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Abstract

When wireless power transfer (WPT) technology is used to power the sensor networks, it is necessary to increase
the transmission power and distance. We strictly deduced two necessary conditions for strong coupling by coupled
mode theory. Next, the transmission power and efficiency as a function of coupling coefficient and quality factor
are derived, and the maximum active power of the load depends on the coupling coefficient between resonators,
quality factor of the resonator and the drive power. In order to increase transmission power and distance, an
improved three-coil wireless power link is proposed. Meanwhile, an experimental platform was established, and the
experimental results show that the transmission power can reach 120 W at a distance of 2.5 m. This proves that the

improved three-coil wireless power link is very effective.

coupling, Optimal impedance feed
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1 Introduction

The magnetic resonant coupling wireless power transfer
(MRC-WPT) was first proposed by MIT’s team in 2007
[1] and is now gaining more spotlights ranging from
contactless battery charging of consumer electronics [2],
electric vehicles [3-5], to biological implanted devices’
power supply [6, 7].

WPT technology can be categorized according to their
operating frequencies, which are short-range inductive
power transmission (IPT) (at the range of a few hundred
kilohertz), mid-range MRC-WPT also known as WiTTricity
(at the range of several MHz) and long-range directly
microwave radiation (range above GHz) [8, 9]. Different
from other two methods, MRC-WPT operates in strong
coupling state to transfer energy wirelessly via evanescent
non-radiative near field. High-frequency power flows
among resonators in a mid-range which is on the order of
several times the physical size of transmitting or receiving
end when system is tuned into resonant state and finally
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absorbed by the load. Moreover, it interacts weakly with
biological tissues or other non-resonant objects.

In the past two decades, IPT is the mainstream of
WPT and its transmission distance is short. However,
MRC-WPT has a significant increase in transmission
distance. For mid-range applications, MRC-WPT is a
good choice to reach a range of meters, which is of great
significance for the power supply of wireless sensor net-
works [10, 11]. Nevertheless, the transmission power of
MRC-WPT system decreases with increasing transmis-
sion distance because the magnetic coupling is relatively
small at longer distances. Therefore, power transmission
range needs to be extended to achieve more flexibility.

Several methods were previously proposed to accom-
modate power pickups when there is deviation in radial
direction. In [12], a multiphase system is proposed to
obtain a wider power delivery zone. In [13], a wide
power transmission area is achieved by two transmit-
ters. In [14], a cooperative operating coupler featuring
tight-strong coupling is proposed to enhance anti-offset
capability. However, transmission distance cannot be
extended in coil axis directions by these methods.

In [15-17], superconductor is utilized to reduce the
coil losses and increase transmission distance. But it is
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very expensive and hard to popularize at the moment. In
[18], the transmission distance is adjusted by changing
the driving frequency of power source or controlling the
loading effect of transmitting coil and receiving coil.
However, the range adaptation is only intended to
improve the performance at short distances where
resonant frequency splitting occurs. The maximum
transmission distance after the critical coupling point is
still limited by the vanishing magnetic coupling.

In this paper, we provide an improved three-coil wire-
less power link to maximize the transmission distance
and power at a reasonable level of efficiency. First, the
time domain solution of power exchange between two
resonators is achieved through coupled mode theory.
Two key prerequisites of strong coupling are deduced by
discussing the angular frequency, mode coupling factor
and quality factor. After that, the overall transmission
efficiency and the maximum power of the load are ana-
lysed. Finally, a three-coil wireless power link containing
two helix resonators and a device coil was established,
and power on the load reached 120 W with transmission
distance up to 2.5 m. Measured values have an error of
+2.5% compared to theoretical ones.

2 Methods/experimental section

It is necessary to increase the load power and to extend the
transmission distance in axial direction for MRC-WPT
system. Though there is high power over kilowatts and long
distance over several kilometres via micro-wave transmis-
sion, it is far from safety and stability compared to
MRC-WPT by using the non-radiative near field. When
the electrical parameters are fixed, the maximum active
power the load can get depends on the coupling coefficient
between resonators, quality factor of the resonator and the
drive power. Therefore, if we intend to increase the load
power, the overall contribution of three parameters above
should be concerned.

