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A Method of Tracking Optimum Eﬃciency for Four-Coil Wireless
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Abstract—Magnetic resonant wireless power transfer (WPT) is an emerging technology that may
create new applications for wireless power charging. However, low eﬃciency resulting from the change
of the transfer distance is a main obstructing factor for promoting this technology. In this paper, a
method of fast tracking optimum eﬃciency is proposed. The input impedance value is obtained by
measuring the input current. Then the transfer distance is estimated by the input impedance value.
The optimum load resistor is obtained under a given transfer distance. In addition, the extended Lmatching network is proposed in order to automatically adjust the load resistor. The key parameters
of the matching network are also given. The optimum eﬃciency can be fast tracked by the proposed
method as the transfer distance varies. The WPT system and the extended L-matching network are
designed. Simulated and experimental results validating the proposed method are given.

1. INTRODUCTION
Wireless power transfer (WPT) methods are receiving increasing attention in the international research
community. A new wireless power transfer technology based on strongly coupled magnetic resonances
is proposed [1–5]. This technology is used widely in the ﬁelds of medical devices, charging of mobile
and electric vehicles due to its high eﬃciency [6–9].
The transfer eﬃciency is high when the WPT system operates in the critically-coupled regime [8],
whereas the transfer eﬃciency is low at the original resonant frequency when the system operates in the
over-coupled or under-coupled regimes [10]. The system may be transformed from the critically-coupled
regime to the over-coupled or under-coupled regimes as the transfer distance is changed. There are three
methods to improve the system eﬃciency. The ﬁrst method is to adjust the operating frequency [10–12].
The second method is to adjust the coupling coeﬃcients between the source coil and transmission coil,
and between the receiving coil and load coil [13]. The third method is to adjust the load resistor [14].
However, the ﬁrst method is only suitable for the system operating in the over-coupled regime. The
second method is diﬃcult to implement, because it requires mechanically adjusting the distance between
coils. And it is well known that the load resistor is nearly constant for a given load.
In order to adjust the equivalent load resistor, there are several types of impedance matching
networks such as the L-match, Pi-match and DC-DC match networks. A novel cascaded boost-buck
DC-DC converter is proposed. The equivalent load resistor can be changed by adjusting the duty cycle
of DC-DC converter [15]. The L-match impedance matching network is proposed [16]. The equivalent
load resistor can also be changed by adjusting the values of capacitors. However, the feedback control
mechanism is not introduced in the previous methods adjusting the equivalent load resistor. Therefore,
the system is only suitable for the situation of ﬁxed transfer distance. In order to automatically track the
maximum eﬃciency for varied transfer distance, a maximum eﬃciency point tracking control scheme is
proposed. Double DC-DC converters are used, the transmission side dc/dc converter is used to adjust the
input voltage conversion ratio, and the receiving side dc/dc converter is used to adjust the load resistor
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conversion ratio. The optimum load resistor conversion ratio can be obtained by continuous changing
duty cycle of DC-DC converter [17]. A method for automatic “maximum energy eﬃciency tracking”
operation for wireless power transfer systems is presented. The minimum input power operating point
is tracked by real-time changing the duty cycle of Buck-Boost converter [18]. Changing the duty cycle
of DC-DC converter is to satisfy the impedance matching. However, when the transfer distance varies,
the system need to continuously search the optimum duty cycle of DC-DC converter as the maximum
eﬃciency tracking methods in [17, 18] are used. If the transfer distance varies fast, the search steps should
be minimized to real-time track the maximum eﬃciency point. A novel serial/parallel capacitor matrix
in the transmitter is presented to track automatically the optimum impedance-matching point when
the transfer distance varies [19]. Moreover, a window-prediction based search algorithm is presented in
order to decrease the search steps.
In order to minimize the search steps and track the optimum eﬃciency, a fast tracking optimum
eﬃciency (FTOE) method is proposed in this paper. The input impedance value is obtained by
measuring the input current. Then the transfer distance is estimated by the input impedance value.
The optimum load resistor is obtained under a given transfer distance. The optimum eﬃciency can be
achieved by adjusting the equivalent load resistor. And the impedance network is used to automatically
adjust the equivalent load resistor. The signiﬁcant characteristic is that the proposed method can fast
track the optimum eﬃciency. In this paper, we investigate how the optimum eﬃciency is fast tracked
when the transfer distance varies. The load resistor is ﬁxed at 50 Ω and the load resistor variation is
out of my scope.
The rest of the paper is organized as follows. Section 2 establishes the system model and theory.
Section 3 analyzes the FTOE method. Section 4 presents the simulation results. Section 5 presents the
experimental setup and the measurement results. Section 6 concludes this paper.
2. MODEL AND THEORETICAL ANALYSIS
The WPT system is composed of four resonant coils: source, transmission, receiving and load resonant
coils, labeled as S, Tx, Rx and L resonant coils, as shown in Fig. 1. All the resonant coils are assumed
to be aligned coaxially. D is the distance between Tx and Rx resonant coils. The WPT system can be
represented in terms of lumped circuit elements (Lm , Cm , and Rm (m = 1 (S), 2 (Tx), 3 (Rx), 4 (L))),
as shown in Fig. 2. Lm is the self-inductance of each coil, Cm the compensation capacitor of each coil,
Rm the parasitic resistance of each coil, Vs the source power, Rs the internal resistor of power, RL the
load resistor, RL equal to 50 Ω, and kmn the coupling coeﬃcient between m and n resonant coils. The
cross-coupling coeﬃcients are very small, and they can be neglected in the following analysis. ω is the
operating angular frequency, ωm the resonant angular frequency of each coil, ω0 the original resonant
angular frequency, and Zin the input impedance.

