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A Unique Design Approach of Double-Sided
LCC Compensated IPT System for
Misalignment-Tolerant Characteristic

Xuze Zhang, Jingang Li

Abstract—For double-sided LCC compensation topology, it is
not easy to maintain the output current and output voltage constant
over the variation of coupling coefficient and load. Consequently,
in this article, a unique design approach is presented. With the
presented method, whether during a constant current output proce-
dure or constant voltage output procedure, the resonant frequency
maintains constant and cannot be affected by the coupling coeffi-
cient and load condition. In addition, the transmission gain is kept
constant in different misalignment by the phase shift modulation.
Zero voltage switching with the minimum reactive current can be
implemented by the switch-controlled capacitor (SCC) regardless
of the coupling coefficient and owing to the constant phasor of
the current flowing the SCC, the control system of SCC is greatly
simplified. Finally, a 60 W prototype is designed to verify the valid-
ity of the theoretical analysis. From the results of the experiment,
when the coupling coefficient range is between 0.13 and 0.2, the
fluctuation factors of output current and output voltage are only
0.5% and 1.0 %, respectively.

Index Terms—Double-sided LCC compensation topology,
misalignment-tolerant characteristics, phase shift modulation,
switch-controlled capacitor (SCC).

I. INTRODUCTION

N CONTRAST to the traditional physical contact charging
I approach, inductive power transfer (IPT) technology with
unique advantages of stronger environmental adaptability, i.e.,
highly adaptable to different weather and different environ-
ments, nonelectrical connection, and better convenience holds
good prospects in many applications, such as underwater de-
vices, implantable medical devices, light rail vehicles, and elec-
tric vehicles [1], [2], [3], [4], [5], [6]. However, the misalignment
between the transmitting and receiving coils has a serious impact
on system performance. On the one hand, charge energy storage
devices, such as the lithium-ion battery, are widely employed
in these applications. Consequently, to increase the life and
cycle duration of these devices, the initial constant current (CC)
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output procedure and subsequent constant voltage (CV) output
procedure must be implemented. Nonetheless, the misalignment
causes the output current and the output voltage to fluctuate
in both CC and CV output procedures. On the other hand, the
misalignment leads to a rise in reactive power and, as a result, a
drop in efficiency.

Considerable efforts to solve the above-mentioned issues have
been proposed. Several hybrid couplers are adopted to improve
misalignment-tolerance [7], [8], [9], [10], [11]. Two auxiliary
coils are applied to enhance misalignment performance for
constant output current [8]. The use of quadruple-D quadrature
pads is proposed to reduce the fluctuation of output voltage,
affected by the misalignment [9]. A high misalignment-tolerant
characteristic is achieved by coupling a bipolar coupler with
a conventional series-series (SS) compensated converter [10].
But additional coils increase the size of the system and reduce
the efficiency. Relying on an investigation of the misalignment
characteristics of different networks, a few hybrid networks are
presented to compensate for the misalignment [12], [13]. In[12],
a hybrid SS and S-LCC compensated converter is adopted to
achieve CC or CV over the fluctuation of the coupling coeffi-
cient. The disadvantage of this hybrid topology is that there is
only unidirectional misalignment tolerance. Both CC output and
CV output are fulfilled by a novel hybrid network with two auxil-
iary switches [13]. However, there is low utilization of compen-
sation components. It seems to be a better solution that through
rational parameter design, the misalignment-tolerant capability
can be improved [14], [15], [16], [17], [18]. In [18], the T-series
compensated converter with a novel design method is proposed
to maintain constant output current. Nevertheless, only a single
CC or CV output can be implemented over the wide range load
and misalignment. Through operating the double-sided LCC
compensation network at the different resonant frequencies,
CC output and CV output can be implemented without any
compensation component and additional switch [19], [20], [21].
However, the misalignment of the primary and secondary coils
results in the fluctuation of the transmission gain and resonant
frequency.

Besides, the misalignment also causes the increase in reactive
power. A multivariable control strategy is proposed in [22],
which means a model that considers all variables is adopted
to improve system efficiency over wide load and misalignment
variations. Nevertheless, this strategy is utilized to transmit
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target power and does not take into account CC and CV output.
Several different impedance matching networks are employed to
compensate for misalignment [23], [24], [25], [26], [27], [28],
[29]. In [23] and [24], the capacitance matrix and multiorder
L-type matching circuit are used, respectively, where the com-
pensating elements are switched by controlling the auxiliary
switch. However, this method results in low utilization of the
compensation elements and increases the size and cost of the
system. A variable inductor is adopted to regulate the impedance
of the SS network [25]. However, a complex control strategy
must be adopted to adjust the variable inductor, which increases
the complexity of the control system. Adopting SCC seems to
be an efficient impedance matching method for compensating
reactive power [26], [27], [28], [29]. With the SCC, the CC and
CV output procedures of the series/series-parallel network are
implemented over the wide misalignment [26]. Unfortunately,
the resonant frequency in the CC output procedure depends on
the coupling coefficient, which means that the identification
of coupling coefficients is required. In [28] and [29], through
adopting the SCC, the inductor-capacitor-capacitor-series and
double-sided LCC compensated IPT system implement zero
voltage switching (ZVS) of CC output procedure and CV output
procedure, respectively. However, only a single CC or CV output
can be implemented. Besides, the phasors of the resonant cur-
rent, which is affected by the misalignment, have to be detected
to generate the correct driver signals for ensuring that the SCC
can operate properly.

