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Wireless Power Transfer With Automatic Feedback
Control of Load Resistance Transformation

Dukju Ahn, Seongmin Kim, Jungick Moon, and In-Kui Cho

Abstract—This paper proposes a wireless power transfer with
automatic feedback control of load resistance transformation to
maintain high efficiency over wide variations of coupling current
and load current. The receiver (Rx) first determines the desired
current level of transmitter (Tx) coil such that the receiver-side
converter can transform the load resistance into optimum effective
resistance, based on load current and Tx-to-Rx distance informa-
tion. The determined Tx coil current data are sent to the transmit-
ter, which then adjusts the Tx coil current accordingly. In this way,
the effective resistance transformed by the receiver-side converter
remains optimum under the variations of distance and load cur-
rent. One of the advantages of the proposed automatic feedback
control is faster response and simple hardware because it does
not use operating point sweep and observation. The receiver-side
switching converter also incorporates the ability to send data from
receiver to transmitter by modulating the duty cycle of converter
at data frequency, eliminating the need for separate RF communi-
cation hardware. This proposed communication does not require
shunt current dissipation from dc output to ground, resulting in
low loss. Experimental result demonstrates that the system main-
tains high efficiency under wide variations of coupling and load
current.

Index Terms—DC–DC converter, impedance matching, opti-
mum load resistance, switching converter, wireless power.

I. INTRODUCTION

W IRELESS power transfer is now widespread in a variety
of applications ranging from milliwatts [1], [2], several

watts [3], [4], to kilowatts [5], [6], [8]. One of the bottlenecks
of wireless power technology is the ability to accommodate a
wide range of distance and load variation. The alignment and
distance separation between power transmitter (Tx) and receiver
(Rx) change as the user moves the devices. In addition to the
alignment, the current profile of typical rechargeable battery is
decreased as charging status proceeds. Therefore, the wireless
charging system should be robust under the varying load current.

It is well known that the efficiency usually degrades if the
vertical separation or lateral misalignment becomes too large
except for special cases such as overcoupled or bifurcation re-
gion. One of the solutions is to specially design the transmitter
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coil structure such as [5]–[7] so that the system is robust to
misalignment. However, the coil structure proposed in [6] is
not applicable for the scenario of vertical separation. Having
two transmitters in [7] is not convenient. In other solutions, the
inductance or capacitance value can be runtime adjusted if the
distance or load is changed [9]–[11], at the expense of large array
of discrete components. Frequency tracking is another method
to compensate for the distance and load variations [21], [2].
Although these schemes successfully achieve output regulation,
the limitation is that these are only applicable at short distance
separation where frequency-splitting behavior is observed. The
efficiency of [2] is severely degraded as the load resistance is
changed. A number of multiresonator structures have been pro-
posed to enhance the resonance and thereby extend the operating
distance [22]–[25]. These multiresonators significantly enhance
transmission distance and efficiency. However, the efficiency
is still highly dependent on distance and load. Specifically, it
has been pointed out that the efficiency of four-coil resonator is
severely degraded at a very short distance [22]–[24].

Imura and Hori [12] demonstrated that the optimal load
impedance, which produces maximum efficiency, is subject to
change, depending on the air gap distance, and that selecting
appropriate load impedance can avoid efficiency degradation
without using inductor/capacitor tuning or frequency tracking.
Garnica et al. [13] and Baker and Sarpeshkar [14] also discuss
that there is an optimum resistance to which the load resistance
needs to be matched in order to obtain maximum efficiency.
The task is now to find the optimum load resistance and trans-
form the actual load resistance into the optimum one. This point
can be seen from Fig. 1. The effect of receiver coupled with
transmitter is abstracted as a reflected resistance Rrefl

Rrefl = k2ωLTx
ωLRx

RPRx + RL
. (1)

