a result, the efficiency is degraded worse than
tuned system.

V. CONCLUSION

A novel compensation topology for IPT system, namely
LCC-SP, is proposed in this paper. The reformed topology
offers excellent CCO characteristic, which is verified by
experiment. Analysis and experiment results suggest that the
inherent ZVS can always be achieved, resulting in drasti-
cally reduced switching loss and remarkably simplified ther-
mal design. Moreover, the LCC-SP system provides another
degree of design freedom and disburdens the constraints
imposed by the LCT parameters. Compared to DLCC com-
pensation topology, proposed topology presents much better
high-order harmonic suppression capability. The issue of
discontinuous diode current dissolves because the input volt-
age of the rectifier diode is near-sinusoidal without serious
distortion.

The improvement of misalignment tolerance is also stud-
ied. For different load, the analytical solutions of the opti-
mal resonance parameters offer the strong anti-misalignment
capability. By setting the maximum current at ko, the output
current is kept constant and high efficiency over 80% is
maintained in the range of k from 0.2 to 0.5. Experimental
results agree well with theoretical analysis, demonstrating the
validity of the optimization method.
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