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A Wide Charging Range Wireless Power Transfer
Control System With Harmonic Current
to Estimate the Coupling Coefficient

Jianghao Hu

Abstract—In the wireless power transfer (WPT) control sys-
tem, estimating the coupling coefficient (k) is an essential step to
achieving optimal control over a wide charging range. The esti-
mate required signal of the traditional WPT system is mainly the
currentand voltage generated by fundamental. It requires many pa-
rameters and complex calculations to estimate k by analyzing these
electrical signals, which makes the traditional method of estimating
k difficult to achieve good robustness and application in practice. To
reduce the process of estimation, a method of estimating k only by
the harmonic current is proposed in this article. According to this
method, a wide charging range WPT control system is designed.
The main feature of the control system is that it is very easy to
estimate k because the high frequency harmonic can simplify the
circuit. By analyzing the system characteristics under different
harmonic currents, the system can achieve optimal control over
a wider charging range. In addition, a WPT system that meets the
Qi standard is designed and tested. The experimental results show
that the original 10 mm Qi standard charging distance can reach
20 mm.

Index Terms—Coupling coefficient estimation, harmonic
currents, optimal control, wide charging range, wireless power
transfer (WPT).

I. INTRODUCTION

IRELESS power transmission (WPT), which originated

more than 100 years ago, has been successfully applied
in many areas [ 1], including mobile phones, automobiles, med-
ical electronics, etc. WPT has a promising future, but there are
still many technologies that need to be improved for the further
development of WPT, including system control [2]-[4], system
efficiency [5], charging distance, foreign object detection, elec-
tromagnetic interference [6], etc.

Most WPT systems use a bridge inverter, whose output volt-
age is a square wave that contains many high frequency harmon-
ics. Using harmonic to transmit power is an interesting research
area. A WPT system with selected harmonic resonance has
been proposed to design smaller and lighter coils [7]. A design
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consideration on the usage of harmonic currents for PHEV and
EV charger and a comprehensive comparison between different
harmonic orders as the power carrier have been proposed [8].
Different from the study of the harmonic as the power carrier, this
article mainly takes the harmonic as the information carrier, thus
proposing the relationship between the harmonic and coupling
coefficient k as well as further using this relationship to design
a wide charging range WPT control system.

The k represents the relationship between the position of
the receiving coil and the transmitting coil, which is difficult
to measure directly, and k affects all of the characteristics of
WPT system; therefore, it is very important to estimate k. The
traditional method of estimating k is mainly to measure and
calculate the electrical signal generated by the fundamental
[9]-[18]. In this article, the traditional methods are divided into
the following two types according to the measurement position
of the electrical signal.

1) Estimate k by the Electrical Signal of the Transmitter: Jang
et al. [9] proposed a one-port measurement method to estimate
the k in frequency-tuned WPT systems. A front-end monitoring
method of a WPT system without the requirement of measure-
ments on the receiver circuit is presented [10]. Chow et al. [11]
presented an investigation into the use of the transmitter-side
electrical information to estimate the k. A method for estimating
k without wireless communication is proposed [12].

2) Estimate k by the Electrical Signal of the Receiver: A
calculation method is proposed using the primary voltage and
the k on the secondary side to eliminate the need for the primary
voltage regulation [13]. A method of k estimation with recursive
least squares filter is proposed [14], [15]. An approximately
real-time identification method of k is proposed to help achieve
the current maximum efficiency in a nonideal system [16].

There is a method to estimate k by measuring the electrical
signals at both ends, which can essentially belong to the second
type because its measurement of the duty cycle can reflect the
change in the electrical signals of the receiver [17]. At the same
time, Jiwariyavej et al. [18] introduced both types of traditional
methods and deduces the method of estimating the multicoil k.

The common feature of traditional methods is that the fre-
quency of estimating k is fundamental. However, the character-
istic of the WPT system under the fundamental frequency are
nonlinear resonance, which has a very complex relationship with
k. The estimation of k requires many parameters and complex
calculation, which leads to the lack of robustness and practical
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application. Jiwariyavej et al. [18] experiment also confirmed
that the estimation of k near the fundamental frequency requires
high measurement accuracy, and the variation of parameters will
lead to a large deviation in the result. To reduce the process
of estimation, this article proposes a method of estimating k
only by the harmonic current. In this method, the circuit is
simplified by high frequency harmonic to reduce the complexity
of k estimation, and the reduction of calculation parameters also
improves the robustness of this method. To show the contribution
of this method more intuitively, Tables I and II summarize
the methods for estimating k and focus on the differences in
complexity and robustness.

Currently, the mainstream standard of the WPT is the Qi
standard defined by the wireless power consortium [19]. The
Qi is the first WPT standard, and most mobile phone products
are based on it. The electrical signal of the Qi standard is the
current and voltage generated by the fundamental, and thus, it
is difficult to estimate the specific k of the system to achieving
optimal control over a wide charging range. In order to solve this
problem, a wide charging range WPT control system is designed.
The main feature of the control system is that it is very easy to
estimate k because the high frequency harmonic can simplify the
circuit. By analyzing the system characteristics under different
harmonic currents, the system can achieve optimal control over
a wider charging range. In addition, a WPT system that meets
the Qi standard is designed and tested. The experimental results
prove that the original 10 mm Qi standard charging distance can
reach 20 mm.

