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Primary-Frequency-Tuning and
Secondary-Impedance-Matching IPT Converter With
Programmable Constant Power Output and Optimal
Efficiency Tracking Against Variation of
Coupling Coefficient

Bowei Zou

Abstract—For inductive power transfer (IPT) systems, load con-
ditions and coupling coefficient are subject to change, and affect
system power and efficiency. Aiming at addressing this issue, this
article proposes a two-loop control scheme based on a single-stage
power-source IPT converter. The proposed IPT converter utilizes
a series compensation structure on the primary side and employs
a switched-controlled capacitor (SCC) in series with a semiactive
rectifier (SAR) on the secondary side. The secondary SCC and the
SAR cooperate via an inner control loop to emulate a null secondary
impedance and an optimal load resistance, whereas the operating
frequency is responsible for the output power regulation via an
outer control loop. The operating principle enables programmable
constant power (CP) output and optimal efficiency tracking against
variations of coupling coefficient and load condition, and all power
switches are designed to facilitate soft-switching to reduce switch-
ing losses. Moreover, compared with conventional IPT systems that
have a constant current or constant voltage output characteristic,
programmable CP output characteristics can maximize the output
power capability of this IPT converter, which is suitable for battery
or supercapacitor charging applications. Finally, simulations and
experiments validate the proposed model and method for correct-
ness and feasibility.

Index Terms—Constant power (CP), control loops, dynamic,
inductive power transfer (IPT), optimal efficiency.

1. INTRODUCTION

NDUCTIVE power transfer (IPT) is an emerging technology
that can transmit power wirelessly without any physical
contact. The technology transmits electrical energy from one
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Fig. 1. V=I output characteristic curves of IPT converters. (a) Current source.
(b) Voltage source. (c) Power source.

side of the system to the other side through a loosely coupled
magnetic induction link. Due to the absence of direct electrical
contact between the load side and the power supply side, there
are no exposed metal connectors, which eliminates the risk of
sparks and electric shocks [1], [2], and is safer and more reliable
as it is not affected by bad weather. Therefore, there are many
potential application scenarios of IPT technology, including
consumer electronics, biomedical implants, medical electronics,
underwater loads, and electric vehicles (EVs) [3], [4], [5], [6],
(71, (81, [91, [10].

Common charging methods for the IPT converter in research
include constant current (CC) and constant voltage (CV) profiles
[11], [12]. In the IPT system, once the parameters of the loosely
coupled transformer (LCT) and the compensation circuit are
fixed, the inherent current-source and voltage-source output
characteristic of the IPT converter are not adjustable. As a result,
the practical application of the IPT converter is significantly
restricted by the limited output voltage and current ranges. In
general, the maximum transfer capacity of an IPT converter
depends on the parameters of the LCT [13], and ideally, there
exists a rated maximum output active power without considering
reactive power effects as shown by the black dashed line in Fig. 1.
Utilizing the inherent current-source or voltage-source output
characteristics of the IPT converter, the allowable maximum
output voltage and current range is limited by the rated power,
as shown in the blue region of Fig. 1(a) and the green region
of Fig. 1(b), respectively. Thus, to optimize the power transfer
capability of the charging system and improve the charging rate,
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the approach presented in [ 14] aims to regulate the output voltage
and current by maintaining a consistent output power throughout
the charging process. This profile is commonly referred to as
constant power (CP) charging. The comparison in Fig. 1 shows
that when the IPT converter is operated in current-source or
voltage-source mode and applied to battery charging, the max-
imum power is reached only at the rated operating point. If the
IPT converter is designed as a power-source system and CP
charging is used, as shown in Fig. 1(c), when the IPT converter
operates in a cluster of power-source characteristics of the V-1
curve, its output voltage and current range can be broadened to
the red region, in order to maximally broaden the output voltage
and current range of a single-stage IPT converter, which can be
compatible with the charging requirements of different batteries
and supercapacitors. Moreover, the application of CP charging
as a fast-charging method [15] can contribute to alleviating the
issue of battery aging [16], [17].

