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Coordination of Frequency and Load Resistor to Improve Efficiency
of Wireless Power Transfer System Under Frequency Drift

Zhongqi Li'> 2, Wangyang Cheng!, Jiliang Yi'’ ¥, and Junjun Li!

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 resonant
frequency drift is a main obstructing factor for promoting this technology. In this paper, a novel method
of coordinating the operating frequency and load resistor is proposed to prevent frequency drift. The
system efficiency and input impedance are obtained by solving the system equivalent equations. In
addition, the new resonant frequencies can be obtained by solving the input impedance equations.
Moreover, the process of the coordination method is illustrated. When resonant frequency drift occurs,
the system can now operate at the resonant state, and the efficiency can be improved by using the
proposed method. The WPT system via magnetic resonance coupling is 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 [1,2]. A new wireless power transfer technology based on strongly coupled magnetic
resonances is proposed [3-5]. This technology is used widely in the fields of medical devices, charging
of mobile and electric vehicles [6-8]. One of the most important problems is to improve efficiency in
magnetic resonant wireless power transfer system [3-5].

There are many researches in the WPT system in order to obtain high transfer efficiency. The first
approach is to optimize the circuit topologies [9-11]. The circuit topological structure of the series-
shunt mixed-resonant is proposed to obtain high efficiency [9]. The second approach is to use novel
system structures, such as a three-coil structure [12-14], a novel four-coil structure and a multiple-coil
structure [15-18]. The third approach is to optimize the parameters of resonant coil [19, 20]. Finally, the
optimization methods are used to improve the efficiency, such as optimizing the operating frequency [21],
optimizing coupling coefficients [22, 23] and the impedance matching method [24-27]. However, these
methods are analyzed in the WPT system under the condition of working at the resonant state.

The condition of working at the resonant state is rather difficult to be satisfied in practical
applications because some reasons may result in the resonant frequency drift as follows: (1) inductance
or capacitance of the coil may change easily affected by external environment changes, and resonant
frequency drift will then occur; (2) Some materials (such as aluminum foil, styrofoam, and humans)
may alter the inductance or capacitance of the resonant coil [3], and resonant frequency drift may occur;
(3) The error between the nominal value of the capacitor and the actual value of the capacitor may
result in resonant frequency drift; (4) the capacitance of the resonant coil may be changed with the
variations of temperature, the resonant frequency is also changed as the the capacitance of the resonant
coil is changed. The efficiency will drastically decrease when resonant frequency drift occurs. In order to
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maintain the required resonant state, the resonant frequency of each coil is adjusted manually by using
the external compensating capacitance when the external environment is changed. However, the WPT
system may have several resonant coils in practical applications [28]. It is impractical for the WPT
system to manually adjust the external compensating capacitance of each coil in practical applications.
A frequency-tuned wireless charging system is proposed and successfully demonstrated to enhance the
power transfer efficiency [26]. However, it is not considered that the resonant frequencies are changed
with the load resistor variations. In this paper, a method of coordinating the operating frequency and
load resistor is proposed. It is found that there may be multiple resonant frequencies for different load
resistors. The efficiency is the highest at the optimum resonant frequency. When resonant frequency
drift occurs, the optimum resonant frequency may be obtained by using the proposed method. Then
the system may operate at the resonant state and the optimum efficiency may be obtained.

The rest of the paper is organized as follows. Section 2 establishes the system model and theory.
Section 3 analyzes the efficiency with only adjusting the operating frequency. Section 4 analyzes the
proposed efficiency improvement method. Section 5 presents the experimental setup and measurement
results. Section 6 concludes this paper.

2. MODEL AND THEORETICAL ANALYSIS

The WPT system is composed of two resonant coils: transmission and receiving resonant coils, labeled
as Tx and Rx, as shown in Fig. 1. D is the distance between Tx and Rx, Cry the external compensating
capacitance of Tx, and Cry the external compensating capacitance of Rx. The WPT system can be
represented in terms of lumped circuit elements (L, C, and R), as shown in Fig. 2. V; is the source
power, Ry the parasitic resistor of Tx, Ry the parasitic resistor of Rx, R the internal resistor of the
power source, Ry, the load resistor, L; the inductance of Tx, Lo the inductance of Rx, M the mutual
inductance between Tx and Rx, Z;,, the input impedance, w; the angular frequency of Tx, ws the angular
frequency of Rx, and wy the original resonant angular frequency of each coil. All angular frequencies
are shown in Table 1.