The rest of this article is organized as follows. Section II will
introduce the principle of estimating k, including the traditional
method and the method proposed in this article. In Section III,
the system characteristics and control methods under different
coupling are deduced through modeling and analysis. Section
IV mainly introduces the experiments and results of the system
under the Qi standard. Finally, Section V concludes the article.

II. PRINCIPLE OF ESTIMATING THE COUPLING COEFFICIENT

This section mainly introduces the principle of estimating &,
including the traditional method and the method proposed in
this article. The inverter output voltage of the WPT system is
generally a square wave, which can be decomposed into the
fundamental and harmonics by Fourier. When the fundamental
and harmonic are input into WPT system, the corresponding
electrical signal will be generated on the circuit. The measure-
ment and calculation of these electrical signals is a necessary
step to estimate k, in which only measuring the harmonic signal
is the main difference between the traditional method and the
proposed method. Fig. 1 shows the frequency source of the
electrical signal required for k estimation, in which Cp is
the resonance capacitance of the transmitter, 7, is the equivalent
resistance of the transmitter, L p is the transmitting coil, and Lg
is the receiving coil.

A. Principle of Estimating the Coupling Coefficient by the
Traditional Method

According to the measurement position of the electrical
signal, the traditional method can be divided into two types:
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Fig. 1.  Frequency source of the electrical signal required for k estimation.

transmitter electrical signal to estimate k and receiver electrical
signal to estimate k. In this section, the principles of these two
types will be introduced.

1) Estimate k by the Electrical Signal of the Transmitter: The
input current will be generated when the fundamental is input
into the transmitter. The amplitude /p and phase 20y, of the
input current are affected by k. It is a general method to estimate
k by measuring the Ip and Z07,. The formula for the estimation
of k is as follows [10]:

(All of the formula symbols quoted in this article are unified
according to Fig. 1)

- 1
UJLP w3LpLSCS

Im[(?—g) L0y —1p —jwLlp —j (ﬁ)}&

It can be seen from the abovementioned formula that the
estimation of k is based on the calculation of the /p and Z0,,.
There are two limitations to this method. The first is that the
derivation of the formula is based on the resistive load. If the load
is capacitive or inductive, the formula is not valid. The second
is that if the frequency is equal to the resonance frequency, the
formula denominator will be zero.

Formula (1) is solved by the phasor method, and k can also be
estimated by the time-domain method. To estimate k by the time-
domain method, two instantaneous values of the input current
ip(a) and ip(), and the corresponding instantaneous values of
input voltage vjn(4) and viy(p) need to be measured. The formula
for estimating k by the time-domain method is as follows [11]:

k—

ey

[vLp (Wt) + vep (wit) + iy (wt) 7 — Vi, (wi)] dwt
W/ LpLsdis (wt) '

Compared with the phasor method, the time-domain method
has no limitation. The essence of time-domain is the same as
the phasor method, that is, two kinds of mathematical tools. The
main disadvantage of the time-domain method is that the amount
of calculations is too large, and the current distortion caused by
the diode needs to be calculated, otherwise the accuracy of the
result will be affected.

,I{j:

@



5084

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 5, MAY 2021

TABLE I
COMPLEXITY COMPARISON BETWEEN THE TRADITIONAL METHOD AND THE METHOD IN THIS ARTICLE
Electrical Electrical circuit Number Number Paper
signal signal parameters of linear of nonlinear
position required required calculations | calculations sources
Transmitter Ip Urn, Lp, Cp, 1p 14 4 [10]
LO0rp w, Lg, Cg, 7s
Transmitter Vin(a)s Vin(b) Lp,Cp,1p >20 >10 [11]
ip(a): Tp(b) Ls,Cs. s
Transmitter Ip(pmk> Urn, Lp >20 >10 [9]
Ipwr-): Ip(wry) Cp.7p
Transmitter Ip, [p(grd) Urn, Lp, Cp, 1p >20 >10 [12]
AQIP(?’M) w, Lg, Cg
Receiver Us Urn, Lp, 1p 12 4 [13]-[16]
Ig w, Lg, 7s
Transmitter AD Urn, Lp, mp >20 >10 [17]
and Receiver Ry, w, Lg, rs
’ Transmitter ‘ Ip(sin) Urn, Lp, w 5 1 ‘ This paper ‘

It is a feasible method to estimate & by the frequency splitting
characteristic of the system [9]. When £ is greater than a specific
value, there will be frequency splitting, and then, the  p will have
two peaks. By measuring these two peaks, k can be estimated.
The disadvantage of this method is the difficulty and accuracy
of measurement. k can also be estimated by the comprehensive
calculation of the fundamental and harmonic electrical signals
at the transmitter [12]. In this method, k is calculated by Ip,
the amplitude of third harmonic current /p(3,q) and the phase
Z01p(3rd)- Although harmonics are used in this method and
the proposed method, the two methods are different in essence.
Harmonic current of this method is one of the required electrical
signal, not the only one. This method is still mainly calculated
under fundamental frequency.

2) Estimate k by the Electrical Signal of the Receiver: Sim-
ilar to the previous analysis, the input fundamental will also
generate many electrical signals in the receiver, and k can also
be estimated through the measurement and calculation of these
electrical signals. It is a very general method to estimate k by
measuring the output current /g and output voltage Ug of the
receiver, and its formula is as follows [13]-[16]:

_ U]N:I:\/UI%I —d4r,Ig (Us + 7“5[5)
QMIS\/LPLS '

It can be seen from the above formula that there will be
two results, which requires some logical judgment to obtain the
real value. Table I adds these logical judgments to the number
of nonlinear calculations. The disadvantage of this method is
that it is not suitable for the optimal control system without
communication module.

