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Multifrequency Modulation to Achieve an Individual

and Continuous Power Distribution for Simultaneous
MR-WPT System With an Inverter

Chen Qi

Abstract—To achieve an individual and continuous power distri-
bution for multireceiver wireless power transfer (WPT) systems, a
novel multifrequency modulation method has been proposed. In
the proposed method, a look-up table and delta-sigma modulation
scheme are introduced to generate a mixed-frequency driving volt-
age pulse by synthesizing it from the given voltage pulses. The com-
ponents of synthesized driving voltage pulse have continuously and
individually varying amplitudes of multiple specific frequencies.
With the proposed modulation method, only a standard full-bridge
inverter is employed in the transmitting side to achieve power
distribution among receivers, leading to a simple configuration of
the transmitting source. Moreover, the proposed method has a small
calculation burden and can be easily extended to the system with
more receivers. When compared with the existing multifrequency
modulation method, a lower switching frequency is obtained in
the proposed method. Finally, the effectiveness of the proposed
modulation method is verified theoretically and experimentally.

Index Terms—Delta-sigma modulation, look-up table, multi-
frequency, multireceiver, wireless power transfer.

I. INTRODUCTION

IRELESS power transfer (WPT) is becoming popular
W as a technique, which is suitable to deliver power to
multiple receivers, such as electric vehicles [1] and electronic
devices [2]. In most applications, individual and continuous
power distribution among receivers is a big challenge, especially
for the system with all receivers simultaneously absorbing power
just from a common inverter, as shown in Fig. 1.

Recently, several power distribution methods have been pro-
posed for multiple-receiver WPT systems [3]-[14]. The first
method is to utilize dc—dc converters in the receiving side to
control the individual output voltages, but it will result in an

Manuscript received December 25, 2020; revised April 7,2021; accepted May
15,2021. Date of publication May 19, 2021; date of current version July 30, 2021.
This work was supported in part by the National Natural Science Foundation
of China under Grant 51907015 and in part by the Fundamental Research
Funds for the Central Universities under Grant DUT19JC07. Recommended
for publication by Associate Editor U. K. Madawala. (Corresponding author:
Chen Qi.)

Chen Qi, Sheng Huang, and Xiyou Chen are with the School of Electrical
Engineering, Dalian University of Technology, Dalian 116023, China (e-mail:
gichen @dlut.edu.cn; hsheng @mail.dlut.edu.cn; chenxy @dlut.edu.cn).

Peng Wang is with the School of Electrical and Electronic Engineering,
Nanyang Technological University, Singapore 639798, Singapore (e-mail:
epwang @ntu.edu.sg).

Color versions of one or more figures in this article are available at https:
//doi.org/10.1109/TPEL.2021.3081931.

Digital Object Identifier 10.1109/TPEL.2021.3081931

, Member, IEEE, Sheng Huang, Xiyou Chen, and Peng Wang

, Fellow, IEEE

Multi-frequency
Compensator

oy

Full-bridge inverter

Fig. 1. Typical multireceiver simultaneous WPT system with an inverter.
increment of system loss, cost, and size [3]-[5]. To avoid the
use of extra dc—dc converters, the multiple-frequency concept
has been introduced to multiple-receiver WPT systems, in which
the receivers are designed with different resonant frequencies
[6]-[17]. In the meantime, the transmitter provides the power
of different frequencies. By tuning the resonant frequencies of
receivers to one of the frequencies emitted from the transmitter,
the separate power channels can be established to provide a
possibility for distributing power among receivers by just using
the transmitter. In comparison with a single-frequency multire-
ceiver WPT (SF-MR-WPT) system whose receivers have same
resonant frequency [18]-[23], the multiple-frequency multiple-
receiver WPT (MF-MR-WPT) system can reduce the influence
of cross-couplings among receivers [13]. According to whether
the receivers are charged one by one or simultaneously, the MF-
MR-WPT systems can be classified into two types: simultaneous
MF-MR-WPT system [6]-[14] and selective MF-MR-WPT sys-
tem [15]-[17]. The latter can easily achieve power distribution
by changing the transfer time durations to receivers. However,
the power transmission delay is added and an additional control
circuit is required to select the corresponding power channel.
On the other hand, more attentions have been paid to the
simultaneous MF-MR-WPT systems [6]-[14]. For the power
distribution in such a system, one solution adopts a series com-
bination of multiple inverters operating at different switching
frequencies as a transmitting source [6], [7]. Although this
solution can achieve an individual and continuous power dis-
tribution among receivers by simply changing the duty cycles
of corresponding inverters, the configuration of the transmitting
source is complex. Instead, some solutions use a single inverter
as a transmitting source, leading to a simpler configuration of a
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system [8]-[14]. In [8] and [9], the fundamental and third-order
harmonics of square-wave voltage generated by a full-bridge
inverter are used to simultaneously charge two receivers. Fur-
thermore, more receivers can get power from a single inverter by
synthesizing a half-cycle sinusoidal current in the transmitting
coil and the output power can be distributed by changing the op-
erating frequency of an inverter [10], [11]. However, to generate
such current, one diode needs to be connected in series to each
inverter leg, which will bring additional switching losses. An-
other solution is to utilize the frequency bifurcation phenomenon
of a magnetic resonant WPT system to charge the receivers
of different resonant frequencies. For the power distribution
among receivers, the transmitting coils in this solution need to
move to different coupling points [12], [13]. Although only one
inverter is employed in the above-mentioned solutions [8]-[13],
one common issue of these solutions is that the power of re-
ceivers cannot be regulated individually. Recently, a superposed
sinusoidal pulsewidth modulation (SSPWM) method has been
proposed for simultaneous MF-MR-WPT systems to achieve an
individual and continuous power distribution among receivers
by just using a full-bridge inverter [14]. This method is based
on the amplitude modulation scheme and can be carried out by
comparing a combined modulation signal with a high-frequency
triangular carrier. In the SSPWM method, the modulated inverter
is operating at the carrier frequency. To obtain high modulation
accuracy, the carrier frequency needs to be much higher than
the modulation signal frequency. Consequently, the switching
frequency of an inverter increases a lot in the SSPWM method in
comparison with other single-inverter-based methods [8]—-[13],
making the design of a relatively high-efficiency system much
more difficult.

In this article, a novel multifrequency modulation method
based on delta-sigma modulation (DSM) scheme has been pro-
posed for the simultaneous MF-MR-WPT systems to achieve an
individual and continuous power distribution among receivers
by just using a full-bridge inverter. When compared with the
SSPWM method [14], a lower switching frequency is obtained
in the proposed method. Moreover, the proposed method has
a small online calculation burden and therefore can be imple-
mented by using a standard digital signal processor (DSP). The
comprehensive analysis of the proposed method is presented.
Finally, the experimental results in comparison with the SSPWM
method are given. The proposed modulation method is particu-
larly suitable to charge the devices of different power levels in the
same zone, such as mobile phones, microrobots, and distributed
implants, where a reduction in system loss, cost, and size is
required.