Table 1. Angular frequencies.

Symbol Quantity Definition
w The operating angular 2xmx f
frequency 0.6f0 < f <14fo
w The original resonant 2xmx fo
0 angular frequency (fo = 100 kHz)
The angular frequency of
w1 stiar mreduency wy = (L1Cy) 712
the transmission coil
The angular frequency of
%)) & .. d . Y Wy = (L202)71/2
the receiving coil
The new resonant
WRES m . WRES-1; WRES-2
(m=1,23) angular frequency with "
- frequency drift RES-3
wWRES 1s the resonant
WRES frequency corresponding WRES

to the optimal efficiency

By applying Kirchhoff’s voltage law (KVL), the WPT system is presented as follows:
20 + jwMIy =V, Q)
JWMI + ZoIy = 0

Z1=Rs+ 4 +jWL1 + 1/(]WCT;B) (2)
Zo = Rp + Ro + jwls + 1/(jWCR:v)
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Figure 1. The simplified schematic of the WPT  Figure 2. The equivalent circuit model for the
system based on magnetically coupling resonator. =~ WPT system. Each coil is modeled as series
resonators.

where I is the current of Tx, I the current of Rx, and w the operating angular frequency.
The expressions of I; and I can be obtained by solving Egs. (1) and (2).

I Vs
YT 212y + (wM)? )
JwMVs
I =

 Z1Zy + (WM)?

The expression of efficiency in Eq. (4) is as follows:

3Ry, (wWM)?Ry, @
Vol | | 2122 + (wM)?Zs

Equation (2) is substituted into Equation (4). Then the expression of efficiency in Equation (5)
can be obtained.

_|I3Ry _‘ UUy, (5)
Vsl {1+ Us + jer1Q1)(1 + U + jea@2)? + (1 + Up + jeaQ2)U?}
where the source matching factor is defined as Uy = Rs/R;, the load matching factor defined as

Ur, = Rr/Ry, the strong-coupling parameter defined as U = wM /(R Ry)"/2, the unload quality factor
of Tx defined as @1 = wLi/R1, the unload quality factor of Rx defined as Q2 = wLa/Ro, the angular
frequency deviation factor of Tx defined as & = 1 — w}/w?, and the angular frequency deviation factor
of Rx defined as & = 1 — w3 /w?.
The input impedance can be defined by Eq. (6)
Zin:%/II_Rs (6)

Equation (2) is substituted into Eq. (6). Then the expression of the input impedance can be
obtained as follows:

{{(U*+(14+Us)(1+U1) — Q1Q2e182) +j(Q1e1(1+UL) + Qae2(1 + Us))|((1 + Up) — jQas2) }
(1+UL)? + Q33
—R; (7)
Equation (7) can be simplified into Eq. (8)
{l(0+UL)* + U*(1 + Ur) + @Q3¢3] + j[(1 + Ur)?Qier + Qie1Q3e3 — UQ3e3]} (8)
(1+UL)? + Q33

According to Eq. (8), the input impedance characteristic angle () between Vi and I; can be
obtained as follows:

Zin =

Zin = Ry

0 = arctan(Im(Z;,)/Re(Zin))

_ aretan ((1 +UL)?Q1e1 + Q1Q3e163 — U2Q2€2>
(14+UL)2+U2(1+UL) + Q33

9)
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where Re(Z;,) is the real component of Z;,, and Im(Z;,,) is the imaginary component of Z;,. 6 is the
input impedance characteristic angle. When 6 = 0, the impedance is purely resistive, and Eq. (10) can
be obtained from Eq. (9).

(L1L3 — LoM?) w8 + [(R2 + Rp)*Ly — 2Ly L3ws — Ly L3w; + LoM?w3| w*
+ [L1L3ws + 201 L3wiw3 — (Re + Rp)?Liw}] w? — L1 L3wiws =0 (10)

The resonant angular frequencies can be obtained by solving Eq. (10). The resonant angular
frequencies wrrs.m (m = 1,2,3) are dependent on the angular frequency of the transmission resonant
coil wy, the angular frequency of the receiving resonant coil ws, and the load resistor R; when the
parameters of each resonant coil and the transfer distance D are given. According to Eq. (5), the
efficiency is also dependent on the resonant angular frequencies wrgs_m and the load resistor Ry.

