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A Novel IPT Converter With Current-Controlled
Semi-Active Rectifier for Efficiency Enhancement
Throughout Supercapacitor Charging Process

Zhicong Huang™', Member, IEEE, Dule Wang, and Xiaohui Qu

Abstract—During the typical constant current (CC) charging
process, the supercapacitor has a pretty wide-range load varia-
tion. However, an inductive power transfer (IPT) converter can
maintain high efficiency only within a certain load range around
its optimum load point. Once the supercapacitor load resistance is
far away from the optimum point, which usually happens in low
charging power levels, i.e., the smaller load resistances, the IPT
converter will suffer from the dramatic efficiency degradation
and thus a step-up load transformation is required throughout the
whole charging process. In this article, a novel current-controlled
semi-active rectifier (CCSAR)-based IPT converter is proposed
to fulfill this requirement. The characteristic of step-up load
transformation is first identified and implemented by controlling
the conduction angle of the CCSAR to enhance the efficiency
in the charging process. The desired charging CC is then
regulated by tuning the operating frequency of the IPT inverter.
To coordinate these two objectives, a bivariate control is adopted
here to achieve fast, direct, and precise current output with
enhanced efficiency performance over the whole load range
during the CC charging process. Finally, experiment results
validate the theoretical analysis well.

Index Terms— Bivariate control, constant current (CC) charg-
ing, efficiency enhancement, inductive power transfer (IPT),
supercapacitor.

I. INTRODUCTION

EVELOPMENT in modern power electronics has

enabled inductive power transfer (IPT) technologies well,
which can transfer power wirelessly over a short-range air
gap without physical contact [1]. Compared with conven-
tional conductive power transfer using plugs and cables, IPT
has shown significant advantages in providing user-friendly
and maintenance-free operations to recharge consumer elec-
tronics, biomedical implants, and electric vehicles [2]-[7].
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In these applications, emerging supercapacitors are being more
and more attractive because they have longer life duration
and faster charging speed without degrading their expected
lifetime [8], [9].

Typically, constant current (CC) charging plays a dominant
stage in the charging profile of supercapacitor [10], [11], and
the supercapacitor can be almost fully charged with a single
CC charging stage [12]-[14]. During the CC charging to a
depleted supercapacitor, the supercapacitor voltage linearly
increases from a near-zero value to a voltage limit. Therefore,
the supercapacitor can be considered as an equivalent resis-
tance with a wide range variation, i.e., as wide as 0%—100%
of voltage limit over charge current. It has been studied that,
the maximum efficiency of an IPT converter occurs only at
a specified load, thus named as optimum load [15]-[18].
Therefore, efficiency optimization is challenging during the
whole charging process of the supercapacitor. An appropriate
IPT converter as well as its control method is needed for load
matching in the achievement of CC output.

It is an intuitive idea to design a single-stage IPT con-
verter with its inherent CC output characteristic (also called
load-independent current output characteristic) for the CC
charging [19]-[23]. The single-stage IPT converter can operate
at a fixed frequency to provide a substantial CC output, and
thus the control effort can be minimized. Design method-
ologies of different compensation topologies for the IPT
converter have been widely studied to customize the CC output
[22], [23]. However, such a simple single-stage design cannot
achieve high efficiency over the wide load range during the
CC charging process, due to the absence of load matching.
When the load deviates a lot from the optimum point, usually
in the light load conditions, the efficiency of the IPT converter
will degrade dramatically.

To achieve the load matching function, multistage IPT sys-
tems have been widely studied by using extra dc/dc converters
cascaded in the front-end and/or the load-side of the IPT
converter [24]-[26]. Then these multistage designs can have
more degrees of control freedom for efficiency optimization
and power regulation under the supercapacitor charging pro-
file. But there exist some obvious drawbacks, which include
more losses, costs, and complicated controllers due to the extra
converter stages. To save the converter stage, the modulation
given by the extra dc/dc converters can be replaced by the
inverter circuit and an active rectifier both with pulsewidth
modulation (PWM) in a single-stage IPT converter [14], [27],
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[28]. It is known that PWM control will readily lose the
soft-switching conditions in a wide load variation for both
inverter and active rectifier, thus resulting in heavy losses
of hard switching. Chen et al. [29], Colak et al. [30], and
Mishima and Morita [31] give a voltage-controlled semi-active
rectifier (VCSAR) in the IPT converters modulated in a
soft-switching way, and meanwhile the conduction angle
of the VCSAR is controlled to realize the output regula-
tion. To further match the load for efficiency enhancement,
Huang er al. [32] proposes an improved coordinated control
scheme for the IPT converter with VCSAR to maintain a con-
stant voltage (CV) output as well as high efficiency throughout
a wide load range. Nevertheless, it should be noted that the
load transformation trend of VCSAR is step-down, which is
only suitable for efficiency optimization in the achievement of
CV like battery charging applications. In the supercapacitor
CC charging, the required step-up load transformation cannot
be fulfilled by the VCSAR.

