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Abstract—Maximum efficiency point tracking (MEPT) control
has been adopted in state-of-the-art wireless power transfer (WPT)
systems to meet the power demands with the highest efficiency
against coupling and load variations. Conventional MEPT
implementations use dc/dc converters on both transmitting and
receiving sides to regulate the output voltage and maximize the
system efficiency at the expense of increased overall complexity
and power losses on the dc/dc converters. Other implementations
use phase-shift control or on-off control of the transmitting side
inverter and the receiving side active rectifier instead of dc/dc
converters but cause new problems, e.g. hard switching, low
average efficiency, and large dc voltage ripples. This paper
proposes a pulse density modulation (PDM) based implementation
for MEPT to eliminate all the mentioned disadvantages of existing
implementations. Delta-sigma modulators are used as an example
to realize the PDM. A dual-side soft switching technique is
proposed for the PDM. The ripple factor of output voltage with
PDM is derived out. A 50W WPT system is built to validate the
proposed method. The system efficiency is maintained higher than
70% for various load resistances when the power transfer distance
is 0.5m, which is 1.67 times the diameter of the coils.

Index Terms—Dual-side soft switching, maximum efficiency
point tracking (MEPT), pulse density modulation (PDM), wireless
power transfer (WPT)

I. INTRODUCTION

HE coupling coefficient and the load resistance of a
wireless power transfer (WPT) system are usually
uncertain and varying in many applications, and both the two
parameters affect the output power and the system efficiency
significantly [2]. To provide the desired power with the highest
efficiency, maximum efficiency point tracking (MEPT) control
strategies were proposed and employed by state-of-the-art WPT
systems [2-8], e.g. reference [2] showed that MEPT control can
effectively improve system efficiency as compared with
frequency control and primary side dc link voltage control.
Conventional MEPT implementations use a dc/dc converter
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on the transmitting side to linearly regulate the output voltage
and another dc/dc converter on the receiving side to convert the
equivalent load resistance to its optimal value that depends on
the coupling so that the maximum theoretical efficiency is
achieved [2]. From the efficiency point of view, this method is
profitable only if the power loss on the receiving side dc/dc
converter can be compensated by the efficiency increase of the
WPT link (from the transmitting side inverter to the receiving
side rectifier). Considering that the efficiency of a high-power
density point-of-load converter is relatively low [9], the
efficiency of conventional MEPT implementations may be
limited by the receiving side dc/dc converters in point-of-load
applications, e.g. cellphone chargers [10]. Other disadvantages
of these implementations are the increased system complexity
and the slower dynamic response due to the additional dc/dc
converters and their time constants.

An alternative method to convert the equivalent load
resistance to its optimal value is using a phase-shift active
rectifier. In [11], a dual-side control method was proposed to
regulate the output power and maximize the system efficiency
by means of phase-shift control, which is like the control of dual
active bridge converters. This method is also a candidate
implementation of MEPT. However, the disadvantage is the
hard switching caused by the phase shift. Because of the hard
switching, the operating frequency of the prototype in [11] is as
low as 35kHz, which is not high enough for large distance or
loose coupling WPT applications, e.g. multiple-receiver
systems [12] and dynamic electrical vehicle charging [13]. In
these applications, the low mutual inductance must be
compensated by a high operating frequency for sufficient power
transfer capacity, and the low coupling coefficient must be
compensated by high quality factors of the resonators for high
power transfer efficiency. High quality factors also rely on a
high operating frequency.

Besides, a secondary-side-only power and efficiency control
method was proposed in [14, 15]. This method can be regarded
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as the third candidate implementation of MEPT. The power
flow is controlled by a half-bridge active rectifier that operates
in “rectification mode” and “short mode” alternately (on-off
control). The equivalent load resistance is converted to its
optimal value by a receiving side dc/dc converter. One
advantage of this implementation is that both the power
regulation and the efficiency maximization are performed on
the receiving side so that the control does not rely on wireless
communication links. The second advantage is that there is no
dc/dc converter on the transmitting side. However, the
maximum efficiency is achieved only during the “rectification
mode”, and the efficiency during the “short mode” is zero.
Therefore, the average efficiency is lower [14]. Another
disadvantage is the large dc voltage ripples caused by the very
low frequency on-off operation of the active rectifier, because
the on-off frequency must be much lower than the switching
frequency of the dc/dc converter [14] to decouple the control of
the active rectifier and the dc/dc converter. The same problem
also exists in a recently proposed “On-Off Keying” method,
which applies the on-off control on the transmitting side
inverter [16].

