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Abstract—With a good balance between power transfer distance
and efficiency, wireless power transfer (WPT) using magnetic res-
onant coupling is preferred in many applications. Generally, WPT
systems are desired to provide constant output voltage with the
highest possible efficiency as power supplies. However, the highest
efficiency is not achieved by the reported closed-loop WPT systems
that maintain constant output voltage against coupling and load
variations. In this paper, an efficiency evaluation method is put
forward to evaluate the closed-loop control schemes. Furthermore,
a maximum efficiency point tracking control scheme is proposed
to maximize the system efficiency while regulating the output volt-
age. This control scheme is unique and prominent in that it fixes
the operating frequency at the receiving-side resonant frequency
and converts both the input voltage and the load resistance at the
same time. Thus, the maximum efficiency point on the constant
output voltage trajectory can be tracked dynamically. Therefore
the system’s output voltage can be maintained constant and its ef-
ficiency is always the highest. The experimental results show that
the maximum efficiency point is tracked and a very high overall
efficiency is achieved over wide ranges of coupling coefficient and
load resistance.

Index Terms—Closed-loop system, maximum efficiency point
tracking (MEPT), voltage regulation, wireless power transfer
(WPT).

I. INTRODUCTION

ELIVERING electrical power wirelessly has been desired
D since Tesla’s principle of wireless transmission of energy
[11, [2]. With a good balance between power transfer distance
and efficiency, wireless power transfer (WPT) using magnetic
resonant coupling is preferred in many daily and industrial ap-
plications [3], such as wireless chargers for smartphones [4],
electric vehicles [S]-[7], and biomedical implants [8]-[11].
Generally, WPT systems are desired to provide constant
output voltage with the highest possible efficiency as power
supplies. However, the output voltage and the efficiency of an
open-loop WPT system depend strongly on the coils’ coupling
coefficient and the system’s load [12], [13]. Even worse, both the
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coupling coefficient and the load impedance are usually incon-
stant. For instance, in a wireless charging system for electrical
vehicles, the coupling coefficient depends on customers’ place-
ment, and the load (battery) impedance also changes during
charging. Therefore, there are two most important challenges
in design and control of a WPT system. The first one is output
voltage regulation. The second one is system efficiency maxi-
mization [14]. The motivation of this paper is to fulfill both of
these two requests at the same time.

To provide a constant output voltage, an open-loop WPT sys-
tem can be appropriately designed to make the output voltage
insensitive to coupling or load variation [15]. However, a closed-
loop control is necessary to maintain an accurate constant out-
put voltage. The reported closed-loop regulation methods can
be classified into three groups: frequency tracking, impedance
matching, and dc/dc conversion. First, the constant voltage gain
against coupling and load variations can be achieved by tracking
the split frequencies in the “over coupled” region if the coupled
resonances are lossless [9], [11], [16]. Moreover, a power-level
tracking method that adaptively adjusts the operating frequency
with output power feedback is put forward in [17]. Second,
the dynamic impedance matching circuits switched by relays or
semiconductor switches are mentioned to maximize the power
transfer, allowing the system to operate at a fixed frequency
[9], [18]. This method can also be used in output voltage reg-
ulation. Third, using a dc/dc converter in transmitting side or
receiving side is also an effective way to regulate the final out-
put voltage [6], [19]-[21]. In [20] and [21], the postregulation
method is introduced to improve the so-called efficiency. How-
ever, the efficiency definition in [20] and [21] is based on the
scattering matrix. It stands for the square of voltage gain rather
than energy efficiency [14]. On the other hand, previous works
that improve the system efficiency focus on resonant coil design
[22], resonant topology selection [6], [23], and power amplifier
optimization [24], [25].

As introduced earlier, the output voltage of a WPT system
can be controlled by various methods. And the efficiency can
also be improved from different aspects. Unfortunately, the re-
ported output voltage regulation methods lack the consideration
of achieving the highest efficiency. And the design approaches
for high efficiency do not take account of the closed-loop char-
acteristics. These studies rarely focus on both the output voltage
regulation and the system efficiency maximization. It is only
found in [26] that the higher side split frequency is carefully de-
signed to achieve high efficiency and is tracked to maintain
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constant output voltage. Nonetheless, tracking the split fre-
quency cannot maintain an accurate constant output voltage
when the equivalent series resistances (ESRs) of the coupled
resonances are not zero, and the importance of using the op-
timum load resistance to achieve the highest efficiency is not
noticed.