Since the power dissipation in the reflected resistance is equiv-
alent to the actual power transferred to receiver, it is important
to maintain high reflected resistance to increase efficiency. Un-
fortunately, the reflected resistance is dependent on coupling
k and the load resistance RL . In real application scenario, the
coupling varies as the user alters the Tx-to-Rx alignment and
the load resistance varies as the charging progresses or the device
power consumption changes. Too small coupling k or too large
load resistance RL will lower the reflected resistance and de-
grade efficiency. In these cases, RL needs to be transformed into
a different effective resistance to compensate for the changes of
coupling k or actual load RL . Note that indefinitely high Rrefl
is also not desired because very high Rrefl demands small RL ,
and if RL becomes too small and approaches RPRx , then most
of the power is dissipated in RPRx , resulting in low efficiency.
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Fig. 1. Circuit model of basic wireless power transfer system. The effect of
receiver is abstracted as a reflected resistance Rrefl . Rrefl should be high to
maintain high efficiency because the power dissipation in Rrefl is equivalent to
the power transferred to receiver. RPTx is the sum of parasitic resistances of
LTx and voltage source Vs RPRx is the parasitic resistance of LRx .

Therefore, there exists an optimal load resistance RL,opt and a
corresponding optimal Rrefl as follows [13], [16]:

RL,opt = RPRx

√
1 +

k2ωLTxωLRx

RPTxRPRx

∼= RPRxk

√
ωLTxωLRx

RPTxRPRx
(2)

where the approximation holds if k2 ∗ ωLTx/RPTx ∗ ωLRx/
RPRx is higher than unity, which is usually satisfied in weakly
coupled system. For coupling k variation, the relationship (2)
indicates that the variation of coupling alters the desired opti-
mal load RL,opt , and the discrepancy between RL,opt and RL

degrades efficiency. For load resistance variation, RL,opt is not
changed, and this discrepancy also degrades efficiency.

To address the challenge mentioned earlier, the idea of using
a receiver-side switching converter has been proposed to trans-
form the actual load resistance RL into different effective load
resistance, as well as output voltage regulation [15]–[18]. It is
demonstrated that the receiver-side converter is able to trans-
form the actual load resistance into effective load resistance,
to increase the reflected resistance, and to improve the overall
efficiency [15]. If the load resistance significantly deviates from
the optimal load point or the coupling is reduced, the duty cycle
of receiver-side switching converter is adjusted such that the
reflected resistance and the overall efficiency are increased. The
idea of using a switching converter to implement impedance
transformation is advantageous over frequency tracking or in-
ductor/capacitor (L/C) tuning because of larger distance sepa-
ration, smaller L/C component size, and the ability to tune the
parameters in continuous manner.

The amount of impedance transformation ratio needs to be
runtime controlled to match the transformed resistance to the
desired optimal value. This transformation ratio is not a fixed
but variable value depending on distance and load condition.

Several techniques have been developed to determine the opti-
mal transformation ratio [16]–[18].

In [16], the input voltage to Tx inverter is adjusted to
change the duty cycle of receiver-side dc–dc converter. Since
the receiver-side converter forces the receiver output voltage to
be constant, the optimal input voltage, which produces maxi-
mum efficiency, is equivalent to the input voltage, which results
in the lowest input power. To find the optimal input voltage,
the inverter input voltage is perturbed, the resultant input power
is observed, and the input voltage is further perturbed based
on the previous perturbation–observation cycle. The similar
perturbation-and-observation method is demonstrated also in
[17] and [18]. This algorithm successfully tracks the duty cy-
cle of receiver-side converter, which yields the optimal load
transformation and maximum overall efficiency.

Unfortunately, [15] lacks the ability to automatically adjust
the duty cycle in response to load variation. Hence, the optimal
duty cycle and Tx input voltage had to be manually adjusted. The
perturbation-and-observation algorithm in [16]–[18] is able to
track the optimal duty cycle automatically. However, the search-
ing speed to find the optimum duty cycle tends to be slow. In
[16, Fig. 14], one perturbation takes around 10 s. As an another
example, in [18], one settling transient takes around 2–3 s under
the variations of load and coupling. Another drawback is the
complex and bulky control hardware such as FPGA, 2.4 GHz
wireless communication module, RF coupler, and power sensor.
Third problem is that its operating range needs to be restricted.
Taking the study in [16] as an example, the duty cycle of 0.38
separates the system operating range into two regions, which
have conflicting design requirements. Since the maximum effi-
ciency point lies at the region of duty cycle higher than 0.38,
the duty cycle was restricted accordingly such that the duty of
0.38 is the minimum allowed boundary. However, it is possible
that the boundary duty value can be changed when the distance
or load condition are changed. The work in [17] has a similar
issue.