3. ANALYSIS OF ADJUSTING FREQUENCY METHOD

In this section, the efficiency can be improved by using the method of adjusting the operating frequency.
When resonant frequency drift occurs and the load resistor is fixed at 50 €2, according to (9), € becomes
greater than zero at w = wy and the efficiency is reduced according to Eq. (5). Fig. 3(b) shows efficiency
versus w/wq profiles for different combinations of w; and ws. It may be observed that the efficiency is
4.1% with w; = 0.8wp, we = 1.2wq, and w = wy, and the efficiency is 3.4% with w; = 1.2wp, ws = 0.8wy,
and w = wqy. This has clearly shown that when the resonant frequency of the two resonant coils drifts
away (due to e.g., parameters variation), working at the original resonant frequency will no longer result
in high efficiency. This is because € is no longer close to zero degree (close to plus/minus 90 degrees
instead) at the original resonant angular frequency, as may be observed from Fig. 3(a). The circuit is
no longer resistive, and the energy tends to be stored in the inductance/capacitance instead of being
transferred away, resulting in a low power transfer efficiency.
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Figure 3. Simulation results with using the method of adjusting frequency, (a) 6 versus w/wy.
(b) Efficiencies versus w/wy.
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The WPT system can operate at the resonant state by using the method of adjusting the operating
frequency. 6 is equal to zero at the new resonant frequency according to Eq. (9). The efficiency is
improved according to Eq. (5). It can be seen from Fig. 3(a) that the new resonant angular frequency
is 0.80wg with w; = 0.8wg, wo = 1.2wg and Ry, = 50€2; whereas the new resonant angular frequency is
1.20wg with wy = 1.2wg, wy = 0.8wy and Ry = 50€2. The efficiency is very low at the original resonant
angular frequency, whereas the efficiency can be improved at the new resonant angular frequency.
Fig. 3(b) shows efficiency versus w/wg profiles for different combinations of w; and we. It may be
observed that the efficiency is 27.8% with w = 0.80wq, w1 = 0.8wg and wy = 1.2wy, and the efficiency is
46.8% with w = 1.20wg, w1 = 1.2wy and we = 0.8wy.

4. PROPOSED METHOD

4.1. Analysis of the Effects of Frequency and Load Resistor on Efficiencies

The efficiency can be improved by adjusting the operating frequency when the resonant frequency drift
occurs. However, the efficiency is still low. For example, the efficiency is 27.8% with w; = 0.8wy,
wo = 1.2wg and Ry, = 502, and the efficiency is 46.8% with w1 = 1.2wq, wo = 0.8wg and Ry, = 50).
In this section, the method of coordinating the operating angular frequency and the load resistor is
proposed in order to further improve efficiency.

According to Eq. (10), the resonant angular frequencies are related to the angular frequency of
the transmission resonant coil wy, the angular frequency of the receiving resonant coil wo and the load
resistor Ry. The efficiency is dependent on the resonant angular frequencies, wi, wo and Ry, according
to Eq. (5). The resonant frequencies can be calculated by using Eq. (10), then the efficiencies can be
obtained according to Eq. (5). Table 2 to Table 5 show calculated efficiencies and resonant frequencies
for different load resistors, wi and wy. It can be seen that the resonant frequency is changed as the
load resistors wy and wo are changed. The efficiency is also changed as the load resistor and resonant
frequencies are changed.

Table 2. Efficiencies and Resonant Frequency with w; = 0.8wy and wy = 1.2wy.

RL/Q WRES_l/kHZ 1 (%) wREs_Q/kHZ 2 (%) wREs_g/kHZ n.3 (%)

0.6 123.2 59.3 121.3 58.4 78.6 3.34
1 x@ X X X 78.6 5.45
2 X X X X 78.6 10.2
5 X X X X 78.7 20.9
10 X X X X 78.8 30.7
20 X X X X 79.3 35.5
30 X X X X 79.5 33.7
40 X X X X 79.7 30.7
50 X X X X 79.8 27.8

wrES.m (m = 1,2,3) are resonant angular frequencies.
Nm (m =1,2,3) are efficiencies at wrrs.m (m = 1,2, 3), respectively.
¢ ¢x’ is denoted as no value.