II. REVIEW OF SSPWM METHOD

Fig. 2 shows the scheme of the SSPWM method for the simul-
taneous MF-MR-WPT system. As noted, the switching signals
of a full-bridge inverter in the SSPWM method are generated by
comparing a combined modulation signal with a high-frequency
triangular carrier. Then, a mixed-frequency driving voltage vq
with voltage components of n specific frequencies fi, f2, and f;,
can be derived. To establish separate power channels and obtain
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Fig. 2. Scheme of the SSPWM method.

arelatively high efficiency, the resonant frequencies of receivers
should be tuned to one of the frequencies fi, f>, and f,,, as given
by

frzzl/(Qﬂ—\/ erCrz):fl (Z:]-a 777‘) (D

where f;; is the resonant frequency of the ith receiver. L,; and
C,,; are the self-inductance and series compensation capacitance
of the ith receiving coil.

Assuming only one sinusoidal modulation signal at angular
frequency w,; = 27f; (i = 1, ..., n) to be considered, the SSPWM
is simplified as the well-known sinusoidal pulsewidth modu-
lation (SPWM). Based on the double Fourier integral analysis
[24], the harmonic components of driving voltage vq in SPWM
can be derived by

4Vin 1 Vi
va(t) = Vi cos(w;t) + - Z Z m{J"<m2Vm>

X sin {(m + n)g} cos(muwst + nwit)} )

where wg = 27f; is the carrier angular frequency, Vi, is the input
dc voltage of the inverter, V; (<V;,) is the desired voltage com-
ponent amplitude of vq4 at frequency f; (modulation parameter),
and J,, is the nth-order Bessel function.

It can be noted in (2) that the improper selection of carrier
frequency f; will produce unexpected harmonic components
of vq in the power channel. These harmonic components may
affect the output voltage and reduce the modulation accuracy.
To reduce their adverse effects, the carrier frequency f; should
be much higher than the modulation signal frequency f; (i =
1,...,n). This point can be clearly illustrated in Fig. 3, where
the output voltages at different carrier frequencies are given.
It should be noted that the inverter in the SSPWM method is
operating at the carrier frequency. Consequently, the switching
frequency in the SSPWM method is high, making the design of
a relatively high-efficiency system difficult.

To avoid the above-mentioned drawback of the SSPWM
method, a novel multifrequency modulation method based on
the DSM scheme has been introduced in the following.

III. PROPOSED MULTIFREQUENCY MODULATION METHOD

To achieve an individual and continuous power distribution
among receivers by just using a single inverter, the common idea
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in the SSPWM method (f; = 100 kHz, f> = 200 kHz).
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Fig. 4.  Scheme of the proposed modulation method.

of the SSPWM method and proposed modulation method is to
generate a mixed-frequency driving voltage vq, whose voltage
components have continuously and individually varying ampli-
tudes Vi, Vo, and V,, of multiple specific frequencies f1, f>, and
- In the proposed method, such a driving voltage is generated
by synthesizing it from the given voltage pulses. Fig. 4(a) shows
the scheme of the proposed method, which is carried out into two
stages. At first, the possible periodic pulse sequences of driving
voltage, whose voltage components contain given amplitudes
of specific frequencies, are predetermined offline to establish
a look-up table. The table indexes are the evenly distributed
voltage component amplitudes. Taking the system with two
receivers as an example, as shown in Fig. 4(b), the row index
and column index of the look-up table are the amplitudes V;
and V», respectively. The look-up table is divided into many
small regions and the desired driving voltage pulse P with a
certain voltage component amplitude will locate in one of these
regions. Then, to obtain a high modulation resolution, this pulse
P is synthesized by using the neighboring pulses, which are
predetermined and located on the corners of the minimum local
region. For example, as shown in Fig. 4(c), four neighboring
pulses, namely P; j, P;y1, j, P; j11,and P; 1 j11,areavailable
in the minimum local region of a look-up table for the system
with two receivers. The table indexes corresponding to these four
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Fig. 5. Fitting waveform shapes of vq for the system with two receivers.

neighboring pulses are noted by (Vi,V2) ,(V4, Va), (V4, Va),
and (V1, V2). These indexes are also the low-limit or up-limit
component amplitudes in the minimum local region. In the
proposed method, a new DSM scheme is introduced to achieve
an automatic synthesis of desired pulse P from the neighboring
voltage pulses. More details of the proposed modulation method
are presented as follows.

A. Look-Up Table of Driving Voltage Pulses

In the proposed modulation method, a desired driving voltage
vq with varying voltage components is generated by synthesizing
it from the given voltage pulses. To reduce the execution time,
these given voltage pulses are predetermined offline and then
their pulse parameters are stored in a look-up table. It should
be noted that the searching boundary of the look-up table deter-
mines modulation region size. To enlarge the modulation region
as possible, the look-up table will be created according to the
following steps.

Step 1: Choosing an appropriate table size.

As the table size increases, more pulses are given to synthesize
the desired driving voltage. This will improve the modulation
resolution because the component amplitude differences among
neighboring given pulses become smaller. However, the adding
of table size would increase memory consumption and compu-
tation time to establish the look-up table. The effects of mod-
ulation resolution on the modulation accuracy and modulation
performance are further studied in Section IV-C to choose an
appropriate table size.

Step 2: Selecting a fitting waveform shape of vg.

The driving voltage pulse with different waveform shapes can
contain same harmonics of specific frequencies. To weaken the
effects of unexpected harmonics, it is required to select a fitting
waveform shape of driving voltage pulse. This selection can
be achieved by applying the multifrequency multimagnitude
superposition methodology, as illustrated in Fig. 5, where a
combined voltage vi+v; is derived after the superposition of
voltage components v; and vs. For simplifying the superposition
scheme, the frequency f5 of v, is chosen to be twice as much as
the frequency fi of v;. According to the relationship between two
given voltage component amplitudes V; and V5, the combined
voltage vi+vo has two different waveform shapes. When V;
is more than 2V5, the combined voltage is always positive or
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negative during half cycle, as shown in Fig. 5(a). The polarity
of v1+v, reverses once during each half cycle when V; is less
than 2V5, as shown in Fig. 5(b). As known, same combination of
V1 and V; can be obtained simultaneously by applying vq with
different waveform shapes. Nevertheless, the waveform shape
of driving voltage pulse, which is more fitting to the waveform
shape of combined voltage, is preferred to be considered.

Step 3: Calculating the parameters of driving voltage pulse.

