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ABSTRACT This paper presents a method to maximize power transfer efficiency (PTE) in wireless power
transfer (WPT) systems with low-quality factors merely based on tuning the receiver-side components.
The paper also suggests an algorithm to find the optimum components values considering the effect of
input impedance of receiver-side rectifier at high-frequency (MHz) applications such as portable electronic
devices. Existing methods often consider the input impedance of the full-bridge rectifier as a pure resistance
at low frequencies. However, at high frequencies, the complex impedance of the rectifier should be taken into
account since it impacts on the components optimum values to maximize PTE. Despite conventional maxi-
mizing PTE methods for series-series and series-parallel topologies, this paper shows that a series-parallel
WPT system with low load quality factor requires adjusting the resonant capacitor in addition to resistive
load. The validity of the proposed method is verified based on numerical simulations and experiment tests
using a 100 mW cm-scale prototype of a resonant inductive link at 6.78 MHz with varying distance between
coils. The test results show a PTE improvement up to 40% in a series-parallel WPT compared with the
methods that only tune the load equivalent resistance.

INDEX TERMS Coupling coefficient, inductive link misalignment, load quality factor, power transfer

efficiency, rectifier impedance, wireless power transfer.

I. INTRODUCTION

Proliferation of portable and wearable electronics, and recent
advancement in electric vehicle technology rapidly increase
the demand for wireless power transfer (WPT) systems as an
effective contact-less method to deliver power to an electric
load [1], [2], [3], [4]. The efficiency of a WPT system is
highly sensitive to the coupling coefficient of its magnetically
coupled coils which varies due to misalignment and distance
between the coils [5], [6].

To maximize power transfer efficiency (PTE), a tuning
circuit(s) is adopted at transmitter (Tx)- or receiver (Rx)-side
that compensates the adverse effect of misalignment and/or
variable distances between the coils [7]. Source frequency
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tuning; passive impedance matching by inserting a network
of passive components; and active impedance matching at the
receiving side rectifier are among PTE maximization meth-
ods that are used in various applications [8], [9], [10]. Source
frequency tuning is confined with bandwidth to meet stan-
dards, therefore the fixed-frequency methods are preferable
[11]. Using a tunable capacitor to control the zero-voltage
switching angle in a WPT system [12], and tuning Tx and
Rx sides compensation capacitors [13], are among the sug-
gested methods to improve the efficiency. In [14], [15], and
[16], an alternative method to maximize PTE is proposed for
series-series (SS) WPT systems in which the equivalent load
is tuned by adjusting the duty cycle of dc-dc converter in
Rx-side. However, as the operation frequency is low (tens of
kHz), considering the effect of rectifier input impedance on
PTE is not required.
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FIGURE 1. (a) Block diagram of a WPT system; (b) Equivalent circuit of SS topology; (c) Equivalent circuit of SP topology.

Using a tunable T-type impedance matching network at the
Rx-side is also suggested to track the maximum efficiency
[17]. However, an additional controller is required at the
Tx-side to adjust the output voltage. The exiting methods that
control both Tx and Rx-side components need an extra data
link in addition to the power link. As the data link is omitted
in single-side control circuits, they are superior solutions
particularly for applications in which uncertainties exist at
the end-user device, e.g. misalignment of the coil in wireless
battery chargers [14], [15], [16], [17].

Most of existing methods assume that the input impedance
of the receiver-side rectifier is a pure resistive element that
is a valid assumption merely at low-frequency applications.
For instance, in [18], two novel models for a WPT rectifier
load with harmonics and parasitic components is presented
to achieve high-performance transfer efficiencies. However,
the operation frequency is 85kHz and therefore the reac-
tance component of the rectifier is negligible. The impedance
characteristics of the full-bridge rectifier at 6.78 MHz and
their effects on WPT system are discussed in [19] and [20].
However, this investigation is performed assuming a high
load quality factor that is defined as the ratio of resistive load
to the impedance of compensating capacitance. It is shown
that the load quality factor impacts on the efficiency of a WPT
system. Existing maximizing PTE methods in series-parallel
(SP) WPT systems usually assume a high load quality factor
that is not necessarily a valid assumption particularly at high
coupling coefficients.