Table 2 shows calculated efficiencies and resonant frequencies with w; = 0.8wg and wy = 1.2wy.
Resonant frequencies are equal to 123.2kHz, 121.3kHz and 78.6 kHz with Ry = 0.6€2, respectively.
However, there is only a resonant frequency for a given load resistor, which is varied from 12 to 50 (2.
It can be seen that the resonant frequency is varied from 78.6 kHz to 79.8 kHz when the load resistor is
varied from 12 to 50 2. The efficiency is also changed as the load resistor and resonant frequencies are
changed. The maximum efficiency is 59.3%; the resonant frequency is equal to 123.2 kHz; and the load
resistor is 0.6 {2 at the maximum efficiency point.
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Table 3. Efficiencies and resonant frequency with wy = 0.9wg and ws = 1.1wyg.

RL/Q WRES_l/kHZ 1 (%) wREs_Q/kHZ 2 (%) wREs_g/kHZ n.3 (%)

0.6 115.9 56.1 110.8 61.4 86.7 13.6
1 114.1 68.3 112.5 69.1 86.8 20.7
2 x @ X X X 86.9 24.1
5 X X X X 87.3 50.9
10 X X X X 88.3 57.3
20 X X X X 89.3 52.5
30 X X X X 89.7 45.9
40 X X X X 89.8 40.3
50 X X X X 89.9 35.8

WRES._m (m =1,2, 3) are resonant angular frequencies.
Nm (m =1,2,3) are efficiencies at wrges.m (M = 1,2, 3),respectively.
¢ ‘x’ is denoted as no value.

Table 3 shows calculated efficiencies and resonant frequencies with w; = 0.9wg and wy = 1.1wy.
Resonant frequencies are equal to 115.9kHz, 110.8 kHz, and 86.7 kHz with Ry = 0.6 (2, respectively.
Resonant frequencies are equal to 114.1 kHz, 112.5kHz, and 86.8 kHz with Ry = 1€, respectively.
However, there is only a resonant frequency for a given load resistor, which is varied from 22 to 50 (2.
It can be seen that the resonant frequency is varied from 86.9 kHz to 89.9 kHz when the load resistor is
varied from 22 to 50 2. The efficiency is also changed as the load resistor and resonant frequencies are
changed. The maximum efficiency is 69.1%, the resonant frequency is equal to 112.5 kHz and the load
resistor is 1) at the maximum efficiency point.

Table 4. Efficiencies and resonant frequency with wy = 1.2wy and ws = 0.8wyg.

R/ Resonant frequencies/kHz 17 (%)

0.6 125.4 13.7
1 124.2 20.7
2 124.1 33.2
) 124.1 51.6
10 123.4 60.3
20 121.5 60.1
30 120.7 55.3
40 1204 50.0
50 120.1 46.8

Table 4 shows calculated efficiencies and resonant frequencies with w; = 1.2wg and wy = 0.8wy.
There is only a resonant frequency for a given load resistor, which is varied from 0.6 2 to 50 €2. It can be
seen that the resonant frequency is varied from 125.4 kHz to 120.1 kHz when the load resistor is varied
from 0.6 Q2 to 50 2. The efficiency is varied from 13.7% to 60.3% when the load resistor is varied from
0.6 to 109. The efficiency is varied from 60.3% to 46.8% when the load resistor is varied from 10
to 50 €.

Table 5 shows calculated efficiencies and resonant frequencies with w; = 1.1wg and ws = 0.9wy.
There is only a resonant frequency for a given load resistor, which is varied from 0.6 2 to 50 2. It can be
seen that the resonant frequency is varied from 116.8 kHz to 110.1 kHz when the load resistor is varied
from 0.6 Q2 to 50 Q2. The efficiency is varied from 24.0% to 69.0% when the load resistor is varied from
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Table 5. Efficiencies and resonant frequency with wy = 1.1wg and ws = 0.9wyg.