To fill the gap, this article proposes a novel IPT converter
with a current-controlled semi-active rectifier (CCSAR). The
characteristic of step-up load transformation is first identified
to enhance the efficiency in the whole charging process.
The control method of conduction angle of the CCSAR for
both load matching and soft switching is also elaborated
in Section II. To comply with the current-source rectifier,
the IPT converter must have a secondary capacitor in parallel
with the CCSAR, and a simple series-parallel (SP) com-
pensation is used in Section III. To compensate the capaci-
tive reactance generated in the load step-up transformation,
the desired charging CC is then regulated by tuning the
operating frequency of the IPT inverter as well as keeping
the inductive input impedance to guarantee the zero-voltage
switching (ZVS) of inverter MOSFETs. In this way, the objec-
tives of efficiency enhancement and output regulation can
be fulfilled in a single-stage IPT converter, and the inverter
and rectifier are both switched in the soft-switching manner.
To coordinate these two control variables of conduction angle
of CCSAR and switching frequency of inverter, a bivariate
control is adopted to achieve fast, direct, and precise cur-
rent output with enhanced efficiency performance. Finally,
a 100-V/2-A IPT charger prototype is built to verify the
theoretical analysis in Section IV. Section V concludes this
article.

The major contributions of this article are summarized as
follows.

1) The CCSAR is first studied and used in an IPT system,
to the best of our knowledge.

2) The difference between the VCSAR and the CCSAR
is comprehensively distinguished in terms of their load
transformation ability and their applicable scenarios are
identified as well.

3) A specified IPT system (SP compensation with CCSAR)
is proposed with a bivariate coordinated control scheme.
The proposed system features: 1) CC charging; 2) effi-
ciency optimization throughout the whole CC charging
process; 3) soft switching; and 4) single-stage design,
which have not yet been studied simultaneously.
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Fig. 1. (a) Typical charging profile of supercapacitor. (b) Diagram of
efficiency curve of IPT converter without load matching.
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Fig. 2. Schematic of CCSAR.

II. CCSARS AND ITS STEP-UP LOAD TRANSFORMATION

In the typical CC charging profile shown in Fig. 1(a),
the equivalent load resistance of the supercapacitor donated
by Rsc = (Vsc/Isc) increases with time, as shown by the
blue solid curve in Fig. 1(b). During the whole charging
process, Rsc ranges from a near-zero value at the beginning
to the maximum at the charging completion f.,q. It has been
studied that the IPT converter only has maximum efficiency
Nopt at its optimum load resistance, donated by Rop, and it can
only maintain relatively high efficiency within a certain range
around Ry [20]-[22]. As illustrated by Fig. 1(b), although the
IPT can achieve high efficiency at high charging power levels
with large Rsc close to Ry, it still suffers from significant
efficiency degradation when Rsc deviates from Ry, especially
at light charging power levels. To address this issue, the IPT
converter should have the ability to transform Rgc in a step-up
direction for efficiency enhancement, as indicated by the blue
arrows shown in Fig. 1(b).

Semi-active rectifier (SAR) is a full-wave half-controlled
bridge converter that includes two active switches and two
diodes in the form of a full bridge configuration. It can be clas-
sified as VCSAR and CCSAR, depending on controlling the
conduction angle of the input voltage or the input current fed
to the rectifier. Based on the aforementioned studies [28]-[32],
VCSAR modulates the phase angle of input voltage, resulting
in the load resistance in a step-down direction, which dis-
obeys the required load transformation indicated in Fig. 1(b).
Therefore, as a duality of VCSAR, CCSAR should modulate
the conduction angle of input current, so that a step-up load
transformation is expected as well as its utilization in the IPT
converter for efficiency enhancement.