After determining the waveform shape of vq, next step is to
calculate the pulse parameters. As shown in Fig. 5, the driving
voltage vq is a periodic signal and can be expressed by

vq(t) =

0<t< (1 —dl)Tg/Q
(1 +d1)T3/2 <t<T3+ (1 — d2)T4/2
0, T3+(1+d2)T4/2<t<T2+(17d2)T4/2
T2+(1+d2)T4/2 <t<T)— (1+d1)T3/2
orl; — (1 — dl)T3/2 <t<Ty
(1—-d)T3/2<t<(1+dy)T3/2
OI‘TQ + (1 —d2)T4/2 S t S TQ + (1 —|—d2)T4/2
T34+ (1 —do)Tu/2 <t <T5+ (14 d2)Ts/2
oy — (14dy)T3/2 <t < Ty — (1 —dy)T3/2.
3)

Vin,

In Fig. 5(a), the pulse parameter do of vq in (3) is zero. As
shown in Fig. 5, the voltage components v, and vo are also the
first and second harmonics of vq when f> is chosen to be 2f;.
Then, their amplitudes V; and V5 can be expressed by using the
Fourier coefficients of v4 as

Vlz\/a%—i—b% @)
Vo = /a3 + b3

where a; and b; (i = 1, 2) are the Fourier coefficients at frequency
fi and can be calculated by

2 [
a; = — va(t) cos(2m f;t)dt and b;
T Jo
2 [
= — va (t) sin(27 f;t)dt. ®)
Tv Jo

Substituting (3) into (5), the Fourier coefficients a; and b; (i
=1, 2) of vq can be obtained as
a; = % (sin @y — sin @y — sin O3 + sin O4)
b — _ Vi 2 cos 5 — 2 cosbg + cos b (6)
¢ i —cosfy — cos O3 + cos b,

where 01 =m+ iW1T4(1 + d2)/2 . 92 =T+ iW1T4(]. —
dg)/Q, 03 = iw T3 + iw1T4(1 + dQ)/Q, 04 = iw T35 +
iw1T4(1 — d2)/2, 05 = iwng(l + dl)/Q, and O =
iwng(l — dl)/2

When V; is more than 2V5, there are two pulse parameters
d; and T3 of vq to be determined, as shown in Fig. 5(a). By
substituting (6) into (4), here, V; and V5 are the functions of d;
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method for the system with two receivers.

and T3, as given by

Vi = /2 {coslm iTu(1 — dy)] — cosfr hT5(1 + da)]}

Vo = /Y {coslm foT(1 — )] — coslm foT3(1 + d )]}
)

However, it is difficult to get the analytical solutions of (7)
because the equations are nonlinear. Instead, the numerical
solutions of (8) can be used to find d; and T3.

When V; is less than 2Vs, there are three pulse parameters
dy, do, and T3 of vq to be determined, as shown in Fig. 5(b).
Among these parameters, T3 is needed to be determined at first.
As noted in Fig. 5(b), T5 is the zero-crossing instant of com-
bined voltage vi+vs. That is, Visin(2mf;T3)+Vasin(2afaT3)
= 0. Considering f> = 2f;, the equation can be simplified as
V14+2Vasin(2nf1 T3) = 0. Then, T3 in Fig. 5(b) can be solved as
Ts = To[1—arccos(V1/Vy/2)/m]. After calculating T, two pulse
parameters d; and d of vq are still to be determined in Fig 5(b).
Their solving process is similar to that of pulse parameters d;
and T3 of vq in Fig 5(a) and therefore will not repeat it here.

Step 4: Checking each table cell to find the maximum searching
boundary.

It should be noted that searching boundary of the look-up
table determines the modulation region size. The maximum
searching boundary can be found by checking each cell of the
look-up table. If the driving voltage pulse with certain voltage
components cannot be found, the corresponding table cell should
be discarded. By using Steps 2 and 3 to find the possible driving
voltage pulses, Fig. 6(a) shows the modulation region of the
proposed method. The calculation results of pulse parameters
T3, d;, and do in Fig. 5 are shown in Fig. 6(b)—(d), respectively.

B. Synthesize of Driving Voltage Pulse Based on DSM

After establishing a look-up table to locate the desired driving
voltage pulse P in the minimum local region, the next stage of the
proposed modulation method is to select the neighboring voltage
pulses given on the corners of the local region to synthesize the
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desired pulse P. As illustrated in Fig. 4(c), there are four neigh-
boring voltage pulses P;, ;, Pit1, j, Ps, j+1,and P; 1, j41 inthe
minimum square region for the system with two receivers. It can
be noted in Fig. 4(c) that the component amplitude V; (i = 1, 2)
of the desired pulse P is bounded by the four neighboring voltage
pulses. That is, V; <V} < i andVp <V, < Vs. Therefore, a
continuously and individually varying component amplitude V;
of the desired pulse P can be derived by introducing the ratio
coefficients r;€[0, 1] as

Vi=

e

To achieve (8), a new DSM scheme is proposed and shown in
Fig.7, where the system with two receivers is taken as an intuitive
example. Based on the DSM scheme, an automatic synthesis of
the desired pulse P from the neighboring voltage pulses can be
achieved. As shown in Fig. 7(a), each desired voltage component
has its modulator. There are two input signals of each modulator.
One is the common sampling pulses which make the operation
of modulators synchronous. The other is the desired ratio coef-
ficients r;. The difference (delta) between r; and the output c; of
comparator is accumulated by the accumulator (sigma) and then
the output a; of the accumulator is rounded to one digit by the
comparator. According to the output results of all comparators,
one of the neighboring voltage pulses is selected during each
sampling period, as shown in Fig. 7(b). As noted, the selected
voltage pulse can provide up-limit component amplitude when
the output of the comparator is high. In turn, the down limit
of component amplitude is provided when the output of the
comparator is low. Consequently, the selected voltage pulse can
alternately decrease and increase the component amplitude to
achieve (8). As an example, Fig. 7(c) shows the waveforms of
modulators when 1 = 0.3 and ro = 0.7. In this scenario, ten

Vi+n(i-W)

Vo + ra(Va — V). ®
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sampling (modulation) periods compose a long period. For rq
= 0.3 and ro = 0.7, each long period contains three and seven
high comparator outputs, respectively.

C. Digital Implementation Using a Standard DSP

Another advantage of the proposed modulation method is
it has a small online calculation burden and therefore can be
implemented by using a standard DSP, as shown in Fig. 8, where
the system with two receivers is taken as an example. On a
standard DSP chip, such as TMS320F28335 DSP, six enhanced
pulsewidth modulator (EPWM) modules are available and each
provides one timer and two comparators A and B. The switching
transitions occur to the moment when the timer value is equal to
the comparator value. The switching instant can be controlled
by calculating the comparator value.