Compared with stationary scenarios, IPT is more attractive in
dynamic scenarios to truly free the power supply, e.g., roadway-
powered EVs [18], wireless excited synchronous machines [19],
automated guided vehicles [20], etc. However, IPT systems in
dynamic scenarios inevitably suffer from more severe param-
eter fluctuations, and the efficiency and output power of IPT
converters are affected by changes in coupling coefficient (k)
and load condition. Once it deviates from the optimal load
point, it can result in sharp efficiency degradation [21]. In order
to deal with the misalignment issue for an IPT system, two
main directions can be adopted. First, a passive technology
has been adopted, which enables the system to maintain its
output characteristics even in the presence of misalignment,
without requiring real-time parameter control. By adjusting the
structural parameters to optimize the coupling coefficients in
the presence of misalignment, it is possible to expand the tol-
erance for misalignment. For example, rectangular pad [22],
bipolar pad [23], [24], tripolar pad [25], and exciter-quadrature-
repeaters pad [26] are proposed to achieve high lateral mis-
alignment tolerance. There is other literature that has employed
other passive techniques to improve misalignment tolerance
[27], [28], [29]. A reconfigurable rectifier-based detuned series—
series (S-S) compensated IPT system is proposed to tolerate an
extensive coupling [27]. By incorporating a clamping circuit,
two additional stable operating regions can be established based
onreconfigurable rectifiers, thereby significantly enhancing mis-
alignment tolerance [28]. Some literature has combined two
pairs of compensation networks that possess opposite output
variations resulting from pad misalignment, thus compensating
for one another. This approach is commonly referred to as a
hybrid IPT system [30], [31], [32]. Four different connection
modes between compensation networks are summarized in [30].
A hybrid topology with primary intermediate coils with CC
output characteristics is proposed, with tolerance misalignment
performance in both directions [31]. In summary, this class of
passive techniques can reduce the efficiency degradation and
output fluctuation amplitude of IPT systems to some extent, even
in the face of load and magnetic coupling coefficient fluctuations.
However, this method is limited in its ability to achieve precise
stabilization of the output.
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The second approach to deal with the misalignment challenge
is to employ an active control system. The principle of this
method is to achieve stable output power of the system despite
misalignment and variable load conditions by controlling one or
multiple variables within the system. Multistage designs have
been first carried out to address the above issues [33], [34],
[35]. In these designs, an IPT converter is interconnected with
a front-end dc—dc converter and a load-side dc—dc converter in
a cascaded configuration. Thus, the load-side dc—dc converter
is responsible for adaptively adjusting the equivalent load ob-
served by the IPT converter to optimize efficiency, whereas
the front-end dc—dc converter utilizes input-side modulation
to regulate the output. However, it should be noted that the
inclusion of these dc—dc converters introduces additional losses
and costs into the system, and moreover, complex control is
needed to ensure stability and fast response of the cascading
dc—dc converters [36], [37]. In [38], [39], semiactive rectifiers
(SARs) are proposed to replace cascaded dc—dc converters.
Indeed, although utilizing phase shift control to regulate the
primary and secondary sides of the system can potentially
reduce the number of converter stages, it is noteworthy that the
modulation method of hard switching results in higher switching
losses. The soft-switching modulation of voltage-controlled and
current-controlled SARs has been studied in [40] and [41].
These SARs transform the load into an equivalent impedance
that includes not only a resistive component but also a reactive
component. They provide control freedom for load matching
but may also worsen the resonance condition in the secondary.
Variable frequency modulation (VFM) changes the operating
frequency w to regulate the output power [40], [41] achiev-
ing zero voltage switching (ZVS)-ON for switches over a full
operating range. However, it cannot cope with the dynamic k
variation or misalignment issues, and thus more control freedom
is desired for the IPT systems. The switched-controlled capacitor
(SCC) technique is found to be another method of compensating
reactance in circuits, maintaining the resonance condition of
the secondary side through adjustable equivalent capacitance
values [44]. Without any modulation in the primary, the proposed
wireless power supply in [44] can maintain maximum efficiency
against load change but still fails to cope with the issues of
dynamic k variation and cannot output a wider power range. In
[45], this IPT utilizes the LCC—LCC topology and employs both
SCCs on both sides, which can output a constant CP when k
varies, but it may face challenges in ensuring optimal efficiency
tracking when load conditions also vary simultaneously. Hence,
achieving the desired output for CP charging and maintaining
optimal efficiency in an IPT converter proves to be a challenging
task in the presence of variations in the k and load condition.

To address the aforementioned drawbacks, the scheme pro-
posed in this article utilizes a single-stage power-source IPT
converter. It introduces a two-loop control scheme that en-
ables optimal efficiency tracking and programmable CP out-
put even when there are simultaneous variations in both the
k and load condition. Configuring the equivalent optimal load
impedance of the secondary side allows for the achievement of
programmable CP output while maintaining optimal efficiency.
In addition, all power switches realize soft-switching to mitigate
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Fig. 2.  Schematic of the proposed IPT with programmable CP outputs.

switching losses. The rest of this article is organized as follows.
In Section II, the topology and modeling method of the circuit
are analyzed. The operating principles of SAR and SCC are
introduced, and the equivalent circuit model of the system is
obtained. In Section III, the proposed decoupling control loops
and output characteristics are introduced in detail, including
k-independent criteria for optimal efficiency and regulation of
programmable output power. The performances of the proposed
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IPT converter are experimentally verified in Section I'V. Finally,
Section V concludes the article.