In this paper, an efficiency evaluation method is presented to
evaluate four reported control schemes: lower side frequency
control (LFC), higher side frequency control (HFC), preregu-
lation, and postregulation. It shows that although the system’s
output voltage is maintained constant, the efficiency decreases
after coupling or load varies. Furthermore, a maximum effi-
ciency point tracking (MEPT) control scheme is proposed to
maximize the system efficiency while regulating the output volt-
age. This control scheme fixes the operating frequency at the
receiving-side resonant frequency to eliminate the power re-
flection. And it converts both the input voltage and the load
resistance to maintain the operating point on the constant out-
put voltage trajectory. In the meantime, the maximum efficiency
point is dynamically tracked by matching the equivalent load re-
sistance with its optimum value, which is related to the coupling
coefficient.

The rest of this paper is organized as follows: Section II an-
alyzes the output voltage and system efficiency of open-loop
WPT systems. Section III presents the efficiency evaluation
method for closed-loop WPT systems. In Section IV, the MEPT
control scheme is proposed. The experiment is elaborated in
Section V. Finally, the conclusion is shown in Section VI.

II. OUTPUT VOLTAGE AND EFFICIENCY OF OPEN-LOOP
WPT SYSTEMS

A. Circuit Model and Fundamental Harmonic Analysis (FHA)

In a WPT system using magnetic resonant coupling, power
is transferred inductively by a pair of coupled coils. The coils’
coupling coefficient k is proportional to mutual inductance M

U (1
VvV LiLy
where L; and Lo are the inductances of the transmitting coil
and the receiving coil, respectively.

To enhance the capacity of power transfer, improve the sys-
tem efficiency, and lower the voltage and current stress of source
and load, resonances need to be constructed in both the transmit-
ting side and the receiving side. Four basic resonant topologies
labeled as SS, SP, PS, and PP are shown in Fig. 1 [6], [7]. The
capacitances C and C can be provided not only by external
capacitors but also by the parasitic capacitances of the coils.
The circuit can be driven either by ac voltage source or by ac
current source according to the resonant type. The equivalent
load resistance is R .

Among the four basic topologies, only the reactance of the SS
topology looking from the power source is independent of either
the coupling coefficient or the load resistance at the receiving-
side resonant frequency
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Fig. 1. Basic resonant topologies of WPT using magnetic resonant coupling:
(a) SS, (b) SP, (c) PS, and (d) PP.

(b)

Fig. 2. (a) Half-bridge type WPT system using the SS topology, and (b) its
fundamental harmonic equivalent circuit.

Furthermore, the power reflection from the receiving side to
the transmitting side is eliminated at this frequency. Therefore,
this paper selects the SS topology for the following discussion.

In most applications, a WPT system is fed by a dc voltage
source and provides dc voltage to its load. In Fig. 2(a), the SS
resonant tank is driven by a half-bridge inverter and the output
voltage is rectified by a voltage-doubler rectifier. The dc input
voltage is Vi, and the dc output voltage is V,,. The power losses
of the WPT system, including conduction loss of the coils,
radiation loss, conduction loss of the power semiconductors,
and even switching loss, are related to the magnitudes of the
resonant currents. Therefore, we use the ESRs R; and R, to
stand for all the power losses. Definitely, the ESRs depend on
operating point, i.e., operating frequency, resonant currents, etc.
To simplify the analysis, we assume that the ESRs are constant.