The timing of different tasks performed by the DSP is shown
in Fig. 9. As noted, the switching state to be applied in the
next modulation period is selected in the current modulation
period. This is done to deal with the calculation time delay,
which is the most important delay of the system. According to
the given driving voltage pulse parameters dy, ds, and T3, the
values CA1, CB1, CA2, and CB2 of the comparators of DSP can
be predetermined and stored in the look-up table instead. In this
way, the calculation time can be effectively reduced, which is
less than one modulation period 71 ( = 1/f; = 10 us). Obviously,
such a small calculation time delay will hardly affect the output
voltage waveform when a large filter capacitor is used.

It should be noted that the storage of the comparator values
of the DSP instead of pulse parameters in the look-up table may
slightly increase the memory consumption. Nevertheless, the
use of a DSP chip is feasible. This is because, on the one hand,
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Fig. 10. Fitting waveform shapes of vq for the system with three receivers.

the DSP contains a lot of memory in the chip. For example, the
DSP TMS320F28335 chip has 34kx 16 b static random-access
memory (SRAM) and 256k x 16 b flash. On the other hand, the
required memory for the look-up table is not very large. For
example, as shown in Fig. 8, each given driving voltage pulse
needs 8 x 16 b memory to store the comparator values of the DSP
for the system with two receivers. When the dimensions of the
minimum local region, that is to say, 7(V; — Vi)/Viy is chosen
to be 0.2, there are (4/0.2+1) x(4/0.241) = 441 possible pulses.
Here, a total of 441x8x 16 b memory is considered. In fact, it
needs less memory. This is because when the corresponding
driving voltage pulse cannot be found, some table cells are
discarded, as illustrated in Fig. 6.

In this article, the highest component frequency is chosen
as the timer frequency. In the proposed method, the switching
frequency of the inverter is fixed and equal to the timer frequency.
As addressed previously, the inverter in the SSPWM method is
operating at the carrier frequency f;. To obtain high modulation
accuracy in the SSPWM method, the carrier frequency f; should
be much higher than the component frequencies. As a result, in
comparison with SSPWM, the proposed modulation method has
a lower switching frequency, making the design of a relatively
high-efficiency system easier.

D. Extension to the Applications With More Receivers

As the receivers increase, the dimensions of the look-up table
and the number of fitting waveform shapes of driving voltage
pulses will increase. Taking the system with three receivers as an
example, Fig. 10 illustrates three possible waveform shapes of
combined voltage v;+vo+vs. As shown, each fitting waveform
shape of driving voltage has at least three pulse parameters to
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Fig. 12.  Digital implementation of the proposed modulation method using a
standard DSP for the system with three receivers.

be calculated. Their calculation method is similar to that of the
two-receiver system and therefore will not repeat it here. It can be
noted that much more efforts are needed to establish the look-up
table as the receivers increase. Fortunately, these efforts can be
done offline in advance.

Besides, more delta-sigma modulators are required with the
increase in number of receivers. Fig. 11 illustrates the extension
of the proposed modulation method to applications with three
receivers, where the desired driving voltage pulse P will locate
into a small cubic region and eight neighboring voltage pulses
given on the corners of small cubic region are used to synthesize
the desired pulse P. It should be noted that the increase of
modulators will not significantly increase the online compu-
tational burden. This is because most of the calculation tasks,
including finding table indexes, calculating ratio coefficients and
calculating comparator output of the modulator, as shown in
Fig. 9, can be performed individually for different receivers. In
fact, the calculation time of each task is very small.

Another advantage of the proposed modulation method is that
although more switching states are applied in each modulation
period, no EPWM modules of DSP will be added when extended
to the applications with more receivers, as illustrated in Fig. 12,
where only two EPWM modules are used.
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IV. DISCUSSION ON THE PROPOSED MODULATION METHOD
A. Design of Multifrequency Compensation Tank

In this article, a multifrequency composite compensation tank
isused to eliminate the input reactive component at each resonant
frequency and its general design method for arbitrary multiple
receivers can be found in [25]. However, for the certain appli-
cation in this article, the design principle of a multifrequency
compensation tank is reintroduced in the following.

The equivalent circuit at any single angular frequency w for
a system with n receivers is shown in Fig. 13, where R; and
L; are the equivalent series resistance and self-inductance of
transmitting coil, respectively. R,; (i = 1, ...,n) is the equivalent
series resistance of the ith receiving coil. My; (i = 1,...,n) is
the mutual inductance between the transmitting coil and the ith
receiving coil. My; (i = 1,...,n, j = 1,...,n, i#J)) is the mutual
inductance between two receiving coils. Ryec; = 4Ry, /7 (i =
1,...,n) is the equivalent value of load resistance Ry,; looking
from the uncontrollable half-bridge rectifier.V“ and | stand

for the driving voltage and current phasors.fr(;” )(i =1,...,n)is
the current phasor of the ith receiving coil. As shown in Fig. 13,
the selected multifrequency compensation tank for the system
with n receivers consists of one capacitor and n—1 parallel LC
circuits, known as n-order Foster network [26]. The parallel
LC circuit has feasibility of compensating both inductive and
capacitive reactive components. That is why the Forster network
is chosen as the multifrequency compensation tank because it
has generality for a compensating reactive component of any
value. In Fig. 13, Xéw) represents the equivalent reactance of
the compensation tank and can be expressed as

UJCO P 1—w LlCZ

X = ©)

It can be noted in (9) that the adding of one parallel LC
circuit in a Foster network has the potential to provide one more
different value of X.. To provide n different values of X, for
independent control of input phase at n resonant frequencies
and be guaranteed to find the positive value of Foster network

150 0 250 300

20
Zero f(kHz)

(b)

Fig. 14. Calculated (a) angles of Zi(:> and (b) output power with and without
using the designed compensation tank for a system with two receivers.

parameters, the number of parallel LC topologies in the Foster

network should be n—1 for the system with n receivers. In

Fig. 13, the input impendence of the system can be given as
7 = X + Ry + jwLy + 2%

Leq

(10)
where Zﬁig is the equivalent load impendence reflected from all
receivers and can be derived in (A8).