R/ Resonant frequencies/kHz 7 (%)

0.6 116.8 24.0
1 116.7 33.9
2 116.4 49.1
) 115.0 65.3
10 112.5 69.0
20 110.8 62.8
30 110.3 55.7
40 110.2 50.0
50 110.1 45.1

0.6 to 109. The efficiency is varied from 69.0% to 45.1% when the load resistor is varied from 10 2
to 50 €.

4.2. Coordinating Frequency and Load Resistor Method

It is noted that the resonant frequency can be changed with load resistor variations, and the efficiency
can also be changed with the operating frequency and load resistor variations. Therefore, we propose a
method of coordinating the operating frequency and the load resistor to improve efficiency. The process
of the proposed coordinating method is as follows:

1) The load resistor is changed from 0.5 to 1002 in a step of 0.1 according to the condition
of practical constraints. It is assumed that the resonant frequency of each coil is varied from 0.8wqg to
1.2wy when external environment changes [3].

2) The resonant angular frequencies at a given load resistor can be obtained by solving Eq. (10).

3) The resonant angular frequencies at a given load resistor are substituted into Eq. (5). The
efficiency at a given resonant angular frequency and load resistor can then be obtained.

4) Compared to the efficiency at a given resonant angular frequency and load resistor, the optimum
efficiency is obtained.

5) According to the optimum efficiency, the optimum load resistor and the optimum resonant
angular frequency can be obtained. The detailed optimization process is shown in Fig. 4.

Using the proposed method, the simulation results are shown in Fig. 5 and Fig. 6. Fig. 5(a) shows
the input impedance characteristic angle () versus w/wy profiles for different combinations of wy and ws.
It can be seen that resonant angular frequencies are equal to 0.79wq, 1.22wq, and 1.23wy with w; = 0.8wq
and we = 1.2wy, respectively. And the resonant angular frequency is equal to 1.22wg with w; = 1.2wq
and we = 0.8wy, respectively. Fig. 6(a) shows the input impedance characteristic angle (0) versus w/wq
profiles for different combinations of wi and wo It can be seen that resonant angular frequencies are
equal to 0.87wg, 1.13wq, and 1.14wy with wi; = 0.9wg and ws = 1.1wg, respectively. And the resonant
angular frequency is equal to 1.13wy with w; = 1.1wp and we = 0.9wq, respectively. Simulation results
of the resonant angular frequencies are the same as calculation results of Eq. (10). Fig. 5(b) shows
efficiency versus w/wg profiles for different combinations of w; and ws. It may be observed that the
efficiency is 63.6% with w = 1.22wp, w1 = 0.8wp, and wy = 1.2wy and the efficiency is 63.1% with
w = 1.23wp, w1 = 0.8wp, and wy = 1.2wq; whereas the efficiency is 4.3% with w = 0.79wg, w1 = 0.8wy
and we = 1.2wp, and the efficiency is 63.0% with w = 1.22wq, w1 = 1.2wp, and ws = 0.8wy.

Figure 6(b) shows efficiency versus w/wg profiles for different combinations of wy and we. It may
be observed that the efficiency is 69.1% with w = 1.13wq, w1 = 0.9wy and we = 1.1wg, and the efficiency
is 68.3% with w = 1.14wp, w1 = 0.9w and wy = 1.1wg; whereas the efficiency is 20.7% with w = 0.87wy,
w1 = 0.9wq, and wy = 1.1wg, and the efficiency is 69.1% with w = 1.13wg, w1 = 1.1wy and wy = 0.9wy.
It is found that the resonant frequencies can be changed when the load resistor is changed, and the
efficiencies are also changed when the load resistors and the resonant angular frequencies are changed.
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Figure 4. Flowchart of the optimization process by coordinating operating frequency and load resistor.
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w/wp. (b) Efficiencies versus w/wy.
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Figure 6. Simulation results with w; = 1.1wg, wy = 0.9wp and w; = 0.9wp, wo = 1.1wp. (a) O versus
w/wp. (b) Efficiencies versus w/wy.

The optimum resonant angular frequency and the optimum efficiency can be obtained by using the
proposed method.