Although MEPT is an attractive control strategy for WPT
systems, existing MEPT implementations are not satisfactory.
Therefore, this paper proposes a pulse density modulation
(PDM) based implementation for MEPT as the fourth candidate.
The motivation of this study is to eliminate all the mentioned
disadvantages of the existing MEPT implementations.

Compared with pulse width modulation (PWM) and pulse
frequency modulation (PFM), PDM is preferred by WPT
systems because both soft switching and tuning in resonance
are critical. Compared with other resonant converters, WPT
systems are the most suitable applications for PDM because the
loaded quality factors of WPT systems are much higher than
those of other resonant converters. Because of this match, PDM
was used in WPT systems for transmitting side voltage/power
regulation in previous studies [17-20]. However, these studies
did not present the theory or implementation of efficiency
maximization. This paper applies PDM on both transmitting
and receiving sides to perform not only voltage/power
regulation but also efficiency maximization, and thus, comes up
with the PDM for MEPT of WPT systems.

II. REVIEW OF MEPT

The original idea of load matching for -efficiency
maximization of WPT was found in [21], which presented the
formulas of power transfer capability, approximated split
frequencies, figure-of-merit, and the optimal load based on the
coupled-mode theory. Later, the formulas of the figure-of-merit,
the optimal load, and the maximum theoretical efficiency were
derived based on a lumped parameter ac equivalent circuit
model [2]. This circuit model is shown in Fig. 1, where L,, Ci,
Ri and L,, Cs, R, are the inductance, capacitance, and equivalent
series resistance (ESR) of the resonators on the two sides,
respectively, M is the mutual inductance of the coupled coils,
U, is the fundamental component of the driving voltage, and R,
is the equivalent load resistance.

Suppose the angular frequency of U; is ws, and the angular
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Fig. 1. Lumped parameter ac equivalent circuit model.
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Fig. 2. Decoupled ac equivalent circuit.

resonant frequencies of the resonators on the two sides are w;
and w», respectively. When the system is tuned in resonance, i.e.
o, =0 = o, (1)
Fig. 1 can be decoupled as Fig. 2, where E is the induced voltage,
and R; is the reflected resistance:
(oM)
R = ()
R, +R,
The power transfer efficiency # is the product of the
transmitting efficiency #; and the receiving efficiency 7y, i.e.
R R
T X € (3)
R+R R, +R,
By setting the derivative of # with respect to R. to zero, it can
be found that there is an optimal R, that maximizes # [22]:

Reﬁoplimal = Rzm (4)

where fom is the figure-of-merit, which can be expressed either
by ws, M, Ry, and R; or by the coupling coefficient k and quality
factors Q; and Qx:

n=mxi, =

@y

fom = J% ~kJQQ, 5)

The maximum theoretical efficiency is given by
2

nmax =1- (6)
1+4/1+ fom’
When fom is large, (6) can be approximated to
fom—1
771118)( ~ (7)
fom+1

The relationship between #max and fom is shown by Fig. 3 [22,
23].

According to (4) and (5), the optimal equivalent load
resistance Re optimal 1S @ function of the mutual inductance M and
the ESRs R; and R». Since M is a variable that depends on the
power transfer distance and it is difficult to precisely determine
the values of R; and R,, practical WPT systems use a tracking
process to find Re opiimar instead of predicting it, as shown by Fig.
4. The algorithm of the tracking is like the maximum power
point tracking (MPPT) algorithm widely used in photovoltaic
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Fig. 4. Schematic diagram of MEPT.

systems, and the purpose of the tracking is to maximize the
power transfer efficiency, therefore, the tracking here is called
MEPT [2-4].

Since the actual load resistance of a WPT system depends on
the user, the system itself must provide a control degree of
freedom to convert R. to its optimal value to perform MEPT.

III. PDM FOR MEPT

A. Methodology

Fig. 5 shows the circuit diagram of a dual active bridge WPT
system. The input and output dc voltages are denoted by Vi, and
Vo, respectively. The half-bridge inverter in the transmitting side
generates the driving voltage pulses U; and excites the
transmitting side resonant current i;. Through the magnetic
coupling, i; induces the receiving side resonant current i>. The
half-bridge active rectifier in the receiving side is synchronized
with i,. The output of the rectifier is filtered by Crand feeds the
load RL. When the system is tuned in resonance, U; is in phase
with i1, U is in phase with i», and the phase difference between
i and i, is 90°. The typical steady-state operating waveforms in
this case are shown in Fig. 6.