This paper proposes a receiver-side PTE maximizing
method for SS and SP WPT systems covering both high and
low load quality factors which are not fully investigated in
existing methods. It is shown that maximizing PTE under
low load quality factor requires tuning the resonance tank
in addition to a conventional resistive load matching at the
receiver side. It also encounters the effect of Rx-side rectifier
impedance at high-frequencies (6.78 MHz). The investigation
shows that the full-bridge impedance impacts on calculating
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optimum components values at this range of frequencies. The
proposed analytical and numerical methods are experimen-
tally verified for both SS and SP topologies using prototypes
of acm-scale WPT system with variable distance between the
coils, to investigate the effect of low load quality factor.

Il. WIRELESS POWER TRANSFER TERMINOLOGY AND
PRACTICAL CONSTRAINTS

Fig. 1(a) shows a WPT system diagram, including Tx/Rx
coils (L1, L) with parasitic resistances (Rp1, Ry2), and the
mutual inductance M = k+/L1L, where k is the coupling
coefficient. To improve the power transfer efficiency, the
resonant capacitors C1 and C; are used to compensate L and
L, at the source frequency, w, satisfying

1 1

VLGl VLG

Fig. 1(b) and (c) show the equivalent circuits of SS and SP
topologies in which the ac-dc rectifier, dc-dc converter, and
dc load are modeled with an equivalent resistance Ry . Using
circuit theory under steady-state condition, the load voltage
is:

ey

jwMR V.
M for SS
v, = 1 ZuZx + w?M? )
L= JjwMRy Vs
for SP

(Z11Z22 + 0*M?)(1 + joCyRL)
where Vs is the source voltage phasor and w is the angular
frequency of the ac source. Z11 and Z», are the impedance of
the Tx and Rx sides, given by:

. 1
Z11 = Rs + Rp1 + j(wLy — —) 3)
wCq
1

RL + sz +J(a)L2 — —C) for SS
Zy = RLa) 2 4)

Ry +jwly, + —————  for SP

P2 T2 1+ jwCaRy

Two common definitions for the efficiency of a WPT circuit
are: 1) Link energy efficiency (1, ) where defined as the ratio
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TABLE 1. Study system parameters.

Symbol  Parameter Description Value
Ly Primary coil inductance 8.32 uH
Lo Secondary coil inductance 3.1 uH
Ry1 Primary coil resistance 2.6
Ry2 Secondary coil resistance 1.9Q
C1 Transmitting-side Resonant Capacitance 66 pF
Co Receiving-side Resonant Capacitance 178 pF
Rg Source resistance 50 Q2
f Operating frequency 6.78 MHz
k Coupling coefficient 0.1-0.5
Ry Equivalent load resistance for SS 20 Q2
Equivalent load resistance for SP 1000 2

of the output power, Py, to the input power to the link, P;,,
ie. n, = Pr/Piy; and ii) Power Transfer Efficiency (PTE)
defined as the ratio of Py, to the available source power P,
that is the maximum input power that can be delivered to the
link [21], [22]. PTE and 5; may be interchangeably used,
however, maximizing n; does not lead to maximize Py since
0 <Pjy < Pgyys.

In high power applications (e.g. charging stations) the
link energy efficiency is usually used as a design criterion.
However, in low-power applications (e.g. in wearable elec-
tronics) source voltage amplitude can be of concern due to
using low-voltage integrated circuit technology. Therefore,
to secure a specific power delivered to the load at a permitted
range of voltage, PTE is often used as the design optimization
criterion. PTE can be defined in terms of S-parameters as:
[22], [23]

P 4R, (Vi \?
PTE =[Sy’ = - & = —= (—L) )
Pavs RS VS

where S is transmission coefficient of WPT system equiv-
alent circuit. Substituting for V; from (2) into (5), PTE is
obtained for SS and SP resonant circuits as given by:

40*M2R4R
@ STL 5 for SS
PTE — 121122, + w2g\/lzl
- 40> M2RgR
@ 2S L 5 for SP.
|Z11Z22 + 0®M2|" |1 + joCaRy |
(6)

Fig. 2 shows the 3-dimensional (3D) PTE plots with
respect to the change in k and f for both SS and SP circuits
in which the simulation parameters are given in Table 1. The
plots show that for k less than a specified quantity, so-called
critical coupling coefficient (k. ), the maximum PTE occurs
at a fixed resonant frequency (f =6.78 MHz) and it decreases
as k is decreased. The region is labeled under-coupled on
Figs. 2(a), and (b). The critical coupling coefficient can be
obtained from the solution of dPTE /dk = 0 at w = wyp. For
k > keyis the plot region is called over-coupled in which the
frequency-splitting phenomenon occurs. This region has two
maximum PTE points corresponding to different frequencies,
below and above the resonant frequency [24]. These two
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FIGURE 2. PTE versus k and f for (a) SS; and (b) SP circuits.

frequencies are functions of coupling coefficient. Within the
over-coupled region, one needs a more complicated PTE opti-
mization method that will be elaborated in the next section,
verified by experimental and simulation test results.

IlIl. PROPOSED METHOD TO IMPROVE PTE
CONSIDERING RECTIFIER AND LOAD Q-FACTOR EFFECTS
The PTE optimum point is highly sensitive to coils mis-
alignment and distance change. Existing PTE analysis meth-

ods for SP WPT systems assume a high load Q-factor, i.e.

QI% > 1, where Q. 2 wC>Ry . This assumption leads to a

PTE maximum point tracking method that only needs tuning
Rr. However, as k varies in a wide range and especially for
high k, the load Q-factor does not necessarily remain high.
Under this condition, conventional PTE analysis should be
modified to encounter the low load Q-factor scenarios since
PTE optimization is not achievable merely based on tuning
Rp and adjusting C, at the receiver-side is also required.
On the other hand, the bridge rectifier at low frequency WPT
analysis is considered as a pure resistive equivalent circuit
that is a function of dc-side load resistant (R;.). However,
at a high frequency WPT system, the rectifier input becomes
a complex impedance, therefore, tuning C; is also required in
addition to Ry, in order to maintain PTE at optimum point.
This section firstly extend the PTE analysis to a general
case in which the load Q-factor is included in PTE analysis.
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Then, a extended method is proposed and demonstrated that
considers the effect of rectifier input impedance to maximize
PTE.

A. IMPACT OF LOAD Q-FACTOR ON PTE MAXIMIZING
ANALYSIS

Starting with SS circuit, Fig.1(b), and using (6) at the resonant
frequency, the optimal load condition can be obtained from
the solution of dPTE/dR;, = 0, that is

w*M?

=Rpy + —. 7
RS (7N

Thus, the optimized PTE can be achieved only by control-
ling the load (Ry) since Cyopr = 1 /(szz) at the resonant
frequency in SS circuit is independent of Ry .

To extend the analysis for SP circuit, the following parallel
to series impedance transformation is used:

R 1+ Q7
R, =—L- =0 ZQL
1+0? 02

where R; and Cj represents equivalent series components.
Using this transformation and optimizing PTE in (6), yields:

RLopt

®

R/Lo :R—L=R2+ﬂ, 9)
P14+ w?CR; T Ry +Rs
and
14+ 0?C3R; 1
w?CoR? WLy’

C20pt = (10)
Finally, by solving (9) and (10) for Rz, and C, the optimum
values of components to maximize PTE in SP circuit are
obtained as:

(Rpy + §2M ) + (wLa)?

