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Abstract—This paper aims to combine two advanced
techniques, namely, pulse density modulation (PDM) and zero-
voltage-switching (ZVS) class-D converters, for wireless power
transfer (WPT) systems. PDM enables voltage regulation and
efficiency maximization without additional dc/dc stages. ZVS
class-D converters ensure soft switching for various coupling and
load conditions. However, these two techniques cannot be directly
combined because the ZVS relies on the symmetric and continuous
switching operation, which would be disrupted by PDM. This
paper modifies the topology of the ZVS class-D converter and
proposes new operating principles and modulation logics for the
modified converter, which is called PDM ZVS full-bridge
converter, so that the two techniques are successfully combined.
The effectiveness of the proposed method was verified in
experiment. The overall efficiency of the experimental WPT
system is 94 ~ 72 % when the power transfer distance was 0.1 ~ 0.4
m, while the diameter of the coils was 0.3 m.

Keywords—maximum efficiency point tracking (MEPT); pulse
density modulation (PDM); soft switching; wireless power transfer
(WPI).

[. INTRODUCTION

The output voltage and efficiency of a wireless power
transfer (WPT) system depend on the system’s coupling and
load conditions [1]. Conventional WPT systems employ
maximum efficiency point tracking (MEPT) control strategies
to regulate the output voltage and maximize the efficiency by
additional dc/dc stages [1-4]. However, the dc/dc stages also
generate power losses and increase the complexity of the
system. Fortunately, researchers found a more efficient and
compact method, i.e., pulse density modulation (PDM) for
MEPT, so that the dc/dc stages are no longer needed [5].

The PDM method in [5] is inherently compatible with the
dual-side soft switching technique that uses resonant currents to
discharge switch output capacitances for zero-voltage-switching
(ZVS) [5]. However, this soft switching technique is sensitive to
the coupling and load condition of the WPT system. When the
coils’ coupling is strong or the system’s load is light, the
magnitudes of resonant currents may not be high enough to fully
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discharge the switch output capacitance during dead time, and
hard switching may occur, resulting in significant switching
losses, large voltage spikes, and high-frequency noises.
Therefore, the PDM method desires a more robust soft switching
technique.

The ZVS class-D converters presented in [6] and [7] are
promising to solve the soft switching problem for the PDM. The
converters employ ZVS branches to provide independent ZVS
currents to discharge switch output capacitances so that the soft
switching is not sensitive to operating conditions. However, the
ZVS class-D converters are not directly compatible with the
original PDM method because the ZVS relies on the symmetric
and continuous switching operation, which would be disrupted
by PDM.

This paper modifies the topology of the ZVS class-D
converter, and more importantly, proposes new operating
principles and modulation logics to make the converter
compatible with PDM, so that the soft switching problem of
PDM WPT systems is resolved. The new converter is called
PDM ZVS full-bridge converter.

II. TOPOLOGY AND PRINCIPLE

Fig. 1 shows the schematic of the main circuit of the
proposed PDM ZVS full-bridge converter that operates in
inversion mode. The converter is fed by a dc input voltage of
magnitude vi, and drives a series resonant tank, which has
inductance L, capacitance C, and resistance R. The converter is
comprised of a conventional full bridge with switches S;.4 and a
ZVS branch that consists of a ZVS inductor Lzys and a dc
blocking capacitor Cy,. The ZVS branch is connected between
the two switching nodes A and B of the two half bridges.

Fig. 2 shows the ideal waveforms when the pulse density d
of uag equals 0.5. As compared with conventional full-bridge
converters, some pulses of uap are removed and the blanks are
denoted by “0”. The ratio of the number of remaining positive
(P) and negative (N) pulses to the total number of P, N and “0”
is called pulse density d.
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Fig. 1. PDM ZVS full-bridge converter operates in inversion mode.
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Fig. 2. Ideal waveforms when pulse density d = 0.5.
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If the switching frequency f; of the pulses equals the resonant
frequency f, i.e.
f= e M
BN Ni7e
the resonant current ip will be in phase with uag, as shown in
Fig. 2. As per the “magnitude-density balance” principle [5], the

root-mean-square (RMS) value of the fundamental component
of uag at f; is

242

T
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Therefore, d is the control degree of freedom of the converter.