Fig. 2 gives a typical schematic of CCSAR, where vs and
is represent the ac inputs fed to the CCSAR. With the current
source characteristic, a series inductor filter L; is used in
the CCSAR. The full bridge configuration of the CCSAR
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Fig. 3. (a) Switching sequence and operating waveforms. (b)—(e) Key states.

consists of two diodes Ds and D; in the upper legs, and
two active switches S¢ and Sg in the lower legs. S¢ and Sg
should perform the open-circuit of the CCSAR input terminal
and then cut off the power flow to the load. Both MOSFET
and IGBT have no capability of reverse current blocking
due to the existence of body diode or paralleled diode, and
therefore the emitter of IGBT or the source of MOSFET
should connect cathodes of Ds and D;. To avoid the current
circulating between S¢ and Sg under the ON-state of one
switch, the anti-series diode is needed in Fig. 2. Zero current
switching (ZCS) is particularly effective in reducing switching
loss for IGBT switches with a large tail current in the turn-off
process [33]. Also, if S¢ and Sg adopt IGBT, IGBT with the
anti-series diode actually performs a reverse blocking IGBT
(RBIGBT), which is being commercially available and can
eliminate the need for extra anti series diodes [34], [35].

The switching sequence in the CCSAR is shown in Fig. 3(a).
Both S¢ and Sg are ON for half a cycle and they are the
complement of each other. S¢ and Sg are turned off with a time
delay of # — 8 € [0, 7] to the zero cross points of vg. From
Fig. 3(b)—(e), key circuit states are given here to demonstrate
ZCS realization. At the end of [fy, ], a slightly earlier
turn-on of Sg before the turn-off of S¢ permits the zero-current
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Fig. 4. Inverse trends of load resistance transformation provided by VCSAR
[28]-[32] and CCSAR.

switching-off of Sg. Similarly, at the end of [#,, 3], a slightly
earlier turn-on of S¢ before the turn-off of Sg guarantees the
zero-current switching-off of Sg. As indicated by Fig. 3(a),
the conduction angle of ig is 6, which can be controlled from
7w to 0. As given in Fig. 3(a), is; in the dotted blue line
is the fundamental component of iy that it lags vg with a
phase angle given by y = (= — 0/2). So the change of § will
affect the phase angle between vg and ig. Using fundamental
approximation [29]-[32], the CCSAR as well as the load can
be modeled as an equivalent impedance Z.q that includes a
reactive component X¢q and a resistive component R.q in
parallel connection, given by

Zeq = Req ” leq (1)
where
Roz ©R )
* T ()
2 1
Xeg = —R 3)

8 Lsin3(%)) cos(%) '

Specially, if @ = & as a diode rectifier, Req = (z%/8)Ry and
Xeq = 00. From (2), the load resistance Rq can be modulated
in step-up direction by reducing the conduction angle 6.
Inverse trends of load resistance transformation provided by
the VCSAR and the CCSAR are plotted in Fig. 4. It is
clear that the CCSAR is suitable to enhance the efficiency
during CC charging for the supercapacitor complying with
the requirements of load resistance transformation shown
in Fig. 1(b).

However, as indicated in (3), an unexpected load reactance
is also generated in the proposed soft-switching modulation,
and it is worth further investigating its influence to the output
current. Then the corresponding modulation and control for
both efficiency enhancement and desired CC output will be
discussed in Section III.

III. PROPOSED IPT SYSTEM AND BIVARIATE CONTROL
FOR BOTH OUTPUT REGULATION AND
EFFICIENCY ENHANCEMENT

A. Characteristic Analysis
Since CCSAR has a sufficiently large inductor filter Lg
for maintaining a current source output, the IPT converter
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Fig. 5. Proposed CC charging system for supercapacitor based on SP IPT
converter with CCSAR.

Fig. 6. Equivalent circuit model of the SP IPT converter with CCSAR.

with secondary parallel compensation is suitable to connect
such CCSAR. Fig. 5 demonstrates a simplest SP compensa-
tion with CCSAR for the supercapacitor charging. Cp and
Cs are the primary and secondary compensation capacitors,
respectively. The magnetic coupler has self-inductances Lp
and Lg with coil parasitic resistances Rp and Rg. The mutual
inductance is M and the coupling coefficient is given by
k = (M/(LpLs)"?). DC voltage Vo and current Io are the
terminal voltage and charging current of the supercapacitor.
Since the charging process is slow compared with the reso-
nant period, the supercapacitor can be modeled as a resistor
RL = (Vo/Io) [32].