M2 ’
Rpy + gors

L
Caopt = — S
(Rp2 + RP1+RS) + (wlp)

(11)

RLopt

When Qi > 1, R} and C} in (8) can be approximated as:

Ry 1

Ry~ —, |Ermg,|=— (13)
L QL
1

C,~ Cy, |Errc,| = —— (14)

where Errg, and Errc, are the approximation errors for Ry,
and C», respectively. Using this approximation, the optimal
values of R;, and C» become:

1

Riop: = , (15)
©?C3 (RP2 + Rﬁlzi/llzs>
1
Coop = (16)

To investigate the influence of Qp on Rygp, Cogpr and
PTE, the approximated and exact quantities are compared
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FIGURE 3. Comparing approximated and exact optimum quantities:
(@) Ryopt;: (b) Cyopt: and (c) PTE.
as shown in Fig. 3 using the system parameters as listed
in Table 1. Fig. 3(a) and (b) show that the approximated
and exact parameters diverge as k increases. The divergence
occurs when Qi is less than a specific value that is defined
based on Errc, as:

b
|Errc2‘

0f = (17)
To quantify a threshold for Q% > 1 that approximated
quantities can be used, it can be assumed |Errc2| < 5% that
leads to:

07 >19 (18)

where it corresponds to k < 0.18 and PTE can be maximized
only by tuning Ry, as shown in Fig. 3(c).

The presented method of maximizing PTE based on circuit
analysis of a WPT system can be extended to a receiving-side
that includes a rectifying-bridge. Extending the analysis to
circuits with rectifier bridge is explained using impedance
matching concept in maximum power transformation theory,
i.e. Zow = Zj to obtain R,y and Coops, Where Zyy, is the
output impedance of the WPT system seen from the point of
connection to the load in Fig. 1(b) and (c).

The proposed impedance matching method realizes Zero-
Phase-Angle (ZPA) at the resonant frequency resulting in a
circuit with pure resistive input impedance. However, to turn
on the switches under Zero-Voltage-Switching (ZVS) condi-
tion, the input impedance should remains slightly inductive
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FIGURE 4. (a) SS; and (b) SP circuits with rectifier.

[12], [25]. Therefore, ZVS and ZPA techniques cannot be
realized simultaneously, however, the realization of ZVS
close to a ZPA condition can be practically performed by
adjusting Cs.

B. PROPOSED ALGORITHM CONSIDERING THE EFFECT
OF RECTIFIER
The last stage of the receiving-end circuit in a WPT system
often includes a diode rectifier followed by a dc-dc converter
for dc-side load matching. At low frequencies (kHz), the
diode rectifier can be modeled with an equivalent resistance
since the impedance of parasitic junction capacitance of
diodes are negligible [14], [15]. However, at high frequen-
cies (MHz) developing an analytical model for the rectifier
diodes cannot be readily performed because of adding the
effects of parasitic capacitances, which are voltage dependent
and nonlinear [20], [26]. Thus, large-signal nonlinear circuit
analysis techniques such as harmonic balance method can be
used (e.g. by using advanced design system (ADS) software
tools from Keysight Technologies). Based on this method the
first harmonic of the rectifier input voltage and current are
considered to find the equivalent impedance of the rectifier.
Explicit solution and analytical design of a WPT system
including a rectifier cannot be readily performed as pre-
sented and explained for pure resistive load R;. The reason
is that Cy,,; and Ry,, depend on the amount of rectifier
input impedance which in turn is a function of frequency
and the amount of circuit parameters connected to the recti-
fier. Thus, the optimum parameters can be determined using
iterative methods starting with an initial guess. Initially, a set
of (Cao, Rgc0) is selected for circuit without rectifier, then,
by using an iterative algorithm, the initial parameters grad-
ually converge into the optimum values as listed in Table 4.
Herein, a modified algorithm to find R, and Cpgpy s sug-
gested for a WPT system including rectifier based on the
following iterative method:

1) For a fixed Vg, select an initial Ryop and Coep; as
explained in circuit analysis without rectifier;

2) By sweeping Ry. and using the harmonic balance
technique, the input impedance (admittance) of the
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rectifier in Fig. 4(a) for SS (Fig. 4(b) for SP) is
obtained. The impedance and admittance are denoted
bY Zree 2 Ryec +jXpec for SS and Yiee 2 Giec +jBrec
for SP circuit, respectively;

3) Select an Ry from previous steps such that R, =
Rropr in SS (Gree = 1/Rpgp: in SP circuits). Then,
for the selected Ry, find the corresponding X, for SS
(Byec for SP) circuits from the impedance (admittance)
function with respect to Ry

4) Re-tune C, in the resonance tank to compensate the
effect of X, for SS (B, for SP) on the total capac-
itance of the tank such that a new Cy,,, is achieved for
the circuit including rectifier;

5) Go to the step two and repeat the algorithm until
Caopr converges to a specific value that is the optimum
capacitance.