II. PRINCIPLE AND ANALYSIS

A. System Structure of the Proposed IPT Converter

Fig. 2 shows the proposed wireless programmable CP charger
that utilizes an S-S compensated IPT converter, which includes
a full-bridge inverter (FBI), an SCC, an LCT, and an SAR. To
facilitate referencing, the subscripts P and S are used to denote
parameters on the primary and secondary sides, respectively. The
LCT consists of self-inductances Lp and Lg with corresponding
resistances Rp ,, and Rg ,,, as well as a mutual inductance M.
The coupling coefficient is defined as k = M/(LpLg)"?>. DC
voltage source Vq. is modulated into ac voltage v, with an
angular frequency w, which is then used to drive the primary
coil by the FBI with four MOSFET switches Q1—Q4. Cp is the
primary compensation capacitor with a fixed capacitance value,
whereas secondary compensation is accomplished by employing
an SCC that is connected in series. The SCC consists of a
fixed-value capacitor Cg and two MOSFET switches, namely Q,
and Qy, along with their corresponding antiparallel body diodes
D, and Dj. By controlling the switching states of Q, and Qy,
the equivalent variable capacitance Cgcc of the SCC can be
adjusted accordingly. vgcc is the voltage across the SCC. AC
output is rectified to dc output by the SAR with output filter
capacitor Cp. The SAR circuit comprises two diodes, namely
D5 and D7, positioned in the upper legs, whereas the lower legs
feature two MOSFET switches identified as Qg and Qg. Dg and
Dyg are the antiparallel body diodes of Qg and Qg, respectively.
Secondary ac voltage vg and ac current ig are the inputs of the
SAR circuit.

Fig. 3. Switching diagram and modulation scheme of the SAR.

B. Soft-Switched Modulations and Models of SAR and SCC

The switching diagram and modulation scheme of the SAR
are shown in Fig. 3. Qg and Qg are used to control the conduction
angle of vg denoted by 6, and they complement each other in
an operating cycle and both only turn ON half a cycle. Taking
the initial zero-crossing point as the origin, at this time, ig is
from negative to positive, Qg is turned ON with a time delay of
m — 0€[0, ], and the conduction time is half a cycle through
the second zero-crossing point, at this time, ig commutates from
positive to negative. Qg is also turned ON with a time delay of
m — 0€[0, ] and the time is half an operating period. Hence, the
conduction angle # of the SAR ranges from a maximum of 7 to
a minimum of 0. Notably, during the ON-time of their respective
antiparallel diodes, Qg and Qg are activated to achieve a ZVS
condition. It is noted that any variation in 6 directly influences
the phase angle between vg and is. Illustrated in Fig. 3, vg 7 rep-
resents the fundamental component of vg, exhibiting a lag with
respect to ig. The phase angle between them can be quantified
as v = (m — 0)/2. Hence, employing this modulation technique
allows the input impedance of the SAR to be matched with the
requisite impedance of the converter. Therefore, its equivalent
load is an impedance rather than a pure resistance, as given by
(1)—(3). The derivation can be found in [40], [44], and [46].
Given that the charging of the battery is considerably slower
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Fig. 4. Switching diagram and modulation scheme of the SCC.

when contrasted with the operational period of the CP source
IPT converter, a resistor model is utilized to represent the battery.
Specifically, this model incorporates the charging voltage and
charging current, i.e., R, = Vollp

Zeq = Req + jXeq ey
where
Req = %RLsin‘* <g) 2)
and
Xeg = —%RLsin3 (Z) cos <Z) 3)

are equivalent resistance and capacitive reactance, respectively.

The concept of SCC was first proposed in [47], which is
a special circuit topology combining switching devices and
capacitors. Its operating principle is to control the ON—OFF of
the switching device to achieve desired outcomes. Then, the
charging time (or discharging time) of the Cg in half a cycle
is m — ¢, which decreases with the increase of ¢ and leads to
the decrease of the equivalent root-mean-square value of vgcc.
Consequently, the equivalent capacitance Cscc of the SCC can
be varied by the phase shift angle ¢. The switching diagram and
modulation scheme of the SCC are shown in Fig. 4. Both Q, and
0y are turned ON for one-half of the operating cycle, and they
are complements of each other. Taking the initial zero-crossing
point as the origin, at this time, ig is from negative to positive,
Q, is turned ON with a time delay of p&[n / 2, 7], and the
conduction time is half a cycle through the second zero-crossing
point, when ig commutates from positive to negative. Qy is also
turned ON with a time delay of p€[r / 2, 7] and the time
is half an operating period. Turning ON Q, and Q, at zero
voltage enables soft switching, which helps minimize switching
losses in the system. Research has shown that the equivalent
variable capacitance Cscc can be calculated by considering
the fundamental components of is and vscc [47], [48]. The
capacitive reactance donated by Cscc is highlighted as (4),
and it can be simplified as a polynomial given by (5) for easy
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Fig. 5. Equivalent mutual inductance circuit model.
calculation
2¢ — sin 2¢p
Xegee = <2 - Xcg 4)
™
A(p —m)”
~ TXCS 5

where X cgee = —1/ (wWCscc), Xcs = —1/ (wCg). The control
loops proposed in this article not only operate at the resonance
point but the capacitance value C of the SCC should be selected
to meet the system requirements over the entire frequency range.
To make the key contents more concise, a detailed evaluation is
given in the Appendix.