The work in [19] employs an active rectifier to maintain the
current ratio between Tx coil and Rx coil to be constant. This
feedback scheme is also effective for the reduced coupling and
load variation scenario. To realize the feedback, the informa-
tion on the rectifier switch-off cycle and the load output voltage
has to be transmitted from receiver to transmitter via a separate
wireless communication channel. It would be more compact and
cost effective if the communication is via in-band load-shift key-
ing (LSK) without having a separate wireless communication
module.

In this paper, a method to determine the optimal duty cycle
and the transformation ratio of the receiver-side converter is
proposed. The distance separation and load current is sensed at
receiver, which then sends a control value to transmitter such
that the receiver converter can remain in optimal duty cycle. The
scheme utilizes two analog feedback loops, one is internal to re-
ceiver and the other is from receiver to transmitter. It is different
from perturbation and observation in that the duty cycle settles
to the desired value by negative feedback from Rx to Tx with-
out a sweeping process. The advantage is high efficiency over
wide variation of distance and load current with fast response
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Fig. 2. (a) Boost-type converter attached at receiver resonator. (b) Simulated and calculated reflected resistance. It can be seen that the actual load resistance can
be transformed into different value and, therefore, reflected resistance can be adjusted by changing the duty cycle of switching converter. RL = 9W , k = 0.074,
LTx = 3.96μH, and LRx = 9.33μH. (c) Simulation setup of (b).

and simple hardware. Section II describes the proposed tech-
nique, and Section III presents measurement result. Conclusion
is drawn in Section IV.

II. PROPOSED CONTROL METHOD

The aim of the proposed scheme is a fast, small-size, and
low-cost feedback control of load resistance transformation
of receiver-side converter. Utilizing feedback from receiver to
transmitter is faster than perturbation-and-observation sweeping
process. The proposed scheme does not need bulky and expen-
sive hardware such as FPGA, microcontroller, or separate RF
communication module.

The data flow of communication is only from receiver to
transmitter—no communication is required from transmitter to
receiver. The only feedback data that needs to be sent from Rx
to Tx is the desired current level of Tx coil. This allows sim-
pler communication scheme to be used. The conventional LSK
communication consists of a shunt resistor and switch from rec-
tifier output to ground in order to dissipate power at a data rate.
This causes power loss at the communication resistor. To enable
the low-loss communication from receiver to transmitter with-
out separate RF module, the receiver-side switching converter
equips with a new type of LSK back telemetry.

A. Control Strategy and Requirements

Fig. 2(a) illustrates the boost-type converter attached at the
receiver resonator. When the two MOSFET switches are on, the
resonant current is built up along LRx–CRx–M2–ground–M1.
The switch is directly attached at the resonator before rectifier
so that the current buildup path does not contain the rectifier,
which has voltage drop loss. Another advantage is that separate
dc inductor and output diode for a typical boost converter is
not necessary. This is unlike the study in [15]–[17] where the
switch comes after the rectifier. The rectifier converts RL into
(8/π)RL , which is finally converted by boost switches into

RL,eff = (1 − D)2
(

8
π

)
RL (3)

Fig. 3. Measured and calculated duty cycles for maximum efficiency under
load current and coupling (distance) variations. It can be seen that higher duty
cycle is required when the load current is small or the coupling coefficient is
small.

where D is the duty cycle as described in [16]. Fig. 2(b) com-
pares the simulated reflected resistance with calculated value
using (3) and (1). It is seen that, by adjusting the duty cycle, the
actual load can be transformed into a different value, which fur-
ther modifies the reflected resistance. The simulation software
is PSIM, which provides RLC, mutual inductance, and semicon-
ductor switches. The simulated result of Fig. 2(b) matches the
calculation very well because the diode and MOSFET are set to
be lossless during simulation. The simulation setup is illustrated
in Fig. 2(c). The reactance of LTx is cancelled by a resonating
capacitor CTx , and the voltage source Vs supplies sinusoid volt-
age and current into the transmitter. The ratio between voltage
and current of Vs is the reflected resistance.