The average power transferred from the transmitting side to
the receiving side is

P=aoMIll, (3)

where |, and |, are the root-mean-square (RMS) values of i; and
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Fig. 6. Typical steady-state operating waveforms of the tuned dual active bridge
WPT system.
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Fig. 7. Operating waveforms with PDM.
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i», respectively [21]. The average input and output power are
given by
2

Pin = _Vin Il (9)
T
and
P = Qvo l, (10)
T
Respectively.

Normally, the switches S; and S, of the inverter conduct
alternately cycle by cycle to generate the pulses of u
continuously. However, some of the pulses can be removed by
keeping S; off and S> on in a whole switching cycle, as shown
in Fig. 7. For the active rectifier, some pulses of U, can be
removed by keeping S3 off and S4 on in the same manner. The
ratio of the number of remaining pulses to the number of
switching cycles is called pulse density, denoted by d. Such
kind of switching operation is called PDM.

For a loosely coupled WPT system, the energy stored in a
resonator is much larger than the energy injected into or taken
out from the resonator during a switching period T, i.e.

L12>PT >PT,

in s (11)
and

L2|22 > PT, >PT, (12)
With the condition of (11) and (12), it is assumed that the
magnitudes and phases of'i; and i, are constants if the remaining

pulses of U; and U are uniformly distributed [24]. Based on this



assumption, the operation of a WPT system with PDM can be
treated as a kind of quasi-steady-state operation, and a
“magnitude-density balance” principle is used to analyze the
operation of the system. In Fig. 7, the remaining pulses of u;
and U, are represented by the solid lines, and the dashed lines
represent the equivalent continuous pulses Uieq and Uzeq, Which
are balanced with u; and U». The magnitudes of Uieq and Upeq are
the products of the magnitudes and pulse densities of u; and Uy,
respectively. Therefore, the average input and output power of
the system with PDM can be calculated using Ujeq and Uzeq and
expressed as

| (13)
and

P =—dyvlI, (14)
T

where d; and d, are the pulse densities of U; and Uy, respectively.
The equivalent load resistance R. is derived based on the power
balance principle using (14) together with

VZ

P=2=]2%R 15
o RL 2 e ( )
and given by
R =2dR (16)
T

Based on (13) and (16), the system has two control degrees
of freedom, i.e. d; and d,, to control the power flow and convert
the load resistance, respectively, and the roles of d; and d, are
exchangeable as mentioned in [2] if the non-monotonic
problem of post regulation can be resolved [25]. Therefore, in
theory, a WPT system with dual-side PDM can regulate the
output voltage and maximize the system efficiency
simultaneously.

B. Implementation

As mentioned above, one of the preconditions of the
methodology is that the PDM pulses of u; and U, are uniformly
distributed. When the required pulse density equals simple
fractions, e.g. 1/2, 2/3, and 3/5, some bit patterns can be
composed to generate the most uniform PDM pulses as
described in [19, 26]. However, a more generic way that enables

higher density resolution is the delta-sigma modulation [18, 20].

Fig. 8 shows the logics of PDM that bases on a delta-sigma
modulator. The logic circuit has two input signals. One is the
continuous input pulses and the other one is the specified pulse
density d. The duty cycle of the input pulses is 50%. The rising
edges of the input pulses trigger an accumulator (sigma), which
accumulates the difference (delta) between d and the output of
a comparator. The comparator rounds the output of the
accumulator to one digit. The output of the comparator is
combined with the delayed input pulses by an AND gate. The
output of the AND gate is the modulated output pulses. The
purpose of the delay is to avoid spikes on the output pulses. As
an example, Fig. 9 shows the waveforms of the modulator when
d = 0.7. In this scenario, ten switching cycles compose a
modulation period and each modulation period contains seven
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Fig. 8. Logics of the PDM based on a delta-sigma modulator.
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Fig. 9. Waveforms of the modulator when d = 0.7.
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output pulses. The seven output pulses are distributed as
uniformly as possible.