C. Equivalent Circuit Model of the Proposed IPT Converter

Fig. 5 presents the equivalent circuit model of the proposed
system, employing the fundamental approximation. It is note-
worthy that the equivalent circuit model of the proposed con-
verter is similar to the conventional S-S IPT converter, ex-
cept that the secondary side compensation capacitor and load
impedance are adjustable and the operating frequency w is not
limited to the resonant frequency, i.e., variable Cscc, Zeq, and
w. In addition, the equivalent impedance Z., is composed of
resistance Rqq and reactance X4 in series. vp, ip, vg, and ig
are fundamental components, and Vp, Ip, Vg, and I 5 are vector
representations of fundamental components, respectively. The
resistance R p is the parasitic resistance from the primary coil and
the inverter. Similarly, resistor Rg includes losses arising from
the secondary coil, the SCC, and the SAR. When Kirchhoff’s
voltage law is applied to the equivalent model, the resultant
relationship can be expressed as follows:

Vo =1p (jXp + Rp) — jXuTs 6)
and
JXuIp =15 (j X5+ Rs + Req) (7
where
Xp—whp— — ®)
= W _——
P P oCp
1
XS :CUL5'7 — +Xeq (9)
wlscc
and
Xy =wM (10)
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III. PROPOSED METHOD AND OUTPUT CHARACTERISTICS
A. k-Independent Criteria for Optimal Efficiency

The power transfer dc-to-dc efficiency 7 of the circuit model
is defined as the ratio of the output active power to the input
active power, based on this definition the efficiency expression
of the system can be obtained as (11). By substituting (6)—(10)
into (11), n can be expressed by (12). As a high-quality IPT
converter usually satisfies X ]2\4/(R PRs) >>1 and Roq/Rg >>1
[44], (12) can be further simplified as (13)

Is|°R.
n= g fea (1
|Is| (Req+Rs)+ |IP| Rp
X2
= . i fleg (12)
(Reg + Rs)™ + X2| Rp + X3,(Req + Rs)
1
~ = . (13)
Reotmiy o s 11
X2, P+R75q+

Optimal values of R.q and X s for achieving optimal efficiency
can be found directly according to (13). Given a chosen operating
frequency w, by solving the partial differential 077/0Xs = 0 and
01/0Req = 0, optimal efficiency 7)max can be obtained as

1
opt X —————— 14
Tlopt XQIW +1 ( )
VEpFs
if
1
Xg,0pt = wLg — ——— + X¢g =0 (15)
wCscce
and
R
Reqopt = Xary/ 5 (16)
P

As can be inferred from (14) to (16), the system efficiency
remains unaffected by the primary equivalent reactance Xp.
Thus, in the proposed topology, even when VFM is employed,
optimal efficiency can still be achieved by ensuring that the
secondary resonant tank exhibits null equivalent reactance, and
the equivalent load resistance is properly matched.

From (15), null secondary reactance can be maintained by
varying Cscc to offset Xoq. From (16), itis evident that the R is
dependent on the k, and as such, it should be adjusted accordingly
to achieve optimal efficiency in dynamic scenarios. However,
due to the inherent difficulty in directly measuring k in practical
applications, it is imperative to derive a feasible criterion for
attaining optimal efficiency. Assuming the condition of null
secondary reactance, as indicated by the satisfaction of (15),
the amplitude ratio of secondary side current to primary side
current can be defined as
___Aw (17)

(Req + Rgs)

The variables that influence the current ratio o can be noted
from (17), which include mutual inductance and load equivalent
values. Among these considerations, the equivalent resistance

Is
Ip
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Fig. 6. DC-to-DC efficiency 7 versus current ratio « under different values of
k. (Parameters used for simulation are: Lp = 147.23 uH, Ls = 148.5 uH, Rp
= 0.451 ©, and Rg = 0.52 2. Unless specified, they will be used for the rest
simulation.)

of the secondary side Rg is small in comparison to the load
equivalent resistance R.q, and therefore it can be neglected.
When the converter satisfies the condition of optimal efficiency,
i.e., satisfies (15), (16). By substituting Xg opt and Req,opt into
(17), the optimal v,y can be derived as

Is| o Xm _ [Ep
Req,opt R

Ip
Here, (18) presents the k-independent criterion, which allows
for optimal efficiency to be achieved regardless of the value of
k. As depicted in Fig. 6, the IPT converter always operates at
optimal efficiency under different & if o is maintained at cvgpy.
Since the current amplitudes can be readily detected, (18) is a
viable condition for tracking the optimal efficiency.