Although smaller RL,eff increases the reflected resistance,
too small RL,eff also reduces efficiency because the parasitic
RPRx becomes comparable with RL,eff . This is the reason why
infinitely small RL,eff is not desired, and there is an optimal
value described as in (2). The optimal duty cycle is determined
by coupling coefficient and load resistance. Fig. 3 illustrates the
duty cycle for maximum efficiency under various load currents
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Fig. 4. Inverter input voltage and corresponding duty cycle and efficiency.
Changing the inverter input voltage is a method of adjusting the receiver duty
cycle. It can also be seen that the efficiency is maximized at a certain duty cycle.
The inverter input needs to be high when coupling is low or load current is high.
In this measurement, input voltage is directly fed from dc supply equipment. In
practice, a dc–dc converter could be used to control the input voltage.

and distances. The measurement curve in Fig. 3 is obtained by
manually sweeping the Tx inverter input and recording the cor-
responding duty cycle and efficiency. The calculation in Fig. 3
is done using (2) and (3). It can be seen that lower load cur-
rent (i.e., larger load resistance) and longer distance (i.e., small
coupling) demand higher duty cycle. This relationship can be
explained by (2) and (3). The wireless power system is typically
designed at its full load condition, which implies that nomi-
nal load resistance is typically small. However, when the load
current becomes small (i.e., large load resistance), this large
resistance needs to be reduced back to the nominal small resis-
tance. Therefore, according to (3), high duty cycle is required.
For small coupling condition, (2) describes that the optimal load
resistance should be small, which means higher duty cycle is
required.

The duty cycle is adjusted by changing the Tx coil current
because receiver-side converter is regulated at a fixed dc output
voltage. Fig. 4 illustrates the measured duty cycle and corre-
sponding efficiency versus Tx input voltage, which is an indi-
cator of Tx coil current. It can be seen that the Tx inverter input
voltage needs to be high when the coupling is low. This can
be explained as follows. When the coupling coefficient k is re-
duced, say half, the optimal load resistance RL,opt also needs to
be reduced by half. However, the power dissipation at reflected
resistance

|ITx |2 Rrefl = |ITx |2 k2ωLTx

(
ωLRx

RL,opt

)

= constant (4)

needs to be constant because the receiver output power is regu-
lated to be constant, where ITx is the Tx coil current. Therefore,
|ITx |2 needs to be increased to maintain constant output power
at RL,opt . The fact that lower coupling demands higher Tx coil

TABLE I
CONTROL PARAMETER RELATIONSHIPS

Distance Increased
(Coupling Reduced)

Load Current Reduced (Load
Resistance Increased)

Tx coil current Increase Reduce
Rx converter duty cycle Increase Increase
RL , o p t Reduced Constant

current can also be explained in the following way. Suppose that
the Tx coil current ITx is fixed when the coupling coefficient
k is reduced by half. Since the power consumption at reflected
resistance

|ITx |2 Rrefl = |ITx |2 k2ωLTx

(
ωLRx

Reff

)

= constant (5)

needs to be constant, RL,eff is regulated to be reduced by 1/4.
However, according to (2), RL,opt needs to be reduced only by
half if coupling is reduced by half. Therefore, the transformed
RL,eff value becomes different from the desired RL,opt value,
if the Tx coil current is not increased.

When the load current is reduced, it can be seen that the Tx
coil current and inverter input needs to be reduced in Fig. 4. This
is because RL,opt is constant regardless of the load current, but
the power dissipation |ITx |2 ∗ k2iωLTx(ωLRx/RL,opt) should
be reduced.