Generally, the quality factors of the resonant tanks in a WPT
system are very high. The resonant currents are almost sine
waves. FHA based on the equivalent circuit in Fig. 2(b) has
sufficient accuracy for the steady-state analysis. According to
FHA, the system can be described by the following equations:

Ul —|—jw5L1 . jl +jwsM . jQ + lel = Uin
Uy + jwsLa - Iy + jwsM - I} + Ryly = U, = —Rp Iy
JjwsCh - U1 = jl

jwsCy - Uy = I
(3)
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TABLE I
SYSTEM PARAMETERS USED IN CALCULATION

Symbol Quantity Value
Li,Ls resonant inductances 100 nH
Cq,04 resonant capacitances 1 nF

Ri, Ry ESRs 1Q

k coupling coefficient 0.05

Ry load resistance 7820

Wy angular operating frequency 3.16 x 10 rad/s
fs =ws /27 operating frequency 503 kHz

n

o

Voltage Gain V /V

Coupling Coefficient k 107 10

Load Resistance R,_ (0)

Fig. 3. Voltage gain as a function of coupling coefficient and load resistance.

where U, in and Uo are the phasors of the fundamental harmonics
of the ac input voltage and the ac output voltage, respectively;
U, and U, are the phasors of the capacitors’ voltages; I; and
jg are the phasors of the inductors’ currents; w, stands for the
angular operating frequency; and j is the imaginary unit. For
the half-bridge type WPT system, the norms of Uy, and U, can
be calculated according to

V2

Ui = HUin =—Va “4)
m
. 2

v, = o] = Lv.. )
s

The relationship between the equivalent load resistance Rp
and the system’s load Ry, is

Rrp = = Ry. (6)
T

B. Output Voltage

Substituting (4)—(6) into (3) with the parameters listed in
Table I, the voltage gain V, / Vi, as a function of coupling coef-
ficient and load resistance is calculated and plotted in Fig. 3. It
shows that the voltage gain increases when the load resistance
increases. For a fixed load resistance, there is a corresponding
coupling coefficient that achieves the maximum voltage gain.
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Fig. 5. Output voltage of a WPT system can be regulated using different
control variables.

C. System Efficiency
At the steady state, the system’s efficiency is defined based
on the input power and the output power
b, Vo,
lji B ‘/in Iin

n= (7
where [;, is the dc input current and I, is the dc output current.
Because all the power losses have been embodied in the ESRs,
we can simply calculate the efficiency using the fundamental
harmonic equivalent circuit. The result is given by

7 = Re [—UOI;] /Re [Uil,jf]. )

Again, with the parameters listed in Table I, the system effi-
ciency as a function of coupling coefficient and load resistance
is calculated and plotted in Fig. 4. It shows that the efficiency
drops when the coupling gets weaker. For a fixed coupling co-
efficient, there is a corresponding load resistance that achieves
the maximum efficiency.

III. CLOSED-LOOP WPT SYSTEMS AND THE EFFICIENCY
EVALUATION METHOD

As a kind of power supply, WPT systems should first ensure
the stable output voltage. When coupling coefficient or load re-
sistance varies, a closed-loop WPT system can regulate the out-
put voltage using different control variables as shown in Fig. 5.
The system efficiency P,/P;, of different control schemes is
studied in this section.
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Fig. 6. Closed-loop control schemes maintaining constant output voltage. (a)
LFC, (b) HFC, (c) preregulation, and (d) postregulation.

A. Closed-Loop Control Schemes Maintaining Constant
Output Voltage

Let us take four reported closed-loop control schemes: LFC,
HFC, preregulation, and postregulation, as examples. The block
diagrams of these control schemes are shown in Fig. 6.

1) LFC: Tt is shown in [9], [11], and [16] that the output
voltage of an open-loop WPT system has two peaks near the split
frequencies in the “over coupled” region. The output voltage
increases when the operating frequency changes from zero to
wr,pr at which the first peak occurs. Based on this, LFC controls
the output voltage by adjusting the operating frequency.

2) HFC: Oppositely, HFC adjusts the operating frequency
from wy ) at which the second peak occurs to infinite (theo-
retically). The output voltage decreases when the operating fre-
quency increases. The hardware and algorithm of LFC and HFC
are almost the same. They are, respectively, selected to achieve
zero-current switching and zero-voltage switching (ZVS) in the
inverter.