The parameters of the Forster network can be calculated by
imposing the imaginary part of Zi(: ) at all resonant frequencies
to be zero as

[ (1)
1/Cy w1 L +Im _ZLeé1
Ly wa Ly +Tm | Z{42)
X = - (1)
bl v [202)]

where Im[.] means the calculation of imaginary part. X is the
nxn coefficient matrix and can be expressed by

1 wy . w1
w1 pw%/wgfl pw%/w%fl
1 wa wo
w2 p—1 pw? [w?2 -1
X = 3w (12)
1 Wy, Wn
Wn pw%/wgfl p—1

where p = w?, | L;C; is a constant that can be used to guarantee
to find the positive value of the Foster network parameter. For
example, p can be chosen as 0.95. If the calculated parameter of
the Forster network is negative, p is changed to be more than 1.
Here, p can be chosen as 1.05. Then, the parameters of n-order
Forster network can be found in the following equations:

[/ (w1)
1/Co wiLy +Im _ZTZeq)
L1 WQL —|—II’I1 Z w2
Tl oxt ' [Thea (13)
L 1 wnLy +Tm [ 207
P
Ci=—L—(i=1,....n—1). 14
3 WZ-2+1LZ' (7’ bl 7n ) ( )
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TABLE I
SPECIFICATIONS OF THE SYSTEM WITH TWO RECEIVERS

Parameter  Value Unit
DC supply Vin 50 \%
Resonant frequencies  fi/f 100/200 kHz
Compensator Co/ C] 21 9/644 nF
L 24.5 uH
Transmitting coil L 49.1 uH
R 0.19 Q
Receiving coil Lo/ Lo 24.7/26.4 HH
R/ Ro 0.09/0.09 Q
Coupler My/Mo/M,> 8.4/8.2/0.65 uH
Receivers Cy/ Cp 102.5/24.1 nF
Loads RL] /RL2 5/5 Q

Fig. 14 shows the calculated angles of Zi(: ) and output power

with and without using the designed compensation tank, where
a system with two receivers is illustrated and its specifications
are listed in Table I. In Fig. 14, the output power of the receiver
at any single angular frequency w is obtained in (15).

As noted in Fig. 14, by using the designed compensation
tank, the angles of Zi(rf ) at two resonant frequencies become
zero. It means that the multifrequency reactive components are
completely eliminated. Moreover, the power level is enhanced
when the designed compensation tank is used.

B. Analysis of Interaction Among Multifrequency Power
Channels

In this article, multifrequency power channels are established
to provide a possibility for distributing power among receivers
by just using an inverter. However, it should be noted that
these multifrequency power channels may be coupled with each
other. This coupling may hinder the individual modulation. In
the following text, the interaction among multifrequency power
channels is analyzed quantitatively.

According to (A4), the output power of the ith i =1, ..., n)
receiver at any single angular frequency w is obtained by

(w) 2 2
(w) Rieci H(w) ’2 o Rireei AZ ‘ y (w)’
P = — x |1 =5 X D@ x |Vy .

15)

Based on the multifrequency multimagnitude superposition

methodology, the total output power of the ith receiver by
applying the proposed modulation method can be given by

Pg;Otal — ZPCS;A-%) (16)
k=1

where wy = 27f} is the angular frequency of the kth power
channel.

In this article, a ratio of output power transferred through
other channels to output power transferred through its channel
is used to evaluate the interaction among multifrequency power
channels. The power ratio of the ith channel is defined by

Total (wi)
PR, = Lot —Toi' 1003

01

a7
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Fig. 15.  Power ratio of the first channel with the first channel frequency fixed
and the second channel frequency changed.

Taking the two channels as an example, Fig. 15 shows the
calculated power ratio PR; of the first channel, where the
frequency fi of the first channel is fixed and the frequency f>
of the second channel is changed. As noted, the smaller the
channel frequency difference is, the more serious the interaction
among power channels is. Therefore, it requires enough large
channel frequency difference to separate the power channels.
For example, when f; is fixed to 90 kHz, making PR; less than
5%, as noted in Fig. 15, f should be smaller than 66 kHz or
larger than 130 kHz. With a small power ratio of the channel,
the total output power of each receiver can be approximated to
the output power transferred through its channel, as given by

: w; Rreci A(w7)
PR m P = S | TS | x VR (8

It can be noted in (18) that the output power of the receiver is
determined almost only by its own component amplitude of driv-
ing voltage when an appropriate channel frequency difference is
chosen. It means that the output voltage of the receiver has a good
linear with the corresponding component amplitude of driving
voltage. It also means that the influence of cross-couplings
among receivers is mainly eliminated. This feature of separate
power channels guarantees that the proposed modulation method
will achieve a linear and individual power distribution among
multiple receivers with a single inverter.

C. Effect of Modulation Resolution

In the proposed method, the desired fixed-frequency driving
voltage is generated by synthesizing it from the given neigh-
boring voltage pulses that are located on the corners of the
minimum local region of the look-up table, as illustrated in
Fig. 4. As the dimensions of the minimum local region, that
is to say AV, = Vi — Vi@ = 1,...,n) decrease, the modulation
resolution will become higher while the size of look-up table
increases. Consequently, more memory consumption and offline
calculation time are required to establish the look-up table. In
the following text, the effects of modulation resolution on the
modulation accuracy and modulation performance are studied to
select the appropriate dimensions of the minimum local region.

Since the calculation equations of pulse parameters and syn-
thesis scheme of the desired pulse are nonlinear, it is very
difficult to study the effect of modulation resolution analytically.
Instead, the numerical simulation is used. Fig. 16 shows the
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Fig. 16. Measured and reference component amplitudes of driving voltage at
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measured and reference component amplitudes of driving volt-
age at three different dimensions of the minimum local region.
As noted, even though the dimensions AV, of minimum local
region increase in integral multiples, all of the measured com-
ponent amplitudes are close to their reference values. In other
words, modulation accuracy is hardly affected by the modulation
resolution. This is because the delta-sigma modulator can keep
the “amplitude—density balance.” It can be noted in Fig. 7 that
the ratio coefficients r; is actually the density of output pulse c;
of the delta-sigma modulator. For the different values of AV,
the pulse density r; will be regulated to maintain the product
of r; and AV; unchanged to achieve (8). It means that the de-
sired component amplitudes of driving voltage can be obtained
accurately, regardless of the dimensions of the minimum local
region.

It should be noted that although the decrease in modula-
tion resolution hardly reduces the modulation accuracy, it may
worsen the modulation performance, particularly the perfor-
mance of coil currents. Fig. 17 shows the waveforms of cur-
rents of transmitting coil and receiving coils at three different
dimensions of the minimum local region, where a system with
two receivers is illustrated. As noted, the peak currents increase
with the adding of dimensions of the minimum local region. This
is because the differences between desired and given component
amplitudes become larger in such a situation. It will make the
level of energy injected into the resonator during a modulation
period increased. As a result, this may cause an aggravation of
current fluctuations, despite the fact that energy injection (EI)
time is shortened to keep the “amplitude—density balance.” For a
loosely coupled WPT system, the energy stored in the resonator
is much larger than the energy injected into or taken out from
the resonator during a modulation period. This means that it
will be more and more ineffective to reduce the dimensions of
the minimum local region for improving the current fluctuations.
For example, as shown in Fig. 17(a) and (b), when wAV,/Vy, de-
creases from 0.4 to 0.2, the improvement in current fluctuations
is not obvious. Therefore, there is no need to select too small
dimensions of a minimum local region. Otherwise, it would
consume a large amount of memory space and computation time
to establish the look-up table.
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Fig. 17.  Waveforms of currents of transmitting coil and receiving coils at
three different dimensions of the minimum local region. (a) TAV;/Vi, = 0.2.
(b) TAV;/Vin = 0.4. (c) TAV,/Vin = 0.8.