5. MEASUREMENT RESULTS

5.1. The Experimental System

To validate the proposed method, the prototype model of the system has been built, as shown in Fig. 7.
It is composed of the DC voltage source, two resonant coils, the quadruple-frequency inverter and
the load. The value of the DC voltage source is 15V, the fabricated DC voltage source is shown in
Fig. 7(b). The two resonant coils are transmission and receiving coils. The transmission resonant coil
is on the right. The receiving resonant coil is on the left, as shown in Fig. 7(c). The diameter of the
transmission resonant coil is 40 cm with a pitch of 2cm for approximately 6 turns. The parameters
of the receiving resonant coil are the same as those of the transmission resonant coil. The parameters
of the resonant coils can be calculated by using [29, 30]. An impedance analyzer TH2829A is used to
extract the parameters in Eqgs. (1) and (2). The original resonant frequency is set to be 100 kHz. The
parameters of the resonant coils are listed in Table 6.

The quadruple-frequency inverter is used in this paper. Fig. 8 shows the schematic diagram of the
inverter. The inverter consists of eight switch MOSFETSs (Q1 ~ @s) and two electrolytic capacitors (Cy
and C3). IR2110 and IRF3205 are used as the gate driver and the switch MOSFET. The fabricated
inverter is shown in Fig. 7(d). The inverter is controlled by the pulse-width-modulation (PWM) signals
from the DXP28335 controller, as shown in Fig. 7(e). The inverter is suitable for working at high
frequency (100 kHz-1 MHz).

D is set to 18 cm. The frequency of each resonant coil is changed by using high quality factor
capacitances in order to simulate external environmental changes.
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Table 6. Parameters of the resonant coils.

Symbol Quantity Value
Ly the inductance of Tx 29.70 uH
Lo the inductance of Rx 29.70 uH
4 the external compensating capacitance of Tx  85.28 nF
Cy the external compensating capacitance of Rx  85.28 nF
Ry the resistor of Tx 0.30Q2
Rs the resistor of Rx 0.29Q
fo the original resonant frequency 100.0 kHz

@ (@)

Figure 7. The experimental setup of the WPT system. (a) The overall experimental setup. (b) The
DC voltage source. (c) The resonant coils. (d) The quadruple-frequency inverter. (e) The DXP28335
controller.

5.2. Adjusting the Operating Frequency

After replacing the bulb with a resistor, we firstly measure the system resonant frequencies and
efficiencies by adjusting the operating frequency method. Fig. 9(a) shows the calculated and measured
wrEs/wo profiles for different w; (the system may have several resonant angular frequencies, the
calculated and measured wrgs is the resonant angular frequency at the maximum efficiency point,
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Figure 10. Measured and calculated results of efficiencies, (a) Efficiencies versus wj/wq for different
we with Ry, = 50€Q. (b) Efficiencies versus ws/wg for different wq with Ry = 50 Q.
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the following wrps is also the resonant angular frequency at the maximum efficiency point). It can be
seen that wrps/wp is nearly constant as the wy/wy is varied from 0.8 to 1.2. wrgs/wo is nearly equal
to 1.2 with w; = 1.2wp and Ry, = 509; whereas wrgs/wp is nearly equal to 0.8 with w; = 0.8wy and
R =50Q.

Figure 9(b) shows the calculated and measured wrgs/wq profiles for different ws. It can be seen that
wRrES/wo is changed along with the change of wi/wq. It is found that the resonant angular frequency
wrEs is determined by wy with Ry = 50€2. This is because the input impedance characteristic angle is
equal to zero at w = wy in term of Eq. (9) even though the frequency of Rx deviates from the original
resonant frequency. Fig. 10(a) shows the calculated and measured efficiencies versus wy /wqy profiles for
different wy. The efficiency is varied from 34.7% to 51.2% at we = 0.8wp when wj/wy is changed from
0.8 to 1.2. The efficiency is varied from 31.7% to 48.7% at we = 1.2wy when w; /wy is changed from 0.8
to 1.2. Fig. 10(b) shows the calculated and measured efficiencies versus wa/wg profiles for different w.
The efficiency is nearly constant for different wq as we/wg is changed from 0.8 to 1.2. The efficiency is
nearly equal to 32% at wy = 0.8wy; whereas the efficiency is nearly equal to 49% at w; = 1.2wy.