In this article, for double-sided LCC compensation topology,

a unique design method with a switch-controlled capacitor
(SCC) and phase shift modulation is presented to compensate
for misalignment between the primary and secondary coils for
charging energy storage devices. The proposed method offers
the following advantages over the previous method.

1) In both CC and CV output procedures, with the pre-
sented parameter design method, the resonant frequency
is constant regardless of the misalignment and the output
current/voltage is unaffected by the load. This means that
compared to other methods, the influence caused by the
load variation and misalignment is lowered.

2) With the SCC, ZVS for reactive current minimization
is implemented in two modes. Further, the phase of the
current flowing through the SCC is unaffected by the load
or the coupling coefficient, which means that the SCC can
be adopted without any phase detection circuit of current.

3) In the absence of any complicated control technique,
conventional phase shift control is applied to compensate
for deviations in output current or voltage, caused by the
misalignment between the primary coil and the secondary
coil. In addition, two output procedures can be achieved
at different constant frequencies. This means that the
complexity of the control system is greatly reduced.

Additionally, the other parts of this article are composed as

indicated below: in Section II, the resonant conditions for the CC
and CV output procedures, as well as the impedance analysis of
the suggested circuit are described in this article. Section III
presents several principles for the control logic and gives the
design procedure of the proposed method. The results of the
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Fig. 1. Double-sided LCC compensation network.
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Fig. 2. Leakage inductance equivalent model of double-sided LCC compen-

sation topology.

simulation and experimental platform are revealed in Section IV.
Finally, Section V derives several conclusions.

II. ANALYSIS OF CHARACTERISTICS FOR DOUBLE-SIDED LCC
COMPENSATION NETWORK

Fig. 1 depicts the double-sided LCC compensation network.
Ly, Ly, and M denote self-inductance of the coils at the trans-
mitter and receiver and mutual inductance, respectively. The
transmitter compensation circuit is made up of Lg, Cyp, and
C1, whereas the receiver compensation circuit is formed by L¢s,
Ct2, and Co. Ry, is the load. The load voltage and current are
represented by Ugr and Iy, respectively. The high-frequency
inverter, which consists of four MOSFETs Si 23 4, can drive the
input dc voltage Uq. The full-bridge uncontrolled rectifier is
formed by the four Schottky diodes.

Fig. 2 depicts the leakage equivalent circuit. Lg; and Ly is the
leakage inductance of the coils at the transmitting and receiving
side. R’y, is the equivalent load. Ui, Ly, U,, and I, are the
root-mean-square values of the input voltage, input current, the
current, and voltage of the equivalent load R’y,. Uipn, Iin, Uo,
and I, indicate the phasors of corresponding variables.

The individual components and input impedance of the leak-
age inductance equivalent model can be expressed as (1) and

2)

_ _ _ M
La=L-M k= 0

Lo=Ly—M Ry =34

]

. 1 . .
Zin = jwLg + m// (JwA+ Z//jwM) (2)

where k denotes the coupling coefficient, Z = jwB+ [1/jwCio
H(R1, +j wL2)], A = Lg1-1/w?Cy, and B = Lya-1/w*Cs.

A. Equivalent Model Analysis

There are many equivalent model methods of the double-sided
LCC compensation circuit to achieve CC and CV over the wide
load range [19], [20], [21]. However, the resonant frequency in
the CC or CV output procedure established by these equivalent



1290

©

Fig. 3. Equivalent model. (a) Voltage-fed L-circuit. (b) Current-fed L-circuit.
(c) Current-fed m-circuit.

approaches may be changed, if the misalignment varies. As a
result, in this article, a hybrid equivalent model of the L-network
and m-network, as shown in Fig. 3, is adopted to achieve con-
stant resonant frequency in both CC and CV output procedures
independent of the misalignment. Z;, Zs, Z3, Z4, Zs, Zg, and Z7
are the equivalent impedances of the corresponding components
inFig. 3. Uin-tv, Iin-1v, Uin-L.C> fin-1.C, Uin-=, Iin-7, Uo-Lv',
Io1v, Uo.rc, Io-1c, Uo-r, and I, indicate the phasors of
input voltage, input current, output voltage, and output current
in different circuits, respectively.