C2

C3

Figure 1. The simpliﬁed schematic of the WPT system based on magnetically coupling resonator.
By applying Kirchhoﬀ’s voltage law (KVL), the WPT system is presented as follows [10]:
⎧
Z I + jωM12 I2 = Vs
⎪
⎨ 1 1
jωM12 I1 + Z2 I2 + jωM23 I3 = 0
⎪
⎩ jωM23 I2 + Z3 I3 + jωM34 I4 = 0
jωM34 I3 + Z4 I4 = 0

(1)
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Figure 2. The equivalent circuit model for the WPT system. Each coil is modeled as series resonators.
⎧
Z = R1 + Rs + jωL1 + 1/(jωC1 )
⎪
⎨ 1
Z2 = R2 + jωL2 + 1/(jωC2 )
(2)
⎪
⎩ Z3 = R3 + jωL3 + 1/(jωC3 )
Z4 = R4 + RL + jωL4 + 1/(jωC4 )
where Im is the current of each coil, and Mmn is the mutual inductance between m and n resonant
coils. According to Eqs. (1) and (2), the eﬃciency expression is obtained as follows:
η=

2 k2 k2 Q
ω 9 k12
I42 RL
23 34 L
=
2 {[−32δ 2 + 8ω 2 k 2 + 4Q (Q + Q )]2
Vs I1
64ω 2 (Q1 + Qs )(A2 + B 2 ) + 4Q2 ω 2 k12
3
4
L
34
2 k 2 δ 2 + ω 6 k 2 k 2 (Q + Q )2 ]
+[8 (Q4 + QL ) δ + 8Q3 δ]2 } + Q3 [4ω 6 k12
4
L
23
12 23
2 k 2 k 2 (Q + Q )
+ω 9 k12
4
L
23 34

(3)

where
2
2
δ/4 + ω 2 k23
δ/4
A = Q2 Q3 δ/4ω 2 + (Q2 + Q3 ) (Q4 + QL ) δ/4ω 2 − δ3 + ω 2 k34
2
2
/8 + ω (Q4 + QL ) k23
/8
B = Q2 Q3 (Q4 + QL ) /8ω 3 − (Q2 + Q3 + Q4 + QL )δ2 /2ω + ωQ2 k34
I1 is the input current. The angular frequency deviation factor is deﬁned as δ = ω0 − ω, the unload
quality factor of the S coil deﬁned as Q1 = ωL1 /R1 , the unload quality factor of the Tx coil deﬁned
as Q2 = ωL2 /R2 , the unload quality factor of the Rx coil deﬁned as Q3 = ωL3 /R3 , the unload quality
factor of the L coil deﬁned as Q4 = ωL4 /R4 , the quality factor of power source deﬁned as QS = ωL1 /Rs ,
and the quality factor of load deﬁned as QL = ωL4 /RL .
Assuming ω1 = ω2 = ω3 = ω4 = ω0 , the eﬃciency expression (3) can be simpliﬁed as follows:

UL U12 U22 U32



2
2
{(1+Us ) (1+UL )+U32 +U22 (1+UL ) +U12 (1+UL )+U32 +(1+UL )2 U12 U22 +(1+UL )2 U12 U22 U32 }
(4)
where the source matching factor is deﬁned as Us = Rs /R1 , the load matching factor deﬁned as
2 Q Q , the strongUL = RL /R4 , the strong-coupling parameter between S and Tx deﬁned as U1 = k12
1 2
2
coupling parameter between Tx and Rx deﬁned as U2 = k23 Q2 Q3 , and the strong-coupling parameter
2 Q Q .
between Rx and L deﬁned as U3 = k34
3 4
By diﬀerentiating η with respect to UL and equating the diﬀerential function to zero
∂η
=0
(5)
∂UL
The load matching factor for the optimum eﬃciency can be obtained as follows:
[(Us U22 + 2Us U2 + U22 + Us + 1 + U1 U2 + 2U2 )(Us + 1 + 2Us U1 + 2Us U2
+2Us U1 U2 + 3U22 + U12 U2 + 3U1 + 2U2 + U22 + Us U22 + 3U1 U2 + Us U12 + U13 )]1/2
(6)
UL opt =
1 + 2Us U2 + 2U2 + Us + U1 + U22 + U1 U2 + Us U22
η=

In order to obtain the optimum eﬃciency, the optimum load resistor RL opt (inﬂuencing UL opt in Eq. (6),
UL opt = RL opt /R4 ) should be satisﬁed.
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3. NEW METHOD FOR FTOE
In this section, a fast tracking optimum eﬃciency method is illustrated with the help of the circuit
structure in Fig. 3. The input impedance values Zin can be obtained by measuring the input voltage
and input current. M23 value can be calculated by Zin value according to (13). For a given M23 , the
optimum load resistor RL opt can be obtained according to Eq. (6). The equivalent load resistor can be
adjusted by the L-type matching network. Cs and Cp values in the L-type matching network can be
obtained according to RL opt .

Z in

RL_opt

M23 and D

L s , C s and Dp

Figure 3. The circuit structure of the FTOE method.
3.1. Estimation of the Transfer Distance D
The transfer distance D can be represented by the mutual impedance M23 between Tx and Rx. If M23
value may be obtained, the transfer distance may be estimated.
The mutual inductance of two coaxial circular current loops can be stated in terms of complete
elliptic integrals [20]:
√

RP RS 
2 − b2 K(b) − 2E(b)
(7)
M = μ0
b
where
4RP RS
(8)
b =
2
h + (RP + RS )2
π/2

K(b) =

dθ

(9)

1 − b2 sin2 θdθ

(10)

1 − b2 sin2 θ

0
π/2

E(b) =

1

0

M is the mutual inductance of two circular loops of radii RP and RS , h the distance between loops, K(b)
the complete elliptic integral of the ﬁrst kind, and E(b) the complete elliptic integral of the second kind.
The relationship between the mutual inductance and the distance can be obtained from Eqs. (7)–(10).
M23 value may be obtained by the input impedance. The input impedance is deﬁned as
Zin = Vs /I1 − Rs , Zin may then be obtained from Eqs. (1) and (2).
2 M 2 + ω2M 2 Z Z + ω2M 2 Z Z + ω2M 2 Z Z + Z Z Z Z
ω 4 M12
1 2 3 4
34
12 3 4
23 1 4
34 1 2
− Rs
(11)
Zin =
2
2
2
2
ω M23 Z4 + ω M34 Z2 + Z2 Z3 Z4
Assuming the system operates in the resonant state, Equation (2) can be simpliﬁed as follows:
⎧
Z = R1 + Rs
⎪
⎨ 1
Z2 = R2
(12)
⎪
⎩ Z3 = R3
Z4 = R4 + RL

Progress In Electromagnetics Research B, Vol. 76, 2017

129

Equation (12) is substituted into Equation (11), and Equation (13) can be obtained as follows:

2 M 2 + ω 2 M 2 R (R + R ) + ω 2 M 2 (R + R )(R + R )
 {ω 4 M12
4
L
1
s
4
L
34
12 3
23

2
2 (R + R )R − (Z + R )[ω 2 M 2 R + R R (R + R )]}
 +ω M34
1
s
2
in
s
2
2
3
4
L
34
M23 =
(Zin + Rs )ω 2 (R4 + RL ) − ω 2 (R1 + Rs )(R4 + RL )

(13)

Zin value can be obtained by measuring the input current I1 . M23 value can be calculated from Eq. (13)
when the parameters of the resonant coils and the load resistor are given. Then, the transfer distance
D can be calculated from Eqs. (7)–(10). The optimum load resistor RL opt can be obtained according
to Eq. (6) under a given transfer distance D.
3.2. Analysis of the L-Match Network
The impedance matching network is used to automatically change the equivalent load resistor. There
are several types of impedance matching networks such as the L-match, Pi-match and DC-DC match
networks. All matching networks can match the impedance of the WPT system. The L-match network
is simple. Therefore, it is used in this paper. The L-match network includes the L-type and inverted
L-type matching networks, as shown in Fig. 4.

Ls
Cp

RL_opt

RL

Figure 4. The circuits of the L-match network.
Figure 4 shows the L-type matching circuit. Using the circuit theory, its equivalent impedance
equation can be obtained as follows:
RL
(14)
RL− opt = jωLs +
1 + jωCp RL
The imaginary and the real parts on both sides of Eq. (14) are equal. Equations (15) and (16) can be
obtained according to Eq. (14).
Cp =
Ls =

(RL /RL opt − 1)
2
ω 2 RL
2
Cp RL
2 C2
1 + ω 2 RL
p

(15)
(16)

Cp value can be obtained from Eq. (15) under a given RL opt . Cp value must be positive. Therefore, RL
value must be larger than RL opt value. The L-type matching network can be used when RL > RL opt .
Ls value can be obtained from Eq. (16) under a given RL opt .
3.3. Design of the L-Match Network
The L-type matching network is used because RL value (RL = 50 Ω) is larger than RL opt value. RL opt
is changed as the transfer distance is changed according to Eq. (6). Cp and Ls values are changed as
RL opt is changed according to Eqs. (15) and (16). In order to automatically adjust RL opt , Cp and Ls
values should be automatically adjusted. Two methods that use the capacitor matrix and inductance
matrix are proposed to adjust Cp and Ls values, as shown in Fig. 5. Fig. 5(a) shows the extended
L-match network using the inductance matrix, and the inductors are connected in serial according to
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the switch array selection (Spm and Ssm , m = 1–8). Fig. 5(b) shows the extended L-match network of
using the capacitor matrix, and the capacitors are connected in parallel according to the switch array
selection. The capacitor matrix is used in this paper because it is relatively easy to implement.
When switch S1 is on, and switch S2 is oﬀ, the extended L-match network is bypassed. The transfer

(a)

(b)

Figure 5. The extended L-match network. (a) The extended L-match network with using inductance
matrix. (b) The extended L-match network with using capacitor matrix.
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distance can be estimated from the previous analysis. The optimum load resistor RL opt can be obtained
for diﬀerent transfer distances. Then, Cp and Ls values are obtained from Eqs. (15) and (16) under a
given RL opt . Table 1 shows Cp and Ls values when D is ranged from 15 cm to 40 cm. In order to adjust
Ls value, the capacitor matrix (Cs ) is connected to Ls in serial. The maximum Ls value is 26.22 µH
from Table 1. The allowance of Ls is 20% of the maximum Ls . Therefore, Ls max value is set at 30 µH.
Cs value can be obtained according to Eq. (17).
1
(17)
Cs = 2
ω (Ls max − Ls )
Cs values are shown in Table 2 for diﬀerent D. Csm value is set at 3 × 2m−1 nF (m = 1–8) in order
to obtain diﬀerent Cs values. Cpm value is set at 1 × 2m−1 nF (m = 1–8) in order to obtain diﬀerent
Cp values. When the switch S1 is oﬀ, and the switch S2 is on, the L-type matching network is added
into the WPT system to change the equivalent load resistor. If the measured input impedance value is
changed, switch S1 is on, and switch S2 is oﬀ. Then the system restarts to estimate the transfer distance
(the mutual inductance between Tx and Rx). Once the transfer distance is obtained, the system starts
to rematch the equivalent load resistor by adjusting Cs and Cp values.
Table 1. Cp and Ls values for diﬀerent D.
D/cm
15
20
25
30
35
40

Cp /nF
194.82
160.15
133.22
112.60
97.67
84.60

Ls /µH
12.66
15.21
17.98
20.83
23.44
26.22

Table 2. Cs and Ls
D/cm
15
20
25
30
35
40

max

values for diﬀerent D.