3) Preregulation: Without changing the operating frequency,
the system’s output voltage can be linearly regulated using
a dc/dc converter in the transmitting side. The input voltage

4001

conversion ratio

CInput = V:),cunverter/vin (9)

is considered as the control variable, where V, .onverter 1S the
output voltage of the dc/dc converter. The voltage gain of the
system is the product of the voltage gain of the dc/dc converter
and the voltage gain from the inverter’s input to the rectifier’s
output.

4) Postregulation: Alternatively, we can put the dc/dc con-
verter in the receiving side to regulate the output voltage. The
load conversion ratio

Cload - Rin,convortcr/RL (10)

is considered as the control variable, where Ri, converter 18 the
equivalent input resistance of the dc/dc converter. Comparing
with the preregulation, the voltage gain from the inverter’s input
to the rectifier’s output is related to the load conversion ratio,
because the equivalent load resistance R is converted by the
dc/dc converter in the receiving side.

Using the parameters listed in Table I and the FHA method
demonstrated in Section II, the system’s voltage gain V,/V;,
and efficiency are calculated versus the control variables. Fig. 7
shows the results of the four control schemes. It should be
illustrated that the dc/dc converters used in the preregulation
and the postregulation are assumed to be lossless.

B. Efficiency Evaluation Method

Once the output voltage is maintained constant by a closed-
loop control system, the relationship between the coupling coef-
ficient/load resistance and efficiency will be quite different from
that is shown in Fig. 4. Based on the circuit model in Fig. 6, the
efficiency evaluation method investigates the closed-loop sys-
tem’s efficiency at various coupling and load conditions, while
the input voltage is fixed and the output voltage is maintained
constant.

In the first step, the input voltage of the open-loop WPT sys-
tem (with the parameters listed in Table I) is fixed at 100 V. Its
output voltage is calculated to be 93.9 V. In the second step,
we change the coupling coefficient and the load resistance. To
maintain the output voltage constant (93.9 V), the control vari-
able of the closed-loop system has to be adjusted. For example,
the operating frequency to achieve 93.9 V output voltage is nu-
merically solved for the changed coupling and load condition
when LFC is used. In the last step, the efficiency of the system
at the new operating point is calculated using the FHA method.

The calculation results of the four control schemes are shown
in Fig. 8. The closed-loop system efficiency always drops
sharply when the coupling gets weaker, and the load variation
also causes a significant efficiency decrease. It is worth men-
tioning that some control schemes have no solution to achieve
the constant output voltage when the coupling is too strong or
the load resistance is too small. This can be explained by the
control curves plotted in Fig. 7.
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Fig. 7. Voltage gain and system efficiency of (a) LFC, (b) HFC, (c) preregu-

lation, and (d) postregulation versus control variables.

IV. MEPT CONTROL SCHEME

As is demonstrated in Section III, more than one control
variable can be used to regulate the output voltage. A con-
trol scheme that adjusts two independent variables may have a
chance to maintain the constant output voltage and maximize
the efficiency at the same time. The MEPT control scheme is
proposed based upon this point.
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Fig. 8. Closed-loop system efficiency of different control schemes (a) with

coupling variation and fixed load resistance R; = 78.2(2, and (b) with load
variation and fixed coupling coefficient £ = 0.05.

A. Maximum Efficiency Point

The maximum efficiency point is such an operating point
that the operating frequency equals the receiving-side resonant
frequency
(1D

Ws = W2

to eliminate the power reflection, and the equivalent load resis-
tance matches its optimum value [12], [27]

Rp = RE-()p =1+ f0m2 - Ry

to minimize the ESR losses, where the figure-of-merit is related
to the mutual inductance (as well as the coupling coefficient)

12)

we M

Therefore, the optimum equivalent load resistance is related
to coupling coefficient. When both (11) and (12) are satisfied,

the maximum efficiency is given by (14) as derived in [27]. It
is plotted using the dashed line in Fig. 8 with the parameters in
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Table I

ooz (14)

V1t fom?+1

MNmax =

B. Principle of MEPT

There is an important assumption in the analysis of the maxi-
mum efficiency point: the WPT system only has the ESR losses.
In Section II-A, the power losses in the inverter and the rectifier
have been converted into the ESR losses. And for a WPT sys-
tem, the power loss of the power stage from the inverter’s input
to the rectifier’s output is usually the major loss. Therefore, the
principle of MEPT is based on (11)—(14).