To ensure output voltage accuracy against the variations of
system parameters, such as load resistance and manual induc-
tance, a feedback-based control method is a must. Such a control
method can be derived from the proposed modulation method
by applying a PI controller to regulate the modulation parameter
(driving voltage component amplitude). However, this article
focuses on the modulation method. The feedback-based control
method will be considered in the future work.

D. Comparison With SSPWM

The main difference between the proposed and SSPWM
methods is the generation method of a mixed-frequency driving
voltage. In the proposed method, the driving voltage is obtained
by synthesizing it from the given voltage pulses. However, in
the SSPWM method, such a voltage is generated by comparing
a combined modulation signal with a high-frequency triangular
carrier. The SSPWM method is actually a kind of the pulsewidth
modulation (PWM) scheme. As addressed in Section II, to
obtain high modulation accuracy, the carrier frequency should be
much larger than the modulation signal frequency in SSPWM,
as illustrated in Fig. 3. In the proposed method, the switching
frequency is equal to the highest modulation signal frequency.
However, it is equal to the carrier frequency in the SSPWM
method. Fig. 18 illustrates the main waveforms of the SSPWM
and proposed methods during one modulation period, where
the carrier frequency f; in the SSPWM method is chosen to
be twice as much as the frequency f> of the modulation signal
vo. In Fig. 18, both SSPWM and proposed methods have 12
operation modes according to the current direction and switch-
ing states. These operation modes can be classified into the
following three operation states: EI, energy reverse (ER), and
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Fig. 18.  Main waveforms of (a) SSPWM method and (b) proposed method

during one modulation period with same modulation signals.

TABLE I
SWITCHING ACTIONS DURING ONE MODULATION PERIOD IN
SSPWM METHOD

Mode Switching actions
transition S S Sy S
1ito 20 HOFF SON SON HOFF
2ito 3 HON SOFF SOFF HON
3/ to 4 Noaction No action No action No action
‘4't0 51 SOFF  HON HON  SOFF
5ito 6! SON HOFF HOFF SON
"6 to 7' Noaction No action No action No action
7 to .8  HOFF SON SON  HOFF
8t0 9 HON SOFF SOFF HON
9 to 10 No action No action No action No action
10 to 11 SOFF HON HON SOFF
11 to 12 SON HOFF HOFF SON
Summary 8 HON, 8 SON, 8 HOFF, 8 SOFF

free oscillation (FO). As shown in Fig. 18(a), the SSPWM
method has EI and ER operation states. In the proposed method,
there are EI and FO operation states, as shown in Fig. 18(b).
Taking Fig. 18 as an example, Tables II and III summarize
the switching actions of SSPWM and proposed methods, re-
spectively. The proposed method has four hard-switching ON
(HON), four hard-switching OFF (HOFF), four soft-switching
ON (SON), and four soft-switching OFF (SOFF). However, the
number of switching actions of all types is doubled in the
SSPWM method and consequently the switching losses become
larger in the SSPWM method against the proposed method. To
further improve the modulation accuracy, the carrier frequency
in the SSPWM method needs to be increased, also making the
switching losses increased.

Generally, the total power losses of the system consist of the
power losses of the inverter, coils, and rectifier. Since the mod-
ulation scheme of the proposed method is nonlinear, for the loss
estimation, similarly, the numerical simulation is used instead of
analytical calculation. In simulation, the commercial Si MOSFET
IRFP4242PbF from International Rectifier and Schottky diode
SB5100 from SMC Diode Solutions are selected as switching
devices for inverter and rectifier, respectively. Their simulation
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TABLE III
SWITCHING ACTIONS DURING ONE MODULATION PERIOD IN THE
PROPOSED METHOD

Mode Switching actions
transition S, S Ss S5
1 to?2 HON SOFF

No action No action

) to No action No action  SON HOFF

No action No action No action No action
SOFF HON  No action No action

No action No action HOFF SON

No action No action No action No action
HON SOFF  No action No action

SON HOFF

R S T . N o)

2
3
4
5 to
6
7
8 to No action No action
9 to 10 Noaction No action No action No action

10 to 11 SOFF HON  No action No action
No action Noaction HOFF SON

4 HON, 4 SON, 4 HOFF, 4 SOFF

11 to 12

Summary
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P,i — Conduction losses of inverter
Prec —— Power losses of rectifier
Peoit—— Power losses of coils
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Fig. 19. Loss distribution of a two-receiver system at different modulation
parameter conditions in (a) SSPWM method and (b) proposed method.

models are built according to the datasheet and double pulse test.
Fig. 19 shows the loss distribution of the two-receiver system
at different modulation parameter conditions in the SSPWM
method and proposed method, respectively. Under the same
modulation parameter condition, the power losses of rectifier and
coils are distributed similarly in SSPWM and proposed methods.
However, due to the less switching actions in the proposed mod-
ulation against the SSPWM method, as summarized in Tables
IT and II1, the switching losses of the inverter in the proposed
method are smaller than those in the SSPWM method, leading
to relatively low total power losses in the proposed method.
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TABLE IV
SPECIFICATIONS OF THE SYSTEM WITH THREE RECEIVERS
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Experimental waveforms of the system with two receivers at single
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Parameter  Value Unit
DC supply Vin 50 v
Resonant frequencies  fi/f/f 100/200/300 kHz
Compensator Co/ C/ Gy 30.1/61.3/94.1 nF
L/ L, 9.8/2.84 uH
Transmitting coil L 7571 wH
R 0.24 Q
Receiving coil Lo/ Lo/ Ls 24.7/26.4/26.5 uH
Ru/Rn/Rs  0.09/0.09/0.1 Q
Coupler My/Mo/Mgs 7.54/9.46/8.19 uH
M12/M23/M13 0.65/0.7/0.05 uH
Receivers Cu/Cn/Cs 102.5/24.1/10.6 nF
Loads RU /RLZ/ RL3 5/5/5 Q

V. EXPERIMENTAL RESULTS

To verify the proposed modulation method, two setups of
the simultaneous MF-MR-WPT system with two receivers and
three receivers are built, as shown in Fig. 20. The proposed
method and SSPWM method are implemented by using the DSP
TMS320F28335. The waveforms and data are recorded by the
oscilloscope (Tektronix DPO3034). The system parameters are
measured by an LCR meter (HIOKI 3532-50). The experimental
specifications of the system with two receivers are the same
as those of simulation, as listed in Table I. The experimental
specifications of the system with three receivers are listed in
Table IV. The system will be tested in two steps. In the first
step, to clearly demonstrate the effectiveness of a multifrequency
compensation tank, the system with two receivers is tested at
single selected resonant frequency. Here, the driving voltage is
sinusoidal and can be provided through the function generator
(Tektronix AFG3022) and power amplifier (NF HSA4012).
Then, to verify the proposed modulation method, the system
is connected to a full-bridge inverter whose input voltage is
generated by a dc supply (IT6723H).

