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Transfer Systems With Power Flow Management
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Abstract—This paper presents systematic analysis and design
of a megahertz multiple-receiver wireless power transfer (WPT)
system driven by a Class E power amplifier. Both circuit-level and
system-level analysis are conducted to discuss the characteristics
of the WPT system. In order to simultaneously manage the
power flow and maximize the overall system efficiency, a new
control scheme is proposed that combines maximum efficiency
point tracking (MEPT) and time-division multiplexing (TDM).
Through the proposed scheme, receivers with different loading
and coupling conditions can be charged by the same transmitter
with simplified design and control strategy. Finally, the proposed
control scheme is validated using an example 6.78 MHz three-
receiver WPT system. The experimental results show that various
power requirements can be quickly and stably satisfied, and the
overall average system efficiency can reach as high as 71.7%.

Index Terms—Wireless power transfer, multiple receivers,
analysis and design, time-division multiplexing, maximum effi-
ciency point tracking

I. INTRODUCTION

Wireless power transfer (WPT) through inductive coupling
became increasingly popular during the past years [1]. Besides
the non-contacting power delivery, another unique advantage
of WPT is the possibility to charge multiple receivers (RXs)
such as wearable devices, cellphones, and household appli-
ances, namely multiple-RX WPT systems. There are funda-
mental works focusing on the analysis of multiple coupling
coils under basic compensations [2]-[4]. Meanwhile, various
coil configurations and circuits have been developed to im-
prove the transfer characteristics, such as multiple transmitters
(TXs) [5], impedance matching networks [6]-[8], and relay
coils [9], [10]. Using dual-band or multiple-band concept, it
is possible to charge multiple devices with different resonant
frequencies [11]-[13]. Several recently published papers dis-
cuss the three-dimensional charging by using orthogonal coils
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or cavities [14]-[16]. A new technology called MultiSpot can
even charge the devices which are worn or carried by the
users [17]. All the above works help to speed up the transition
from laboratory systems to real multiple-RX applications.
However, there are still many unsolved challenges for a
practical multiple-RX systems, particularly the system con-
trollability and stability under variations in load and coupling.
It is important to specifically develop a suitable configuration
and control scheme for multiple-RX systems.

In the conventional design, usually all the receivers are
powered at the same time. The control methods implemented
at the TX side (frequency tracking, load-independent source,
and automatic impedance matching, etc.) can hardly be used
to manage the power flow among receivers because they only
affect the overall performance [18]-[20]. In a multiple-RX
WPT system, uncertainties caused by the loading and coupling
variations may dramatically increase due to the varied number
of RXs. The interactive relationships among receivers, such as
the cross coupling, also further affect the coil efficiency and
make the power distribution unpredictable [4]. New design
and control schemes are required to achieve power flow
management and maintain high overall system efficiency at
the same time in multiple-RX systems.

In order to simplify the system design and control, a well-
known communication technology, time-division multiplexing
(TDM), has been introduced in WPT applications [21]. The
TDM-based WPT system does not require all the receivers
to be simultaneously powered. This significantly reduces the
system uncertainties and totally avoids the adverse effects of
the cross coupling [4]. TDM can be directly combined with the
existing control approaches originally developed for the one-
RX systems. In high-power applications, an early example is
the combination of frequency tuning and TDM to maintain
system stability [22]. TDM-based WPT systems have also
been developed to charge low-power devices. A real TDM-
based WPT system is briefly explained in [23] without details
in analysis and implementation. Through having different
resonant frequencies, one designated device among multiple
devices can be selectively and exclusively charged [24]. Mean-
while, the discussion mainly focuses on the coupling coils in
the multiple-RX system. A TDM-based transmitter was built to
charge arbitrarily distributed devices in a medical application
with a power level of several mW and an average efficiency
of 5.8% at the worst case of 90° coil misalignment [25]. A
TDM-based power control is applied in a three-orthogonal-
coil transmitter [16]. The purpose is to focus the power flow



FINAL MANUSCRIPT FOR IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 2

directionally towards the targeted areas. The improvement of
efficiency is not fully discussed.