The MEPT control scheme fixes the operating frequency at
the receiving-side resonant frequency to satisfy (11). It converts
the load resistance by a dc/dc converter to match the equivalent
load resistance with its optimum value in (12). At the same time,
the input voltage is regulated by another dc/dc converter in the
transmitting side to regulate the system’s output voltage. There-
fore, the MEPT control scheme uses two control variables: the
input voltage conversion ratio and the load resistance conversion
ratio. Fig. 9 shows its closed-loop system structure.

To provide a visual illustration, Fig. 10 shows the 3-D plot of
the voltage gain V, /Vi, as a function of the input voltage con-
version ratio and the load resistance conversion ratio (according
to the parameters listed in Table I).

Fig. 11 shows a schematic plot of a contour line on the moun-
tain in Fig. 10. The contour line is a constant output voltage tra-
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Fig. 12.  Flowchart of the MEPT control scheme.

jectory. The MEPT control scheme restricts the operating point
on the constant output voltage trajectory when coupling or load
varies. And it moves the operating point along the trajectory to
find the maximum efficiency point, at which the equivalent load
resistance matches its optimum value.

Although we can calculate the optimum equivalent load re-
sistance according to (12), the mutual inductance depends on
the placement and the ESRs are not actually constant (depend-
ing on the operating point). As a consequence, the maximum
efficiency point cannot be predicted exactly. We have to track it
in real time using the MEPT method.

C. Realization Method

In the system shown in Fig. 9, one of the two dc/dc converters
is used to regulate the output voltage and the other one is used to
perturb the operating point by changing its conversion ratio. The
controller records the efficiency for each step of the perturbation
and reregulation. The direction of perturbation is maintained
for the next step if the efficiency gets higher; otherwise, it is
reversed. Fig. 12 shows this flowchart.

In addition, there are two tips that simplify the system and
promote the performance. The first one is tracking the minimum
dc input current instead of the maximum efficiency. Actually,
the minimum input current is an equivalent condition of the
maximum efficiency when the input voltage is fixed and the
output voltage is maintained constant. The second one is regu-
lating the output voltage by the receiving-side dc/dc converter
and perturbing the operating point by the transmitting-side dc/dc
converter. With this method, the voltage regulation loop does not
involve the wireless communication link between the two sides
and both the speed and the stability can be improved.
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Fig. 14.  Circuit diagram of the power stages.
TABLE II
PARAMETERS OF THE EXPERIMENTAL SYSTEM
Symbol Quantity Value
L, transmitting-side inductance 131 nH
4 transmitting-side capacitance 0.75 nF
R.c1 ac resistance of transmitting coil 0.71 Q
Ras_on on-time drain-to-source resistance of S; and S5 0.66
w1 angular resonant frequency of transmitting-side resonator 3.19 x 10 rad/s
Lo receiving-side inductance 127 nH
Cy receiving-side capacitance 0.75 nF
Raco ac resistance of receiving coil 0.57Q
Vy forward voltage of D and D+ 1.0Vatl A
wo angular resonant frequency of receiving-side resonator 3.24 x 10° rad/srad/s
fs operating frequency 515 kHz

V. EXPERIMENT

A. Experimental System

Fig. 13 shows the experimental setup of the WPT system. The
circuit diagram of the power stages is shown in Fig. 14. Start-
ing from a dc voltage source, the power flows through a buck
converter, a half-bridge inverter, a pair of magnetically coupled
resonances, a voltage-doubler rectifier, and a boost converter. Fi-
nally, it is provided to load resistors. The buck converter and the
boost converter are controlled by the pulse-width-modulation
signals (100 kHz) from two field-programmable gate array
(FPGA) controllers, respectively (Altium NanoBoard 3000 with
Altera Cyclone III). The metal-oxide—semiconductor field-
effect transistors (MOSFETSs) in the half-bridge inverter are

controlled by a pair of complementary drive signals (515 kHz)
generated by the transmitting-side FPGA controller. The two
FPGA controllers exchange signals and instructions by 2.4 GHz
wireless communication modules. Parameters of the system are
listed in Table II.

