Preprint (accepted version): Minnaert, B., Mongiardo, M., Costanzo, A., & Mastri, F. (n.d.). Maximum efficiency solution for capacitive wireless
power transfer with N receivers. Wireless Power Transfer, 1-11. doi:10.1017/wpt.2020.9

Journal website: https://www.cambridge.org/core/journals/wireless-power-transfer

https://www.cambridge.org/core/journals/wireless-power-transfer/article/maximum-efficiency-solution-for-capacitive-wireless-power-transfer-with-n-receivers/A087A5E8BCB318CBB77FA5BOFE879530

Maximum Efficiency Solution for Capacitive
Wireless Power Transfer with N Receivers

Ben Minnaert!, Mauro Mongiardo?, Alessandra Costanzo®, Franco Mastri®

1 3 3 ] '; A Qﬁ;ﬂh(‘ﬂc‘ (\‘hﬂﬂ“- 3
Odisee University College of Appli T e Belgium

2Dep. of Engineering, University offorg/corefjournalsiwirelesftaly

3Dep. of Electrical, Electronic and [POWer .
’ transfer/article/maximun

University of Bologna, Bologna, Italefficiency-solution-for-
capacitive-wireless-
power-transfer-with-n-

Typical wireless power transfer systeireceivers’AO87ASE8BClirge only a single receiver at a time.
However, it can be expected that the n lge multiple devices at once by a single
transmitter. Unfortunately, adding extra receivers influences the system efficiency. By impedance
matching, the loads of the system can be adjusted to maximize the efficiency, regardless of the
number of receivers. In this work, we present the analytical solution for achieving mazimum
system efficiency with any number of receivers for capacitive wireless power transfer. Among
others, we determine the optimal loads and the mazximum system efficiency. We express the
efficiency as a function of a single variable, the system kQ-product and demonstrate that load
capacitors can be inserted to compensate for any cross-coupling between the receivers.
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I INTRODUCTION

Wireless power transfer (WPT) eliminates the need of physical connections for charging a
device. Power is transferred wirelessly from a transmitter to a receiver. Compared to
traditional wired charging, WPT has several advantages, including improved convenience
and user experience, higher durability and robustness, and increased safety in hazardous
industrial environments [1, 2, 3]. Due to the benefits, the global market for WPT devices
is growing rapidly. More than 600 million units (transmitters and receivers) were shipped
in 2018, a growth of 37 % compared to 2017 [4].

Most WPT devices on the market charge only a single receiver at a time. However, it can
be expected that the need will arise to charge multiple devices at once, i.e. to
simultaneously charge multiple receivers by a single transmitter. But adding extra
receivers to the WPT system, influences the system efficiency. In order to obtain an
efficient energy transfer, the operating conditions of the system have to change depending
on the number of receivers, and their properties.

By impedance matching, the system can be adapted to work optimally for multiple
receivers. However, this requires an analytical solution for achieving maximum system
efficiency, valid for a set-up with any number of receivers. This mazimum efficiency
solution for N receivers was already reported [5, 6, 7, 8, 9, 10, 11] for the currently most
prevalent WPT technology, inductive WPT, but as far as we know, no solution was
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presented yet for capacitive WPT. Both methods are near-field (non-radiative)
techniques, but inductive WPT uses mainly magnetic coupling to transfer energy,
whereas the capacitive technique employs electric coupling.

The wireless link in a capacitive wireless power transfer (CWPT) system is established by
metal plates, often coated with a dielectric material. Different configurations are possible
for the plates [12]:

e the four-plate structure is typically applied: two conducting plates at the
transmitter’s side and two at the receiver’s side (Figure 1).

e the two-plate structure where two plates realize the wireless link, and a conducting
(wired) link (e.g., the ground) is applied as return path [13, 14].

e the four-plate stacked structure: the two transmitter plates are placed close to each
other to increase the self-capacitance and decrease the external capacitances. The
same is done with the two receiver plates [15, 16].

e the six-plate structure to reduce electric field emissions [17].
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Figure 1: A general four-plate CWPT system: the energy from an AC-signal Vg is transferred to
the load Rj,qq. The four conducting plates constitute the wireless link. Compensation networks
at transmitter and/or receiver side are present to realize resonance. A rectifier converts the
AC-signal to DC.

The principle of each configuration is the same: by applying an alternating voltage at the
transmitter’s plates, an electric field is created. This varying electric field realizes electric
(also called capacitive) coupling with the receiver’s plates, where current is generated.
Since the transmitter and receiver plates are at a certain distance positioned opposite to
each other, energy is transferred wirelessly from transmitter to receiver.