It can be derived from Fig. 3(a) that the output current I.1,c
can be expressed as

Zs
Zy + Zy) Zr + Z1Z
As can be noticed from (3), if the condition in (4) is satisfied

by designing Z; and Zs, the output current, whose value and
phase are independent of the load Zp, can be represented as (5)

Zi+ 22 =0 @)

I, 1c= ( Uin-rc- 3)

Uin—LC
Zy
Similarly, several conclusions can be drawn from the network

shown in Fig. 3(b) and (¢). If Zs, Z4, Z5, Zs, and Z; meet

the criteria in (6) and (7), respectively, the load-independent

characteristic of output voltage U,.1yy and output current I,

expressed as (8) and (9), is implemented

&)

IO—LC =

Z3+Z4=0 (6)
s+ Ze+ Z7=0 (N
Uov = Z3lin-1cC 3
Zs
IOfﬂ' = _7-[1'77,77?
Z ()

B. Implementation of CC and CV Qutput Procedures

Based on the analysis of several models above, it is clear from
Fig. 2 that the resonant frequency can maintain constant unaf-
fected by the coupling coefficient and the load, if the equivalent
model contains the mutual inductance M and does not contain the
load R’1,. As illustrated in Fig. 4, the double-sided LCC leakage
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Fig. 4. Leakage inductance equivalent model for CC mode.
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Fig. 5. Leakage inductance equivalent model for CV mode.

model can be equated to a combination of a voltage-fed L-circuit
and a current-fed 7-circuit. It can be derived from (4)—(6), and (8)
that the resonant condition and output current can be represented
as

W —1(1+1> (10)
¢ LpChn Ly \Crp  Cy
kL1 LoCpUjy
Lo = w2kv/LiLoCrphe = =2 22B20 ()
JLAf1

As shown in (10), neither coupling coefficient nor load can
affect the resonant frequency, i.e., the system can be operated
at a constant frequency in the CC output procedure. The output
current is independent of the load, according to (11).

Fig. 4 can be equated to Fig. 5 for deriving CV conditions.
Where Cti1 and Cyp2 can be expressed as

Chi1 + Cra = Chy. (12)

As shown in Fig. 5, the leakage model can be equated to a
combination of a voltage-fed L-circuit, a current-fed 7-circuit,
and a current-fed L-circuit. Based on (4)—(9), the resonant con-
dition and output voltage can be expressed as (13) and (14)

1 1 1 1 1
2
W2 = —— (=t =)= (13)
LyCrn Ly <Cf12 C1> LipCho
U I3V o I2V
Y jwCr jw3CpChaky/IiLy
= — . (14)
wiCrak/ L1 Lo Ly Crio

Likewise, according to (13) and (14), the resonant frequency
can not be affected by the coupling coefficient and the output
voltage is constant regardless of the load.

It is clear from the above analysis that in both CC and CV
output procedures, the load does not affect either the output
voltage/current or the resonant frequency and the coupling co-
efficient has no effect on the resonant frequency. This means that
for the presented system, different constant operating frequen-
cies are implemented in CC and CV output procedures, which
greatly simplifies the complexity of system control. However,
the misalignment can affect the output current and voltage from
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Fig. 6. Switching sequence of phase-shifted control.

(11) and (14). To solve this issue, the conventional phase shift
modulation strategy is adopted.

Fig. 6 depicts the typical operating waveforms of the phase
shift modulation, where v; 23 4 denote the drive signals of four
MOSFETs. In addition, T and € denote the operating period and
phase shift angle, respectively. The root-mean-square values of
the input voltage Uy, is given as

Uin

— %COSQ (15)
Vs

3"

Substituting (15) into (11) and (14), respectively, the output
current /,_. in CC procedure and the output voltage U,_, in CV
procedure can be denoted as (16) and (17). As a result, it can
be observed that the variation of /,_. and U,_,, caused by the
misalignment, can be compensated for by adjusting the phase
shift angle ¢

Qﬂwck\/LlLQCngd 0
COS—
7TLf1 2

_ 2v2Uq cos—
- mwiCpkyITiLoLyCra 2

Io—c =

(16)

UO*V

a7

C. Implementation of ZVS

Based on the previous section, the CC and CV output proce-
dures can be realized only by conventional phase shift mod-
ulation over the variation of coupling coefficient and load.
However, variations of the coupling coefficient can affect the
input impedance, resulting in a reduction in efficiency.

Therefore, it is necessary to derive the impedance in both
output procedures to analyze the effect of the misalignment
between the coils at the transmitter and receiver. By substituting
(10) and (13) into (2), respectively, the impedance Z;,,.. and Z;,,
in CC and CV output procedures can be deduced as (18) and (19)

Lfl (Ac + ]Bc)
Cn (A2 + B2)

wyCRok* L1 Ly Ly (Ay + jBy)
Cn (A3 + BY)

Zinfc = (18)

Zin—y = 19)
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Fig. 7. Typical output waveforms of the phase shift modulation.

where Ac, B, Ay, and B, can be expressed as
AC =w§0f22k2L1L2R’L
Be=w?Cik? L1 Ly —w?k? Ly LyC% Ly —we L+ oo + o4

weCr1
_ _Lp
AV_R’Lsz
_ _ 1 1 32 1.2 1 1
B, =w,Ls e Ca wyCr2 wVCf12k LiLy (Cf11+of12) :
(20)