It can be seen from the calculation formula (Q = wL/R)
of the resonator quality factor that the quality factor can
be improved in two aspects: (1) increasing the ratio of
inductance and resistance and (2) increasing the natural
resonant frequency. In this paper, in order to increase the
quality factor of the resonators, the oxygen-free copper
tube with smooth surface is relatively nice material, be-
cause it has good conductive property and skin effect is
reduced to some extent. It should be noted that there is
only limited improvement for the ratio of inductance and
resistance. The efficient way to get a larger quality factor
is to increase the natural resonant frequency. With partici-
pation of the distributed capacitance between coil tubes,
the resonant frequency is up to 13.56 MHz with the qual-
ity factor of 1100~1500.

In our project, high-frequency power is fed directly to
the transmitting resonator. The high-frequency signal is
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generated by DDS and amplified by MOS transistor M1
and M2, as shown in Fig. 1la. C1 and C2 are used to
adjust dead time; D1 and D2 are responsible for free-
wheeling; C3~C5 and L1 are responsible for impedance
matching. Figure 1b shows the way of feed; Fig. 1¢ shows
the dashboard of power amplifier. Detailed parameters
of improved three-coil wireless power link system are
shown in Table 1.

3 Characteristics of MRC-WPT by coupled mode
theory

A general configuration of MRC-WPT system is shown
in Fig. 2; there are three sections to fulfil the functions
of power coupling, transformation and transmission.
Power on resonator a;, is acquired through inductive
coupling to achieve the conversion of low voltage/high
current and high voltage/low current between resonators
and source or device coil. Once the system is tuned into
resonant state, power exchanges between the resonators
through EM resonantly coupling which results in a rela-
tively low transmission loss by high impedance perform-
ance. V19, 1,12, C,12 and R, are equivalent to voltage,
current, capacitance and resistance of resonator ai o,
respectively; I1,, Rsp and Lgp are current, resistance
and induction of source coil and device coil; Vg is
driving voltage; R; is load resistance; Mgy, M, 5 and Myp
are mutual induction between the coils. Here, the coup-
ling effect between non-resonant source and device coil
is ignored.

3.1 Prerequisites for efficient wireless power transfer

The coupled mode theory is usually employed to de-
scribe the general laws of wave interaction phenomena
such as optical waves and sound waves. It is very suit-
able for modelling the resonant energy exchange. For
the lossless resonators in a MRC-WPT system, energy
exchange between resonators can be described by two
decoupled differential equations as (1) [19].

da, ,

ar jwiar + Kipa;

i 1)
ﬂZK a + jwa

dr 2141 T JWaa

where the forward rotation mode of resonators is
denoted as a4; and a4, whose second norm has energy
dimension; w;, are natural resonant angular frequency;
K12 and k1 are mode coupling factors; and there is a re-
lationship with coupling coefficient k which is x = wk/2.
For passive lossless system, energy exchange occurs be-
tween modes and meets conservation for overall energy.
Any change of oscillation mode needs to go through
natural resonant periods under weak coupling, so it
comes to a,(f) = A(t)*exp.[0.5j(w; — wy)t], where A(Z) is a
slowly varying time domain function. Assume there is an
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Fig. 1 Structure diagram of three-coil power link and experimental system. a The working principle of the three-coil wireless charging system.
The waveform is generated through the DDS circuit. After multilevel amplification, the power is loaded onto the resonant coil. b The way of
power loading, which improves the power conversion efficiency by the way of central feeding. The power supply prototype used in the
experiment is shown in c. a The structure diagram of three-coil power link. b The way of feed. ¢ The dashboard of power amplifier

initial condition as T'{t=0, a;(t) = A(t); a.(¢) =0}, the
solution can be derived as (2), where  is the average
value of w; and w,.

W1 —W2

{al(t) = A(0)| cos(Qt) +j o
a3(t) = A(0)kyy sin(Q1)/Q - &/

sin(Qt)| - e/

()

Their two eigenvalues are A;5=+Q=[(w] - w2)*14
— K12*K21]%°. There is the first prerequisite that the max-
imum energy exchange exists unless w; = w,. It is simple
and intuitive but explains why the two circuits have to
be tuned into resonance.