In addition to the method of formula (3), the receiver electrical
signal estimating k can also use the phasor, time domain, and
other methods, which is similar to the transmitter estimating
k. The method by measuring the duty cycle is essentially the
same as that of the receiver electrical signal [17]. In this method,
the change in the receiver’s electrical signal is reflected by the

k

3

change in the duty cycle of the dc—dc. The disadvantage of this
method is that the number of calculations is very large. At the
same time, it can only be used in a circuit system where both the
transmitter and the receiver have dc—dc modules.

B. Principle of Estimating the Coupling Coefficient Only by
the Harmonic Current

The WPT resonant circuit is composed of inductance and
capacitance, which have different reactance at different frequen-
cies. There is little difference in the reactance of these compo-
nents under the fundamental frequency, and thus, all components
need to participate in the calculation, which is the reason why
the estimation of k£ under the fundamental frequency is complex.
The reactance of the inductance and capacitance will change
greatly under high frequency harmonic. The inductance is nine
times the reactance of the capacitance in the third harmonic and
25 times that in the fifth harmonic. Due to the large difference
in component values, some components do not participate in
the calculation and will not affect the results, and thus, the WPT
circuit can be simplified under the high frequency harmonic, and
the number of electrical signals and calculations required will
be greatly reduced after the simplification, which is the reason
why the estimation of k under the harmonic frequency is simple.

The simplified circuit of series-parallel topology (SP) at high
frequency is shown in Fig. 2. The capacitance and equivalent
resistance under the high frequency harmonic can be ignored
because they are far less than the inductance. Similarly, the load
Ry, of the SP can also be ignored because R, is parallel to the
capacitance, which is nearly short circuited at high frequency.
After the simplification of the circuit, only two electric signals
are left: the transmitter harmonic current signal Ip, and the
receiver harmonic current signal I's ,,. Their relationship with &
is as follows:

I o UIN,n
P,n(simplified) — (1 — kz)jwnLP

“)
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Fig. 2. WPT circuit simplification under high frequency harmonic. (Main
principles of the proposed method.)

7 _ Un,n
S,n(simplified) — (1 T — k) jw”m

where Uiy, is the nth harmonic input voltage (Un,, = Uy n)
and w,, is the nth harmonic angular frequency (w,, = nw). In
this article, the input voltage Uy is defined as the amplitude of a
phasor. If the input voltage is described as a time-domain square
wave, then its Fourier amplitude is 4Ujn g sin (n7 2) (n).

Through the analysis of the abovementioned two formulas,
it can be found that the sensitivity of Ip,, is higher when the k
is high (the closer k is to 1, the greater the change in Ip,, is),
while the sensitivity of Ig , is higher when the k is low (the
closer k is to 0, the greater the change in Ig , is). Therefore,
the type of harmonic current signal can be selected according to
the sensitivity needs. Since the formula (4) does not need Lg to
participate in the calculation, Ip , is used as the harmonic signal
to estimate k in this article.

The simplified circuit with the higher order harmonic is more
accurate than that with the lower order harmonic. To further
research the relationship between the harmonic order and the
result, we have listed the formula of the relationship between
the Ip ,, and k before simplification as follows:

Un.n
+ rp + ,jWnLP + Zr

(&)

(6)

IP, n(complete) — 1
JwnCp

where
kQW%LpLS

7, = : .
"org +]Wan+m//RL

Through the simulation of formulas (4) and (6) under dif-
ferent orders, Fig. 3, can be drawn. The range of k is defined
between 0 and 0.9 in this article because when k exceeds 0.9,
Ip,, changes too much for convenient analysis. At the same
time, the magnetic coupling path of WPT is air, and thus, it
is difficult for k to exceed 0.9. We can obtain the accuracy by
calculating the results of each order. This accuracy is defined
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Fig. 3. Accuracy comparison of different harmonic orders after the simpli-

fication (Lp = 7.4pH, Ls =25 puH, Cp = 330nF, Cg = 47nF, r, =
0.5Q,7s = 0.50).

as ‘(IP,n(complete) - IP,n(simpliﬁed)) IP,n(complete)' x 100%. The
accuracy of the third harmonic is 82.2%, that of the fifth is
92%, and that of the seventh is 95.4%. The accuracy increases
with the increase in the order. This is because with the increase
in the order, the frequency is also increasing, which leads to
the simplified value being closer to the real value. However,
too high of a order will cause low Ip, resolution, i.e., the
change of harmonic current in low coupling is very small. When
k € (0,0.5), the change value of fifth harmonic current is 14 mA,
and that of the seventh is reduced to 7 mA. The low resolution
makes it difficult to get the specific coupling coefficient under
the low coupling. Therefore, the order needs to be determined
by both resolution and accuracy. In this article, the accuracy of
the fifth harmonic can meet the control requirements, and the
resolution is not low, so the fifth harmonic order is taken as the
selected order.

By changing formula (4), we can obtain the expression of the
harmonic to estimate & as follows:

UIN
k=,/1-— - . 7
\/ 25 % Ip(g)th)]OJLP ( )

By comparing formula (7) with formulas (1) and (3), it can be
found that for the method in this article, only one electrical signal
Ip(s¢n) and three circuit parameters U, w and L p are needed
to estimate k, which greatly reduces the calculation process.
Table Iis a comparison of the calculation amount between the
traditional method and the method proposed in this article, in
which the nonlinear calculation also includes the logic judgment.