If Gy, is large enough, such that
1

— <
zn \/ LZVSCb

there will be a trapezoid ZVS current izys flowing on the ZVS
branch, as shown in Fig. 2. izys increases or decreases linearly
during P or N, and holds its peak value during “0”s so that it is
always ready for discharging the switch output capacitance at
the switching time. The absolute peak value of izvs is

3)

= O

4f; LZVS .

To fully discharge the switch output capacitance during dead
time 74, |izvs pk| must be large enough and the range of Lzys is
given by

|lzvs Jk|

T,
szs <—4—
st COSSQ

where Cossq is the charge equivalent switch output capacitance

[6].
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Fig. 4. Ideal waveforms of the proposed modulator when d = 0.5.

III. MODULATION METHOD

In order to control the power flow and generate the desired
waveforms of izys for any specified d, the P, N and “0” of uag
must follow the four rules:

1)  The total density of P and N equals 4,

2) Pand N are in phase with i;

3) P and N occur alternately;

4) P and N are followed by the same number of “0”’s.

The 1* and 2™ rules together satisfy the control law of (2). The
2" rule avoids the back flow of power. The 3" rule prevents izys
from continuously increasing or decreasing when it has reached
the peak value. The 4" rule ensures the symmetry of izys so that
the absolute values of its positive and negative peaks are equal
and both sufficient for the ZVS.

The four rules bring difficulties to the design of the
modulator. For example, none of the patterns “PONO...”,
“P0...”, and “PNO0O...” is valid for d = 0.5 because they violate
the 2", 3, and 4" rules, respectively.
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Fig. 5. A WPT system that employs PDM ZVS full-bridge converters on both transmitting and receiving sides.

This paper proposes the modulator shown in Fig. 3 to follow
the four rules. The modulator has two input signals. One is a
clock signal of a frequency f; that equals the resonant frequency
fr, and the other one is the specified pulse density d. The output
signals are ua* and ug®, which are the references for the
switching nodes A and B, respectively. The gate drive signals of
Si.4 can be generated from ua* and ug* by using simple logics
that create dead time [8].

The modulator in Fig. 3 operates in two steps. In the first
step, a nested frequency modulator “FM” divides the clock
frequency by an odd » to generate ua*, and a delay unit delays
ux* for half a clock cycle to generate ug*. Fig. 4 shows the
waveforms of ua* and up*, as well as their difference uag* for
the cases of n =3 and n = 1. It can be verified that uag™ follows
the 2", 3" and 4" rules for any odd n. In the second step, 7 is
determined by delta-sigma modulation to follow the 1% rule. The
delta-sigma modulation takes the XOR of ua* and ug™*, which is
denoted by uxor, as the feedback pulses because the pulse
density of uxor equals the total density of the P and N in uap*.
The difference of d and uxor is accumulated with a gain k. by a
transfer function block, which is triggered by both the rising and
falling edges of the clock signal. The accumulation result is
denoted by e. e is sampled by a zero-order holder “ZoH” at the
end of each frequency modulation period n/f;. The sampled e is
denoted by es. n is derived from e; by the block “Calc.” in terms
of

Z(L}l ©
max (e,, e, )

where emin > 0 is a lower limit on e;. A typical value of epin is
0.2, and k. = 0.1 is appropriate for such an emin.

IV. THE WPT SYSTEM

Fig. 5 shows a WPT system that employs PDM ZVS full-
bridge converters on both transmitting and receiving sides as
inverter and rectifier, respectively. The inverter converts the
input dc voltage vi, to its switching node voltage u; and injects
energy into the transmitting side resonator, which has
inductance L, capacitance Cj, and equivalent series resistance

(ESR) Ri. The resonant current on the transmitting side is
denoted by iL;. Symmetrically, the rectifier converts the output
dc voltage v, to its switching node voltage u, and absorbs
energy from the receiving side resonator, which has inductance
L,, capacitance C, and ESR R,. The resonant current on the
receiving side is denoted by iro. In addition, the mutual
inductance between L; and L; is M, the filter capacitance is Cr,
and the load resistance is Ry.