This paper proposes a systematic design methodology and
develops a new control scheme by combining maximum
efficiency point tracking (MEPT) with TDM, which is shown
to be particularly suitable for low-power megahertz (MHz)
multiple-RX WPT systems. The use of high operating fre-
quency at MHz is attractive for having improved spatial
freedom. However, the high operating frequency is challenging
when using the conventional hard-switch inverters due to the
high switching losses. Therefore, in this paper a Class E
power amplifier (PA) is specifically used, which is able to
achieve high peak efficiency (theoretically 100%) at MHz [26].
To fully utilize this advantage, the well-known technology,
MEPT, is applied to achieve high system efficiency through
improving the loading condition of the Class E PA [27].
In addition, via TDM the charging time becomes a new
degree of control freedom. Through the on-off control, the
transmitter can always work at its preferred power level
when charging various receivers with quite different power
requirements. This new possibility further improves the overall
system efficiency. The TDM-based control also helps to reduce
the system complexity and thus improve the stability. To the
best of authors’ knowledge this paper is among one of the
first works to achieve power and efficiency control (from
dc to dc) in a multiple-RX MHz WPT system. In order to
power different RXs with the same TX, a systematic design
methodology is developed to optimize the PA circuit and
compensation capacitors of RXs. The input reactance of the
rectifier, which is usually ignored, is particularly considered
in the circuit parameters optimization. The proposed design
methodology enables optimized system efficiency and power
transfer capability when charging different RXs. This unique
advantage is useful to enhance the functionality and adaptivity
of the multiple-RX WPT systems.

II. CIRCUIT-LEVEL ANALYSIS
A. System Configuration

The proposed multiple-RX system consists of one transmit-
ter and n receivers. As shown in Fig. 1, the transmitter includes
a Class E PA and a TX coil. Each receiver includes a RX
coil, a rectifier, a buck converter, an energy buffer (optional),
and a final load. At any time, the TDM-based control can
only enable the charging of at most one RX. Generally,
the TX is expected to be able to efficiently charge various
RXs that may have quite different power requirements. This
objective can be partly achieved by optimizing the parameters
of PA and compensations of the RXs based on the impedance
characteristics of the rectifiers. The below circuit analysis
provides the basis for discussing the following design and
control aspects.

B. Transmitter

As shown in Fig. 2, the transmitter consists of a classical
Class E PA and a TX coil. In the circuit of the PA, there is a
transistor Stx, a shunt capacitor C'g, a radio frequency (RF)
choke Ly, and a series tuned resonance tank LyCy. L;, Cy,

Buck

i Buffer M RX1
converter LI i

Rectifier

Buck

Class E N Rectifier converter Ll-sltlft:?ij—)| Load |RX2
PA
.
.
.
X Rectifier Buck E Buffcri Load |RXn
converter L H

Fig. 1. System configuration.

R, are the inductance, compensated capacitance, and parasitic
resistance of the TX coil. Zg is the reflected impedance of
the receivers. The input impedance of the TX coil, Zrx,
is the load of the PA. Given the opreating frequency w, the
resonance of TX coil is achieved by letting wL; = 1/(wC}).
Ppa, Prx and Pzp are the PA input power, PA output power,
and transferred power. np4 and 7 are the efficiencies of the
PA and TX coil, respectively.

Pra@VPA - Class E PA TX Coil
Lr lIPA - Prx
X Zrx
IYYY'\—“ f_’ I Pzr
Lo Co
a b
JP'—_STX Cs ZR
T .
| e | | N1 |

Fig. 2. Circuit topology of the transmitter.

It is well known that the Class E PA can achieve zero-
voltage switching (ZVS) operation under a single optimal load,
Zopr. The circuit parameters of the PA can then be optimized
targeting this optimal load,

o B 8 ~ 0.184
B=wCg = 7-r(7r2+4)Z0123T ~ Zopr (1)
X =wLg— wlco = ﬂ(ﬂw_ég Zopr ~ L15Zopr

where B is the susceptance of C'g, and X is the net reactance
of Ly and Cy [28]. With Zppr, PA output power Prx and
efficiency np4 can be analytically derived for any PA load,

ie., Zrx =Rrx + jXrx),

_ VE.9’Rrx
{ PTX - (JZRZR?_,A , (2)
npA = SR
where

_ sin @1 + 2 cos ¢ 3)
9= 2cos ¢sin gy + m/2cosp’
Rpa = /4 — g[ﬂ'/j;os ¢ + sin ¢ 7 @
¥ = tan~! (X 4+ Xrx)/Rrx], 4)