Fig. 10 shows the schematic of a PDM driver for a half
bridge, where Sy and St are the high side and low side switches,
respectively. The PDM pulses are converted into a pair of
complementary pulses with dead time by a deadtime creator so
that the pulses can drive the two switches. The deadtime creator
can be implemented by either sequential logics or analog
circuits with a comparator [27].

Fig. 11 shows the overall configuration of the proposed PDM
implementation for MEPT. The input pulses of the transmitting
side PDM driver are independently generated by the



transmitting side controller, while the input pulses of the
receiving side PDM driver are synchronized with i,. To the best
of the authors’ current knowledge, this system is the most
compact WPT system with the function of MEPT.

C. Dual-Side Soft Switching

For the enhanced-mode gallium nitride (eGaN) switches,
the switching loss of a hard turn-on is much greater than that of
a hard turn-off [28]. Therefore, this paper focuses on the zero-
voltage-switching (ZVS) of eGaN switches. The condition of
the ZVS of an eGaN based half bridge is fully discharging the
switch output capacitance, Coss, during the dead time before the
switch turns on.

For the half bridges in a WPT system with PDM, this paper
proposes a dual-side soft switching technique that utilizes the
synchronous rectification and the coupled resonant tank to
achieve the ZVS. In this technique, the reactances for ZVS on
the two sides are realized by the receiving side active rectifier
rather than passive components. The synchronization circuits of
the active rectifier control the phase difference a» between i,
and U, to make iy lead u; slightly so that i, charges/discharges
the Coss of S3 and S4 during the dead time Tq, as shown in Fig.
12, where the integral of i, during Tq, is denoted by Qzvsz. The
ZVS of S3 and S4 can be achieved when Qzys; is sufficient to
charge/discharge their Coss from OV to V,, or vice versa, i.e.

To Vo
Quvs2 = _[ izdt = J (Cossfs3 + Cossfs4 )dV (17)
0 0

Since i, leads up, the active rectifier introduces a small
equivalent capacitance into the receiving side resonant tank and
therefore, the equivalent load resistance R. turns into an
equivalent capacitive impedance:

2, -
— -la
z _Fdz R e”* cosa,

(18)
According to the ac equivalent circuit, the reflected resistance
R; turns into a reflected inductive impedance Z;:
(@M)' _(oM)
"R, +Z, |Ze|
The load impedance of the inverter Zioad inv also turns slightly
inductive:

€

el (19)

z =R +Z = |Z,|ej’1Z (20)
Zioad_inv determines the phase difference a; between u; and i:
o ra, @21
Therefore, iy lags U; slightly and charges/discharges the Coss of
Si and S, during the dead time Tqi1, as shown in Fig. 12, where
the integral of i; during Tq; is denoted by Qzysi. The ZVS of S;
and S; can be achieved when Qgzys; is sufficient to
charge/discharge their Coss from 0V to Vin, or vice versa, i.e.

Tal Vin
Qs = _[ idt > I (C055751 + C055732 )dV
0 0

To determine the minimum phase differences aimin, G2min and
the shortest dead time Tdimin, Td2min required by the ZVS, the
waveforms of i and i, during dead time are assumed to be part
of the sin waves since the voltages across Coss are much lower
than the resonant voltages across C; and C,. Based on this

load_inv

(22)

U Ta =3 [« S\ e Ty

il QZVSI

Uy Te 3 [ =\ T,

V&S3
Ve s4 -\ /- > t

Iy Qzvs2

Fig. 12. Operating waveforms of the dual-side soft switching.
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Fig. 13. Equivalent circuits during dead time (a) transmitting side, (b) receiving
side.

COSS3

assumption, Gimin, 02min and Tdimin, Td2min can be derived from
(22) and (17) according to the equivalent circuits shown in Fig.
13 and expressed as

\/57[ (00350751 + Cossqsz )Vin

a, ., =arccos| 1—

Ts I]
(23)
N \/2\/575 (COSSQisl + 00550752 )vin
Ts I]
Titmin = %Tg (24)
2n
\/571: (COSSQ,SB + Cossofs4 )VO
a, .., =arccos| 1—
Ts IZ
(25)
~ 2\/571: (COSSQ,SS + COSSQ754 )VO
Ts |2
T _ a2min T (26)

d2min — 21_[ s
where Cossq si.4 are the charge equivalent switch output
capacitances [29].