It can be concluded from (18) and (19) that if the coupling
coefficient satisfies the condition in (21) and (22), i.e., B. =0
and B, =0, the input impedance angle is equal to 0 in CC and CV
output procedures. At this point, with the coupling coefficient
increasing in both output procedures, the imaginary part is
greater than zero, and on the contrary less than zero. Besides, the
phase shift modulation may prevent the MOSFET from achieving
soft switching. Therefore, the impedance modifying technology
must be adopted to compensate for the efficiency reduction
caused by the misalignment

1 1
PO Sk i @1
¢ wiCpLiLy (1 —wZLlpCp)
2 1 1
o Wl 22)

402 1,1
wyCroliLy (cm Jrcm)

Based on (10), (11), and (18), in the CC output procedure, the
impedance can be adjusted by changing the compensation ca-
pacitor Cq, which has no effect on either the resonant frequency
or the output current. A similar conclusion can be deduced
from (13), (14), and (19). The compensation capacitor Cs in
the CV output procedure can perform the same function as the
compensation components C; in the CC output procedure.

For a converter containing MOSFETs and diodes, ZVS is fa-
vored over zero current soft switching [30]. As a result, for the
implementation of ZVS, the correct analysis about the turn-OFF
current to meet the condition in (23) is a critical element [30]

> QUbUSCj
p! iy

(23)
Laead

where I, Uy, Cj, and tq denote the turn-OFF peak current,
input voltage, parasitic capacitor, and dead time of MOSFET,
respectively.

According to the above-mentioned analysis, when the phase
shift modulation is adopted, typical output waveforms at differ-
ent coupling coefficients are shown in Fig. 7. From Fig. 7, the
turn-OFF peak current of MOSFETS may be positive, i.e., ZVS is
not implemented when the misalignment occurs. Consequently,
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Fig. 9. Typical operation waveforms of SCC.

it is necessary to regulate the input impedance for the achieve-
ment of ZVS.

According to Fig. 6, the turn-OFF current i.(tp) in the CC
output procedure and i, (ty) in the CV output procedure can be
deduced from (18) and (19) and represented as

4Cn U, 0 0
ic (to) = i1 dcos=+/AZ + B2sin | = — o (24)
wLg 2 2
. 4CHUyq 0 . [0
v (to) = —\/AZ + B2 — —
iv (to) wale‘;szmkleLQCOS?V 2 + BZsin 5@
(25)
where . and «, are represented as
o, = arctan (B./A.) 26)

oy, = arctan (By /Ay) .

It is clear from the above-mentioned analysis in this section
that ZVS can be achieved in the CC output procedure by mod-
ifying C; to fulfill the condition in (27), and in the CV output
procedure, by adjusting Cy to satisfy the condition in (28)

. 2Uus C
— g (to) = Lk > == 27)
tdead
20Uy C5
— iy (o) = Iy > =27 (28)
tdead

There are several impedance adjustment techniques [23], [24],
[25], [26], [27], [28], [29]. For the capacitance matrix [23], it
results in low utilization of the compensation elements and in-
creases the size and cost of the system. For the variable inductor
[25], magnetic saturation problems may occur. Consequently,
compared to other impedance adjustment techniques, the SCC,
represented in Fig. 8, is a very effective strategy [26], [27], [28],
[29]. The typical operating waveform of the SCC is depicted
in Fig. 9, where Cq is the equivalent capacitance of SCC,
while u;c and usc are the drive signals of Sic and Saoc. At
the positive half-cycle of the current /., maintaining Sic OFF,
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the capacitor Cy is discharged under the condition that Sy is
ON, while charged under the condition that Soc is OFF. At the
negative half-cycle of the current /;, maintaining S OFF, the
capacitor Cy is discharged under the condition that S;¢ is ON,
while charged under the condition that Soc is OFF. As a result,
by adjusting the associated control angle 5 (/2 < <), Ceq
can be regulated and represented as

wCy

Ces = 3 =35+ sin (28)°

(29)

The main distinguishing characteristic of the SCC, as shown
in Fig. 9, is that the driver signals of S;c and Soc must be
generated based on the phasor of the current /.. Based on (11)
and (14), the current I and I3, can be calculated as

Uin
I.= 30
lc ijLﬂ ( )
Uin
Iy = - . (31
° JwdLey Cerok/L1 Lo

It can be deduced from (30) and (31) that the phasors of I
and I, which are irrelevant of load and coupling coefficient,
remain constant and always lag 90° behind the input voltage.
This means that without the phase detection device, the SCC
can be adopted to match the impedance in two output procedures
with the proposed method. Consequently, in this article, C; and
C, can be respectively contacted by an SCC in series to adjust
the impedance in CC and CV output procedures.

D. Analysis of Power Losses

In the proposed IPT system, the power losses are mainly
composed of four parts, i.e., the losses of four rectifier diodes,
the resonant circuit, two SCCs, and four inverter MOSFETS [28].

According to [28], the losses of rectifier diodes can be calcu-
lated as follows:

I*ry. (32)

o

WAV,
Pdfloss = % +

where the forward voltage drop and the on-state resistance are
expressed by Vi and ry.