The circuit parameters in Table I are the characteristic param-
eters of the system itself, which are defined as quantitation in the
formula for estimating k. If these quantitations change, it will
cause deviation to the results. When the result deviation caused
by quantitative change is smaller, it means that the robustness
of the method is higher, otherwise it is not. The coil inductance
is a kind of parameter that is easy to change because ferrite will
be added to the back of the coil in many cases, which makes the
transmitting coil and the receiving coil influence each other so
the inductance will increase at a short distance. The resonance
capacitance of the system is also affected by the aging of the
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TABLE II
ROBUSTNESS COMPARISON BETWEEN THE TRADITIONAL METHOD
AND THE METHOD IN THIS ARTICLE

Ak Traditional Traditional

method method 'The .method
A10% (transmitter) (receiver) in this paper
Lp 16.7% 14.9% 12.0%
Cp 3.8% 13.8% 0.9 %
Tp 5.6% 5.6% 0.1%
Lgs 7.6% 3.7% 0.7 %
Cs 5.7% 3.4% 0.5%
Ts 0.1% 0.1% 0.1%

medium and the distributed capacitance in the environment. The
internal resistance of the system is also affected by the skin effect
and ambient temperature. Therefore, Table II is added in this
article to compare the influence of 10% changes in inductance,
capacitance and resistance on the accuracy of the results. The
traditional method uses the most frequently used formulas (1)
and (3), while the method in this article uses the more accurate
formula (6).

It can be found from Table II that only Lp can make the
result deviate in the method of this article because most circuit
parameters can be ignored at high frequency, and thus, the
changes in these parameters will not affect the result. Therefore,
compared with the traditional method, this method not only
greatly reduces the calculation but also has high robustness.

C. Application of the Proposed Method in Other Topologies

The abovementioned analysis is based on SP topology. This
section will further analyze the application of the proposed
method in SS, LCC, etc. The principle of the proposed method
is to reduce the complexity of k estimation by simplifying the
circuit through high frequency harmonic. The main way to
simplify the circuit is to short circuit the capacitance at high
frequency. At the same time, when the capacitance is in parallel,
all the circuits in parallel can be short circuited, so the position
of the capacitance determines the simplified result of the circuit.

Similar to the principle of Fig. 2, the simplification of different
topologies under high frequency harmonic is shown in Fig. 4.
It can be seen from Fig. 4, that for LCC-LCC, when there is a
capacitance in parallel at the transmitter, the harmonic current
will not flow through the coil, which means that it does not have
the function of estimating k. Therefore, the proposed method is
not suitable for the topology with parallel capacitances at the
transmitter.

For SS and S-LCC, there is no parallel capacitance at the
transmitter, so they can estimate k by harmonic current. More-
over, the receiver of S-LCC has a parallel capacitance, so its
simplified circuit and k estimation process are the same as SP.
However, the receiver of SS has no parallel capacitance, so its
simplified circuit is a series circuit composed of receiving coil
and load. If k needs to be estimated, the effect of load should be
further considered.

If the load appear in the k estimation formula, this means
both the transmitter and receiver signals are required, which
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but the effect of load needs to be further considered

Fig. 4.  Application of the proposed method in other topologies.
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Fig. 5. Accuracy comparison of different orders and Ry, in SS topology.

increases the complexity of estimating k. So this article continues
to analyze how to simplify the load. The harmonic current with
load in SS topology is as follows:

Unin (1+ fr. )

JjwnLs

. 8
0 #2) jonLp + Bl

Ip 1 (55,simplified) =

By observing the abovementioned formula, it can be found
that when the harmonic order is increased (w,, increases), it is
closer to formula (4). This is because when the coil reactance is
much larger than Ry, ignoring Ry, will not have a great impact
on the harmonic current, so the influence of R, can be ignored
by increasing the order.

In order to analyze the relationship between orders and Ry,
more intuitively, Fig. 5 shows the change of result accuracy
under different orders and Ry. The accuracy analysis object
are complete harmonic current and simplified harmonic current
without load. The results in the Fig. 5, further verify that the
influence of Ry, in SS topology can be ignored by increasing
the order. Increasing the order will lead to the problem of low
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resolution under low coupling, which can be solved by replacing
analysis Ip,, with Is . It is also observed that the accuracy is
not the highest when R, tends to zero. This is because when the
load is too small, the effect of resonant capacitance and internal
resistance on harmonic current will be greater.

It can also be seen from Fig. 5, that it is difficult to obtain ideal
accuracy by increasing the order when Ry, is large. In this case,
k can also be estimated by reducing the order and analyzing
the receiver harmonic voltage Ug ,. This method is contrary
to the proposed method to estimate k by harmonic current at
the transmitter. Its principle is shown in Fig. 6, Ry can be
regarded as open circuit when Ry > jwLg. At this time, the
harmonic voltage on Ry, is kUin,nv/Ls Lp, which has a very
single relationship with k.

In conclusion, there is no parallel capacitance at the trans-
mitter, which is the basis condition for the proposed method to
be used in topology. If there is no parallel capacitance in the
receiver, the effect of R, should be considered. When E;, is not
large, the effect of R, can be ignored by increasing the order.
When Ry, is large, we can reduce the order and analyze Ug ,, to
estimate k.