Based on the aforementioned discussions, it can be summa-
rized that the Tx coil current should be adjusted in order to
adjust the receiver duty cycle. Table I summarizes the relation-
ships discussed earlier.

B. Proposed Control Method

Fig. 5 illustrates the conceptual diagram of the proposed con-
trol method to implement the control strategy discussed earlier.
The receiver senses the load current and coupling coefficient
and then determines the required Tx coil current level, which is
proportional to Isen -EAout . Here, the coupling coefficient is in-
directly sensed by the duty cycle of Rx converter (or the voltage
level of EAout) because the Rx output is regulated at a constant
dc voltage by the Rx-internal feedback loop. In other words, for
example, the duty cycle of Rx converter is high if the coupling
coefficient is reduced. Higher duty cycle implies lower coupling
coefficient. The transmitter adjusts its Tx coil current amplitude
based on the Isen -EAout sent from receiver. In response to the
change of Tx coil current, the duty cycle of the receiver-side
switching converter is automatically adjusted by the feedback
loop embedded in receiver.

When the load current is reduced, Isen is lowered proportion-
ally. Isen -EAout is reduced accordingly, and this value is sent to
the transmitter. As a result, the Tx coil current is reduced, re-
sulting in higher duty cycle and smaller transformed resistance.

When the coupling coefficient is reduced, EAout is immedi-
ately reduced to produce larger duty cycle. At the same time,
Isen -EAout is increased to slowly increase the Tx coil current
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Fig. 5. Conceptual diagram of the proposed control method. The receiver determines the desired Tx coil current which is proportional to Isen -EAout . This is
sent to the transmitter in order to adjust the Tx coil current. The receiver-side converter duty cycle is changed in response to the adjusted Tx coil current by the
receiver internal feedback. In this way, the receiver duty cycle is settled to the optimum duty cycle, which transforms RL into RL,opt .

Fig. 6. Proposed LSK back telemetry, which transmits data from receiver to transmitter. The conventional LSK is also illustrated as a comparison by dotted lines.
Unlike the conventional LSK, the proposed LSK does not dissipate power from shunt resistance, resulting in low loss. The switching converter M1–M2 stops at
the data pulse rate. This causes current pulse at Tx coil.

amplitude. Since the Tx coil current is increased, the reduced
EAout is slightly recovered and the amount of increment of duty
cycle is somewhat reduced. In other words, the duty cycle in-
creases as the coupling coefficient is reduced, but the amount of
increment of duty cycle is rather low due to the Tx coil current
increment. The rationale of this control strategy is explained in
(4), (5), and corresponding discussions.

Although Fig. 5 illustrates two power converters before and
after the rectifier, the number and the placement of power

converter can be freely chosen based on application situation.
For example, only one power converter either before or after the
rectifier can also implement the proposed control concept. Sim-
ilarly, the data communication can be either a separate wireless
channel or an in-band LSK.

C. Proposed LSK Communication with Switching Converter

Fig. 6 illustrates the proposed back telemetry scheme, which
transmits data from receiver to transmitter. Fig. 6 also compares
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Fig. 7. Circuit implementation of the proposed control method of Figs. 5–6. The M1–M2 is the receiver-side switching converter whose duty is controlled by
the feedback loop. The feedback loop finds the optimum duty of M1–M2 such that RL is transformed to RL ,opt , as well as performs dc-load voltage regulation.
M1–M2 also performs LSK back telemetry communication.

the conventional LSK scheme with proposed one. Unlike the
conventional LSK back telemetry scheme [20], the proposed
LSK does not have the shunt current dissipation path from dc
output through resistor to ground. This has the advantage of
avoiding power loss during the communication switch-on du-
ration. Instead of using the traditional shunt current path and
resistor, the proposed scheme slowly modulates the converter
(M1 and M2) duty cycle at a data frequency. This induces the
variation of Tx coil current envelope at a data frequency, and
data are recovered by Tx demodulator.