For a lossy coupling system, the natural resonant
angular frequency will have an offset, and modified
resonant angular frequency can be expressed as @’ 1,
=w15 (1+4)/2Q12). The eigenvalues can be expressed as
(3) by Taylor expansion, when the quality factor Q is
high enough. In general, for more convenient impedance
matching, the resonators are designed to be the same
size, resonant frequency and quality factor, so there are
Q=Q=Qand v, =w; = 0.

ha=-() + viamm )

If we intend to obtain a sustaining growth in oscillation,
it must meet the condition that there is a positive root and
the item within the radical sign is a real number. In general,
the parameters of resonators are designed to be the same,
so there are Q; = Q,=Q and w; = w, = w. And the second
prerequisite is shown as (4) after simplification.

w?
|K12K21 | >> 1P (4)
The two mode coupling factors denote the energy
coupling rate; the two quality factors denote the loss
rate. In other words, the resonators with high-quality
factors are needed to form a low-loss bridge for energy
flowing between the source and device.

Energy exchange relationship between resonators in
normalization is shown as Fig. 3 in which |a;|?, |as|?
and |a; +a,|* indicate energy of resonator 1, 2 and
overall system. Presence of quality factor Q makes the
overall energy decays exponentially. Reason of attenu-
ation in linear system includes Joule loss and radiation
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Table 1 Parameters of improved three-coil wireless power link

system

Parameters Resonators Load coil
Materials Copper pipe Silver-plating copper wire
Conductivity (107 S/m) 5.56~6 6.06
Number of turns 4.25 4

Radius of wire (mm) 3 25
Radius of the coil(cm) 30 10
Conductor spacing (cm) 6+25 -

DC resistance (Q)) 0.046 0.002
Resonant frequency(MHz) 10.1-14.5 -

Quality factor 1000~1500 -

loss which can be expressed as absorption and radi-
ation of Q value. As shown in Fig. 3a with w; =w,
and different mode coupling factor, though there is
almost 100% energy exchange, it cannot keep sustain-
ing and attenuating through several cycles. Usually,
the distance between the two resonators is several
times of them. So it can be called as loose coupling
mode. In Fig. 3b, when angular frequencies differ
greatly, most of energy were stored in resonator 1,
and the receiver gets very limited energy which is the
main reason of decline in transmission power and
overall efficiency, which can be «called as weak
coupling mode. As soon as the two requirements are
met, it is working under the strong coupling state in
which proportion of energy exchange reaches 100%
theoretically, as shown in Fig. 3c, which can be called
as strong and tight coupling mode.
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3.2 Transmission performance for MRC-WPT system

For the system as shown in Fig. 2, it is assumed that
energy between resonators is exchanged only through
M, and coupling coefficients k; are defined as k; =
MI(LL)'? (i=S, 1, 2; j=1, 2, D). If kyp is small
enough, equivalent quality factor Q' of receiver can
be expressed as:

QQ,

/
=510 (5)

Quality factor reflects the ratio of EM energy stored in
circuit and energy consumed in a cycle when in reson-
ance. Energy consumption comes from the resonator itself
and load resistance. For high-Q resonator, Rp is small
enough to be ignored, and the value of equivalent quality
factor Q" is more close to Q;. Therefore, active power on

the load P; is

2 2
_ AT Ak

o a1/ ©)