The transmitting side modulator modulates u; using an
independent clock signal and a specified pulse density d;. The
RMS value of the fundamental component of u; is

in

Uy =—v,4 (N
T

The receiving side modulator modulates u> using the pulses
synchronized with i, and a specified pulse density d>. The
RMS value of the fundamental component of u; is

Uy=—,d, (3)
T

Under fully tuned condition, namely

1 1
O =——=

CJLe LG, ®

where s is the angular frequency of the clock signal, the
system’s steady state operating point is given by

— 2\/Evindl
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1, (10)

where R. is the ac equivalent load resistance:

. =—d,’R, (11)
T
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Fig. 7. Operating waveforms of the WPT system when the power transfer distance is (a) 0.1 m, (b) 0.2 m, (c) 0.3 m, and (d) 0.4 m.

and R; is the reflected resistance:

oMY

R = u (12)
R, +R,

Since the system provides two control degrees of freedom,

i.e. di and d», the MEPT control can be adopted by using > to
optimize R. and d, to regulate v, [5].

V. EXPERIMENT

A WPT system prototype as described in Fig. 5 was built
using two PDM ZVS full-bridge converters along with a pair of
resonant tanks [5]. The spatial configuration of the system is
shown in Fig. 6. The parameters are listed in Table 1. The input
voltage of the inverter was fixed at 40 V. The load resistance

was fixed at 100 Q. This resistance was selected because such a
large resistance results in low resonant currents and output
power. Low resonant currents usually challenge the soft
switching of existing WPT systems. And low output power
usually results in low efficiency. The test with 100 Q load
resistance was actually the “worst-case test” of the system.

Experiment was carried out at various power transfer
distances, 0.1 ~ 0.4 m, while the MEPT control was manually
adopted by adjusting the pulse densities d; and > so that the
system maintained a nearly constant output voltage, 32.5 V, and
achieved the maximum overall efficiency, 94 ~ 72 %. Fig. 7
shows the measured operating waveforms, which indicate that
the system operated as expected. Fig. 8 shows the output voltage
and overall efficiency, which verify the effectiveness of voltage
regulation and efficiency maximization.
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TABLEI PARAMETERS OF THE WPT PROTOTYPE TABLE I REPORTED WPT SYSTEMS WITH MEPT

Symbol Quantity Value " Coil diameter Distance Efficiency Reference
(mm) (mm) ()
Ta Dead time 50 ns 100 37
Lzvs ZVS inductance 10 uH 1 270 égg 53 1
Gy Dc blocking capacitance 1 uF 250 74
L, Resonant inductance 76.6 uH 100 96
2 600 135 94 [9]
Ci,» Resonant capacitance 400 pF 170 92
f2 Resonant frequency 0.909 MHz 3 100 40 72 [10]
23 73
4 43 28 66 [11]
- 33 58
—— Output Voltage Efficiency 25 29
5 88 [4]
45 95% 33 87
_ 6 310 200 73 [12]
S 40 90%
< . 7 300 500 70 [5]
&35 85% 2 100 94
o =
——g—n 5 200 89 .
Z 30 80% % 8 300 300 32 This paper
f:.; 400 72
325 75%
20 70%
0.1 0.2 0.3 0.4 —— ] —h—#) A H3 —W—#4
Distance (m) —m—5 W e #7 48
Fig. 8. Effects of voltage regulation and efficiency maximization. 100%
90%
VI. COMPARISON TO REPORTED WPT SYSTEMS
Table II compares the WPT prototype in this paper to the § 80%
representative reported WPT systems. All these systems have : g A -
the function of MEPT (but may have a different name, e.g., MET 5 70% o
or MEET). The key parameters, including coil diameter, power
transfer distance, and overall efficiency are listed in the table. 60%
(The overall efficiency is the source-to-load efficiency including ,
power converters.) 0%
0 025 05 075 1 125 1.5 175
Fig. 9 shows the efficiency with respect to the distance ratio, Distance / Coil Diameter

which is defined as power transfer distance over coil diameter.
The distance ratio is considered because it is the major limiting
factor on the efficiency. It can be seen from Fig. 9 that for any
of the WPT systems, the higher distance ratio, the lower

Fig. 9. Efficiency comparison of the WPT systems listed in Table II.

efficiency can be achieved, even with MEPT. However, in REFERENCES
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