With the modeling of the CCSAR in (1), Fig. 6 shows
the equivalent model of the proposed SP IPT converter using
the fundamental approximation. Vp, Ip, Vs, I;,, and I are
phasors of the fundamental components of vp, ip, vs, iz, and
is, respectively. Ip should be the magnitude of square-wave
is, which cannot be noted in Fig. 6 with the equivalent model
of Zeq. The basic equations are thus given as

(JXp+ Rp)p + jXul, =Vp 4)
—(JXrLs+ Rs + jXco | Reg)ly = jXulp (%)
jXCs

- . I, =1s (6)
JXcg + jXeq I Req ’
where XM = C()M, Xp = C()Lp — (I/COCP), XLS = CULs,
XCS = _(1/50CS), and XCs,eq = _(1/CUCS) I Xeq~
Without considering the converter losses, the efficiency can
be calculated as
2 Ri‘Angq
SR

|

@)

2 Ri‘Angq

}7 = ; ; )
|I|SR2 X2 +|I|LRS+|I|PRP
eq+ eq N

Based on the analysis in [24], the optimal efficiency can
be achieved when the SP IPT converter is loaded at a purely
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Fig. 7. Normalized Ip versus 6 under different operating frequencies.

resistive load given by

M Rg’

®)

opt =

Using Fourier analysis, the peak magnitudes of |Vp| and
|Is| follow that:

4 4 0
[Vp| = —V;, and |Ig| = —sin = Io. 9)
bia T 2
Then the dc output current /o can be calculated as
IXeseq . _iXu
JXcg g tReq  sin(§)

Vi (10)

JXp( XL+ jXcgo, | Reg) + X3,

with Rp and Ry ignored.

In particular, if the CCSAR operates as a passive rec-
tifier, i.e., # = =, with the component losses neglected,
two operating frequencies w; y for IPT converter achiev-
ing load-independent constant output current can be found
from (10), given by

P 0% + ok F A
BETN T2 —k2)

where wp = (1/(LpCp)'/?), ws = (1/(LsCs)"/?), and A =
(0} + 03)* — 4(1 — k*)who?)"/?. The results are consistent
with [18]. Considering ZVS condition of MOSFET Qi 3.4,
wpy is usually used in the practical design. Then the CC for
the diode rectifier at wy is given as

(1)

C()HM

2 12 _ 1
C()HM C()HLs(COHLP CUHCP)

10lp=r 0man ™ Vi (12)

with Rp and Rg ignored.

To catch the high efficiency at Ry, the CCSAR should
have a gradually larger conduction angle € until # with the
supercapacitor charging time, that is the larger Ry, the larger 6.
Then the normalized Io curve varying with 6 at wpy is drawn
as the blue solid curve in Fig. 7. Obviously, the output current
of the SP IPT converter is not constant at the fixed frequency
wpy with the increasing Ry. To satisfy the required charging
current, a variable frequency control is needed here. Fig. 7 also
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Fig. 8. Variations of output current Io and power efficiency # with respect to
operating frequency o and conduction angle 0 for different load conditions.
(@) R, =15 Q. (b) R, =25 Q. (c) R, =45 Q.

gives the curves at the different operating frequencies larger
than @y to ensure the ZVS of MOSFETs. As indicated by the
arrows in red, the smaller the conduction angle 6, the higher
the operating frequency w, which can be tuned coordinately
to maintain a CC output.

B. Bivariate Control

From (7) and (10), both output current Ip and transfer
efficiency 5 are in relationship with @, 6, and Ry . For
the purposes of CC charging and efficiency enhancement,
a bivariate control with @ and & coordinated operation under
different load conditions should be given in theory. However,
it is not available to get the analytical solution due to the high
order equations. Then, the numerical calculation is used to
derived all the operating points for different load conditions
during the whole CC charging process. It can be carried out
to find all the sets of (w, @) that achieve Io|p=r o=, for each
load condition, and then substitute all the sets of (w, 6) into (7)
to exhaustively search for the best efficiency points. Such that,
the operating points can be found to achieve CC output and
enhance the efficiency to the best.