D. System Implementation

Fig. 7 illustrates a specific circuit implementation of the pro-
posed method of Figs. 5 and 6. Isen -EAout voltage level is con-
verted to frequency quantity using LTC6992 voltage-controlled
oscillator. This modulates the gate input to M1 and M2, and this
frequency is detected by an envelope detector within the trans-
mitter. The data communication does not need digital modula-
tion because it is sufficient to send only a single voltage quantity
Isen -EAout . Instead of digital encoding, high Isen -EAout voltage
is mapped to low-frequency pulse, which is directly recovered
to a low voltage value by a frequency-to-voltage converter.

The recovered voltage value at the frequency-to-voltage con-
verter determines the PWM duty ratio of a transmitter buck
converter consisting of Mb–Db. The current in LTx is directly
controlled by the duty cycle of Mb.

III. EXPERIMENTAL RESULT

Fig. 8 is the measurement setup. The Tx coil diameter and
Rx coil diameter is 12.5 and 11.5 cm, respectively. The distance

Fig. 8. Measurement setup and fabricated Tx and Rx boards.

between Tx coil and Rx coil is varied between 5.5 and 10 cm. The
inverter frequency is 305 kHz, while the receiver-side converter
frequency is 150 kHz. The Tx coil is single-layer, five-turn litz
wire, and the Rx coil is a double-layer, eight-turn litz wire.
The bench-top dc power supply provides the supply voltage to
Tx inverter, and the electronic load draws dc current from Rx
board output, which is regulated at 9.15 V. The total efficiency
is measured by the dc output power of electronic load divided
by the dc supply power of Tx inverter. Table II summarizes the
system parameters.

Fig. 9 shows the measured waveform when the Tx-to-Rx dis-
tance is fixed and the load current is varied. Fig. 9(a) and (b)
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Fig. 9. Measured waveform when the Tx-to-Rx distance is fixed to 8 cm and the load current is varied. (a) Load current of 0.15 A. (b) Load current of 1.1 A.
For lower load current, the receiver-side duty cycle is increased and the Tx coil current is decreased.

Fig. 10. Measured waveform when the load current is fixed to 0.6 A and the distance is varied. (a) Tx-to-Rx distance is 5.5 cm. (b) Tx-to-Rx distance is 10 cm.
For larger distance separation, the receiver-side duty is increased and the Tx coil current is also increased.

TABLE II
SYSTEM PARAMETERS

Parameter Value

LT x 3.96 μH
RP T x 0.035 Ω
LR x 9.33 μH
RP R x 0.06 Ω
CT x 71 nF
CR x 30 nF
CR E C T 680 μF
Load voltage 9.15 V
Load current 0.15–1.1 A
Inverter frequency 305 kHz
Inverter dc input 26 V
Tx coil diameter 12.5 cm
Rx coil diameter 11.5 cm
Tx-to-Rx distance 5.5–10 cm

shows the load current of 0.15 and 1.1 A, respectively. It can be
seen that when the load current is small as in Fig. 9(a), the Tx
input current is lowered by lowering the Tx buck converter duty
cycle Mb. At the same time, the duty cycle of the receiver-side

converter M1–M2 is increased to transform the large load resis-
tance into a smaller value as explained in Section III-A.

Fig. 10 is the measured waveform when the load current
is 0.6 A. Fig. 10(a) and (b) shows the Tx-to-Rx distance of
5.5 and 10 cm, respectively. When the distance is long, the
Tx input current is increased by higher Mb duty, and the duty
cycle of the receiver-side converter is increased, as explained in
Section III-A.

Fig. 11 shows the measured waveform of the Rx dc output,
the Tx demodulator output, and the receiver-side converter duty
input. Note that the timescale is longer compared to Figs. 9
and 10 to visualize the LSK communication situation. The M1–
M2 gate input is set to zero at a data rate. This variation in the
duty cycle of the receiver converter is detected and demodulated
by Tx-side envelope detector. The advantage of this communi-
cation is that it does not dissipate the power through a shunt
resistor unlike the conventional LSK scheme. The communi-
cation burden of the proposed feedback control is simple—it
is sufficient to send a voltage value (Isen -EAout) from the re-
ceiver to transmitter. Therefore, modulation/demodulation can
easily be implemented by mapping the Isen -EAout value to the
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Fig. 11. LSK communication waveforms. The Rx-side converter M1–M2 is
off at a rate of data pulse (1.48 kHz in this setup). This is demodulated at Tx.
Low-loss LSK is realized by the activation/deactivation of Rx-side switching
converter without the shunt power dissipation of traditional LSK. Output current
is 450 mA.