5.3. The Proposed Method

When the proposed method is used, Fig. 11(a) shows the calculated and measured optimum Ry, versus
wa /wy profiles for different w;. It can be seen that optimum Ry, is changed as wo/wy is varied.
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Figure 11. Measured and calculated results of optimum Ry, (a) Optimum Ry, versus ws/wy for different
wi. (b) Optimum Ry, versus wi/wq for different wo.

Figure 11(b) shows the calculated and measured optimum Ry, versus w;/wg profiles for different
wo. It can also be seen that optimum Ry, is also changed as wj/wq is varied. There exists an optimum
Ry, for different combinations of w, w1, and ws in order to obtain the optimum efficiency.

Figure 12(a) shows the calculated and measured optimum wrgs/w versus woy /w0 profiles for different
w1. The optimum wgrgs is changed at w; = 0.8wy along with the change of we as wy/wy is changed from
0.8 to 1.2; whereas the optimum wgrgg is nearly constant and equal to 1.2wg with w; = 1.2wg as we /wy is
changed from 0.8 to 1.2. Fig. 12(b) shows the calculated and measured optimum wgrgs/wo versus wq /wy
profiles for different wo. The optimum wrgs is changed at wo = 0.8wy as wi/wp is changed; whereas
the optimum wgrgg is nearly constant with wy = 1.2wg as w;/wp is changed from 0.8 to 1.2. It can be
seen that wrgg is changed along with the change of w; when the method of adjusting the operating
frequency is used, whereas the optimum wgrgs is determined by wy w2 and the optimum load resistor
Ry when the proposed method is used. This is because the resonant frequencies are changed with the
load resistor variations in term of Eq. (10).
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Figure 12. Measured and calculated results of optimum wgrgs/wo, (a) Optimum wrEs/wp versus ws /wy

for different w; with optimum Ry. (b) Optimum wgrps/wy versus wi/wyg for different wy with optimum
Ry.

When the optimum wgrgg and optimum load resistor are used, Fig. 13(a) shows the calculated and
measured efficiencies versus wy/wy profiles for different w;. The efficiency is varied from 68.9% to 62.5%
with w; = 0.8wp as wy/wy is changed from 0.8 to 1.2. The efficiency is varied from 64.2% to 71.8%
with w; = 1.2wg as wa/wp is changed from 0.8 to 1.2. Fig. 13(b) shows the calculated and measured
efficiencies versus wi/wg profiles for different wy. The minimum efficiency is 64.2% with w; = 0.8wy
as wo/wp is changed from 0.8 to 1.2. The minimum efficiency is 62.5% with w; = 1.2wy as wa/wy is
changed from 0.8 to 1.2. Compared with the method of only adjusting the operating frequency, the
efficiency is improved by the proposed method. In this paper, the quality factors of Tx and Rx are not
high. Therefore, the system efficiency is not high. However, the validity of the proposed method is not
affected by this low efficiency. This paper focuses on optimization of efficiency under frequency drift.
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Figure 13. Measured and calculated results of efficiencies, (a) Efficiencies versus ws/wq for different
w1 with optimum Ry. (b) Efficiencies versus wy/wq for different wy with optimum Ry,.
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In the laboratory demonstration, the load resistor and the operating frequency are changed
manually. However, the equivalent load resistor can be automatically changed by using impedance
matching network [31]. The operating frequency can also be automatically changed by adjusting the
switch frequency of the inverter in practical applications.

6. CONCLUSION

In this paper, a method of coordinating the operating frequency and the load resistor is presented
to improve the efficiency when the resonant frequency drift occurs. Compared with the traditional
adjusting operating frequency method, the efficiency is higher by using the proposed method. As
examples, the maximum achievable efficiency is 51.2% by using the traditional method, whereas the
efficiency is varied from 62.5% to 71.8% by using the proposed method. The efficiency is improved by
using the proposed method.

Two key points are obtained in this paper. First, the load resistor variations will change the
resonant frequency of the WPT system. Secondly, there may be several resonant frequencies. However,
there is only an optimum resonant frequency to obtain the maximum efficiency. The proposed method
is helpful for the design of frequency tracking technology. Future direction of this work is to introduce
a method of parameter identification (L, C, and R) to estimate resonant frequency of each coil and to
make the system more robust.
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