To further investigate the proposed algorithm, it is applied
to a case study including a full-bridge rectifier connected to
a dc-load and its performance with respect to variation of k
is investigated. Based on steps 3 and 4, the modified formu-
lations for SS circuit are:

Reey, = Ren 4+ ="M, = ! (19)
recopr — AP2 Rpi + Rs s C2opt = szz T wXo
and for SP circuit the optimum quantities are:
w*M?
G _ Rp2 + gotrs 20)
reCopt R W2M?2 2 L 2
(Rp2 + gpgs)” + (wl2)
L B
CZopt = w2M22 5 5 — rec. (21)
RP2 + porirs)” T (@L2) @

To complete this procedure for the case study, the specifica-
tions of coils are selected as given in Table 1 with Cr = 20 nF
for SS (Lr = 20 uH, Cr = 1 nF for SP) circuit. The Schottky
diode BAT54 from Nexperia Inc. is selected for the rectifier
and its SPICE model is used for simulation in ADS. Both
SS and SP circuits are simulated for three different power
levels, Pg,s = 25, 100, and 250 mW, using Harmonic Balance
toolbox in ADS software tool.

Fig. 5(a) and (b) show (Rye¢, Xyec) for SS and (Gree, Brec)
for SP circuit with respect to Ry, respectively. R;. axes
are differently selected such that R, and G, in each plot
overlaps with the optimum load conditions. In both SS and
SP circuits, X, and B,.. are none zero and varies with
transfer power levels and R;,.. This verifies that at Industrial,
Scientific, and Medical (ISM) frequency band, the imaginary
part of fundamental impedance/admittance of rectifiers must
have been taken into account in WPT design optimization
procedure. Furthermore, in SS circuit, R, almost varies
linearly with respect to R4 and in SP circuit, both G, and
B reciprocally vary with respect to R

The power conversion efficiency (PCE) of rectifier is also
important to be investigated since it depends on the load vari-
ations. The PCE is defined as the ratio of the dc output power
to the input power of the rectifier. To study the impact of load
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FIGURE 5. (a) (Rrec, Xrec) for SS compensation; and (b) (Grec, Brec) for
SP compensation.

changes on the PCE of the rectifier, both SS and SP circuits
are simulated for three different power levels, P, = 25,
100, and 250 mW, using Harmonic Balance toolbox in ADS
software tool. Figs. 6(a) and (b) show the PCE for SS and SP
topologies in which the PCE increases as Ry is increased.
The PCE in both circuits also increases as the transferred
power level is increased. However, the efficiency is highly
sensitive to Ry. < 50 2. In SS topology, the PCE is less, com-
pared with SP one. The reason is that the range of optimum
load is less in SS (10 to 250 ©2) compared with 150 to 1500 €2
in SP. The smaller load causes a smaller voltage level at the
rectifier input that is comparable with voltage drops across
the rectifier diodes which in turn decreases the efficiency of
the rectifier.

To evaluate the accuracy of the suggested method to design
WPT systems with rectifier, SS and SP circuits are considered
at Pgys = 125 mW (corresponding to P ~ 100 mW).
Then, the results of the proposed algorithm with those of
obtained based on a numerical optimization tool are com-
pared (Table 2). Results of running the proposed algorithm
show that R;. and C, converge to optimum results at various
k in less than 7 iterations. The optimized parameters are also
calculated using numerical optimization in ADS software tool
as presented in Table 2.