Likewise, the power losses about the resonant circuit con-
sisting of the equivalent series resistances of transmitting coil,
receiving coil, and compensation components, can be expressed
as [28]

2 2 2
Pie-toss = Iiprin + Ienron + If (re1 +ro1)

+ 12, (reo 4+ 712) + IEprie + [3mrcre (33)

where It 1, Icr, I, 112, Iuse, Iore express the current flowing
through the corresponding components and rrfi, 7cf1, 7Cis
L1, T'L2, FC2, FLE2, F'Cf2 Tepresent equivalent resistances of the
corresponding components.

The power losses of the inverter MOSFETs mainly include
conduction losses and switching losses [28]. Due to the im-
plementation of ZVS, switching losses are greatly reduced. The
conduction losses are derived as

I?
Pon_1oss = inds (37T —0— sinG)
s

(34)
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where rqs 1s the on-state resistance of the MOSFET.
According to [28], the losses of the SCC is expressed as

Pscotoss = I5ras + 18rc (35)

where r¢ represents the equivalent resistance of Cx.

II. IMPLEMENTATION OF THE PRESENTED IPT SYSTEM
A. Analysis and Design of the Control System

Based on the schematic illustration of the presented IPT
system represented in Fig. 10, the feedback signals consist of
the load voltage UR, load current I, and the phasor of Ui, and
I;,,. The feedback signals are transmitted to the controller to
enable Driver 1, Driver 2, and Driver 3 modules for generating

the driver signals of MOSFETS Si 234, 1b,c,d to implement the
constant output and ZVS in two procedures.

The control logic of the controller is shown in Fig. 11. The
first step is to compare the load voltage with the reference
value to determine whether the system should be operated in
CC output procedure, i.e., Sy = 0 and S = 1 or CV output
procedure, i.e., Sy = 1 and S. = 0. Then, the switching logic of
the MOSFETs generated by the conventional phase-shift control is
transmitted to Driver 1. In addition, in the CV output procedure,
the MOSFETs S, , maintain ON to eliminate alteration of the
resonant frequency caused by Cx1, while the associated control
angle fy of S 4 are generated based on the phasors of I;,, and
Uin, i.e., By = By - ABy, when the phase displacement between
I;,, and Ui, is less than zero, and 8, = 8, + Af,, when the
phase displacement between I3, and Uj,, is greater than zero.
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Fig. 12.  Design procedure of the proposed double-sided LCC IPT converter.

In the CC output procedure, the associated control angle S, of
Sa,b are generated based on the phasor of I, and Uiy, i.e., 8¢
= B¢ - AB., when the phase displacement between I3, and
Uiy is less than zero, and 8. = B. + AfS., when the phase
displacement between I3, and Ui, is greater than zero, while
MOSFETS S. 4 maintain ON to achieve the same purpose as the
CC output procedure.

B. Parametric Analysis and Design Procedure

According to the previous analysis, a set of parameters are
required in the practical application to satisfy the condition that
the output current/voltage is independent of the load and the
resonant frequency is irrelevant to the coupling coefficient. As
a result, the actual design process is presented in Fig. 12 for the
implementation of the proposed system.

First of all, the self-inductances of the coils at the transmitter
and receiver need to be estimated by considering the volume of
the practical system. In addition, the minimum and maximum
coupling coefficient ki, and ky,,x should be determined based
on air gap and maximum misalignment between two coils to
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ensure safe system operation. In the next step, resonant frequen-
cies at CC and CV output procedures should be selected based
on the volume of the compensation components. According to
the analysis in the previous section, resonant frequencies f,, and
Jc at CC and CV output procedures should be selected to satisfy
the condition in (36). In general, the operating frequency of IPT
systems is selected between 20 and 95 kHz [19], [20]. Thus,
the resonant frequencies of CC and CV output procedures could
be selected as 81 and 90 kHz, respectively. Then, according
to the above analysis the compensation element parameters are
designed under the assumption that k = k,,x. Consequently,
it can be deduced from (10), (12), and (13) that the value
for Ly, Cri, Cri1, Cri2, and Cy can be calculated by using
(37). Furthermore, from (21) and (22), C5, Cgs, and Lgy can
be determined by (38)

fes it

(36)
fv
wikLy 1 1
L - v C = — C =
f1 wél f1 wélLfl f11 WéLfl
w2 — w2 Cf12
Chp= X —"¢ 0y = ——12 37
f12 Lﬂwgw?, ! w?,LlCﬂg —1 ( )
Loy — w§k2L1Lng1C1 (w% — w?)
e wd (w2L1CpnCy — C1 — Ch)
1 C
Crp = - (38)