Both the coupled coils are made by Litz wire. The structure
of the windings is carefully designed to lower the ac resistance
and to increase the coupling coefficient. The diameter of the
outer loop is 27 cm and the thickness is about 3 cm (as shown
in Fig. 15). The coupling coefficient of the two coils at different
face-to-face distances is simulated using Ansoft Maxwell 13.
The result is shown in Fig. 16.

The inductance of the transmitting coil is intentionally de-
signed to be a little larger than the inductance of the receiving
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(b)

Fig. 15.  The multilayer spiral coil with 27 cm outer-loop diameter and 3 cm
thickness: (a) front view and (b) side view.
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Fig. 16.  Coupling coefficient versus face-to-face distance (simulation result).

coil to lower the transmitting-side resonant frequency. There-
fore, the inverter has an inductive load to achieve ZVS when it
operates at the receiving-side resonant frequency [27]. The cost
is the reduction of the system’s voltage gain.

B. Open-Loop Operation Test

We first test the experimental system in open loop. Both
the buck converter and the boost converter are removed from
the power flow path. The rest circuit is as shown in Fig. 2. The
input voltage is set to 125 V and the load resistance is manually
optimized to be 120 2. Under these conditions, 100 W power is
transferred to the load across 20 cm.

The open-loop operating waveforms are shown in Fig. 17.
The drain-to-source voltage V45 of Sy drops to zero before
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Open-loop operating waveforms.
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rectifier (diodes)

® Others (switching loss)

Fig. 18.  Loss breakdown of the open-loop operation.

the gate drive voltage V,, of Sy gets to high level. It proves the
ZVS is achieved. The phase difference between the two resonant
currents is about 90°. It indicates the operating frequency equals
the receiving-side resonant frequency and there is no power
reflection.

The input voltage V;,, and current [;,, of the system are mea-
sured by the power source (5.5 digit). The output voltage V,
and current I, are measured by multimeters (4.5 digit) with a
100 mf2 current shunt resistor (1% precision). The overall effi-
ciency is calculated to be 85% according to (7) and the power
loss is about 17.7 W. In Fig. 18, we break down the power loss
using the parameters listed in Table II and the measured resonant
currents (the peak values are about 2.7 A).

C. Validation of the MEPT Control Scheme

In the open-loop operation test, the power transfer distance
is fixed at 20 cm and the load resistance is carefully adjusted to
achieve a high efficiency. To validate the MEPT control scheme,
we test the closed-loop system in different coupling and load
conditions. The input voltage of the system is fixed at 200 V.
The output voltage is always regulated to 100 V by the three
control schemes: HFC, preregulation, and MEPT respectively.
The other two control schemes: LFC and postregulation are
not involved because they violate the ZVS operation principle
in some coupling and load conditions. The switching loss in-
creases significantly and even damages the MOSFETs without
ZVS.
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Fig. 19.  Closed-loop system test with 400 €2 load resistance at different power

transfer distances: (a) output voltage and (b) overall efficiency.

In the first closed-loop test, we use 400 €2 load resistance and
change the power transfer distance from 10 to 25 cm. The output
voltage and the overall efficiency are measured and shown in
Fig. 19. In the second closed-loop test, we fix the power transfer
distance at 25 cm and change the load resistance from 100 to
400 2. The output voltage and the overall efficiency are mea-
sured and shown in Fig. 20. Although the control accuracy of the
output voltage is limited by the sensors and the resolution of the
digital system, the accuracy of the efficiency that is calculated
according to the measured voltages and currents is believed to
be 1%.