It should be noted that the dual-side soft switching technique
achieves ZVS at the expense of decreased power transfer
efficiency because the system is slightly detuned when o; and
o are not zero. Moreover, a.imin and aoxmin are load dependent as
indicated by (23) and (25). Fortunately, a well-designed WPT
system with elaborately selected devices usually requires small
o1 and o in a large range of load variations, and the decrease of
power transfer efficiency is negligible compared to the increase
of conversion efficiency.

D. Ripple Factor of Output Voltage
The output voltage ripples are caused by the pulsed charging
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power that charges the filter capacitor Cr. For example, Fig. 14
shows the approximated waveforms of v, when d, = 1 (without
PDM) and d> = 0.7 (with PDM), respectively, where Vv,
increases and decreases when U is high (S3 on, S4 off) and zero
(S3 off, S4 on), respectively.

The magnitudes of the ripples can be derived from the energy
point of view. When d, = 1, the peak-valley difference of the
energy stored in Cr is calculated using the output power in half
a switching cycle:

2 2
le(vo+lAvoj —le(vo—lAvoj :lTSP0 27
2 2 2 2 2

The ripple factor is derived from (27) and expressed as

A, T
Yo o (28)
v, 2R.C

When d, < 1, the maximum peak-valley difference of the energy
stored in Cr occurs between the beginning and the end of the
longest continuous pulse segment in Uy, and is calculated using
the charging power and the output power:

2 2
le vo+lAv0 —le vo—lAv0
2 2 2 2
:n_szPc_ n2_l TsPo
2 2

where N, is the number of the pulses in the segment. According
to the operation principle of the delta-sigma modulator, n,
equals the smallest integer that is greater than or equal to da /
(1-dy), i.e.

(29)

(30)

n,

_| 9%
1-d,
For example, when d, = 0.7, d, / (1-d2) = 2.33 and n, = 3, as
shown in Fig. 14. P. stands for the charging power that is
derived from the power balance principle and given by:
P-TP
d
The ripple factor with PDM is derived from (29) and expressed

as
A_(u[d_pJ T
v, d, |1-d,| 2)RC,
For an intuitive understanding, Fig. 15 normalizes the ripple
factor of v, at various d by setting (28) as the unit. The

normalized ripple factor is always within the range of [3, 5]
when 1/3 <d, < 1.

€2))

(32)

IV. EXPERIMENT

A. Description of the Prototype

The experimental prototype is built following the schematic
in Fig. 11. The coupled resonators are formed by a pair of
structure-optimized coils [30] (Fig. 16) and High-Q® power
capacitors (Fig. 17). The inverter and the rectifier are built
based on two eGaN half-bridge modules (EPC9003C) along
with two motherboards that contain the sensors and the
synchronization circuits (Fig. 18). The prototype can work bi-
directionally since the hardware of the two sides are identical.

The parameters of the prototype are listed in TABLE I. Both
the inductances and the capacitances of the resonators on the
two sides are identical, and therefore, the two resonators have
the same resonant frequency, which is 0.917MHz. The
switching frequency is set to be the same as the resonant
frequency so that the system is tuned in resonance. The ESRs
of the resonators are roughly measured and their values are
close to 0.7Q. The coupling coefficient of the two coils at 0.5m
distance is about 0.01, obtained by magnetic field simulation.

B. Effects of Voltage Regulation and Efficiency Maximization

The effects of voltage regulation and efficiency
maximization of the PDM for MEPT are evaluated following
the process below:

1) The experimental prototype is configured as Fig. 19. The
two coils are co-axis and the face-to-face distance is 0.5m,
which is 1.67 times the diameter of the resonant coils. A fixed
40V dc voltage source is used to feed the prototype and the
prototype feeds a variable load resistor.

2) The PDM is disabled by setting d; = d» = 1. The load
resistance Ry is manually adjusted to an optimal value, 25Q, so
that the system efficiency from source to load is maximized to
71%. The output voltage V, at this operating point is 33V. The
waveforms are shown in Fig. 20.