III. CHARACTERISTIC ANALYSIS AND CONTROL RESEARCH OF
THE SYSTEM UNDER DIFFERENT COUPLING

A. Modeling and Analysis

The abovementioned section analyzes the principle and char-
acteristics of the harmonic to estimate k, which has the advan-
tages of simple calculation and high robustness compared with
the traditional method. Based on this method, this article designs
acontrol system with the harmonic current to estimate k. Its basic
circuit topology is series parallel with switch buck (SP-BUCK),
as shown in Fig. 7. This section mainly models and analyzes the
circuit under coupling.

The reflected impedance is a good way to analyze the WPT
system. When the WPT system is analyzed from the transmit-
ter, the receiver is equivalent to a reflected impedance that is
connected with the primary coil in series. The power consumed
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Fig. 7.

Circuit topology.

by the reflected impedance is equivalent to the power that the
receiver receives. The reflected impedance directly reflects the
relationship between the transmitter and the receiver. The larger
the reflected impedance is, the tighter the relationship is, the
higher the efficiency is, and vice versa. The real part of the
reflection impedance of SP is given as follows. The following
formula ignores the coil resistance and assume w = wp:

k’LpRy,
Ls
The reflection impedance is positively correlated with the

harmonic current. The larger the harmonic current is, the higher

the k is, the greater the reflection impedance is.
Use formula (7) to obtain

ReZ’r‘,sp = (9)

(10)

L
ReZ,.., = (1 U ) PRL.

25 xIpguyjwlp) Ls
For an ideal buck converter, the input power is equal to the

output power, and the output voltage is related to the input
voltage and duty ratio. The correlation is shown as follows:

2 2
Qn,buck o Uoul,buck ( 1 1)
Rinpuck  Routbuck
Uout,buck = DUin,buck (12)

where D is the duty cycle, Ri, puck i the input resistance, and
Roupuck 1s the output resistance of the buck converter. From
the abovementioned two formulas, we can obtain the following
formula:

Roul,buck .

Rin puck = D2 (13)

The abovementioned formula shows that the buck converter
has the function of amplifying the output resistance, and the
magnification multiplieris 1 D? times. When the buck converter
is combined with the SP circuit, the reflected impedance of
the transmitter is magnified by 1 D? times, and the reflected
impedance is changed to

(14)

U, LpR
Rle,spfbuck = (1 ol ) PL

B 25 * IP(5th)joJLp D2LS '

Fig. 8(a) shows the equivalent circuit of SP-BUCK, which
adds a buck converter to the SP equivalent circuit. The circuit
model of the buck converter is complex. The internal param-
eters include the input voltage, input current, control method,
switching frequency, duty cycle, and so on [20]. To simplify the
analysis, the buck converter is approximately equivalent to a dy-
namically tunable autotransformer Ty,.x. The efficiency of Tiyx
varies with the internal parameters. The relationship between the
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Fig. 8. (a) System equivalent circuit diagram. (b) Relationship between the
efficiency and D in buck circuits. (Simulation based on the data provided by
LM46002 manual, npuck = 0.96-0.013/D.)

efficiency of buck 7,k and D is shown in Fig. 8,(b). From this
figure, we can see that when D is very small, Ty, ’s efficiency
drops rapidly, which indicates that the load amplification cannot
be too high.

By modeling the circuit, we find that when wg =wp
[ws=1 (27T\/Lscs), wp=1 (27T\/ LPCP)], the input of the
system has capacitive reactance Im Z,. and imaginary part power,
thus increasing the inverter loss and power loss. In addition, the
capacitive reactance causes the input current phase to exceed the
voltage phase, which leads to the switching loss of the MOSFET
in the inverter rising rapidly, thus further reducing the system
efficiency. To solve this problem, we can make wp < wg so
that the transmitter has inductive reactance to counteract the
capacitive reactance.

According to formula (9), it can be observed that it has
different reflection impedances under different k. We can obtain
Fig. 9, by simulating the output power and efficiency under
different k. The formula of system efficiency and output power
is as follows:

w?k?Lp Lsne R, D?
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Zp=rp+jwLlp+1 jwCp
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Fig. 9. Output power and efficiency under different k. (Lp = 7.4 puH, Lg =
25uH,Cp =330nF,Cs =4TnF,rp, =0.5Q,rs =0.5Q, Ry, =20,
D =0.2)
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As shown in Fig. 9, the power output capability is much
lower under high k. This result occurs because the value of
ReZ, is very large under high k, and the load amplification
further enlarges ReZ,., resulting in a lower input current and
input power. However, the load amplification can compensate
for the decrease in ReZ, under low k. Therefore, circuit has
better energy transmission capacity under low k. The higher the
output power is, the stronger the energy transmission capability
of the circuit and the lower the requirement for the input voltage,
thus reducing the requirement of the device and the cost of the
system.

The efficiencies of different k are also shown in Fig. 9. From
this figure, we can see that under low k, because the load
amplification counteracts the efficiency decline caused by ReZ,.
reduction, circuit has a higher efficiency.

B. Control Research of System Under Different Coupling

From the analysis in the previous section, we know that the
circuit has greater power output and efficiency under specific
parameters. However, if the system is required to have good
circuit characteristics under any charging range, it is necessary
to accurately control the circuit. The control variables of the
system are mainly the duty cycle, the input voltage, and the
input frequency. The influence of the input voltage on the system
characteristics is simple, and the analysis is relatively simple.
Therefore, we will mainly analyze the influence of D and the
frequency on the system characteristics.