1 [@*/2—=4)—7BRpx p(2cos p+msiny)
¢ = tan [ m+7BRyrx p(mcosp—2sin) » ©
d)l = d) + ¢7 (7)
o= /14 [(X + Xrx)/Rrx 2 ®)
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All the above variables, g, Rpa, ¥, ¢, ¢1 and p, relate to the
input impedance of the TX coil, Zrx. As the load of the PA,
the TX coil is usually modeled by series-connected L;, C%,
R;, and ZR. Under resonance, the below characteristics of the
TX coil can be straightforwardly derived,

Zrx = Zr+ Ry
nr = (Rrx — R¢)/Rrx . )
Pzr = Prxnr

The above analytical derivations, (1)-(9), show that the
complexity of the transmitter is mainly caused by the load
sensitive Class E PA. Theoretically, the behavior of the PA can
be analytically predicted for any Zrx when Vpy and Zopr
are known. With normalized parameters (Vpa=1 V and Zppr
=1 Q) in (2), Fig. 3(a) and (b) show the influences of Rrx
and O (i.e., the phase of Zrx) on np4 and Prx. Note that
the calculation errors will become large when Rpyx is small
due to the parasitic resistances of the components. It is known
that np4 can theoretically achieve 100% when Zrx = Zopr
thanks to the PA’s ZVS operation. In practice, high np 4 can be
ensured within a region of impedance around Zop7. Since it
is inconvenient to analytically represent the impedance region
using a constant-efficiency contour, here the high-efficiency
region is approximated by a rectangle, as shown in Fig. 3.
Specifically the region is defined as

{ —20° < Orx < 40°

0.6Zopr < Rrx < 1.2Zopr (10)

Within this region, np4 is high and stable, but Prx can be
quite different. Generally, the influence of 8rx on Pryx is
larger than that of Rrx, and Prx increases with a decreasing
Orx for a fixed Rrx [see Fig. 3 (b)].
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Fig. 3. Characteristics of PA. (a) npa. (b) Prx.

From a system-level perspective, it is important to ensure a
high-efficiency PA in a WPT system. Zpx is expected to be
maintained within the high-efficiency region. In this paper, this
requirement on Zrx is indirectly fulfilled through tracking
the maximum efficiency at the secondary side, i.e., through
the MEPT. Thus the high peak efficiency of the Class E
PA can always be achieved. Meanwhile, it should be noted
that in the high-efficiency region, the PA output power, Prx,
significantly varies. This shows that the TX output power
capability can actually be modified through tuning Zrx while
the high PA efficiency can still be maintained. It indicates
that RXs with different power requirements could be charged
using the same TX. This possibility is particularly useful to

improve the adaptivity of the multiple-RX WPT system when
it is required to charge different devices.

C. Coupling

The load of the transmitter, Zg, is the reflected impedance
of the receivers [refer to Fig. 2 and (9)]. If all the receivers
are turned on and charged at the same time, the below
relationships exist,

w2k2 L, L; 2
Z :§ Z U and P =§ Pzrx.i
R 2 ZRX,i , an ZR 2 ZRX,

(an

where k;; is the coupling coefficient between the TX coil
and RX; coil, Zgx; is the overall impedance of RX;, and
Pzrx, is the power received by Zrx ; [2]. Equation (11)
shows that the coupling and loading variations of receivers
can lead to a complicated Zp, and in turn make the behavior
of the PA unpredictable [refer to (2)-(9)]. The possible cross
coupling among RX coils can even lead to a more complicated
impedance transformation relationship and adversely affect the
power transfer characteristics [4]. Through TDM, i.e., at most
one receiver is turned on, (11) is simplified as

B w?kZ L, L;

Zp = , and Pzr = PzRrx i, (12)

ZRX,i
which is straightforward and naturally eliminates the adverse
influences of the cross coupling. The inactivated RXs have
infinite resistance as loads (i.e., open circuit), namely zero
induced current in their RX coils. Thus the inactivated RXs do
not disturb the power transfer between the TX and activated
RX. Adopting TDM largely simplifies the system modeling
and reduces the complexity in design and control.

D. Receiver

Fig. 4 shows a simplified receiver that includes a RX coil
and a rectifier. The circuits after the rectifier are represented
by a resistive load Rpc, i.e., the input resistance of the
buck converter [refer to Fig. 1]. L;, C;, and R; are the
inductance, compensated capacitors, and parasitic resistance
of the i-th RX coil. ZREC,@' (= RRE‘C,i + jXRE'C,i) is the
rectifier input impedance, namely the load of the RX coil. In
the existing design, Zrpc,; is usually assumed to be pure
resistive. However, this assumption is not valid any more
for a WPT system working at Megahertz. The following
discussion considers the influence of Xrpc; and optimizes
the compensation capacitors in order to achieve the desirable
power transfer characteristics.