(18)

Qopt =

B. Programmable CP Output

In addition to maintaining optimal efficiency, a wide
range of output power is desired in dynamic IPT to accommo-
date the different battery modules and supercapacitors. Since
the secondary modulation is responsible for optimal efficiency,
we propose a two-loop control scheme to ensure the output
power requirements. Assuming Rp = Rg =0, i.e., lossless power
transfer, the output power is given by

[Isfn _ IVePXy
va| e = 3wz T x7,)

Here, Po can be regulated by the operating frequency w,
whereas the converter ensures optimal efficiency. Fig. 7 shows
the output power Py together with the primary reactance Xp
along with the variation of operating frequency w. Wide-range
output power can be readily achieved by varying w.

Po (19)

C. Inner Loop Control for Optimal Efficiency

The primary objective of the inner loop control is to optimize
the transmission efficiency of the converter. The attainment of
impedance matching is considered pivotal in accomplishing this



4900
350 T 60
3001 i 150
Po, k=03 X,
250 1 40
2 200/ 13208
oy <
1501 i 120
100¢ \\ 10
50 ' 0
1 1.1 1.2 1.3 14
 /
Fig.7. Outputpower P and primary reactance X p versus operating frequency
w.

objective. The SAR is responsible for transforming Rj into
Req,opt Dy varying the conduction angle ¢ of the SAR. The
change of the magnetic coupling coefficient in the dynamic
IPT leads to the change of the optimal matching load. How-
ever, it is difficult to observe Ry opt directly. Alternatively, as
demonstrated in Section III-A, it is straightforward to observe
the current ratio «, and once « is tightly regulated as cvop ~
(RpRs)"" given in (18), Req opt can be achieved regardless of k
variation. Therefore, 6 is controlled for the achievement of cvg .

Moreover, by solving the partial differential given in (20), it
can be found that & monotonically decreases with the increase
of 6, such that, a linear controller can be used to regulate 6

2
o __TXM__ o (geo,q]).

06 16 Ry sin® (g)

(20)

In practice, cv,p¢ should be precisely evaluated by including
the losses of all switches into consideration. With the experi-
mental parameters listed in Section IV, the actual oy, of the
experimental prototype is around 0.95. Therefore, cvgpy = 0.95
is used as the control reference.

From (1), it can be seen that a capacitive impedance X, is
inevitably generated during the SAR regulation process, and the
control purpose of the secondary SCC is to cancel the equivalent
load reactance X.q generated by the SAR and maintain null
reactance in the secondary. Therefore, it is necessary to explore
the coordinative control of ¢ and 6. With (3), (5), and (15), the
expression of phase-shift angle ¢ can be derived as (21). Here,
@ can be uniquely determined for particular values of 6 and
Ry. This means that the control variables 6 and ¢ can only be
considered as one control variable

T Uo 8 . .0 0
p=7— 2\/05 (szS — I—Oowﬁsmgi cos 2). 21)

Based on the above analysis, as depicted in Fig. 8, the cooper-
ation of the SAR and the secondary SCC meets the requirements
of optimal efficiency under variations of load conditions when
k = 0.3. The diagram of inner loop control can be designed
and implemented as shown in Fig. 9. First, the sensor can be
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Fig. 9. Inner loop optimal efficiency control diagram.

employed to measure the output voltage Vo and output current
1. Meanwhile, the divider can be utilized to calculate the value
of Ry, Current transformers, along with rectifiers, are employed
to sample [Ip| and [Ig|, which are converted into dc values.
Wireless communication is utilized to transmit the [Ip| value
from the primary to the secondary side for the calculation of
a. To make adjustments based on the disparity between « and
Qlopt, a straightforward proportional-integral (PI) controller is
implemented. The PI controller generates the control signal,
which is denoted as the conduction angle 6, for the SAR. After
determining 6 and R, another control signal ¢, referred to
as the control angle of the SCC, is computed and generated
using the analytical relationship provided in (21), as shown in
Fig. 8. The ¢ is adjusted to keep the secondary side circuit
in resonance and optimize the system efficiency. Combined
with Figs. 3 and 4, zero-crossing detection of ig generates a
synchronization signal for the pulsewidth modulation (PWM)
generations, and the operating frequency w of the converter is
calculated simultaneously using this mechanism. Subsequently,
based on the synchronous signal generated, angles ¢ and 6 are
utilized to produce PWM driving signals for the SCC and SAR,
respectively, to complete the coordinated control process of the
secondary side.