The coupling between transmitter and receiver is dependent on the distance, the plate
area and the permittivity of the material between the plates. Since the permittivity of air
is small, the coupling of a CWPT system will be low. In order to increase the coupling, a
resonant circuit is constructed by adding a compensation network, which is usually an
inductor, or a combination of inductors and capacitors (Figure 1). References [12]

and [18] give a comprehensive overview of different types of compensation networks. By



operating the system at the corresponding resonant frequency, high voltages are
generated at the plates, resulting in a higher electric coupling between transmitter and
receiver. Usually, high frequencies (in the order of a few MHz) are necessary to bridge
larger distances of e.g., 10 cm.

This highlights the disadvantages of CWP'T compared to inductive WPT. Large plates,
high frequencies and high voltages are necessary for long distances. Moreover, the high
electric field between the transmitter and receiver plates can cause safety concerns [19, 20].
However, compared to inductive WPT) it also has some advantages [16, 20, 21, 22, 23],
for example:

e CWPT is able to transfer power through metal objects. Moreover, power losses are
less than for a comparable inductive WPT system when metal objects are nearby.

e A CWPT system will usually produce less heat than an inductive WPT system.

e The electric field lines of a CPWT link are less outstretched as the magnetic field
lines of an inductive WPT link.

CWPT is often less expensive and less heavy than a comparable inductive WPT
system

CWPT is especially suited for short-range applications, e.g., integrated circuits [12, 24],
portable electronics [25, 26] , consumer applications [27] and biomedical implants [28, 29].
The above examples are located in the low to midrange power levels, from a few watt to
100 W. However, CWPT also allows for high power transfer, well above kilowatt level (at
short distance), and can be used by e.g., electric vehicles [30] and automatic guided
vehicles [31].

In this work, we present the analytical solution for a capacitive WPT system with an
arbitrary number of receivers. In a CWPT system, the electric field is generated by
applying an alternating voltage to conducting transmitter plates. At a certain distance
from the transmitter plates, the receiver plates capture the energy from the electric field
to generate current and power a load. To date, most applications focus on the energy
transfer to a single receiver. However, since the plates of a CWPT link are simple and
cheap electrodes, multiple receivers can be powered at once by a single transmitter: large
transmitter plates can cover multiple smaller receiver plates (Figure 2). One could for
example imagine that low power consumer devices are simultaneously charged on a large
surface area.

Another example application is the wireless charging of electric taxis while queuing: as
the taxis await their customers at a designated area, a transmitter plate below the ground
charges the vehicles wirelessly (Figure 3). The return path for the circuit is delivered by
the chassis of the vehicle [13]. Although this example is far from being implemented in
real life, due to practical and safety concerns [12], CWPT technology is rapidly
developing in recent years, and we hope an exact solution to the multiple receiver
problem might contribute to its progress.

The main idea of this work is that we determine the receivers’ loads for a CWPT system
with one transmitter and N receivers that maximizes the system efficiency (also called
the power gain). For different receivers and different coupling strengths, other load values
apply that maximize the system efficiency. Often, the value of the loads varies when the
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Figure 2: Example configuration of the transmitter and receiver plates of a capacitive wireless
link with one transmitter and N receivers. Large transmitter plates allow the energy transfer to
multiple smaller receiver plates.
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Figure 3: A futuristic example application of CWPT with multiple receivers: as N (electric)
taxis are queuing at a designated area, a transmitter plate below the ground transfers energy to a
receiver plate at the bottom of the vehicles, by means of the electric field E. The electrical circuits
are omitted on the figure for clarity.

system is operational. In practice, impedance matching networks are inserted between the
loads and the output ports of the receiver in order to adapt the load to their optimal
value. More specifically, our contributions are as follows:

e We compose an equivalent circuit for a general CWPT system with one transmitter
and N receivers (Section II).

e We analytically determine the input power, output power, and efficiency of this
equivalent circuit as function of its components (Section III).

e We calculate the optimal current-voltage relationships at the transmitter and
receiver ports, necessary to realize maximal efficiency of the system (Section IV).
From these expressions, we derive closed-form expressions for the optimal loads and
the maximum efficiency (Section IV).

e We demonstrate that we can compensate for the coupling between the receivers by



adding specific capacitors. We discuss the optimal loads and describe the maximum
efficiency as a function of a single variable, the system kQ-product (Section V).

e Finally, we verify the analytical derivation by numerical circuit simulation for an
example CWPT system with one transmitter and three receivers (Section VI).

We want to stress that maximizing the efficiency does not maximize the amount of power
transferred to the load, nor does it realize a uniform power distribution among the
different receivers. Different load values will apply for maximizing the amount of output
power [11], or realizing a uniform power distribution [32].