3) Ru is manually increased from 25Q to 100Q with a step
length of 25Q. For each step, the prototype firstly operates
without PDM, i.e. keeps d; = d, = 1. Then, the PDM is enabled
by means of adjusting d, to maximize the efficiency for the
current Ry and adjusting d; to restore V, to 33V. The operating
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TABLE I
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE
Symbol Quantity Value

L transmitting side resonant inductance 75.3 uH

C transmitting side resonant capacitance 400 pF

R, transmitting side ESR ~0.7Q

O transmitting side quality factor ~ 620

L, receiving side resonant inductance 75.3 uH

C, receiving side resonant capacitance 400 pF

R, receiving side ESR ~0.7Q

[0 receiving side quality factor ~ 620

s switching frequency 0.917 MHz

k coupling coefficient 0.01 @ 0.5m
fom figure-of-merit ~62@0.5m
Himax maximum theoretical efficiency ~72% @ 0.5m

Transmitter Receiver
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Fig. 19. Configuration of the experimental prototype.
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Fig. 20. Operating waveforms with the optimal load.

waveforms of all these steps are shown in Fig. 21. The output
voltage and system efficiency with and without the PDM are
plotted and compared in Fig. 22.

It is shown in Fig. 22 that the output voltage without PDM
varies with Ry and the efficiency decreases from 71% to 54%
as Ry increases to 4 times the optimal value. In contrast, the
output voltage with PDM is always maintained at 33V and the
decrease of efficiency is less than 1%. This can hardly be
achieved by existing MEPT implementations.

C. Verification of the Soft Switching

The operating point of Fig. 21 (d) is selected as the “worst
case” to show the ZVS operation since the pulse densities of
this operating point are lower than those of Fig. 21 (b) and the
pulses are less uniform than those of Fig. 21 (f). The zoomed-
in waveforms of Fig. 21 (d) are shown in Fig. 23. The measured
phase differences are a1 = 23.5° and a, = 21.5°. The measured
dead time are Tq; = 50ns and Tq = 50ns. It can be verified
according to the operating waveforms and the switch properties
of EPC2010C that the phase differences and the dead time meet
the requirements of (23) to (26). The soft switching of both the
inverter and the rectifier is achieved and there is no spike on the
voltage waveforms. Thanks to the dual-side soft switching
technique, the switches do not need any heatsink or forced
cooling.

D. Inspection of the Output Voltage Ripples

According to Fig. 15, the normalized ripple factor of v, at the
operating point of Fig. 21 (d) is the maximum among all those
of the experimental operating points, therefore, Fig. 21 (d) is
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Fig. 22. Evaluation of the effects of voltage regulation and efficiency maximization.

still the “worst case”. The zoomed-out waveforms of Fig. 21 (d)  are shown in Fig. 24. The measured Av, is 0.3V and the ripple
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TABLE II

REPORTED MEPT PROTOTYPES (CHRONOLOGICAL ORDER)
o T D ot PR Rotne
1 0.515 0.25 0.04 74 [2]
2 13.56 0.15 0.05 70 [8]
3 0.09756 <0.1 0.1 69 [5]
4 0.035 0.17 0.24 92 [11]
5 6.78 0.06 0.05 46 [6]
6 6.78 0.045 0.09 72 [7]
7 0917 0.5 0.01 70 This paper
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Fig. 25. Efficiency comparison of the prototypes listed in TABLE II.

factor is 0.009. The total filter capacitance Cr used by the
rectifier is only 3.18pF (three 0.1puF caps on EPC9003C, four
0.22pF caps and two 1pF caps on the motherboard). The
theoretical ripple factor derived from (32) coincides with the
measured value.

E. Comparison to existing MEPT techniques

TABLE 1I and Fig. 25 compare the MEPT techniques
reported in recent years. The key parameters of their prototypes
are listed in the table. For the prototypes that operate at various
power transfer distances, the operating point at the largest
distance is selected and listed out. Since the coil sizes of the
prototypes are quite different, the coupling coefficients are
considered for a fair comparison. The listed efficiency is the
source-to-load efficiency that includes power converters.

V. CONCLUSION

This paper proposes a PDM implementation for MEPT of
WPT systems as a remarkable progress compared to
conventional MEPT implementations and other variants. The
advantages of the proposed PDM implementation include the
elimination of dc/dc converters (compared to the conventional
MEPT), dual-side soft switching (compared to the phase-shift
control), low output voltage ripples (compared to the on-off
control), and the increased overall efficiency (especially when
the coupling is very weak). By utilizing the PDM, the
experimental prototype maintains constant output voltage and
higher than 70% efficiency for various load resistances when
the power transfer distance is 0.5m, which is 1.67 times the
diameter of the coils. The limitation of the PDM is that it
requires high loaded quality factors and therefore, is not very
suitable for low frequency and strong coupling WPT. The
future work on this topic may include the closed-loop control
and tracking.
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