Py

So when resonance occurs, P; is a multivariate func-
tion of excitation power, resonant angular frequency,
coupling coefficient and quality factor. Figure 4 shows
the variation of normalized P, with load quality factor
and coupling coefficient, wherein logarithmic coordi-
nates are used to facilitate observation except z-axis.
When operating frequency is kept constant, P; is not
always increasing with k;,, but reaches maximum under
a certain condition which is the critical coupling
position. In general, coupling coefficient changes with
the spacing variation, and other parameters are fixed
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Fig. 2 Directly field-circuit model of a MRC-WPT system. The analysis of the coupling principle of the field-circuit is shown in Fig. 2. The source coil
and device coil are coupled with the resonant coils through inductive coupling, and the resonant coils perform power transmission through EM
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Fig. 3 Schematic of normalized energy exchanging. Normalized energy
exchanging is solved by coupled mode method. In loose coupling
mode, the power of the system quickly attenuates to zero. In weak
coupling mode, the rate of energy exchange between the transmitter
and the receiving end is very small; it means that the transmitting
efficiency is low. In strong and tight coupling mode, the system will work
in a highly efficient transmission and low-loss state. a Loose coupling
mode. b Weak coupling mode. ¢ Strong and tight coupling mode
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Fig. 4 Normalized active power P, as a function of k;, and Q,. LEGEND:
The abscissa axis is the coupling coefficient k;, and the load quality
factor Q.. They are two important parameters affecting the power. The
normalized active power P, is displayed on the ordinate axis. It is a
unimodal function of the coupling coefficient and the quality factor.
Only when both of them get the appropriate value, can the power
reach the maximum

values. Thus, the maximum active power obtained by
the load is

A2
PLmax:w_'Q (7)
0

To derive the transmission efficiency function, we as-
sumed that external objects do not participate in energy
exchange. Active power consumption result in the loss
on load power, a; and a,. While power consumption
can be divided into Joule losses and radiation losses of a
certain dose, both can be embodied by equivalent quality
factor. So the overall efficiency # can be expressed as:

— PL
g P total

_ (Q/Qy) - (k2Q)*
(1+Q/Q)* + (1+Q/Qy) - (ki2Q)’

And the maximum transmission efficiency can be
obtained from (8) as:

It can be drawn that linear resonant coupling system
transmission efficiency depends mainly on two factors. The
first item Q/Q; shows the role of impedance matching
circuit. Here, the load quality factor is generally less than
the oscillator quality factor which ensures that transmission
efficiency is always over zero. When Q<< Q, system
efficiency approaches the maximum which indicates power
is all absorbed by the load. When Q= Q, efficiency is
almost zero, indicating that power stored around the load

(8)
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in reactive form. The second item k;,Q shows the changes
of two resonators’ space distance. When distance increases,
coupling coefficient is reduced with efficiency decreased.
When distance becomes smaller, k;,Q increases and the
efficiency increases accordingly. The specific variations
between efficiency and the two factors are shown in Fig. 5,
while efficiency curve of critical state when satisfying (9)
and k;,Q =1 are drawn at the same time.

4 Improved three-coil wireless power link

The coupling mechanism of MRC-WPT system is often
composed of four coils which are source coil, two resona-
tors and device coil, as shown in Fig. 2. In section III, the
energy exchange between two resonators is mainly ana-
lysed by the coupled mode theory. There is also energy
transmission between source coil or device coil and reso-
nators. In the resonant state, the transmission efficiencies
between two adjacent coils can be expressed by circuit
theory as:

g =P (1+k3,QQp)k35,Q5Q
Py (14 k3,Q5Q) (1 + k3pQQp) + A7, @
P, K2,Q
Mo =57 = 2 2 2
Py 14 k1,Q° + k5pQ0p
fop = DL = kpQQp R
2P 14k,QQ, (Rt Rp)

(10)

where Qg =woLs/(Rs+ Rs"), Rg’ is internal resistance of
power source, Qp = woLp/(Rp + Ry). From #s; and #,p, it
can be seen that when the quality factor of coils and ki
are constant, the increase of coupling coefficients ks; and
kyp contribute to the improvement of the efficiency. How-
ever, the source coil and the device coil have the function
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Fig. 5 Transmission efficiency n as a function of Q/Q, and k;,Q. The
abscissa axis is Q/Q; and k;,Q. For system efficiency, it is related to
many factors. In this paper, we combine the relevant factors to see
the relationship of efficiency more directly
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of impedance matching which is achieved by adjusting the
distance between the source coil or device coil and the
resonators. Two resonators are essential in mid-range
applications, and in order to reduce the transmission loss
between the coils, electrical energy can be directly fed to
the resonator so that the source coil can be omitted.
Therefore, an improved three-coil wireless power link is
proposed, which consists of a transmitting resonator, a
receiving resonator and a device coil. The transmitting
resonator and the receiving resonator are symmetrical.