Fig. 8 (left) demonstrates an example of operating points
(w, 0) for achieving the required 2-A current for the different
loads. Parameters used in calculation are given as follows:
Lp =62 uH, Ly =40 uH, k =0.29, Rp =042 Q, Ry =
0.27 Q, Cp = 83.8 nF, and Cs = 118.8 nF. Unless specified
otherwise, they will be used for analysis in the rest of this
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Fig. 9. Curves of  and 0 providing the required CC output at Io|g=r,w=wy =
2 A under different loads, where the blue dots are the optimum operating
points with the optimum efficiency.

article. Fig. 8 (right) plots the efficiency traces under such pairs
of (w, ) in Fig. 8 (left). In this way, the maximum efficiency
can be found and marked in a 2-D space as shown in Fig. 9.
Here, the solid curves in different colors represent possible
solutions to achieve constant Io|y—z u=e, for different load
conditions. Points marked with “x” are the optimum operating
points enhancing the efficiency for Ry varying from 10 Q to
50 Q as indicated by the arrow direction.

With the operation illustrated above, the wide-range super-
capacitor resistance Ry is transformed into equivalent resis-
tance Req and the generation of X, changes the secondary
resonant tank. To quantitatively evaluate their influence on effi-
ciency enhancement, (Req/Ropt) and (| Xz, + X, |/ Ropt) in
relationship with the variation of Ry, are plotted in Fig. 10(a).
It can be observed that, R.q is about 0.5R.y, while | X +
Xcg,,| is less than 0.05R. From Fig. 10(b), the SP IPT
converter can achieve maximum efficiency when operating at
secondary resonant frequency, i.e., |X;, + Xcml = 0 and
loading at optimum resistance, i.e., Req = Ropi. The efficiency
will decrease with the increase of [X.; + Xc,, | and the
deviation of Rgp. As indicated by the red curve in Fig. 10(b),
the efficiency of the conventional SP IPT converter without
CCSAR degrades significantly due to the derivation of the load
resistance. However, with the proposed bivariate coordinated
control, the SP IPT converter with CCSAR can operate at
approximately resonant frequency (i.e., (|Xr; + Xc;,, |/ Ropt)
is close to 0) and load at nearly optimum resistance (i.e.,
(Req/Ropt) is not deviated too much) against the variation of
Ry.. Such that, its efficiency can always locate in the blue
region in Fig. 10(b), where efficiency enhancement can be
achieved compared with the red curve.

Fig. 11 shows an efficiency comparison between the pro-
posed SP IPT converter with CCSAR developed in this article
and the conventional SP IPT converter with diode rectifier.
Without considering converter losses, the SP IPT converter
with CCSAR can achieve obvious efficiency enhancement
throughout the whole load range.

C. Implementation

From Section II and Fig. 4, the conduction angle 6 of
Se.s should be controlled to improve the efficiency. Since the
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Fig. 11. Efficiency comparison between the proposed approach in this article
and the conventional method in [18].

relationship between operating frequency @ and conduction
angle 0 is monotonic in Fig. 9, a simple current-loop PI
controller is applied to correct the difference between Io
and Iorr, and the frequency modulation in the inverter is
feasibly carried out with the optimum operating point sets of
(w, 0), which can be implemented by micro-controller with the
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Photograph of experimental prototype.

Fig. 13.

on-line derivation. In such a way, the required CC charging
and efficiency enhancement can be synchronously realized.

Fig. 12 shows the coordinated control diagram in prac-
tical implementation. In the secondary side, besides the
current-loop control, zero crossing detection of vy generates a
synchronization signal for the PWM generation. Thus, the pro-
posed SP IPT converter can achieve a fast, direct, and precise
control of the output current by modulating 8 on the secondary
side for CC charging, regardless of wireless communication.
Meanwhile, in the primary side, the operating frequency varies
with the variation of 6 to achieve efficiency enhancement
and it can be modulated in a slower manner due to the
slow charging process of the supercapacitor. Commercially
available 2.4G wireless communication can support frequency
modulation. Instantaneous and slight frequency deviation on
the primary side, which may be incurred by the delay of
wireless communication, is allowed because it will only affect
the real-time efficiency optimization and is not harmful to the
output regulation. Thus, the frequency control on the primary
side has low real-time dependence.