The characteristics of the receiver can be described as

Zrx,i=jXi+ Ri+ Zrec,

Xi = wLi — 1/(CUCZ)

Nri = Rreci/(Rrec + Ri)
Preci =nriPzrx .

nrec,i = Ppc,i/Prec,i

13)

where X; is the net reactance of L;C;, nr,; and nrgc,; are
the efficiencies of the RX coil and rectifier, Prec,; and Ppc;
are the input power and output power of the rectifier. With
conventional secondary compensation, X; is simply designed
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Fig. 4. Circuit topology of the RX coil and rectifier.

to be zero to enhance the RX power receiving capability. How-
ever, Zrgc,; actually contains obvious reactive components
in a MHz WPT system. Thus a proper X, is expected to
compensate the non-zero Xrgc,; [29]. The influence of X;
can be analytically explained by the impedance relationship
between Zrx and X;. Combining (9), (12), and (13) gives

w2k 2Ly L,
(Rrec + Ri) + j(Xrec, + Xi)’

which shows X affects the performance of PA through Zrx
[refer to Fig. 3]. Considering the interactive relationships
among the above analyzed circuits, system-level discussion
and design are required to properly determine the parameters
of the circuits.

Zrx = Ry + (14)

III. SYSTEM-LEVEL DESIGN AND CONTROL
A. Design of Transmitter

The output power capability and efficiency of the transmitter
are mostly determined by the Class E PA. According to the
analysis in section II-B, Vpa and Zppr can serve as two
design parameters for the PA [refer to (1)-(9)]. All the other
parameters can then be calculated. In a multiple-RX WPT
system, the transmitter is expected to be able to efficiently
power various kinds of receivers instead of any specific one.
A detailed discussion on the PA output power and efficiency
is provided as follows.

The output power of PA, Prx, is proportional to Vp4
[refer to (2)]. Thus increasing Vp4 can enhance the output
capability of the transmitter. However, large Vp4 should be
avoided to lower the voltage stress on Stx (= 3.6Vp4 when
Zrx = Zopr) [28]. Considering the breakdown voltage of
Stx (150 V) and possible deviation of Zrx from Zppr,
Vp4 is chosen as 30 V to fully utilize the capability of the
switch and ensure a safe margin. Another important parameter
is Zopr that determines the high-efficiency impedance region
[refer to Fig. 3]. At the same power level a small Zp pr lowers
npa and nr because the influences of parasitic resistances
of the PA components become obvious. Thus large Zppr is
usually preferred in terms of efficiency. On the other hand,
large Zopr lowers Prx when Vpy4 is given. In this paper,
Prx is approximately estimated as 24 W in order to provide
20 W for the final loads. Then a 15 € Zppr is calculated
by using the specified Prx and Vp4 in (2). All the circuit
parameters of the transmitter are summarized in Table I. Lg is

a high-@ (310) inductor to ensure the optimal PA operation,
and the other parameters of the PA (i.e., X, Cy, and Cy) can
then be calculated by (1). The inductance (L;) and parasitic
resistance (/;) of the TX coil are measured by a Vector
Network Analyzer (VNA). L, is completely compensated by
Ct.

TABLE I
PARAMETERS OF TRANSMITTER

Stx C

Frequency Vpa Zopr Lp s
6.78 MHz 30V 15Q 68 unH SUDISNIS 287 pF
Lo Co X Ly Cy R:
147 uH 523 pF 173 Q 540 uH 104 pF 1.50 ©

B. Design of Receiver

In the receiver, given the RX coil and rectifier, the only
unknown parameter that should be properly designed is X;
[see Fig. 4]. According to the above circuit-level analysis,
X, can adjust the power receiving capability of RX; by
compensating the reactive Zrgc,; and thus affecting Zrx
[refer to (14)]. This is because the PA’s characteristics strongly
depend on Zrx, i.e., its load [refer to Fig. 3]. The influence
of X, is not straightforward and closely relates to Zrpc,; (a
function of Rpc ;). It is challenging to analytically derive the
impedance relationship between Zrgc,; and Rpc; for a full-
bridge rectifier working at MHz. For investigation purposes,
system-level simulation is conducted using well-known RF
circuit analysis software, the Advanced Design System (ADS)
from Keysight Technologies. The parameters in Table I and II
are applied in the simulation.