Formula (14) shows that ReZ,. varies with the square of D,
and ReZ, determines the output power and efficiency; thus, the
control of D plays a decisive role in the system characteristics.
We first analyze the effect of D on the output power of the
system. The effect of different D on the output power under
different k is shown in Fig. 10(a). This figure shows that the
output power decreases with the decrease in D under high k,
which indicates that D must be kept at a higher value to satisfy
the output power of the system under high k. But this is not
absolute. When the required power is not high, D could be small.
In addition, the output power under low k is better than that
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Fig. 10. Effect of D on the system under different k. (a) Output power.
(b) Efficiency. (Lp = 7.4uH, Lg =25 uH, Cp = 330nF, Cg = 47TnF,
rp, =050, 71, =0.5Q, R, =20Q)

under high k, and the system can easily meet the requirements
of output power. Therefore, compared with the high &, the system
has a high power output capacity under low k, so unless in
some extreme cases, the effect of D control on output power
is not considered basically, because most D can meet the power
requirements under low coupling.

The effect of different D on the efficiency under different k
is shown in Fig. 10(b). This figure shows that when D is less
than 0.1, the efficiency decreases significantly because the buck
circuit loss increases sharply. When D is greater than 0.1, the
overall efficiency under low k is worse than that under high k.
In addition, the system efficiency does not change significantly
with increasing D under high k, but the output power decreases
rapidly with increasing D under low k. This result shows that
the value of D has little effect on the efficiency under high &,
but it must be kept at a low value to ensure the efficiency of the
system under low k.

Through the abovementioned analysis, we can summarize the
control methods of D: when k is high, the effect of D on the
efficiency is not very large, and to ensure the power output, D
must be at a relatively high value. When £ is low, the system has
enough output power, but to ensure efficiency, D must be at a
low value.

As another control variable for the system, the change in input
frequency destroys the resonant state of the circuit and changes
the circuit characteristics of the system. Thus, the control of
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Fig.11.  Effectof f onthe system under different coupling. (a) Under high cou-
pling. (b) Under low coupling. (Lp = 7.4puH,Ls = 25 uH,Cp = 330nF,
Cs=4TnF,r, =050, 7, =050, R, =200Q)

the input frequency also determines the quality of the system
characteristics. According to the previous analysis, the resonant
frequency fp (fp =1 /LpCp) of the transmitter is different
from the resonant frequency fs (fs =1 +/LgsCyg) of the re-
ceiver. In this article, the control method of the input frequency is
designed by analyzing the different circuit characteristics when
the input frequency is near fp and near fg.

The variation in output power and efficiency at different input
frequencies under high k is shown in Fig. 11(a). This figure
shows that an input frequency between fp and fg has little
effect on the system efficiency. For the output power of the
system, when the frequency is close to fp, the output power
of system is greatly improved. This result occurs because ReZ,
at fp is lower than that at fg, and thus, the input current at
fp is larger. Thus, the system has good power output char-
acteristics under high k when the control frequency is close
to fp.

For low k, the output power and efficiency at different input
frequencies are shown in Fig. 11(b). This diagram shows that the
system has the highest efficiency and maximum output power
when the input frequency is near fg. This result occurs because
ReZ, atlow k is generally small. When the control frequency
is equal to fg, the receiver is in the resonance state, and ReZ,
has the maximum value. Therefore, the system at fg has good
output characteristics and efficiency. Since the factors such as
buck loss and coil resistance are added to the simulation, the
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Fig. 12.  Full view of the effects of D and f on system characteristics. (a)
Under high coupling. (b) Under low coupling.

frequency point of maximum power and efficiency shown in
Fig. 11, is slightly different from fg, but this effect will not
impact the results analysis.

Through the abovementioned analysis, we can summarize
the control method of the input frequency: when k is high, the
frequency does not have a great impact on efficiency, and to
meet the output power requirements, the input frequency should
be close to f,. When k is low, the system has the best output
power and efficiency when the input frequency is close to f;.
The duty cycle D and frequency f jointly affect output power
and system efficiency. One dimension plots in Figs. 10 and 11,
only present limited profiles rather than a full view of the joint
effect. Therefore, this paper draws the multidimensional Fig. 12,
which intuitively shows the control range that can meet the
system requirements under different coupling. It can be seen
from Fig. 12(a) that the efficiency curve under high coupling is
“plump”, but only one area of output power has deep color, which
means that the system can easily meet the needs of efficiency
under high coupling, but there are few control inputs to meet the
needs of power. It can be seen from Fig. 12(b) that the efficiency
curve under low coupling is “slim”, and there are two areas of
output power with deep color, which means that the system can
easily meet the needs of power under low coupling, but there are
few control inputs to meet the needs of efficiency. In conclusion,
the control of the system under high coupling should meet the
power needs first and then the efficiency needs, while the control
under low coupling is the opposite.

The effect of load resistance varies in most WPT applications,
so Fig. 13 shows the effect of load variation on system charac-
teristics under different parameters, where efficiency is ordinate
and power is represented by color. From the two subfigures on
the left, we can see that the system can easily achieve sufficient
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Fig. 13. Effect of load variation on system characteristics under different
parameters.
Fig. 14.  System circuit.

efficiency and power by adjusting D and f under high coupling
and small Ry. However, when Ry, is large, there is no area on the
subfigures to meet the system efficiency and power requirements
at the same time, which means that the system is difficult to meet
the control requirements of high 2y, under high coupling. For
the two subfigures on the right, it is easy for the system to find
an area that satisfies both efficiency and power in a wide R,
range, which means that the system has a larger 27, range under
low coupling.