Comparing with the result of the open-loop test (85% ef-
ficiency with the optimized load resistance at 20 cm), the effi-
ciency of the MEPT control scheme at 20 cm is only 79%. There
is 6% power loss on the dc/dc converters. However, the boost
converter in the receiving side is removed when implementing
preregulation. Both the two dc/dc converters are removed when
implementing HFC. Even though the dc/dc converters produce
some additional power loss, the closed-loop system with MEPT
control scheme achieves a much higher overall efficiency over
wide ranges of coupling coefficient and load resistance. This
is because only the MEPT control scheme matches the equiva-
lent load resistance with its optimum value corresponded to the
coupling coefficient.

According to the circuit model in Fig. 2, we can estimate the
ESR of the transmitting side using the sum of the ac resistance
R, of the transmitting coil and the on-time drain-to-source
resistance Rgs o, of the MOSFETSs

Rl ~ Racl + Rds_on- (15)
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Fig. 20. Closed-loop system test at 25 cm power transfer distance with

different load resistances: (a) output voltage and (b) overall efficiency.

The minor switching loss is neglected. Similarly, the ESR of
the receiving side is estimated by
2Vily

I
where R, .2 is the ac resistance of the receiving coil, V; is the
forward voltage of the rectifier diode, I is the average forward
current of each diode, and /5 is the RMS value of the receiving-
side resonant current.

For each operating point, the optimum equivalent load resis-
tance Ry can be derived out by substituting (15) and (16), the
operating frequency, the inductances in Table II, and the sim-
ulated coupling coefficient in Fig. 16 into (13) and (12). The
results are shown in Fig. 21. The optimum equivalent load re-
sistance decreases when the power transfer distance increases
because the figure-of-merit in (13) decreases. The system’s load
Ry also has a little influence on the optimum equivalent load
resistance because the average forward current /; and the ESR
Ry are not constant for different R .

In the experiment, the MEPT control scheme finds the opti-
mum equivalent load resistance by tracking algorithm. It con-
verts the load resistance by adjusting the duty ratio D of the
boost converter. The converted equivalent load resistance

Rp —3(1—D)2RL

T2

Ry = Raco + (16)

a7

is plotted in Fig. 21 using the experimental data records. In
contrast, the equivalent load resistance without conversion (duty
ratio D = 0) is also shown. In Fig. 21(a), the MEPT control
scheme converts the 400 2 load resistance to match it with
the different optimum equivalent load resistances corresponded
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Fig. 21.  Comparison of the estimated optimum equivalent load resistance,
converted equivalent load resistance, and the equivalent load resistance without
conversion: (a) under different coupling conditions and (b) under different load
conditions.

to power transfer distance. Similarly, in Fig. 21(b), the MEPT
control scheme converts the different load resistances to match
the optimum equivalent load resistance at 25 cm. Therefore,
the MEPT control scheme has higher efficiency than the other
control schemes as shown in Figs. 19 and 20. The maximum
efficiency point analysis is validated by Fig. 21. However, the
efficiency that is calculated using (15) and (16) is higher than
the measured overall efficiency. The reason is that the switching
loss and the losses in the dc/dc converters are not taken into
account in the calculation.

VI. CONCLUSION

By analyzing the output voltage and system efficiency of the
open-loop WPT system, this paper illustrates the necessity of
the closed-loop control against coupling and load variations.
An efficiency evaluation method is presented to evaluate the
four typical closed-loop control schemes: LFC, HFC, prereg-
ulation, and postregulation. Although the output voltage can
be maintained constant with these schemes, the system’s effi-
ciency drops significantly when coupling or load varies. Based
upon these analysis results, a MEPT control scheme is proposed
to maximize the system efficiency while regulating the output
voltage. Both the maximum efficiency point and the principle
of MEPT as well as the realization method are elaborated. In
experiment, the MEPT control scheme is compared with HFC
and preregulation. Although the closed-loop system that uses

4007

MEPT control scheme has more power loss on the additional
dc/dc converters, it achieves a much higher overall efficiency
over wide ranges of coupling coefficient and load resistance.
The MEPT control scheme is more effective in two cases: one
is that the power transfer distance is relatively long (weak cou-
pling), and the other one is that the equivalent load resistance is
far away from its optimum value.
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