Csy = .
UJ?,LfQ 2 ngQCfQ —1

At this point, it is indispensable to check whether minimum
transmission gains calculated by (16) and (17) in two output
procedures, i.e., assuming k = kp,i, in CC output procedure
and assuming k = ky,,x in CV output procedure, meet electrical
specifications of the system. If the results are not satisfied, the
resonant frequencies need to be reselected. Substitute (37) and
(38) into (16) and (17), transmission gains g. and g, in two
output procedures can be expressed as (39) and (40). It can be
noticed from (39) and (40) that transmission gains g, and g
essentially increase with the f;. Next step, Cx; and Cx5 need be
calculated to implement ZVS with minimum reactive current.
Based on (29), the equivalent capacitance of SCC increases
with the associated control angle 8. Consequently, the minimum
value of SCC; and SCCs should be calculated and equal to Cx1
and Cxo. Based on the analysis in the previous section, Cx1 can
be calculated by using (27) and (29) assuming k = ky,ax in CC
output procedure and Cxo can be calculated by using (28) and
(29) assuming k = ki, in CV output procedure

w 0 wgkle w§k2L1
ge = ﬂk72fL;«,w3 cosi <w2—w2 R —W3L1 +w2L1)
(39)
Qﬂk\/ L1L2w§ 0
gy = TET ETE cos—. (40)
Twy (szwgl - = —wili+ Wng)
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240 mm

Fig. 13.  Experimental platform for double-sided LCC IPT converter.

TABLE I
PARAMETER OF THE PRIMARY AND SECONDARY COIL

Parameter value
Lize wire (strand diameter, number of strand) 0.1 mm, 500
Diameter and turns number of the transmitter winding 240 mm*240 mm, 32

Diameter and turns number of the receiver winding 300 mm*300 mm, 41

Air Gap 90-120 mm
Self-inductance L, at transmitter 208 uH
Self-inductance L; at receiver 128 uH
Coupling coefficient 0.13-0.2

TABLE II
ELECTRICAL PARAMETER OF THE PROPOSED SYSTEM

Parameter value
Input voltage, Uin 15V
Range of load, R. 0-200 Q
Output voltage, U, 59V
Output current, /, I.TA

IV. RESULTS AND DISCUSSION OF SIMULATION AND
EXPERIMENT

As the misalignment-tolerant characteristic of the presented
system is investigated, the conventional circular coil is adopted.
Fig. 13 shows the coils at the transmitter and receiver and
Table I depicts the parameters of coils. This article focuses
on the correctness and feasibility of the proposed method.
Consequently, the load is replaced with a variable resistance
and electric parameters of the proposed system is depicted in
Table II. According to the above-mentioned design procedure,
other parameters can be determined assuming ki, = 0.13 and
kmax = 0.2, as shown in Table III.

According to the analysis in the previous section, it is clear
that owing to maintaining the MOSFETS S. 4 ON in the CC output
procedure, the current bypasses Cx2, and owing to maintaining
the MOSFETS S, 1, ON in the CV output procedure, the current
bypasses Cx1. As a result, based on Tables I and II, assuming
Cx1 = 0and Cx2 = 0, the output current and output voltage as
the function of the operating frequency are shown in Figs. 14 and
15 under different coupling coefficient and load, where R =5 (2.
As clearly shown in Fig. 14(a), the output current is independent

TABLE III
COMPENSATION NETWORK PARAMETERS

Symbols Parameters Value
L Primary Compensation Inductor 12.7 pH
Cn Primary Parallel Capacitor 305 nF
C) Primary Series Capacitor 20 nF
Cxi Switched-controlled Capacitor 40 nF
Lp Secondary Compensation Inductor 31 uH
Cn Secondary Parallel Capacitor 101 nF
G Secondary Series Capacitor 43 nF
Cxa Switched-controlled Capacitor 40 nF
fe Operating Frequency in CC Mode 81 kHz
fu Operating Frequency in CV Mode 90 kHz

Output Current (A)

75 80 85
f/kHz
(a)
2.6 ! — R
— 2R
— 3R
4R ]
g 5R
5
g
=]
U 4
=
&
=
o -
1. y
675 80 85
f/kHz
(b)

Fig. 14.  Output current of the double-sided LCC compensation topology for
various load under different coupling coefficient. (a) k = 0.13. (b) k = 0.2.

of the load at 81 kHz. Further, comparing Fig. 14(a) with (b),
the resonant frequency is constant 81 kHz whether &k = 0.13
or k = 0.2. This means that characteristics in (10) and (11) are
implemented in the CC output procedure. Furthermore, similar
conclusions are drawn from Fig. 15 that the almost constant
output voltage is implemented at the operating frequency fi
(90 kHz) regardless of the load, and the resonant frequency is
unaffected by the coupling coefficient. This means that char-
acteristics in (13) and (14) are implemented in the CV output
procedure.

The input impedance angle of CC and CV output procedures
as the function of the coupling coefficient with different Cjcq
and Cyq are shown in Fig. 16, where Cicq = C1 // mCx1 /[ 27 -
28 + sin(2B.)] and Caoq = Co I/ TCxo/[27 - 28y +sin(255)].
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Fig. 15.  Output voltage of the double-sided LCC compensation topology for
various load under different coupling coefficient. (a) k = 0.13. (b) k = 0.2.
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Fig. 16. Input impedance angle various coupling coefficient under different
modes. (a) CC mode. (b) CV mode.
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Fig. 17.  Experimental platform for double-sided LCC IPT converter.
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Fig. 18.  Experimental waveforms of the output current, output voltage, input
current, and input voltage in CC procedure with different load under k£ = 0.13.
(a) Ry, =55Q.(b) R, =33 Q.