In conclusion, the system has a larger [?;, range under low
coupling than that under high coupling. At the same time, it can
be seen from Fig. 13, that when the load is very small, the system
characteristics will decrease rapidly. This is because when Ry, is
very small, the D needs a lower value to satisfy the amplification
requirement of the reflection impedance, and a lower D causes
the buck loss to increase rapidly. Therefore, to ensure the circuit
characteristics of the system R, cannot be too small.

IV. EXPERIMENTAL
A. Experimental Configuration

In this article, a complete system is designed for experimental
verification. The system includes a transmitter and receiver, and
meets the Qi standard. The system circuit is shown in Fig. 14,
and the system block diagram is shown in Fig. 15. The circuit
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TABLE III
CIRCUIT PARAMETERS
Ly Lg Cyp Cs Tp Ts MOSFET
(uH)  (pH)  (nF)  (nF) ) )
7.4 25 330 47 0.5 0.5 C2M0080
Dy dp Dy ds fin Ur BUCK
43 20 43 20 110-205 5 LM46002

Measurement of
Harmonic current

Low Harmonic current
Ip(5th)<70mA

High Harmonic current
Ip(5th)>70mA

Determine the
degree of Harmonic
current

A 4 A 4

Strategy B is used to
adjust the duty cycle
and frequency to
optimize circuit
characteristics

Strategy A is used to
adjust the duty cycle
and frequency to
optimize circuit
characteristics

A\ 4

Energy transfer

Fig. 16.  System control flow.

parameters and some devices are shown in Table III. Dp and
dp are the outer and inner diameters of the transmitting coil,
respectively, Dg and dg are the outer and inner diameters of the
receiving coil, respectively. The sizes of these coils also meet
the Qi standard.

This article applies the control research of system in
Section III to design the control flow, as shown in Fig. 16.
The first step of the control process is to obtain the harmonic
current for the design of the following control. The second step
is to decide the next control strategy by judging the degree
of harmonic current. When the system is under low harmonic
current, control strategy A is adopted. Strategy A alleviates the
efficiency reduction by reducing D while keeping the control
frequency close to fg to achieve efficiency and output power
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Fig. 17.  Detailed process of system control. (a) Control strategy A. (b) Control
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optimization. When the system is under high harmonic current,
control strategy B is adopted. Strategy B is to control D at a
higher value and maintain the control frequency close to fp to
optimize the output power.

Corresponding to the control system shown in Fig. 16, Fig. 17
is a detailed process for realizing its control purpose. The control
inputs of strategy A and B are duty cycle D and frequency f.
Their purpose is to achieve the required output power Ppeed
and required efficiency 7peeq. The mathematical expression is
to solve the following formula:

{ FT] (Dv .f) 2 Thheed_LowerBound (17)
FP(Dv f) Z Pnccd_Lowchound

where Fip(D, f) is the output power formula (16) and F, (D, f)
is the system efficiency formula (15). According to the analysis
in the aforementioned section, for strategy A with low coupling,
there are more control inputs to achieve Ppeeq, but less to meet
Theed- Therefore, in order to reduce the operation cost, strategy
A first brings the initial value into F),(D, f) to get the control
input group [ Dy, 1, fr,m | Which can achieve 7ecq (m represents
the number of control inputs), and then brings [ Dy, ,,, fy,m ] into
Fp(D, f) to get the optimal control input [ Doptimar foptimal ]-

The possible nonmonotonic relationship between duty-cycle
and power in Fig. 10(a) may cause trouble for control, while
achieving 1yeeq first will reduce the probability of nonmonotonic
relationship. This is because there are fewer control inputs to
achieve 7neeq under low coupling, and the probability that they
still have the same output power is especially lower. Further-
more, the smaller definition of the initial value of D can also
reduce the probability of nonmonotonic relationship. This is also
one of the important reasons why strategy A is designed in this
article.
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Fig. 17(a) shows the process of strategy A, where the initial
values are defined according to the analysis in the previous
section. The initial value D is defined to a relatively small
value D € (D,1, D,2), and the initial value f is defined near f
[f € (fs — Af, fs + Af)], where D,; and D, are set to 0.1
and 0.4, and A f set to 5 KHz. The specific initial value setting
process requires a lot of data comparison and is not absolute, so
this article will not further describe in detail.

For strategy B with high coupling, there are more control
inputs to achieve 7yeeq, but less to meet Ppeeq. Therefore, for
control strategy B, it is opposite to strategy A. It first brings
the initial value into Fp(D, f) to get the [ Dp, fpm |, which
can achieve Pceq, and then brings [Dp., fp,m | into 7peeq to
get [ Dopiimal foptimat |- Fig. 17(b) shows the process of strategy
B. The initial value D is defined to a relatively large value D €
(Dp1, Dp2), and the initial value f is defined near fp [f € (fp —
fv1, fp + fp2)], where Dy1 and Dy are set to 0.3 and 0.9, and
fp1 and fyo are set to 5 KHz and 40 KHz.