Cs /nF
146.11
171.32
210.83
276.26
386.29
671.40

Ls

max /µH
30.00
30.00
30.00
30.00
30.00
30.00

3.4. The Flowchart of FTOE Method
A ﬂowchart of the FTOE method is shown in Fig. 6 and described as follows:
(i) The system parameters, including the input impedance values, optimum load resistor values, Cs
values and Cp values, are set. First, the input impedance values before matching and after matching
are calculated when D is ranged from 15 cm to 40 cm in a step of 5 cm. Secondly, the optimum load
resistor values are calculated when D is ranged from 15 cm to 40 cm in a step of 5 cm. Thirdly, Cs
and Cp values are also calculated according to the optimum load resistors. Finally, all values are
represented in the form of a matrix.
(ii) When switch S1 is on (S1 = 1), and switch S2 is oﬀ (S2 = 0), the extended L-type matching
network is bypassed.
(iii) The input current and input voltage can be monitored by using current and voltage sensors;
(iv) The input impedance can be obtained by the input current and input voltage. We continuously
collect 20 input impedance values. If the condition of Zin (20)–Zin (1) < 0.01 is satisﬁed, the input
impedance is stable. Zin (20) is the twentieth input impedance. Zin (1) is the ﬁrst input impedance.
(v) Comparing the current input impedance value with all input impedance values calculated in the ﬁrst
step, the minimum diﬀerence Ebef between the current input impedance and all input impedance
values before matching can be found; the minimum diﬀerence Eaft between the current input
impedance and all input impedance values after matching can be found. If the condition of
Ebef < Eaft is satisﬁed, the system operates at the state before matching. Conversely, the system
operates at the state after matching.
(vi) When the system operates at the state before matching, if the current input impedance value is
equal to the previous input impedance value, the transfer distance is not changed; if the current
input impedance value is not equal to the previous input impedance value, the transfer distance is
changed. Then the system restarts to match.
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Start
The system parameter
setting

S 1=1and S 2=0

Measure the input
current and input
voltage

Is the input
impedance stable?

N

Y
Y
Does the system operate at the
state before matching (N) or
after matching (Y)

Y

Is the input
impedance
changed?
N

N
Y

Is the input
impedance
changed?
N
Estimation of the
Transfer distance D
Searching RL_opt

Searching Cs and Cp

S 1=0 and S 2=1

END

Figure 6. The ﬂowchart of the FTOE method.

Using the previous Cs
and Cp
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(vii)
(viii)
(ix)
(x)

The transfer distance can be estimated according to the input impedance value.
The optimum load resistor can be found according to the transfer distance.
Cs and Cp values can be found according to the optimum load resistor.
When switch S1 is oﬀ (S1 = 0), and switch S2 is on (S2 = 1), the L-type matching network is
added into the system.
(xi) When the system operates at the state after matching, we can use the previous Cs and Cp values
to match the system.
(xii) If the input impedance is changed, the system restarts to detect the input impedance.
4. SIMULATION RESULTS
To validate the proposed method, the simulation model is built with the help of ANSYS Maxwell and
MATLAB. The parameters of the system are shown in Table 3 in Section 5.

(a)

(b)

(c)

Figure 7. The simulation results with D = 30 cm. (a) The input impedance versus time. (b) The
input current versus time. (c) The output versus time.
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4.1. Fixed Transfer Distance
When the transfer distance is ﬁxed at 30 cm, the optimum load resistor can be obtained by the proposed
method. In addition, the optimum input impedance can also be found. Fig. 7(a) shows the input
impedance values. The system starts to automatically match at the time of 2 ms. It can be seen that
the input impedance value before matching is 0.86 Ω, and the input impedance value after matching is
3.89 Ω from Fig. 7(a). Fig. 7(b) shows the input current values. It can be seen that the input current
values before matching are larger than those after matching. The input current value before matching
is 10.96 A, whereas the input current value after matching is 2.62 A. Fig. 7(c) shows the output voltage
values. The output voltage value before matching is 41.1 V, whereas the output voltage value after
matching is 31.6 V.