Comparing the Ry and C, columns shows a close match
between the results with a maximum error less than 2% and
5% for R4. and C,, respectively. The advantage of using the
suggested algorithm compared with ADS optimization tool
is that it can be also used when SPICE model of diode is
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FIGURE 6. PCE versus dc load (Ry.) at different Pqys: (a) for SS
compensation; and (b) for SP compensation.
TABLE 2. Proposed algorithm vs. numerical optimization.
Proposed Alg. Num. Optimization  Error (%)
k Re(Q) C2(pF) Rac() C2(pF) ¢, e,
0.2 26.7 180 26.6 179.7 04 02
SS 03 76.4 182.8 76.4 182.8 0.0 0.0
0.4 148 175.1 148.3 175.1 -0.2 0.0
0.5 2513 138.6 251.6 138.3 -0.1 02
0.1 1241 175.1 1237 175.1 03 00
0.2 362 158.2 362 158.2 0.0 0.0
SP 0.3 195 108.9 195.5 109 -03  -0.1
0.4 136 41.2 139 43.5 22 53
0.5 147.5 27 145 28.4 1.7 -49

unavailable as it works based on measured rectifier input
impedance, as well.

C. PRACTICAL CONSIDERATION OF IMPLEMENTATION
The proposed algorithm is established based on adjusting R,
and C; at the receiver-side. In fact, the suggested algorithm is
used to obtain the optimum values of R4 and C, analytically
with respect to each coupling coefficient corresponding to
a coil distance. This analysis is useful for selection of the
components and their range. In practice, a conventional per-
turb and observe (P&O) method can be employed to achieve
optimum Ry and C,.

To adjust Ry, the conventional method is using dc-dc
converter in which by changing the converter duty cycle,
the equivalent input resistance of the converter, i.e. Ry, can
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FIGURE 7. (a) Block diagram of the simulation and experiment test setup;
and (b) Photo of the test setup.

be adjusted at the desired value [14], [15], [16]. To real-
ize variable capacitance C,, two different methods so-called
capacitor bank, and switch-controlled capacitor (SCC) are
suggested in literature [13], [27]. However, using SCC
has some limitations in high-frequency applications. For
low-power and high-frequency applications, a P&O algo-
rithm that tracks the optimum C> by using a capacitor bank
can be suggested as an appropriate method. Ultra-low power
implementation of the close-loop control circuit requires an
integrated-circuit design and fabrication that is beyond the
scope of this work.

IV. EXPERIMENTAL VERIFICATION OF THE PROPOSED
PTE MAXIMIZING METHOD
A. TEST SETUP AND METHOD
To verify the validity of the proposed method and its assump-
tions, an experiment test setup for WPT including Tx/Rx
coils and a rectifier is developed. The test system is also
numerically analyzed using a High Frequency Structure
Simulation (HFSS) software tool from ANSY'S Inc. for elec-
tromagnetic simulations. Fig. 7(a) shows the block diagram
of the simulation and experiment test setup that presents the
details of WPT circuit. This setup consists of two coupled
coils; compensation capacitors; and a full bridge rectifier
using high frequency BAT54 diodes from Nexperia Inc. The
simulation of the circuit is initially performed in ADS soft-
ware tool using parameter in Table. 1 to obtain the impedance
of rectifier and PTE. In this simulation, corresponding to each
coupling coefficient, the optimum C; and R, are calculated
using the proposed algorithm.

Fig. 7(b) shows the photo of an experiment test setup con-
sists of planar coils that are fabricated on a standard fiberglass
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FIGURE 8. Photo of the fabricated Tx and Rx boards: (a) Tx board; and
(b) SS- and SP-Topology Rx boards.
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FIGURE 9. Coupling coefficient, k, versus coil distance, d.

TABLE 3. Coil parameters.