TABLE 11
PARAMETERS OF RX COILS AND RECTIFIERS

L»L' Ri CFJ' Diode
1.39 uH 0.65Q 10 uF  STPSC406
0919 —a— Moo, k=012 [0
Rocorr —e— Mprecs, ki =0.16
0.8 > 4 —a— Meazeci, ki =020 |
F’ o 25
0.7 4 20
= g
g 0.6 2
15} o
5 X s =
= 0.5 =
m d DDDD Cog, é
044 Cong QQQQQQQ F10
—0—Pocs, ki =0.12 Pom0E00
0.3 —o—Poci, ki=0.16 s
—A—Poc,, ki = 0.20
02 T T T T T 0
0 50 100 150 200

Roci (Q)
Fig. 5. npa2rEc,; and Ppc,; under different ky; when X; = 0.

Before designing X;, the system-level characteristics are
first discussed under the conventional secondary compensa-
tion, i.e., X; = 0. The efficiency from the PA to rectifier is

NPA2REC,i = NPA *NT " NR,i " NREC,i- (15)
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Fig. 5 evaluates the influences of Rpc; on npasrec,: and
Ppc,; under different k;;. The figure shows that npasrec,:
can be maximized with an optimal load Rpc,opr for each
ky;. By tracking these peak efficiencies, namely the optimal
loads, such as through the MEPT, the WPT system can always
work along the red envelope curve when the coupling varies.
The corresponding Ppc,; under Rpc,opr is also close to the
peak power for a specific k;;. Although Fig. 5 only shows
the efficiency-power characteristics from the PA to rectifier,
the observation itself can be applicable to the overall system
because the buck converter is much less sensitive to the load
variation compared to the circuits of the PA, coupling coils,
and rectifier [see Fig. 1].

0.8 1

-40

B- — +30

Y g
5 0.61 F20 =
i) ~
E —a—Tpasreci =
—o— Poci ~
0.5 1 F10
Xorr
044 T T j T T T 0
-20 0 20 40 60

Xi (Q)

Fig. 6. Maximized npa2rEC,: and corresponding Ppc ; under different
X; when ky; = 0.16 and Rpc,; = Rpc,opT -

Under different X;, the maximum efficiency can be tracked
in the same manner. These maximized np2rEC,;’s and corre-
sponding Ppc,;’s are summarized in Fig. 6 when k;; = 0.16.
The purpose of Fig. 6 is to evaluate the influences of X; under
MEPT. The figure shows the maximized npa2rEc, can be
improved by having an optimal X; (= Xpopr = 10 Q). This
result can be explained by the relationship between Zrx and
X;, as shown in Fig. 7 [refer to (14)]. The high-efficiency
impedance region of the Class E PA defined by (10) is also
plotted. When X pr is applied, Zrx is closest to the target
Zopr (=15 ), and thus the maximized npa2rEc,; in Fig. 6
is achieved. Note that Zpx can be kept within the defined
high-efficiency region of PA when X; € [-20 ,40 ).
This shows the high npasrrc,: (> 70%) in Fig. 6 is mostly
due to the high-efficiency operation of PA. Under different
X, even though the maximum efficiency can be tracked, the
optimal operation of the overall system does not necessarily
guarantee the optimal operation of individual circuits. For
instance, the Class E PA may not work exactly at its desired
condition, i.e., the ZVS operation. But it still needs to work
close to the optimal condition in order to improve the overall
system efficiency. Therefore, the maximized npa2rEC,: is a
compromised solution of the operation of all the circuits.

The influence of X; on Ppc ; in Fig. 6 can also be explained
by Fig. 7 and (14). Fig. 7 shows that Rrx is relatively
stable but frx decreases significantly with increasing X;.
This impedance characteristic can lead to increasing Prx and
relatively stable np4 when X; increases [refer to Fig. 3 (a)(b)].
Within the high-efficiency region of PA, the influences of

254 r 60

L 40

20

Resistance (Q)
(o ) oseyq

r-20

-40

Fig. 7. Zrx under different X;.

Rrx and Orx on Prx are quite different. It is interesting
to find that Ppc,; significantly varies when npasrec,: is
high, greater than 70% [refer to Fig. 6]. Such characteristic
is particularly useful for a high-efficiency multiple-RX system
because different power receiving capability can be achieved
by simply using different secondary compensation in a specific
receiver. This advantage helps to simplify the design of the
receivers and also improves the functionality and adaptivity
of the transmitter.