Several conclusions can be drawn from Fig. 16(a) and (b). At
first, with the coupling coefficient increasing, the variation of
impedance angle cannot be ignored whether in the CC output
procedure or the CV output procedure. Second, for the same
coupling coefficient, the impedance angle of CC and CV output
procedures steadily increases as C1oq and Coeq decrease. Thus,
by modifying Cx; in the CC output procedure while by adjusting
Cx2 in the CV output procedure, soft switching is enabled under
different coupling coefficients.

As depicted in Fig. 17, a prototype of 60 W has been
constructed to verify the validity and feasibility of the pro-
posed double-sided LCC IPT converter. Here, four MOSFETS
(SPW47N60C3) comprise the primary dc—ac full-bridge in-
verter, while four fast-recovery diodes with manufacturer part
number MURS60T make up the secondary rectifier. The ALT-
BRA EPCE10F17C8N FPGA is employed to implement all the
closed-loop control. The switches of SCC are also MOSFETs with
manufacturer part number SPW47N60C3.

The experimental waveforms of the proposed converter in the
CC output procedure are shown in Figs. 18-21. Comparing
Fig. 18(a) with (b), under k = 0.13, when the load Ry, changes
from 55 to 33 €2, the load current /r nearly maintain constant at
1.10 A only with the 5° variation of the phase shift angle. Also,



ZHANG et al.: UNIQUE DESIGN APPROACH OF DOUBLE-SIDED LCC COMPENSATED IPT SYSTEM FOR MISALIGNMENT-TOLERANT

..
div] Un[10V/div]
i [5Ndiv]m@ B
(2)
i [ 10V, i
© II\R[IA/div] /UR[ZOV/dlv] U [\0 /div]
3
Time: [4us/div] T[SA/div]
(b)
Fig. 19.  Experimental waveforms of the output current, output voltage, input

current, and input voltage in CC procedure with different load under k = 0.2.
(a) Rr, =55 Q. (b) Ry, =33 2.
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Fig. 21. Experimental waveforms of MOSFET Sy at Ry, = 55 2 and different
coupling coefficients in the CC procedure. (a) k = 0.13. (b) k = 0.2.
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Fig. 22.  Experimental waveforms of the output current, output voltage, input
current and input voltage in CV procedure with different load under £ = 0.13.
(@) R, =55Q.(b) R, =110 2.

from Fig. 19(a) and (b), the same conclusion can be obtained
under k = 0.2. Moreover, it can be deduced from Figs. 18(a) and
19(a) that when the coupling coefficient & is changed from 0.13
to 0.2, the output current remains 1.10 A by adjusting the phase
shift angle from 0° to 27° and the operating frequency f. (81 kHz)
maintain constant independent of the coupling coefficient.

It can be deduced from Fig. 20(a) and (b) that under k = 0.13,
when the load Ry, is changed from 55 to 33 2, ZVS with the
minimum turn-OFF peak current can be kept by regulating the
associated control angle 3. from 133° to 93°. Contrast Fig. 20(b)
and (c), under Ry, = 33 €2, when the variation of k is from 0.13
to 0.2, ZVS under the minimum reactive current can also be
maintained by adjusting 3. from 117° to 133°. From Fig. 20(a)—
(c), the phasor of the current I;. flowing SCC; maintains a
constant unaffected by the load and the coupling coefficient.
Fig. 21 shows that experimental waveforms of MOSFET Sy at Ry,
=55 2 and different coupling coefficients in the CC procedure.
From Fig. 21, ZVS can be implemented at different coupling
coefficients. Consequently, SCC can be adopted to regulate the
input impedance for ZVS in the CC procedure.

As depicted in Figs. 22-25, the experimental waveforms of
the presented double-sided LCC IPT converter during the CV
procedure are shown. From Fig. 22(a) and (b), the load voltage
Ur maintains constant at 59 V when the load Ry, is 55 2 and
110 Q, respectively. Comparing Figs. 22(a) with 23(a), some
conclusions can be derived. At first, the output voltage at the
coupling coefficient k = 0.13 remains nearly the same as that
at k = 0.2 by adjusting the phase shift angle ¢ from 0° to 33°.
Second, it can be found that the operating frequency remains 90
kHz regardless of the coupling coefficient and load.