D. Outer Loop Control for CP Output

On the basis of the inner loop, an outer loop is added, which is
responsible for correcting the P o when k changes by modulating
the operating frequency w. Taking the experimental platform
rated at 308 W as an example, assuming that the operating
frequency is the resonant frequency, it is known from (19) that
the converter output power varies with k as shown in the red
curve in Fig. 10. Therefore, in conjunction with Fig. 7, from
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(19), the operating frequency w should be tightly regulated
to maintain a CP output against the variations of k and load
condition. Solving the partial differential (22) shows that Po
exhibits a monotonically decreasing trend with an increase in w.
In the case of varying k, the frequency is adjusted to maintain
the output power at the rated power level, as shown in the blue
curve in Fig. 10

0Po
Ow
2wXp (Lp+ﬁ) +2X M

_VeM 1
(X3+X3)*

2 X2+X3

(22)

Fig. 10 shows the simulated curves of P versus k and vali-
dates the monotonicity. Therefore, the design and implementa-
tion of the outer loop control diagram can be depicted as shown in
Fig. 11. Another PI controller is readily implemented to regulate
the output power in the outer control loop. On the secondary
side, the dc values of V and I are sampled and subsequently
multiplied to obtain P. Po is wirelessly transmitted back to
the primary side. In order to maintain the desired power level, a
PI controller compares the actual value of P with its reference
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TABLE I

BASIC SYSTEM PARAMETERS
Parameters Symbols Measured values
DC input voltage Ve 95V
Rated output power Po rated 308 W
SCT4045DR with

Switches gf‘g“ g Ron 0.045 Q

PECES and Vr=3.0V

. MBR20200CT with

Diodes Ds, Dy Ve=09V
Self-inductance Lp, Ls 147.23 uH, 148.5 uH
Coil resistance Rpw, Rsw 0.246 Q,03 Q
Coupling coefficient &k 0.16-0.3
Primary compensation Cp 25.68 nF
Secondary Cs 12.6 nF
compensation
Operating frequency  w/2zw 82-114.8 kHz
Load R 30-150 Q
Number of turns N 34
Inner diameter d; 34 mm
Outer diameter d, 152 mm
Air gap distance g 35 mm

value P o ror. The output of the PI controller is utilized to adjust
the operating frequency w for the primary FBI.

IV. EXPERIMENTAL VERIFICATION

In order to validate the optimal efficiency tracking and pro-
grammable CP output against variations of k and load condition,
a practical experimental prototype is constructed, as shown in
Fig. 12. The experimental prototype includes a dc power supply,
FBI, primary side series resonant network, LCT, secondary
side SCC, SAR, sampling circuits, control circuits, a power
analyzer, and an electronic load. The system parameters are
listed in Table I. The primary side pad is fixed, whereas the
horizontal displacement between the secondary side pad and
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the primary side pad is adjusted by rotating the rocker. The
displacement ranges from 0 to 52 mm, and the coupling co-
efficient k varies from 0.3 to 0.16 correspondingly. The load
resistance is emulated by an electronic load. The system effi-
ciency is measured by Yokogawa WTI1803E precision power
scope.

A. Programmable CP Output

Without loss of generality, the coupling coefficient is set at
k = 0.3 to capture the steady-state waveforms. Figs. 13-15
show them under different reference powers. With the same
load resistance Ry, = 90 €2, due to the standards of different
operating conditions, it is necessary to provide different levels
of CP output to achieve the target requirement. Set reference

output power Po rer1 = 308 W as shown in Fig. 13(a). It can
be seen that the phase between v, and i, are the same and the
system frequency is the resonant frequency wg. As shown in
Fig. 14(a), set the reference output power Po 2 = 210 W
for the system output; as shown in Fig. 15(a), set the reference
output power P cr3 = 63 W for the system output. It can be seen
that the phase of v,, is ahead of i,,, the operating frequency w is
higher than the resonant frequency, and the primary side presents
inductive impedance. Comparison of Figs. 13—15 shows that
the modulation strategy proposed in Section III-B enables the
converter to output different levels of power. The experimental
results verify the programmable power source output charac-
teristics of the proposed control loops. The conduction angle
of the SAR and phase-shift angle ¢ of the secondary SCC can
be observed in Figs. 13(b)-15(b). The waveforms are therefore
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Fig. 16.  Soft switching characteristics of each part at different frequencies,
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consistent with the operating principle illustrated in Section II-B.
To validate the soft switching characteristics of all components
using the proposed control strategy, the switching waveforms of
each switch part (FBI, SCC, SAR) at different frequencies when
k = 0.3 are depicted in Figs. 16 and 17. CH2 and CH4 represent
the voltage and current of the respective part, whereas CH1 and
CH3 illustrate the voltage waveforms between the drain—source
and the corresponding gate—source driving signals of one of
the switches in the three parts, respectively. The waveforms in
Figs. 16 and 17 demonstrate soft switching for the primary FBI
through frequency modulation, whereas the SCC and SAR on the
secondary side exhibit effortless soft switching. Consequently,
zero-voltage switching can be realized for each component of
the switch. In addition, from Figs. 13(c) to 15(c), as analyzed
in Section III-A, even though the operating frequency w is not
at the resonance point, the efficiency of the converter de—dc is
maintained at the optimum efficiency, which is above 91.9%, if
both (15) and (16) are satisfied.
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Fig. 18. Schematic of the displacement between the secondary pad and
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B. Transient Waveforms Under Changing Coupling