C. Maximum Efficiency Point Tracking

Maximum efficiency point tracking (MEPT) can be applied
based on the result showing in Fig. 5. The MEPT is now being
widely used in various electrical systems [27]. It was used in
one-RX WPT systems, in which the tracked efficiency does not
include the efficiency of PA, a standard RF one [30]. A bulky
bi-directional coupler is required to measure the input power of
the TX coil. This paper extends the MEPT of one-RX system
to the proposed TDM-based multiple-RX system, in which the
PA efficiency is included. A buck converter is used to achieve
the MEPT by controlling Rpc,, as shown in Fig. 8. Here
Vbe,i» Vour,i» Ipc,i» and Ioyr,; are the input and output
voltages and currents of the buck converter, respectively. For
an ideal buck converter,

Ve ; Ve ;
Di _ oUT,i _ oUT,i 7 (16)
Vbe,i VRpc,iPpe.i

where D; is the duty cycle of the switch Spycik,;. For
each specific relative position of coils, i.e., k¢, there exists
an optimal D; to maximize the overall system efficiency.
Meanwhile, the receiver can be turned off by setting D; as
zero. Thus the TDM-based control can also be implemented
using the buck converter.

Roci Inci Tour.i Vours
—_— ~ o~ R
L[] Pours
Lbuck. OUT,i
Pocii A
Ssuck i
+
Dsuck.i

Ivm

Fig. 8. Buck converter.
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The MEPT control block diagram is shown in Fig. 9. At any
time, there is at most one receiver being charged. Each receiver
has its own RX controller and communicates with the TX
controller through WiFi. The controllers obtain the efficiency
Nsys,: (from the PA to the buck converter) by measuring Vp 4,
Ipa, Vour,: and oy, ie.,

Vour,ilout,i

a7
Vealpa an

NSy S,i = NMPA2REC,i " 1BUCk,i =
where npyck,; is the efficiency of the buck converter. Note
that the tracked efficiency is 7nsygs,; instead of npasrEC,:.
Because a high npyck,:, usually greater than 90%, can be
achieved over a wide range of load [30], it has a limited
influence on the value of Rpc,opr. In this paper, a simple
perturbation and observation (P&O) based method is applied
to track the maximum 7gy s ;. The tracking algorithm has been
reported in [30].

Lol TX | wi)|  RXi fel2eln

t on/off | controller controller [PWM 1

o Eod

| & Pr TXcoil RX; coil ¥ ! Pouri Pui

> PP Bl (> Rectifier> Buck |51 UC LalLoad
source converter|  ibank:

4—71,,‘4* |n/ |nRJ|<_n/(’/,(‘1_>|<_nh'[,(l\"r_>

< »

< nl’/i 2BUCK. »

Fig. 9. Control block diagram of MEPT.

D. TDM-Based Power Flow Management

In real applications, there always exist various uncertain-
ties such as in the required power levels, types of power,
and coupling conditions. The possibilities of involving those
uncertainties can significantly increase when the number of
the receivers is varying. As discussed in section II-C, the
TDM-based scheme simplifies the analysis of the multiple-RX
system, and thus helps to reduce the difficulties in the design
and control caused by the complicated coupling conditions
among RXs. With TDM, the charging time can be utilized
as a new degree of freedom in control. The power flow is
straightforwardly managed among the receivers by controlling
the charging time of each RX. Thus most of the existing con-
trol approaches developed for one-RX systems can be directly
applied. This paper explores a new control scheme by applying
the MEPT in a TDM-based multiple-RX WPT system, in
which the efficiency control and power control are simultane-
ously achieved. Through introducing load-independent sources
or proper control on TX side, it is possible to manage the
input power and maintain high efficiency of the TX side. But
it is still difficult to guarantee the overall system efficiency
without TX-RX communication. Therefore, feedback-based
control is attractive for achieving high efficiency in a dynamic
environment, where the above uncertainties exist.

Besides, for most power converters, their efficiency usually
decreases significantly at light load condition. This issue
becomes even worse in a multiple-RX system because its
load range is n time wider than that of a one-RX system.

With the control scheme of combining MEPT and TDM,
the transmitter does not require any adjustment or control.
Both its dc input voltage and operating frequency are fixed.
The WPT system can always work at its desired power level
with the peak efficiency. Therefore, the transmitter is able to
charge receivers under quite different load conditions without
sacrificing the power transfer capability. The design of RXs by
having different X;’s also achieves different power receiving
ability. In terms of hardware complexity, only the dc input
and output are used as feedback signals, which can both be
easily measured. The above advantages largely simplify the
design and control efforts for multiple-RX WPT systems, and
improve the functionality and adaptivity of the systems.