Fig. 12. Measured efficiency under the variations of coupling and load current.
The Rx-side converter for optimum load resistance transformation is effective
to increase the efficiency at small load current or longer distance. The “w/o
conv.” traces are measured by disabling Mb–Db and M1–M2 shown in Fig. 7.
In practice, conventional wireless power systems have a dc–dc converter at
transmitter inverter. Therefore, the efficiency of conventional systems would be
reduced in actual deployment scenario.

communication frequency, and complex digital hardware is not
necessary.

Fig. 12 shows the measured efficiency under the variations of
coupling and load current. Without the receiver-side converter,
the efficiency is significantly degraded when the load current
is reduced or the distance is increased. This severe efficiency
degradation is avoided by the load resistance transformation of
the receiver-side converter. For a very strong Tx–Rx coupling
as in 5.5 cm distance gap, the system without Tx/Rx switch-
ing converter might perform better. In practice, conventional
wireless power systems have a dc–dc converter at transmitter

Fig. 13. (Solid line) Measured duty cycle and efficiency settled by automatic
feedback control. (Dotted line) Measured optimum duty cycle and efficiency
by manual adjustment of Tx input voltage. (a) It can be seen that the automatic
feedback loop indeed tracks the optimum duty cycle. (b) Measured efficiency.
The automatic feedback control nearly achieves maximum efficiency found
by manual duty adjustment. The efficiency difference happens at smaller load
currents due to the low efficiency of Tx dc–dc converter consisting of Mb–Db
in Fig. 7.

inverter, which will reduce the efficiency of conventional sys-
tem in actual deployment scenario. Moreover, its efficiency is
severely degraded if the distance becomes longer or the load
current is reduced. Therefore, the basic wireless power without
any load transformation is hard to accommodate wide variation
of distance and load. On the other hand, the proposed scheme is
very robust to distance and load variation.

Moreover, the ability to receive the required amount of power
is greatly increased with the proposed system. The “10 cm w/o
Tx & Rx conv.” setup can only receive up to 6 V output voltage,
whereas the “10 cm proposed” setup can successfully receive
9.15 V. The proposed scheme receives higher power without
increasing the coil current ITx , because the proposed scheme
increases reflected resistance Rrefl and the power delivered to
the receiver is equivalent to I2

TxRrefl .



7884 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 11, NOVEMBER 2016

Fig. 14. Transient waveforms when the load current is changed. The output settles within 170 ms. This response is faster than the perturbation-and-observation
method.

TABLE III
PERFORMANCE COMPARISON

Tx Coil
Size (cm)

Rx Coil
Size (cm)

Distance
(cm)

Normalized
Distance

Coupling
Coefficient

Power Setup Efficiency
(%)

Settling Time

This paper 12.5 11.5 5.5 0.46 k = 0.137 10 W 76 170 ms
5.5 0.46 k = 0.137 2.7 W 64
10 0.83 k = 0.048 10 W 63.5