For the measurement of harmonic current, this article recom-
mends two methods, the first is offline method. The measurement
environment of offline method is when the system does not
transmit power. The inverter outputs a square wave with the
same harmonic frequency to simulate harmonic. At this time, the
output current of the inverter is equal to the harmonic current.
The advantage of this method is that the current rms can be
measured directly without band-pass filter circuit. The second
method to measure the harmonic current is online method, which
measures the harmonic current when the system transmits power.
The advantage of this method is that k can be estimated in real
time, which is suitable for dynamic WPT system. Because this
article does not need the function of dynamic real-time control,
it adopts a simpler offline method.

B. Experimental Results

For experimental results, we first measure the harmonic cur-
rent Ip(ss,) by offline method. Ip(s:;,) measured at different
charging distance is shown in Fig. 18(a). It can be seen from the
figure that Ip(5¢) decreases rapidly as the distance increases.
At the same time, when the distance is close, the inductance will
be increased due to the influence of ferrite between the coils,
which will lead to the increase of Ip(s:p,). Therefore, Fig. 18(a)
shows two kinds of simulation data, with and without inductance
correction, in which the curve with correction is closer to the
measurement curve. The waveform measured by the offline
method is shown in Fig. 18(b). In order to show the waveform
more clearly, the input voltage of the inverter is appropriately
increased on the figure.

Fig. 19 shows the efficiency 1 (7 = Pr Pluverter) and power
transfer capability Gy (G'y = VI, Vinverer) Of the system at dif-
ferent distances, where Plpyerer 1S the input power of the inverter
and Viverter 1S the input voltage of the inverter. The experimental
results show that the average efficiency of the system can be
maintained above 70% when the charging distance is less than
5 mm and at 60% when the distance is 20 mm, while in the
same case, the efficiency of the Qi standard is only 28%. At the
same time, it is noted that the efficiency is lower than Qi at 2
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Fig. 19.  Efficiency and output power in the experiment.

and 5 mm, this is because Qi controls the inverter according to
the required power, and there is no special buck control method
[19]. Therefore, Qi’s experimental circuit has no buck circuit, so
Qi has no buck loss, which leads to Qi’s higher efficiency under
low charging distance.

For the power transmission capacity, the Gy can be main-
tained previously 1 in the distance of 20 mm. Gy reaches its
maximum value near 15 mm and then decreases with increasing
distance.

Table IV shows the circuit parameters in the experiment. This
table shows that when the system is in low harmonic current, the
input frequency is close to fg, and D is low. When the system
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TABLE IV

SYSTEM PARAMETERS IN THE EXPERIMENT
Coil Ip(sin) Inverter inverter buck Duty
spacing frequency | current | voltage | cycle

(mm) | (mA) (K Hz) (4) V)
2 114 107 0.34 12 0.42
5 66 130 0.34 15 0.33
10 55 135 0.5 13 0.38
15 49 150 0.53 22 0.23
20 46 147 0.42 23 0.22
30 44 147 0.37 30 0.17

is in high harmonic current, the input frequency of the system is
close to fp, and D is relatively high.

The Qi standard has a fixed output voltage and a variable
output current, and thus, the load resistance R, is variable. We
have also experimented with different Ry. The experimental
results show that when Ry, > 102, the system characteristics
do not change much, but when Ry < 102, the experimental
results show that the efficiency is significantly reduced under low
harmonic current. This is consistent with the abovementioned
analysis.

The control system in this article is compared with Qi stan-
dard, which employs feedback control to maintain target output
voltage or current at varying load and coupling factor condi-
tions. However, according to the block diagram in Fig. 17,
the controller in this article adopts a feedforward rather than
a feedback control strategy. The feedforward control means
that the optimal control input [ Doptimal foptimal | are obtained
from system formula (17), instead of from error signal in the
feedback paradigm. Therefore, this article can not maintain
constant output at varying load and coupling factor conditions.
Feedforward is used because the main purpose of this article is to
highlight that the control system has the function of estimating
k, rather than comparing the control performance with Qi. At the
same time, the future research of this article is the application
of the proposed method at varying load and coupling factor
conditions.

V. CONCLUSION

As the key parameter of the WPT system, the estimation of the
coupling coefficient k is very important. The traditional method
of estimating k is mainly to measure and calculate the electrical
signal generated by fundamental. However, the characteristics of
the WPT system under the fundamental frequency are resonance
nonlinear, which has a very complex relationship with k. It
requires many parameters and complex calculations to estimate k
by analyzing these electrical signals, which makes the traditional
method of estimating & difficult to have good robustness and
application in practice.

The WPT circuit can be simplified in high frequency, and
the input square wave of the system contains high frequency
harmonics. Thus, this article proposes a method of estimating k
only by the harmonic current. By comparing formula (7) with
formulas (1) and (3), it can be found that for the method proposed
in this article, only one electrical signal L p(5;,) and three circuit
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parameters Un, w and Lp are needed to estimate k, which
greatly reduces the process of estimating k by simplifying the
circuit in high frequency. To show the contribution points of this
method more intuitively, Tables I and IT summarize the methods
for estimating k and focus on the differences in the amount of
calculations and robustness.

According to the method proposed in this article, a wide
charging range WPT control system is designed. For the control
research of system, this article mainly researches the influence of
the duty cycle and input frequency. After analyzing the influence
of different control parameters on the system under different &,
the control methods of D and the input frequency under high k
and low k are obtained, respectively.

This article designs an system that meets the Qi standard to
carry out experimental verification. The system efficiency can be
maintained previously 70% when the charging distance is less
than 5 mm and 60% when the charging distance is 20 mm. The
experimental results show that the original 10 mm Qi standard
charging distance can reach 20 mm.
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