For the coupling coefficient ki, between the two resona-
tors, it determines the state of system. Once the coupling
coefficient k;, exceeds the threshold value, frequency split-
ting disappears and P; decreases with the reduction of ki,.
In general, MRC-WPT system is intended to operate in a
far enough distance to increase the flexibility of power
supply. Therefore, the remaining method to reduce damp-
ing effect is to choose the coils with larger dimension and
more number of turns. However, for helical resonator, this
is also a way to reduce the flexibility of MRC-WPT.

Only the characteristic impedance of the coil matches
the output impedance of the power supply; there will be
no reflected power. The degree of matching is com-
monly measured by the reflectance coefficient, as shown
in (11).

_ ZoRs

I =
Zy+ R

(11)

where Z, is the characteristic impedance of the reson-
ator. In order to achieve this purpose, the resonators
adopt y matching method whose feed position is in the
centre of the coil, and its characteristic impedance can be
adjusted until it matches the output impedance of the
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Fig. 6 Transmission efficiency n and power of the load P, as a
function of spacing distance. Transmission efficiency n and power
of the load P, as a function of spacing distance is shown in this
figure. The transmission efficiency n curves of theoretical value and
experimental value when the frequency can be varied decay with
the increase of distance. When the frequency is constant, there is a
peak value of the load P;. The curve shows that the error between
theoretical calculation and actual measurement is relatively small




Zhang et al. EURASIP Journal on Wireless Communications and Networking (2018) 2018:131

Page 7 of 8

Fig. 7 Wireless power transfer to two 60-W bulbs under interval of 2.5 m. The distance between the transmitting coil and the receiving coil is
2.5 m. The receiving end power through the coupling of up to 120 W and successfully lit the two lights

power supply. The output impedance of the power supply
is generally 50 Q. Meanwhile, the resonator of reception
side uses the same method to adjust impedance. In this
way, the maximum source power is loaded to resonator
and efficiently transmitted to the load.

In order to verify the transmission performance of the
improved three-coil link, a three-coil wireless power
transfer system was established and its transmission
performance was tested within the distance of 0 to 3 m.
Theoretical and experimental values of # and P; as a
function of spacing distance is shown in Fig. 6. Two
60-W bulbs connected in parallel are the load whose
power has experienced a process of first increasing and
then decreasing. And the power reaches a maximum of
120 W at a distance of 1.5 m. It is the critical coupling
point when frequency keeps constant. The efficiency
curve shows that the closer two resonators, the higher
the efficiency is when frequency can be varied. However,
it will decrease when distance is greater than 1.5 m.
When source power is increased to 300 W, it can still
supply 120 W at 2.5 m under efficiency about 32% from
DC power to the load, as shown in Fig. 7.

5 Conclusions

Precondition of energy exchange in strong coupling can
be expressed as follows: the angular frequency of resona-
tors is equal, and the product of coupling coefficient and
quality factor is much larger than 1. We further derived
that efficiency was constrained by Q/Q; and k;,Q which
reflect the contribution by electrical structure and
spacing distance respectively. The maximum active
power of the load depends on the coupling coefficient
between resonators, quality factor of the resonator and
the drive power. An improved three-coil wireless power
link is proposed to maximize the transmission distance

and power at a reasonable level of efficiency. Meanwhile,
a centre feed method is applied to resonators to achieve
good impedance matching. In order to verify the theory,
two 220 V/60 W bulbs are used as load, and MRC-WPT
system with helical centre feed coils are designed. Exper-
iments show that 120 W can be wirelessly transmitted at
a distance of 2.5 m which is two times the power, 1.25
times the distance and 2.13 times the efficiency of [1]. In
the future work, we can use this system to supply power
for wireless sensor networks.

Abbreviation
MRC-WPT: Magnetic resonant coupling wireless power transfer; WPT: Wireless
power transfer
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