[16] 2.7 2.7 n/a n/a k = 0.1 2.5 W 35 >20 s
k = 0.44 4.5 W 65

[17] 27 27 10 0.37 n/a 25 W 88 n/a
25 0.93 25 W 73
25 0.93 100 W 79

[18] 32 32 10 0.31 k = 0.075 Input 40 W 78 A few seconds
7 0.22 k = 0.137 73

For the curves without the Tx/Rx converter, the output volt-
age is not automatically regulated. Instead, the output voltage is
manually set to be 9.15 V, which is the same voltage as switching
converter case. To do this, the input voltage of inverter is manu-
ally adjusted to produce 9.15 V output by dialing the benchtop
power supply knob. One exception is for the “10 cm w/o Rx
conv.” curve—the achievable output voltage was at most 6 V
even if the inverter input voltage is increased to maximum limit.
For the curves with the “proposed” labels, the output voltage
is automatically regulated to 9.15 V. Both the proposed scheme
and the “w/o Tx & Rx conv.” setup can maintain constant Rx
load voltage by increasing the Tx inverter output power when the
efficiency is degraded. However, the advantage of the proposed
scheme is that the efficiency degradation is milder compared to
“w/o conv.” system, resulting in lower power demand to main-
tain the same load voltage.

Fig. 13(a) compares the proposed automatically controlled
duty cycle with the manually found maximum-efficiency duty
cycle. It can be seen that the proposed control loop is able to
track the optimum duty cycle of the receiver and, therefore,
maximum efficiency load resistance point. Fig. 13(b) compares
the efficiency difference between automatic feedback control
and manual optimal duty sweeping. Although the automatic
feedback nearly accomplishes the maximum efficiency found

by manual adjustment, there exists slight efficiency difference
between the two control methods. The efficiency of automatic
feedback is lower because it uses an additional dc–dc converter
at the input of Tx inverter (Mb–Db in Fig. 7), whereas the input
voltage of manually adjusted system is manually controlled by
dc supply equipment. The efficiency difference becomes larger
at smaller load currents because the efficiency of the Tx dc–dc
converter is low at low output power. In fact, the measured ef-
ficiencies of the Tx dc–dc converter are 96%, 92%, and 86%
for Rx load current of 1.1, 0.6, and 0.15 A, respectively. Never-
theless, the efficiency improvement due to the proposed method
is much higher than the loss due to Tx dc–dc converter, which
leads to overall efficiency improvement compared to no con-
verter traces as in Fig. 12.

Fig. 14 shows the transient waveform when the load current
is changed. The output voltage settles within 170 ms, which
is much faster than the perturbation-and-observation systems
such as [16]–[18] because the proposed scheme does not in-
volve operation point alteration and observation. While the in-
ternal feedback loop of receiver is much faster, the 170 ms
delay is mainly due to the slow feedback from receiver to
transmitter. Specifically, the RC low-pass filter at the output
of the frequency-to-voltage converter in Fig. 7 sets the loop
speed.
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Table III compares this paper with perturbation-and-
observation-based systems. The efficiency is comparable with
other systems when the distance and output power level are
similar. The settling time of this paper is the fastest.

IV. CONCLUSION

This paper proposes a wireless power transfer system with
automatic feedback control of load resistance transformation
in order to achieve high efficiency over the wide variations of
coupling coefficient and load current. When the coupling co-
efficient or load resistance is varied, the present actual load
resistance becomes different from an optimum load resis-
tance, which produces maximum efficiency. While the receiver-
side converters can, in theory, transform the actual load resis-
tance into the optimum resistance, it has been hard to determine
the appropriate transformation ratio such that the transformed
resistance matches to the optimum resistance.

This paper solves the aforementioned problem by feedback
loop, which senses the load current and the coupling coefficient.
Here, the variation of coupling coefficient is indirectly sensed by
the duty cycle of Rx-side converter. The coupling coefficient and
the load current together determine the desired Tx coil current
level, which is sent to transmitter via low-loss LSK communi-
cation. The Tx coil current is adjusted according to the received
data via LSK, then the receiver duty cycle is finally adjusted in
response to Tx coil current variation. Adjusting the receiver duty
cycle is equivalent to adjusting the load transformation ratio.

The system does not require any separate wireless commu-
nication module, or operating point sweeping using microcon-
trollers or FPGA. Instead, a feedback is performed by simple
and low-cost hardware with fast speed. Measurement results
show that the feedback loop indeed transforms the original load
resistance very close to the optimum load resistance. As a re-
sult, significant efficiency improvement is achieved over wide
variations of coupling and load resistance.
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