Li(uH)  Rp1(Q2)  La(uH)  Rp2(Q)
HFSS 8.1 3.2 3.07 1.2
VNA 8.32 2.6 3.1 1.9

(FR-4) substrate. The sinusoidal source is a function genera-
tor (AFG-2125 Gw Instek) with Rg = 50 Q atf = 6.78MHz,
adjusted at a constant effective voltage Vs = 5.0 V that corre-
sponds to Pgs = 125 mW (P, ~ 100 mW). The dc-side of
the full-bridge rectifier is connected to an Ry, via a filter with
Cp = 20 nF for SS and (L = 20 uH, Cr = 1 nF) for SP
circuit. In this test, the distance between the coils is increased
from 4 mm to 22 mm using steps of 2 mm and corresponding
to each step change, the optimum R,. and C, are changed
based on the proposed algorithm. Fig. 8 shows the photo of
fabricated Tx-board that includes a 16 turns, 40mm x 40mm
coil; and Rx-board that is a 10 turns, 30mm x 30mm coil.

To apply the proposed method and perform the test for var-
ious coupling coefficients, the coil parameters and variation
of k with respect to distance are required. These parameters
are obtain from modeling of the coils without other circuit
components using HFSS software tool and verified by an
experiment test using Vector Network Analyzer (VNA) at
f = 6. 78 MHz (VNA from Keysight Inc.), as given in Table 3.
Comparing the measurement and simulation shows a close
match with an error less than 2.7% for the inductance of coils.
The variation of k with respect to the distance is also shown
in Fig. 9 where the graph is obtained using HFSS software
tool and the markers shows k based on measurements at four
different distances using VNA.
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FIGURE 10. PTE in (a) SS, and (b) SP circuits without rectifiers.

B. RESULTS AND DISCUSSIONS

Fig. 10(a) shows the measured and calculated PTE for SS
circuit without rectifier at various k, with/without tuning the
pure resistive load, Ry. Variations of PTE graphs with respect
to distance shows the necessity of tuning Ry, to achieve opti-
mum PTE as k varies. Close match between the calculated
PTE from simulation with that of experimentally measured
verifies the validity of the analysis and its assumptions.

Fig. 10(b) shows the test results for SP circuit without rec-
tifier in which three scenarios including no tuning; only Rz ;
and (Rp, C») tuning are investigated. The results show that
for all range of distances between the coils, optimum PTE can
be achieved when both Ry, and C; are tuned, simultaneously.
Also, the two PTE curves corresponding to tuning Ry, (Green
Lines) and (Rz,C>) (Blue Lines) beyond a specific distance
coincide. The reason of this coincident can be explained
based on Fig. 3 in which for k¥ < 0.18 (d > 15 mm), the
load quality factor Q;, will be significantly increased. Under
this condition, the maximum PTE can be achieved by only
tuning R;, based on (15) and (16).

The second test is performed for WPT system with recti-
fier at different distances considering the efficiency of diode
rectifier by measuring V. instead of V. Fig. 11(a)-(d)
depicts the input/output voltage waveforms of SS-WPT sys-
tem (Fig. 7(a)) with rectifier corresponding to coil distances
d = 4, 8§, 14 and 18mm, respectively. Similarly, Fig. 12
shows the voltage waveforms for SP topology corresponding
tod = 4, 10, 16 and 22mm, respectively. The optimum
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TABLE 4. R4 and C, test values and measured V.

SS topology SP topology
d k | Rie Co Vi | Ree C2 Vg
(mm) @ (F) (V)| @) @F) (V)

4 052 | 275 128 534 | 165 25 3.97
6 041 | 157 173 386 | 135 37  3.62
8 033 | 92 182 284 | 178 88 421
10 027 | 38 182 2.19 | 233 128 4.84
12 022 | 34 180  1.57 | 320 156 5.70
14 0.18 | 19.5 179 1.04 | 440 166  6.69
16 0.15 | 10 179  0.65 | 614 172 7.89
18 0.13 | 43 178 0.32 | 825 172 9.04
20 0.11 - - - 1130 175 103
22 0.09 - - - 1483 177 115

GemnER w3 8,000 Stop# . _Measure  swins w3+ 0,008 Stop# . _Measure
Frequency Frequency
1 6.768MHz 1 6.780MHz
27 22