II EQUIVALENT CIRCUIT

We consider a CWPT system with one transmitter and N receivers. Figure 4 shows the
equivalent circuit of the wireless link between the transmitter (on the left, subscript 0)
and the N receivers (on the right, subscripts 1 to N). This system can be considered as a
linear reciprocal (N+1)-port network with at the ports peak voltage phasors V; and peak
current phasors I;, as defined in the figure (i= 0,...,N). We use the following notation to
represent the real and imaginary parts of the phasors: V; = V"¢ 4 jV and

I =1+ 1™,
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Figure 4: Equivalent circuit of a capacitive wireless power transfer system with one transmitter
(left) and N receivers (right). The (desired) electric coupling between transmitter and receiver is
represented by the full arrows, characterized by the mutual capacitances Cp,, (n=1,...,N). An
undesired electric coupling is present between the receivers, indicated by the dashed arrows.

The (N+1)-port network is fully characterized by its admittance matrix Y, indicated by



the dashed rectangle. The efficiency n is dependent on Y and on the loads at the ports.
In this work, we consider the input current I, and the CWPT link as given, i.e. the
admittance matrix Y is fixed.

In order to maximize the power transfer efficiency n of the wireless link, we must find the
optimal values for the loads at the output ports for a given input. Since we can express
the load admittance at the ports by the current-to-voltage ratios, we focus on I; and V; at
the ports, and hide the remote electronics external to the wireless link (actual passive
loads, matching networks, power source, rectifiers,. .. ).

With Kirchhoft’s current laws, the relations between the voltages and currents of the

(N + 1)-port network are obtained:

I=Y -V (1)
The (N+1)x1 matrices V and I are defined as
Vo Iy
Vi L
V=|V| 1= (2)
Vn Iy
The losses in the circuit are represented by the parallel conductances goo, 911, ---, gNN-

The (desired) electric coupling is described by the mutual capacitance Cy, (n=1,...,N)
between the transmitter capacitance Cy and the receivers’ capacitances C,, [33, 34].

An undesired electric coupling can be present between the receivers, e.g., a non-zero
mutual capacitance C5 between the first and the second receiver. Even though in many
practical systems, the coupling between the receivers is small, we will take into account
this cross-coupling for our analysis: we will assume a non-negligible electric coupling
between all receivers.

The coupling factor k;; between circuit ¢ and j (4,j=0,...,N) is defined as [33, 34]:

C..

ki; = o 3

Resonance shunt inductors L; are added in parallel to each circuit, given by (i=0,...,N):
1

Li=—— 4

with wg the operating angular frequency of the CWPT system. We could also opt for
series inductances instead of shunt inductances to realize resonance, but the shunt
configurations simplifies the calculations and allows for a better understanding of the
results. The methodology of the theoretical analysis remains the same for both topologies.
At the frequency wy, the admittance matrix Y is given by

Joo —jbor  —jbo2 ... —jbon
—Jbo1 g11 —jbia ... —jbin
Y = | —Jbo2 —jbiz g2 ... —jban (5)
—jbon  —jbin —jban ... gnN
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with b;; = woCj;. Due to the reciprocal network, Y is symmetric: b;; = bj;.

We want to stress that Figure 4 does not correspond to the physical structure of a CWPT
system. It represents an approximate equivalent circuit of the wireless link [33, 34, 35, 36]
and neglects the series resistances for the inductor losses. However, for the purpose of this
work, the given equivalent circuit allows for a lucid analytical model that provides a first
order estimation of a CWPT system with one transmitter and an arbitrary number of
receivers.

IIT POWER AND EFFICIENCY OF THE CWPT SYSTEM

By applying the circuit model, we determine the analytical expressions for the input and
output power of the above equivalent circuit, representing a CWPT system with one
transmitter and N receivers. From the input and output power, the power transfer
efficiency is derived.

A) Input power
The input power P, is given by:

P = R0GL) )

with I} the complex conjugate of Iy, and R(VyI}) the real part of VoIf. Without loss of
generality, we choose 1} as the reference phasor, i.e., Vj is purely real: Vj, = V. The
expression reduces to:

1 re yre
Py = 5V5" 1o (7)

From (1), we find the input power P;, as function of the characteristics of the network
and the port voltages:

VTe
Pin = gooVy © + Z bon V™ (8)
B) Output power
The output power P, at port n (n=1,...,N) equals, taken into account the passive sign
convention: ] ]
Py~ R(V,I) = — (VI + Vi) 0

The total output power P, is defined as:

N
Pout - Z Pn (10)
n=1



From (1) and (9), the output power P,,; follows as function of the characteristics of the
network and the port voltages:

N N N
1 ) ) ) )
Pt = =5 | D2 gl (VP + (Vm2) = VoS bonVim 3 ba VoV = Vim Vi)
n=1 n=1 n,m=1
n#m

(11)
C) Efficiency
The power gain or efficiency 1 of the CWPT system is defined as

_Pout
TR

(12)

with P;, and P, given by (8) and (11). Consequently, we have expressed the efficiency n
as a function of the characteristics of the network and the port voltages.