(a)

(b)

(c)

Figure 8. The simulation results with D changed from 30 cm to 25 cm. (a) The input impedance
versus time. (b) The input current versus time. (c) The output versus time.
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4.2. Varied Transfer Distance
The transfer distance is initially set at 30 cm. Fig. 8(a) shows that the input impedance values versus
time. It is clearly seen that the input impedance values are changed as the transfer distance is changed.
The system starts to automatically match at the time of 2 ms with D = 30 cm. The input impedance
value before matching is 0.86 Ω, and the input impedance value after matching is 3.89 Ω with D = 30 cm.
Then it is changed from 30 cm to 25 cm at the time of 6 ms. It can be seen that the input impedance
value before matching is 0.54 Ω, and the input impedance value after matching is 3.14 Ω with D = 25 cm.
Figure 8(b) shows the input current values versus time. It is clearly seen that the input current
values after matching become smaller. The input current value before matching is 10.96 A, whereas the
input current value after matching is 2.62 A with D = 30 cm. The input current value before matching
is 16.48 A, whereas the input current value after matching is 3.29 A with D = 25 cm. Fig. 8(c) shows
the output voltage values versus time. The output voltage value before matching is 41.1 V, whereas
the output voltage value after matching is 31.6 V with D = 30 cm. The output voltage value before
matching is 48 V, whereas the output voltage value after matching is 36 V with D = 25 cm.
The input power can be obtained by the input current multiplied by the input voltage. And the
output power can be obtained by the output voltage (across the load resistor). The eﬃciency can be
obtained by the output power divided by the input power. The eﬃciency before matching is 29%, and
the eﬃciency after matching is 71% with D = 30 cm. The eﬃciency before matching is 26%, and the
eﬃciency after matching is 74% with D = 25 cm. It is clearly seen that the optimum eﬃciency can be
tracked by the proposed method.
5. EXPERIMENTAL VERIFICATION
To validate the proposed method, the prototype model of the system is built, as shown in Fig. 9. It
is composed of a DC voltage source, four resonant coils, a full-bridge resonant inverter, a extended
L-match network and the load. The transmitter on the left consists of a small S coil and a helical Tx
resonant coil. The receiver on the right consists of a small L coil and a helical Rx resonant coil. The
diameter of the Tx resonant coil is 40 cm with a pitch of 2 cm for approximately 6 turns. The parameters
of the Rx coil are the same as those of the Tx coil. The S coil is a single loop and the diameter of the S
coil is 50 cm, the parameters of the L coil are the same as those of the S coil. An impedance analyzer
is used to extract the parameters in (1). The original resonant frequency is set to be 100 kHz. The
parameters of the resonant coils are listed in Table 3.
Table 3. Parameters of the resonant coils.
Symbol
L1
L2
L3
L4
C1
C2
C3
C4
R1
R2
R3
R4
f0

Quantity
The inductance of S
The inductance of Tx
The inductance of Rx
The inductance of L
The external compensating capacitance of S
The external compensating capacitance of Tx
The external compensating capacitance of Rx
The external compensating capacitance of L
The resistor of S
The resistor of Tx
The resistor of Rx
The resistor of L
The original resonant frequency

Value
1.86 µH
29.70 µH
29.70 µH
1.90 µH
1.36 µF
85.28 nF
85.28 nF
1.33 µF
0.07 Ω
0.30 Ω
0.29 Ω
0.07 Ω
100.0 kHz
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Figure 9. The experimental setup of the system.