Fig. 21 shows the experimental waveforms of the two-receiver
system with and without a dual-frequency compensation tank at
a single selected resonant frequency. As shown in Fig. 21(b)
and (d), the phase angle between driving voltage vq and driving

S shs 43S s
Il [ AR
- =1=5us | /
lofTlo OofT]0 0 OfT]O. L
€2 (r=0.7) T Lol
FrkorTs1 =101 o e
_0'* o1

(a)

Fig. 22. Calculation time and comparator outputs of delta-sigma modulator

for the system with (a) two receivers and (b) three receivers.

current iy at each selected resonant frequency is compensated
to be very close to zero by using the designed multifrequency
compensation tank. Moreover, with the designed compensation
tank, the output voltage is enhanced. It can be noted in Fig. 21
that the output voltage of the receiver at its selected resonant
frequency is much higher than other output voltage. It means
that the vast majority of power transferred to receivers is through
individual power channels of selected resonant frequencies.
In other words, the interaction nearly does not exist among
multifrequency power channels. As a result, the output power
of the receiver is determined almost only by its own component
amplitude of driving voltage. With this, the tested result of output
voltage at a single resonant frequency can be used to verify the
modulation accuracy.

Fig. 22 shows the calculation time needed in the proposed
modulation method and comparator outputs of delta-sigma mod-
ulator for the system with two receivers and three receivers,
respectively. As shown, more calculation time is needed when
adding one receiver. Nevertheless, the total calculation time
is much less than the modulation period 77 ( = 10 us). In
addition, with the delta-sigma modulator, the comparator output
pulses are distributed as uniformly as possible. As mentioned in
Section III-B, according to output pulses of comparators, one
of neighboring voltage pulses is selected to alternately decrease
and increase the voltage component amplitude for achieving a
continuous power distribution.

Figs. 23 and 24 show the experimental waveforms of the
two-receiver system with different reference voltage component
rms values for the SSPWM method and the proposed method,
respectively. As shown in Figs. 23 and 24, the output voltage
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of corresponding receiver has hardly been affected in both the
SSPWM method and the proposed method when its modulation
parameter remains unchanged. It means that an individual power
distribution among receivers just with a single inverter can be
achieved in the SSPWM method and the proposed method. As
mentioned in Section II, to obtain high modulation accuracy in
the SSPWM method, the carrier frequency f; should be much
higher than the component frequencies f; of driving voltage. In
this article, f; in the system with two receivers is chosen to be 2fs.
Nevertheless, it can be noted in Fig. 23 that the measured voltage
component rms values at selected resonant frequencies do not
match well in the SSPWM method. Moreover, the measured
output voltages in the SSPWM method also do not match well
with their reference values which are tested at a single resonant
frequency with identical voltage component amplitude. On the
other hand, as shown in Fig. 24, the measured values of both
voltage component rms value and output voltage are close to

their reference values in the proposed method. In addition, it
should be noted that the inverters in the SSPWM method and
the proposed method are operating at carrier frequency f; and
the highest component frequency fs, respectively. When com-
pared with the SSPWM method, a lower switching frequency is
obtained in the proposed method. It means that the design of a
relatively high-efficiency system becomes easier in the proposed
method. It also means that the proposed method can obtain high
modulation accuracy with a lower switching frequency.

The modulation accuracy of the proposed method is further
verified in the system with three receivers, as shown in Fig. 25,
where the measured values of both voltage component rms value
and output voltage are close to their reference values as well.
It can be noted in Fig. 25 that similarly, the output voltage
of the corresponding receiver has hardly been affected in the
three-receiver system when its modulation parameter remains
unchanged.



12452

Tok Prevu

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 11, NOVEMBER 2021

T 200ps/div
-+

200ps/div ©200ps/div

Spectrum o vy(ms value) | 1y, =46V (= 45V) | Spectmmow(msvalue) ||V =24V (Vi =25V) ; s
— N | Hsz\ilv (VA=3.1v) | Spectrum of v4(rms value) [vaZe2v (V(’,:‘r =6.1V)
7 > 4 22.5V| | Vor 2.5V (Vo1 = 2.5V)
16V ( ’ - “]-Voz B 3'6\/(% 3V H 1 b k r/l[ ‘/\: *l
| 138v] | V=3V (VA=3.1V Vo Z16V (V& =15V) Xt VAT L6V (Vh=15V)
M, | 184V Vo ( 3=3 ?u 8.9V ‘ 66\/1 J 113V 1 9y [L 6.9VH .
100kHz ~ 200kHz  300kHz  400kHz 100kHz  200kHz  300kHz  400kHz 100kHz ~ 200kHz 300kHz ~ 400kHz
Tok Prevu YT S e— r.‘kwq-,m_ e 1.*»,_,‘,.4  S—
I va | vy ] | Vg !
s M M 1 M : M ) N i N 1) TE
,,;.q...‘,.....d._._; ...\_Jup.\'-...)t_- by { o= — — [t D tan L—.I-...J ._..-I--u_ o -F'J | S
. y e | U | ¥, I L/ V W v U
7y = [ O L O A I S
/ . i - | iy f i 1 i
o L N wr’*-/‘*n\""’\\ P-4 M N e ./\.\/\w \ }f\«//\“
(e S0V i " ousidiv ] | Vv S0V VT ousidiv NS vesovidiv | NS opsidiv
| ig: 1A/div -—> ig: 1A/div - ig: 1A/div -
(a) (b) (©)
Fig. 25. Experimental waveforms of the three-receiver system in the proposed method with different reference voltage component rms values. (a) V7, =15.8
V, Vi =135 V,and Vi, = 113 V.(b) V},,, =9 V, V5, . =6.8 V,and Vi, .= 11.3 V. (0) V},,,.=9 V, V., .=6.8 V,and V5, = =226 V.
0 — Reference value " of energy injected into the resonator during a modulation period
HOp | & = Measuced value e o o o increased, despite the fact that energy injection time is shortened
I / . . ,
36 o o 067ta o o & to keep the “amplitude—density balance.” It can be noted that
32/ & & @ / 0338 © & © the improvement of current fluctuations is not obvious when
280 @& @ o , 0 °0 o‘; 5 0‘; = ‘: - 7w AV,/Vi, decreases from 0.4 to 0.2. Therefore, there is no need
— 8 A 1 . . .. .
24 o o o o 673 - to select too small dimensions of the minimum local region.
als 20 e ® o o ! ' 7 Zoomed-in : .
7 2 o _ oS e um Otherwise, it would consume a large amount of memory space
16/ ®© ®© e e o © @ Ilocalregion and computation time to establish the look-up table, as addressed
12/ ¢ @ © © o © e © in Section IV-C.
08/ ¢ e © a o o o ® The measured output voltages of a two-receiver system with
04/ ®© o ®© © @ @ e o o different load resistances for the proposed method are shown
0 T — in Fig. 28, where one of two voltage component amplitudes is
0 04 08 12 16 20 24 28 32 36 40 ) -
Vil Vin fixed and the other is changed. As shown in Fig. 28, on the
one hand, regardless of load resistances, the output voltage of
Fig. 26. Measured and reference voltage component amplitudes in the pro-