As shown in Fig. 9, a UC bank can be added after the
buck converter as an energy buffer in order to continuously
power the final load. The UC banks are optional and could
be removed if continuous charging is not required. Another
advantage of the UC banks is that they can decouple Fr, ;
(the final power requirement) from Poyr,; (the actual output
power of the WPT system). Thus both the stability of MEPT
and power response time can be improved. This advantage
is particularly useful for the systems using load-sensitive
resonant converters such as the Class E PA.

A voltage range for the UC bank needs to be first defined
(.e., VOUT,i S [VOUT,MIN, VOUT,JMAX]) to ensure sufficient
power storage capability and avoid overcharge. The upper and
lower limits should be determined based on a specific target
application. This paper focuses on the initial discussion on
the TDM-based multiple-RX WPT systems. Here a straight-
forward TDM-based charging strategy is developed involving
the below two basic rules.

e Rule 1: If all the Voyr,’s are within the range of
[VOUT,MIA“ VOUT,MAX]’ turn off the transmitter.

« Rule 2: If one or more than one Voyr,;’s are lower than
Vour,min, charge the receiver with the lowest Voyr,;
until this specific Voyr,; reaches Voyr prax.

Through the above two rules, the system can automatically
turn on and off different RXs according to the UC bank
voltages. Note that the TDM-based strategy can be modified
for a system without energy buffer. A simple strategy is to
assign the charging time ¢; for RX; proportiona}} to its power

requirement in a period T, i.e., t; : T'= Pr; : Y P ;. In the

proposed system, Vpy4 is designed to make sfl;el that all the
RXs can receive sufficient power when the number of RXs
reaches its upper limit. When the number of RXs decreases,
Vpa is kept to be fixed in order to maximize the output power
capability of TX, which in turn minimizes the charging time
of RXSs.

IV. EXPERIMENTAL VERIFICATION

A three-receiver WPT system is built up, as shown in
Fig. 10. The system includes one transmitter and three identi-
cal receivers. On the TX side, a dc source is used to provide
a constant Vp4 (=30 V) to a 6.78 MHz Class E PA; a TX
coil is driven by the PA; and a computer is used as the TX
controller which directly reads the system input power Pp 4
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7‘, DC source

TX coil
(20 cm x 10 cm)

Fig. 10. Experimental setup.

from the dc source. Each receiver consists of a RX coil, a
rectifier, a buck converter, a RX controller (NI myRIO), a
UC bank and an electronic load. Voyr,; and Ioyr,; can be
measured and read by the RX controller. All the RX controllers
communicate with the TX controller through WiFi. Although
the control circuits cause additional power losses, these losses
have quite limited influence on the whole system efficiency
considering the output power level of the WPT system (> 20
W). The programmable electronic load is also controlled to
emulate various power levels and types of the load, Pr, ;. All
the RX coils are fixed and placed right above the TX coil. The
vertical distance between RX coils and TX coil is 20 mm with
coupling coefficients, ky; = 0.16, k2 = 0.15, and k3 = 0.15.
The system parameters are given in Table I-III.

TABLE III
PARAMETERS OF UC BANK

Cell ‘ Capacitance ‘ VOUT,MIN7 VOUT,MAX
BCAP0100 16.7 F [10 V, 15 V]
(Maxwell) | (6 cells in series) (bank)

A. Influences of Rpc,; and X;

First the electronic load is directly connected to the rec-
tifier without including the buck converter and UC bank.
Thus the system-level characteristics in section III-B can be
verified under different Rpc; and X;. Here only RXj5 is
activated for verification purpose. Fig. 11 gives npasrec,2
and Ppc 2 under different Rpc 2. It validates the existence of
the maximum efficiency point, which matches the simulation
results in Fig. 5. Fig. 12 shows the influence of X3 on
the maximized npa2rec,2 and corresponding Ppc 2. The
basic trend is consistent with that in Fig. 6. An optimal X»
exists (Xopr=10 ) to maximize npa2rrc,2. The measured
Ppc 2 is slightly different with the simulated result. This is
mainly due to the parasitic resistances of the components and
measurement errors in the coupling coefficient. It can be seen
that the efficiency and power vary with different X,;. This
result validates that the power receiving capability of RXs can

APL3

5W

be properly designed through the single parameter of RX, X;.
In the following experiments, all RXs are designed targeting
the same power level and with X;=X¢opr(=108).