It is deduced from Fig. 24(a) and (b) that under &k = 0.2,
when the load varies from 55 to 110 2, ZVS with the minimum
turn-OFF peak current is implemented by modifying the asso-
ciated control angle 5, of SCCy from 137° to 116°. Contrast
Fig. 24(b) and (c), ZVS under the minimum reactive current
can also be implemented by regulating /3, from 116° to 91°
at Ry, = 33 ), when k varies from 0.2 to 0.13. As shown in



1298

UR[20V/divINg

iN\[R[ZN iV

Time: [4us/div]

OV/di] |

- Ur[20V/div]

R[2A/div]

Time: [4us/div]

Fig. 23.  Experimental waveforms of the output current, output voltage, input
current and input voltage in CV procedure with different load under k = 0.2.
(a) Ry, =55Q.(b) R, = 110 Q2.

ugc[ZOV/dﬁ
\ ZN\

Time: [4us/div] lm[SA/dlv

m }gc[2OV/de]_\

N
J\\-"‘

Li2A/div]

W[10V/div]

(@)

&

Time: [4ps/div] - Ln[5A/div] - Uin[10V/div] Ly[2A/div]
‘ : )
ugc[ZOV/divh ‘
" O
2o
[y 4 by
TN NZ/ ¢ N
Time: [4us/div] Ta[SA/dIV] Un[10V/div Dy[2A/div]
(©)

Fig.24.  Experimental waveforms of ug, I3y, input current and input voltage
in CV procedure under different load and coupling coefficient. (a) Ry, = 55 €2,
k=02.(b)R, =110, k=0.2.(c) Ry, = 110 2, k= 0.13.

u[ 10V/div]
e I g

ugs[ 1QV/div]

NS
. - I AR

f

Time: {2us/div] ®
U s[lOV/dlv] u[[10V/div}

| e /"“/ - S E
,W» 7vs | W
\~ 7 T ‘ l

(b)

Time: | 2us/div

Fig. 25. Experimental waveforms of MOSFET Sy at Ry, = 55 €2 and different
coupling coefficients in the CV procedure. (a) k = 0.13. (b) k = 0.2.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 1, JANUARY 2023

= UR20V/div]

Ir[2A/div] Iin[ 10A/div]

Un 10V/div]

Time: [100ms/div]

e URI20V/diV]

IR[2A/div]

In[10A/div]

~Un[10V/div]

Time: [100ms/div]

Ur[20V/div]

In[10A/div]

Time: [100ms/div]

(©)

Fig.26. Experimental waveforms of CC-to-CV transition at different coupling
coefficients. (a) k = 0.13. (b) k = 0.17. (¢c) k = 0.2.

Fig. 24(a)—(c), the phasor of the current I3, flowing SCCs main-
tains constant regardless of the load and coupling coefficient.
Fig. 25 shows that experimental waveforms of MOSFET Sy at Ry,
=55 Q and different coupling coefficients in the CV procedure.
From Fig. 25, ZVS can be implemented at different coupling
coefficients. Thus, in the CV procedure, the SCC could be used
to modify the input impedance for ZVS.

Experimental waveforms of CC-to-CV transition at different
coupling coefficients are depicted in Fig. 26. Several conclu-
sions can be found from Fig. 26. On the one hand, during the
CC-to-CV transition with different coupling coefficients, the
output voltage Uy and output current /g remain almost constant
after a transient response time of approximately 20 ms. After
the transition from CC to CV, the maximum variation of UR is
1.6% and that of Iy is 1.7%. On the other hand, at the transition,
there is a slight voltage spike caused by the adjustment process
of the associated control angle [3.,.

Fig. 27 depicts the measured charging profile of output current
Iy and output voltage Ug data at different loads. From Fig. 27(a),
at k = 0.13, maximum variations of the output current in the CC
output procedure and output voltage in the CV output procedure
are 0.5% and 0.7%, respectively. From Fig. 27(b), at k = 0.2,
maximum variations of the output current in the CC output
procedure and output voltage in the CV output procedure are
0.6% and 1.0%. Therefore, two constant output procedures can
be implemented in the proposed IPT system.

Fig. 28 depicts that the dc—dc efficiency at different coupling
coefficients and loads in both two output procedures. It can be
noticed that at the constant coupling coefficient, with the load
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Fig. 27. Measured charging process versus the equivalent load. (a) k = 0.13.

(b) k=0.2.
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shift angles, the reactive current increases at other coupling
coefficients, resulting in an efficiency lower than that at k =
0.13. The peak efficiency in the CV mode is 90.7% under k =
0.2 and the load Ry, = 55 ). Owing to the same reason, the
efficiency at other coupling coefficients is lower than that at k =
0.2.

V. CONCLUSION

In this article, a novel design approach with SCC control and
phase shift modulation of the double-sided LCC compensation
circuit is proposed. With the proposed method, during wide load
and coupling coefficient range, the double-sided LCC compen-
sated IPT system can implement CC and CV output procedures
by regulating the phase shift angle # and ZVS with minimum
reactive current is implemented by modifying the associated
control angle of SCC. One of the most significant advantages
is that the SCC can be adopted without any phase detection
circuit, since the phasor of the current flowing through SCC in
two output procedures is not affected by the coupling coefficient
and load. Another additional benefit is that whether in CC or CV
output procedure, the proposed IPT converter can be operated
at an almost fixed frequency, which is beneficial for simplifying
the controller and improving the stability of the system. The
excellent behavior of the proposed system with respect to a stable
operation has been verified by experimental results.
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