posed method for a system with two receivers.

More measured voltage component amplitudes at selected
resonant frequencies for the proposed method are shown in
Fig. 26, where a system with two receivers is illustrated. As
noted, all of these measured component amplitudes are close
to their reference values, not only for the given driving voltage
pulses that are predetermined and stored in the look-up table, but
also for the synthesized driving voltage pulses that are located in
one of the minimum local regions of the look-up table. It means
that modulation accuracy of the proposed method is high.

Fig. 27 shows the experimental waveforms of the two-receiver
system at three different dimensions of the minimum local
region. It can be noted that all of the measured correspond-
ing output voltages are close to each other, even though the
dimensions of the minimum local region increase in integral
multiples. In other words, modulation accuracy is hardly affected
by the modulation resolution because the delta-sigma modulator
can keep the “amplitude—density balance,” as addressed in Sec-
tion IV-C. However, the peak currents increase with the adding
of dimensions of the minimum local region because the level

the receiver has hardly been affected when the corresponding
modulation parameter remains unchanged. On the other hand,
the output voltage of the receiver increases almost linearly as
the corresponding voltage component amplitude adds. It means
that a linear and individual power distribution among multiple
receivers with a single inverter can be achieved in the proposed
modulation method.

Fig. 29(a) shows the dynamic response of the two-receiver
system when the second component amplitude V5 is fixed and the
first component amplitude V7 has a step change from 1.2Vi,/7
to 2.8V, /7. Here, the first output voltage V,,; increases from 5.1
to 11.2 'V, whereas the second output voltage V5 remains nearly
constant. It can be noted in the zoomed-in area in Fig. 29(a) that
when a big change of component amplitude occurs, a marked
transformation in driving voltage waveform can be noticed along
with current overshoot and undershoot. In addition, the dynamic
response of the two-receiver system with a step change in one
of the load resistances is shown in Fig. 29(b). As noted, V1 is
double when the first load resistance Ry,; changes from 5 to 10
Q, but V, still remains nearly constant. It can be noted in Fig. 29
that the individual modulation of the proposed method can be
achieved even in highly dynamic.
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Fig. 30. Total efficiencies of (a) two-receiver system and (b) three-receiver
system under different conditions for the SSPWM method and the proposed
method.

Fig. 30 shows the total efficiencies measured under differ-
ent modulation parameter conditions for the SSPWM method
and proposed method. In the proposed method, the switching
frequency is equal to the highest voltage component frequency.
However, it is chosen to be twice as much as the highest voltage
component frequency in the SSPWM method to improve the
modulation accuracy. Nevertheless, the modulation accuracy of
the SSPWM method is lower than that of the proposed method,
as illustrated in Figs. 23 and 24. It can be noted in Fig. 30
that because of less switching actions, the proposed method has
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higher total efficiency, as discussed in Section IV-D. Although
the proposed multifrequency modulation method is verified by
testing itin a low-power system, this will not stop it from using in
the large-scale system. However, with the adding of receivers,
the switching frequency of the inverter increases, which will
bring more difficulties to the design of high-frequency inverter.

VI. CONCLUSION

In this article, a novel multifrequency modulation method
based on the DSM scheme has been proposed for the simultane-
ous MF-MR-WPT systems to achieve an individual and contin-
uous power distribution among receivers. The main advantages
of the proposed method includes the following.

1) Only a standard full-bridge inverter is used, leading to a

simple configuration of transmitting source.

2) When compared with the SSPWM method, a lower
switching frequency is obtained, making the design of a
relatively high-efficiency system easier.

3) The calculation burden is small and therefore a standard
DSP can be used.

4) The proposed method can be easily extended to the system
with more receivers and the online calculation burden does
almost not increase.

In addition, the input reactive components at selected resonant

frequencies are compensated by using the designed multifre-
quency compensation tank.

APPENDIX

According to the Kirchhoff’s voltage law, the system with n
receivers in Fig. 13 can be described as

VOl [28 45X jeMy - joMi, | 157
0 joMy  Z% oMy, | |1
0 joMy, — joMy, 28 | |1
(A1)
where
2% = Ry + jwLy (A2)

Z%) = Ryeei + Rui + j(wLys — 1/(wCii)) (i = 1,...,n).
(A3)
By applying Cramer’s rule, the solutions of / (gw)and I r(f ) (i=
1,..,n) can be obtained as

AY)
D)

A«
D(w)

J) 2 A ) g ) Z AT e g

(A4)
where D), as givenin (A5), is the determinant of (n+1)x (n+1)
coefficient matrix of (A1), Aéw), as given in (A6), is the de-
terminant of that coefficient matrix with its first row and first
column removed, and Agw)(i = 1,..,n), as given in (A7), is

the determinant of that coefficient matrix with its first row and
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(i+1)th column removed

7 45X juMy - jwMi,

. (w) .
pe — | JeMa Za Jeln (AS)
jWMtn jWMln Z&:)
ZW jwbn,
Al = (A6)
jwMi, — Z&)
A =
JwMyy JwMig1y  JwMigy) JwMy,
JwMii—1) Zr(“;),l) JwM1y@it1) - JwMi-1)n
JwMigip1y - JwMi_1)@iv1) Zr((ﬁl) JWMiy1yn|
jWMtn jWM(ifl)n jWM(i+1)n le:)
(A7)
According to (A4) and (10), ZI(;ZA can be calculated by
(«) > (—1) jwM,; A
A w) _ i=1 (AS)
Leq Aéw)
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