0.8 1 r30
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0.7 /
]

—I—n PA2REC,2

F25

\ —0—Ppc,2
1 \\_‘. 20
a
\
l:‘\
a

~
5 2
=
2 061 Lis &
= ~
& <
F10
0.5
LS
0.4 T T T T T 0
0 50 100 150 200
Rocy (Q)

Fig. 11. Measured npa2rEC,2 and Ppc,2 under different Rpc,2.

0.8+ r30

=]

=
!
T
|
|
|

3\ I~ ?
é.’ 0.6 4 \\:\ F15 _
m —m—Tpr0reco =
—o—Poc2 Lo
0.5 1
FS
Xort
0.4 T T T T T 0
20 0 20 40 60
X2 (Q)

Fig. 12. Influence of Xao.

B. Dynamic Characteristics

All the circuits in Fig 10 are included to verify the dynamic
response of the TDM-based three-RX system. The receivers
have the same parameters but with quite different load power
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profiles. As shown in Fig. 10, Pr,; and Py, 3 are fixed at 5 W
and 2 W, respectively; Pz, o is a pulsed one with two power
levels of 3 W and 10 W. The proposed TDM-based control
determines which receiver should be charged. MEPT is then
implemented in the chosen receiver [refer to section III-C and
III-D].

The system is initialized with Voyr, = Voure =
VOUT,3 = VOUT,]\/[AX = 15V. Fig. 13 and Fig. 14 show the
dynamic responses of the voltages of the UC banks (Voyr,:’s),
output power of the buck converters (Poyr,’s), and input
power of the PA (Pp 4). From ¢ to t1, all Voyr,;’s stay within
the range of [Vour min,Vourmax], and thus the TX is
turned off. Different voltage drop rates are observed due to the
difference in Py, ;’s [see Fig. 10]. At ¢1, Voyr,1 first reaches
Vour,min (=10 V) and RX; is turned on accordingly. The
MEPT is implemented until Voyr,1 reaches Vour yrax (=15
V) at to. Then RX5 is turned on rightly after RX is turned off
because Voyr,2 has dropped below 10 V. A similar charging
process is repeated after ¢3.

15 to
s
144
131
>
=124
Q
&
= 114
S
>
104
ti
94 t2 \t7
3 —Vouri —Vour, — Vours
0 200 400 600 800
Time (s)
Fig. 13. Voltages of UC banks.
40—
— Pra — Pouri —— Pour2 Pours
30 r"""“
> | T 1
% 204 insvs.Avc.: ;"’"/F /' /—
3 P 71.7%
L - — -
z
S
& 104
0
to t1 t2 t3 ta tste t7 8
0 200 400 600 800

Time (s)
Fig. 14. PA input power and output power of buck converters.

Both Fig. 13 and Fig. 14 show that the receivers can be
stably charged under various load power profiles (Fr;’s).
Because the UC banks decouple Py, ; from the WPT system,
each receiver can be charged at the maximized 7sy s ;. Even
under the pulsed P o, only small fluctuations in Voyr,2 is
observed [see the blue curve in Fig. 13]. The stable Pp4

and Poyr,2 in Fig. 14 indicate that the pulsed Pr o almost
has no influence on MEPT. This result also shows that the
power response of the system is sufficiently fast even under
the pulsed Pp, 5. A stable Ppy4 but slightly increasing Poyr,;
are observed in Fig. 14. It is because a higher UC voltage
results in a higher efficiency of the buck converter. During the
time interval [£o, 3], the average system efficiency nsy s ava
is 71.7%. This high efficiency validates the benefit of applying
MEPT in a TDM-based multiple-RX WPT system.

V. CONCLUSION

This paper provides a comprehensive discussion on the char-
acteristics of a MHz multiple-RX WPT system. Through the
combination of TDM and MEPT, the power flow management
and maximum efficiency can be simultaneously achieved. The
Class E PA is introduced to fully utilize its high efficiency
and the advantage of MEPT. Based on the circuit models, the
system parameters are designed and optimized at a system
level. Experimental results show that the example multiple-
RX system quickly tracks the maximum efficiency and meets
various power requirements (both constant and pulsed ones).
With the proposed design and control scheme, the uncertainties
in the multiple-RX WPT systems are significantly reduced.
This helps to simplify the design and control of the system,
and also improve the functionality and adaptivity. Further work
could include the charging time optimization of the TDM-
based control.
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