IV. EXPERIMENTAL VERIFICATION
To verify the CC output and efficiency performance of
the proposed approach, an experimental prototype is built as
shown in Fig. 13. The converter parameters and the charg-
ing specifications are given in Table I. The loosely-coupled
transformer is constructed by two circular pads with the pri-
mary outer diameter of 60 mm and secondary outer diameter
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TABLE I
SYSTEM PARAMETERS

System Parameters Symbols  Values
Input voltage Vi 50V
Charging voltage Vo 20-100 V
Charging current Io 2 A

Q1-Qa., IPP60R 165
Switch Ds, D7 MBR20200

Se, S8 IKP15N65F5 and MBR20200
Inductance Lp,Ls 619 uH, 39.8 uH
Coupling coefficient k 0.294
Coil resistance Rp, Rs 059,038
Capacitance Cp, Cg 84.1 nF, 119.4 nF
Tek Prevu

vp [CH1,50V/div]

40005 <10Hz|

& S0V TENY

& v 2004 [gFreq  sarse: [eess )
(a)

Tek Frevu e e e

vp[CHI.50V/div]

Noise Filter Off
T T

=]

" ip [CH2,10Aldiv]

00V Jeoo,s F600Y <10Hz
@ 00y 2004 [[Freq 8555k g2z

(b)

Fig. 14. Waveforms of the inverter and the active rectifier circuits at (a) R, =
15 Q and (b) Ry, =50 Q.

of 52 mm. The air gap is 30 mm. According to the charging
current and the charging voltage, the equivalent supercapacitor
resistance ranges from 10 to 50 Q. An electronic load (Chroma
6314A) is used to emulate the supercapacitor. The dc-to-dc
efficiency is measured by a power analyzer (YOKOGAWA
WT1806E).

Following the proposed bivariate control in Section III-B,
conduction angle 6 of the CCSAR and operating frequency w
of the inverter are adjusted to achieve CC output with enhanced
efficiency performance. Waveforms of the inverter and the
active rectifier near the start (R, = 15 Q) and at the end
(RL = 50 Q) of CC charging are shown in Fig. 14(a) and (b),
respectively. As the operating waveforms are consistent with
the analysis in Section II, ZCS is achievable in the CCSAR.
The closed-loop control demonstrated in Section III-C has
been implemented for CC charging. Transient waveforms for
step changing of load resistance are shown in Fig. 15. The
output voltage Vo and current /o are measured and shown
as CH2 in light blue and CHI1 in dark blue. The control
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Fig. 16. Measured operating points at a fixed current output of 2 A and the
corresponding load resistances.

variables are observed from CH3 in magenta and CH4 in green
represent the conduction angle 8 and the operating frequency
w, respectively. It can be observed that I is tightly regulated
by the fast, direct and precise control of 6 in the secondary
within 20 ms. Slower control of @ in the transmitter side is
based on the wireless feedback of the load information and
can be observed according to the variation of the period of vg
and ig.

The measured operating points (marked with “()”) are
shown in Fig. 16, with w and 6 varying from 85 to 95 kHz
and from 0.587 (104.4°) to 0.937 (167.4°), respectively. The
corresponding output current (marked with “[J”) is kept at
2 A, as shown in Fig. 17(a). The output curent satisfies the
requirement of CC charging. The measured efficiency points of
the whole charging process are shown in Fig. 17(b). For a fair
comparison, we have implemented both our proposed method
and the method in [18] to achieve a CC output in an identical
experiment prototype. The measured efficiency points using
the proposed method (marked with “()”) are enhanced com-
pared with the measured efficiency points (marked with “A”)
using the conventional scheme [18], which appears significant
efficiency degradation at light load conditions. Compared to
Fig. 11, the lower efficiency at light load conditions with
the proposed approach is mainly attributed to the practical
inverter and rectifier diode losses. To sum up, the efficiency
can be enhanced during the CC charging process of the
supercapacitor.
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Fig. 17.  (a) Measured output current and voltage versus supercapacitor
resistance. (b) Comparison of measured efficiency between the proposed
approach and the method (without SAR) in [18].

V. CONCLUSION

To improve the efficiency throughout a whole supercapacitor
CC charging, this article proposes a novel CCSAR-based IPT
converter. CCSAR is proven to comply with the required
step-up load transformation by controlling the conduction
angle of the CCSAR for efficiency enhancement. The desired
charging CC can be regulated by tuning the operating fre-
quency of the IPT inverter. A bivariate control is then adopted
to coordinate these two objectives and achieve a precise current
output with enhanced efficiency performance over the whole
load range during the CC charging process. Finally, experiment
results agree well with the theoretical analysis.
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