Vmax Vimar

13,68V 12,680

2 5.44V 2: 2.99Y
Vavg Vavg

10 83, lml) 1: 28.6mU

5.3V

Vint [ZV/dIV] Vint [ZV/le] 2 2.5

Ry =275Q R4=92Q
1 C,=128pF t C,=182pF
1 2 P 1 2 p.
V4=5.34V — V4=2.84V .
@ 5ons EDGE FDC - @5ons EpGE FOC
£.78013MHz &.7300HHz
(a) (b)
GensTER Vv B.Be0s Stor# ™. _Measure GensTER v B.ABBs Stor® . _Measure
T Frequency M Frequency
1 6. 7590z 1: 6.757HH:
2" 557
umnax o vmax

13,520 13,360
2 1,080 2: 36EnU

Vaig Varg
10 3@, 2ml) 1 E8.EmU

Vin2[2V/diV] 2 1,64V 2 3240l

Vi[2V/div]
Re=19.50 Ry=43Q
C,=179pF C,=178pF,

Vdcll.04V il B v tozoay L2 1P

Bl
@5ans EDGE  FODC @5ans EDGE  5DC
6.78013MHz

£.78813MHz.
() (d)

FIGURE 11. Experimental waveforms of SS-WPT system with optimum
parameters corresponding to: (a) d = 4mm; (b) d = 8mm; (c) d = 14mm;
and (d) d = 18mm.

R and C; corresponding to each distance are obtained using
the proposed algorithm as listed in Table 4. The measured
rectifier output voltage is also given in Table 4 to calculate
PTE at the fixed P, = 125 mW.

Fig. 13 shows the effect of coils distance on PTE in an
experiment with diode rectifier. In this figure, the square
markers show PTE based on simulation results for both SS
and SP topologies (validated with experiment test results)
in which Ry and C, are selected based on the proposed
algorithm. The graph with circle markers (red ones) shows
PTE for a fixed R4, and C5. The gap between this graph and
others confirms the need for parameter tuning particularly
when the distance is changing.

To investigate the impact of rectifier input impedance
on PTE, a simulation is added in which only Ry is tuned
(Fig. 13). Close matching between the square and triangle
markers in Fig. 13(a) shows that the optimum PTE in SS
topology is independent of C; because of the slight change
of rectifier reactance in SS topology (Fig. 5(a)). However,
Fig. 13(a) shows that PTE in SS topology drastically drops
as distance increases. The reason is that Ryc p; decreases as
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FIGURE 12. Experimental waveforms of SP-WPT system with optimum
parameters corresponding to: (a) d = 4mm; (b) d = 10mm; (c) d = 16mm;
and (d) d = 22mm.
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FIGURE 13. PTE in (a) SS; and (b) SP circuits with rectifiers.

distance is increased (Table 4) and it causes significant drop
in PCE of the rectifier (Fig. 6(a)). As a result, the overall
efficiency (PTE) is decreased. On the other hand, comparing
PTE with/without tuning C5 in Fig. 13(b) clearly shows the
importance of tuning C; in addition to Ry, in SP topology.
The figure shows that by tuning C», PTE can be improved
up to 40% when C, is also compensated corresponding to
the coil distance variation. Furthermore, considering input
rectifier susceptance is required especially at high frequency
WPT systems.
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Fig. 13(b) shows the limitation of the proposed method in
which for d > 20 mm (in this WPT system), PTE is decreased
less than 75%. This limitation holds for all other approach as
well since coils currents are increased that in turn increase the
power losses in a WPT system. Thus, although the proposed
method properly works for 4 < d < 20 mm with PTE >75%,
it is inefficient for very weakly coupled WPT systems with
large coil distances, similar to other existing methods.

V. CONCLUSION

A maximizing PTE method for WPT systems based on tuning
receiver-side components is proposed and demonstrated that
considers the effect of load quality factor and full-bridge
input impedance at 6.78 MHz. The simulation and experi-
ment test results of a cm-scale WPT prototype validate the
accuracy and effectiveness of the proposed method for both
SS- and SP-WPT systems. The test results show that using
the proposed tuning method for a 100 mW WPT system
can improve PTE up to 40% in SP topology. The suggested
method based on tuning the receiver-side components enables
the development of an efficient method for more complex
configurations in future studies such as multi-receiver WPT
systems.
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