As shown in Fig. 18, the coupling coefficient k is varied from
0.3 to 0.16 and back to 0.3 by slowly changing the displace-
ment of the secondary pad to the primary pad. The transient
waveforms under varying coupling coefficients in different load
conditions are shown in Figs. 19 -21. Similarly, the primary side
ac voltage v,, ac current i,,, and secondary side ac current ig are
measured, corresponding to CH2, CH4, and CH1, respectively.
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The amplified waveforms facilitate the observation of the current
amplitude ratio in the control mentioned in Section III-A. By
comparing the waveforms under distinct coupling states, it can
be observed that the current ratio v controlled by the inner loop
is tightly regulated to 0.95, aiming to optimize the efficiency of
the converter. In addition, the ac voltage vg of the secondary
side, the voltage vgcc of the SCC, the dc output voltage Vo,
and the dc output current /o are measured, corresponding to
CH2, CH4, CH3, and CHI1, respectively. The waveform in red
represents the calculated P, obtained by multiplying the Vo
and /o waveforms. Comparing the waveforms under different
coupling states, it is evident that the output power P is tightly
regulated as 308 W via the outer loop control. From Figs. 19-21,
it is verified that the proposed wireless CP converter achieves a

Transient waveforms against variation of coupling coefficient under different load conditions, Ry, = 90 Q.

CP output and tracks the optimal efficiency despite variations in
the k.

C. Transient Waveforms Under Changing Load

The transient waveforms against step load change under dif-
ferent values of k are shown in Fig. 22. The primary side ac
current i, secondary side ac current ig, the dc output voltage
Vo, and the dc output current /o are measured and shown by
CH4, CH2, CH3, and CHI, respectively. The waveform in red
represents P, which is determined by multiplying V and 1o
waveforms. The load resistance is step changed from 30 to 90 €2
and back to 30 2 again. By amplifying the waveform, it can be
seen that the current ratio is tightly regulated against step load
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Fig. 22. Transient waveforms against step load change under different coupling coefficients. (a) k = 0.3. (b) k = 0.16.

change, and it is fixed at 0.95 via the inner loop control. The
output power P is tightly regulated as 308 W via the outer loop
control.

To verify that the proposed control strategy can maintain
stability when both k and the load vary simultaneously, con-
verter output characteristics and dc-to-dc efficiency were mea-
sured under misalignment (k = 0.16) and alignment conditions
(k=0.3), as shown in Fig. 23. The corresponding output current
(dashed red curve) varies inversely with respect to the output
voltage (dashed blue curve), as shown in Fig. 23(a). From
Fig. 23(b), it can be observed that the output power P remains
relatively consistent with the alignment case, approximately
at a level of 308 W, even during the misalignment condition.
Additionally, the converter achieves its optimal transfer effi-
ciency, thus validating the efficacy and feasibility of the proposed
wireless CP converter, even in the presence of misalignment
conditions. The slight decrease in the transfer efficiency 7

observed in comparison to the alignment case could be primarily
attributed to two factors. First, the reduction of the k during the
misalignment condition leads to a decrease in efficiency. Second,
a higher operating frequency is necessary to achieve the optimal
equivalent ac load Rcq opt, as in the misalignment case. However,
despite these factors, the dc-to-dc transfer efficiency remains
at a high level of 88.7% at k = 0.16. This finding confirms
the misalignment-tolerance range of the proposed wireless CP
converter. Then, the corresponding conversion efficiency of each
stage and the distribution of power loss are shown in Fig. 24.
Based on the preceding analysis, the power losses incurred by the
IPT can be categorized into three components: Prp1, PL.CT-coms
and Pga . The distribution of power losses within the system can
be determined by measuring four essential power parameters,
namely Py, Po, Po.rp1,and P;,_sar. Moreover, it is noticeable
that in the case of misalignment, since the operating frequency
is higher than the resonant frequency point, the primary side
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TABLE II
COMPARISONS WITH PREVIOUS METHODS
Reference This work [21] [33] [39] [11] [44] [17] [45]
Compensation | S-S S-S S-S S-S S-S S-S LCC-S | LCC-
topology LCC
Single-stage Yes No No Yes Yes Yes Yes Yes
Output Programmable | CV CP Ccv Ccv CP CP CP
characteristic CP
Coupling 0.16-0.30 0.12— 0.09- 0.21- 0.26— 0.23— 0.26— 0.16—
range 0.25 0.15 0.38 0.28 0.26 0.30 0.32
Soft switching | Yes No No No Yes Yes Yes Yes
Rating power | 308 W 100 W | 400 W / 150W | 147W | 230 W | 3kW
DC-DC 88.7%-93.0% | 86.4%— | 82.1%— | 84.8%— | 85.2%— | 87.4%— | 88.6%— | 87.5%—
efficiency 89.3% | 91.9% | 89.2% | 88.2% | 88.9% | 89.8% | 91.5%
250, - T T 35 LCT with S-SCC
M _ _FBL _ _ _compensation  ___ SAR__ _
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'y il “ 1 KD A0 o
200r X, T e
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Fig. 23. Validation of the proposed method under aligned and misaligned
conditions. (a) Measured output current and voltage versus Ry,. (b) Measured
dc-to-dc efficiency 7 and output power P versus Ry,.