Q2

Q4

Resonnant
tannk

Vin
Q1

Wireeless
pow
wer
transsfer
systtem

Extennded
L-maatch
netw
work

RL

Q3

The full-bridge resonant inverteer

Figure 10. The schematic of the resonant inverter.
A full-bridge resonant inverter is used in this paper. Fig. 10 shows the schematic diagram of the
inverter. The inverter consists of four switch MOSFETs (Q1 ∼ Q4 ) and a resonant tank [21]. IR2110
and IRF3205 are used as the gate driver and switch MOSFET. The inverter is controlled by the pulsewidth-modulation (PWM) signals from DXP28335 controller. An impedance network based on the
capacitor matrix is implemented. A total of sixteen group capacitors are used in the capacitor matrix
to realize diﬀerent Cs and Cp conﬁgurations. DXP28335 controller periodically monitors the input
current and calculates the input impedance. When the input impedance is changed, the controller
decides to rematch the impedance network by adjusting Cs and Cp values. The high quality factor
capacitors and the relay switches are used to realize the capacitor matrix.
The load resistor is ﬁxed at 50 Ω. We ﬁrstly test the reliability of the L-type matching network. Ls ,
Cs and Cp values are shown in Table 1 and Table 2 for diﬀerent transfer distances. The equivalent load
resistor values can be measured for diﬀerent combinations of Cs and Cp . Fig. 11 shows RL opt versus
the transfer distance D. It is clearly seen that RL opt is changed as D varies.
The input current can be collected by current sensors, and it can be observed in Code Composer
Studio. Fig. 12 shows the measured input current with D = 30 cm. Fig. 12(a) shows the measured input
current before matching. Fig. 12(b) shows the measured input current after matching. The measured
input current before matching is 10.94 A, whereas the measured input current after matching is 3.04 A.
Figure 13 shows the measured input current with D = 25 cm. Fig. 13(a) shows the measured input
current before matching. Fig. 13(b) shows the measured input current after matching. The measured
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Figure 11. RL opt versus D.

(a)

(b)
Figure 12. The input current versus time with D = 30 cm. (a) The input current before matching.
(b) The input current after matching.
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(a)

(b)
Figure 13. The input current versus time with D = 25 cm. (a) The input current before matching.
(b) The input current after matching.
input current before matching is 16.60 A, whereas the measured input current after matching is 3.51 A.
It is clearly seen that the measured input current before matching is larger than that after matching.
Figure 14 shows the calculated and measured Zin before and after matching. It can be seen that Zin
before matching is smaller than that after matching. Zin is changed as the transfer distance is ranged
from 15 cm to 40 cm. Zin before matching is ranged from 0.164 Ω to 0.309 Ω, whereas Zin after matching
is ranged from 1.822 Ω to 6.085 Ω.
Figure 15 shows the calculated and measured eﬃciencies before and after matching. When the
impedance matching is not satisﬁed, the higher the eﬃciency is, the longer the transfer distance is.
However, the maximum eﬃciency is 30.9% as the transfer distance is varied from 15 cm to 40 cm. When
the impedance matching is satisﬁed, the higher the eﬃciency is, the shorter the transfer distance is.
The maximum eﬃciency is 72.7% as the transfer distance is varied from 15 cm to 40 cm. The optimum
eﬃciency can be tracked by the proposed method as the transfer distance is changed. It can be seen
that the measured eﬃciency is 77.1%, whereas the simulated eﬃciency is only 72.7% with D = 15 cm.
Although there is 5% power loss on the L-type matching network, the overall eﬃciency with the L-type
matching network is still higher than that without the L-type matching network.
The number of the search steps using diﬀerent methods can be obtained in [19]. The optimum
number of the search steps is 42 when the method of the linear search is used; the optimum number of
the search steps is 9 when the method of the binary search is used; the optimum number of the search
steps is 6 when the method of the eﬀective window prediction search is used. However, the optimum
number of the search steps is 1 when the proposed method in this paper is used. This is because the
transfer distance can be estimated and the optimum Cs and Cp can be obtained.
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Figure 14. The input impedance versus D.
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Figure 15. Eﬃciency versus D.

6. CONCLUSIONS
In this paper, a fast tracking optimum eﬃciency method is presented. The extended L-type matching
network is proposed in order to adjust the equivalent load resistor. The eﬃciency can be improved
for diﬀerent transfer distances by the proposed method. For example, the eﬃciency before matching
is 27.5%, and the eﬃciency after matching is 66.8% with D = 30 cm. The optimum eﬃciency can be
tracked automatically as the transfer distance is changed. The eﬃciency is changed from 66.8% to 70.2%
when the transfer distance is changed from 30 cm to 25 cm. The advantage of the proposed method is
that the system need not continuously search the optimum Cs and Cp because the transfer distance
can be estimated. And the optimum Cs and Cp can be obtained according to RL opt . The number of
switches is reduced. Therefore, the proposed method allows for an eﬃcient and robust wireless power
transfer system for charging of mobile.
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