presents an inductive impedance, which will increase the loss of
the inverter to a certain extent.

Therefore, these three sets of experiments validate the pro-
grammable CP output characteristics, optimal efficiency track-
ing, and CP output against variations of k and load condition.

D. Comparison With Existing Methods

To establish a more comprehensive comparison with prior
studies, Table II presents various control strategies employed in
the IPT system. In [33], a front-end dc—dc converter is employed
to regulate the output power, resulting in the inability to achieve
the optimal load-matching condition. Compared to [21] and [33],
the proposed scheme in this article is a single-stage converter,
which does not require an additional dc/dc converter and can
reduce the cost, complexity, and power loss of the system. In
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comparison to other single-stage structures such as in [11], [17],
and [44], this article ensures the consistency of system output
characteristics in dynamic scenarios and achieves programmable
CP output. Distinct from [39] and [45], the method proposed
in this article not only adjusts the output power during mis-
alignment but also maintains impedance matching to optimize
efficiency tracking as the load varies. In summary, the proposed
system is based on a single-stage power-source IPT converter.
The operating principle enables programmable CP output and
optimal efficiency tracking against variations of coupling coef-
ficient and load condition. Furthermore, all power switches are
designed to facilitate soft-switching to reduce switching losses.

V. CONCLUSION

A novel control loop based on a single-stage power-source
IPT converter is proposed to cope with power regulation and
optimal efficiency tracking against variations of k and load
condition. The operating principle is detailed and a two-loop
control scheme is used to achieve a programmable CP output
and track the optimal efficiency, and all power switches realize
soft-switching to reduce switching losses. Furthermore, the pro-
grammable output characteristics of the IPT converter ensure
that the output power capability can be maximized, rendering
it suitable for applications that require battery or supercapac-
itor charging applications. Finally, simulation and experiment
verify the correctness and feasibility of the proposed model
and method. Steady-state waveforms and transient responses
are experimentally measured to validate the performance. With
the proposed efficiency optimization method, the IPT converter
achieves an exceptionally high overall efficiency throughout
the whole charging process. The peak efficiency reaches an
impressive 92.99% at rated power with k = 0.3.

APPENDIX

The equivalent capacitive reactance expression for SCC can
be obtained through Section II-B as

4(p — 7)?
Xeg = LQ)XCy (A1)
This equivalent capacitance Cy.. is further obtained as
2
Cscc = ——Cs. (A2)
4(p —m)

Fig. 25 shows the curve of Cy.. versus the control angle (.
It can be observed that C,.. can be modulated from a nominal
reactance C, to infinity as ¢ is varied from 0.57 to 7. Thus
there exists a minimum value for Cg, i.€., Csce,min = Cs. If
Cqcc 1s guaranteed to operate properly at the minimum value
C,, then the corresponding equivalent capacitance value Cgcc
can be obtained by modulating the control angle ¢ for all other
operating conditions.

The SCC needs to ensure that the secondary circuit is in
resonance over the entire operating frequency range to ensure
that one of the necessary conditions for optimal efficiency is
satisfied. The reactance of the secondary side from the equivalent
circuit model in Fig. 5 needs to satisfy Xg ot = 0, which s given
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Fig. 25.  Equivalent capacitance Cgc of the SCC versus control angle ¢.

by
X =wlLg — Xeg = 0. A3
S,opt — WLg wCsce + Xeg (A3)
Therefore, the Cy.. can be estimated by
Csce = L (Xeq <0) (A4)
scC — (A)QLS + erq eq .

From (A4), a minimum Cgcc min €Xists when w = wy,ax and
Xeq = 0 (i.e., @ = 0°) can be obtained

Cscc > (AS5)

wr2naxLS

In summary, the value of C, can be determined as (A6). It can
satisfy that the secondary reactance can be resistive under the
whole frequency and load range variation

1

w2 LS.

max

Cs = (A6)
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