IV. MAXIMUM EFFICIENCY CONFIGURATION

In the previous section, the general expression for the efficiency of the CWPT system was
determined. We now determine the current-voltage relationships at the ports that
maximize the system efficiency 7, i.e. that maximize expression (12). We use the notation
Nmaz fOr the value of the maximum efficiency. We start by calculating the port voltages
that realize 7,4,

A) Optimal port voltages

In order to find the port voltages for which the efficiency 7 is maximized, we apply the

first-order necessary condition [10, 37], for n=1,... N:
on
=0 13
ovre (13)
In
— =0 14
oVim (14)
Solving this system of 2n equations gives us the solution for the voltages V,, (n=1,...,N)

in the maximum efficiency configuration. Solving the system directly is very complicated.
We will therefore solve the system indirectly.
By applying the quotient rule for derivatives and (12), the system can be rewritten as:

0P, 0P,
p,Zout — = = 1
mn 8‘/;:6 out av{@ 0 ( 5)
Poy P;
P, OFour O _ 0 (16)

moyim M gyim



Taken into account (8) and (11), the system reduces to:

-Pingnnvyre =0 (17)
im 1 re 1 re
Pzn(_gnnvn + §b0n‘/() ) - époutbOn‘/() =0 (18>
Finally, with (12), we find the solution for the optimal port voltages
Vort = yreopt 4 gyimopt (n— 1. N), i.e. the port voltages that realize maximum
efﬁmency Nmaz:
Vyeort = o (19)
yimont — Do e (20)
n 2gnn max) V()

Note that the voltages are not only a function of the known characteristics of the network
and the input voltage V¢, but also of the -at this point- still unknown value of 7,4

B) Optimal input and output power

Substituting (19) and (20) in (8) and (11) results in the following expressions for the

input power P, °P' and output power Poft at the maximum efficiency solution:

1 1- maxr
lDilZ)t = 5(‘/(;3)2900 {1 + %0&?\/} (21)
Psszf - 8(V ) gOO( nmaw)(l + nmam)a?\[ (22)
where we introduced the following notation:

N
i = Z o? (23)

n=1

with ;
a, = —2 (24)

v/ 9009nn

We call o, the extended kQ-product of the link between the transmitter and the n-th
receiver, as defined by [9, 38, 39]. We name ay the system kQ-product, analogous

to [9, 40, 41]. We will discuss these parameters in Section V.

Again note that the powers are dependent on the known characteristics of the network,
the input voltage V¢, and the still unknown value of 7,4



C) Maximum efficiency

We now determine the maximum efficiency 7,,q,. Substituting (21) and (22) in (12)
results in a quadratic equation in 7,,q.:

4
T]?nam - (2 + _2> Nmaz + 1=0 (25)
N

Solving the quadratic equation gives two solutions:

V1+a3 —1
Nmaz,1 = ;V (26)
Vi+tag+1

V1it+a3 +1
Nmaz,2 = ,—éV (27)

Since 0 < Npar < 1, equation (27) is physically not possible. The maximum
efficiency nmae is given by equation (26), which can also be written as:

and

2
Mmae = 1 — ———— 28
1+4/1+a% (28)
We have expressed 7,4, as function of the characteristics of the network only. In this way,
also the optimal voltages, input and output power are determined as function of the
characteristics of the network.

D) Optimal port currents

In the maximum efficiency configuration, the port current 19" = [r¢°Pt 4 j[imoPt can be
determined from (1), (19) and (20). We find:

]:Le’opt = gnnvr?pt (29>
N
]:’lm,opt - _ Z bnmvnipt (30)
mzn

E) Optimal load admittances

Finally, we determine the required values for the admittance loads at the output ports to

realize maximum efficiency. The optimal load at output port n (n=1,...,N) is given by:
opt opt - yopt Izpt
an = an +jBnp = _W (31)
With (29) and (30), we obtain:
j N
Y = =g+ o > bun Vi (32)
"o



With vy = V¢, (19) and (20), we find:

N

Yort = gnn—n 4 j9nn Z0mZnm (33)
11— Nmax bOn m—1 Imm
m#n
Substituting (28) in the above expression results in the optimal load admittance
Y,oPt = GOP' + jBO' at each output port n (n= 1,...,N) as function of the characteristics

of the network (i.e. the elements of the admittance matrix Y):

fo’t = Gnn\\/ 1+ O‘?\/ (34)

N
nn b mbnm
Byt =2yt (35)
On m=1 mm
m#n

The optimal susceptances are always positive, i.e., the optimal complex loads are

capacitors. The value of the optimal load capacitors C’loﬂ 4. Are:

N

bomb
Copt _ Gnn 0OmYnm 36
load,n bOnWO mzl G ( )
m#n

V  DISCUSSION

We discuss the analytical results from the previous section, in particular the optimal
values of the loads, the maximum efficiency, and the system kQ-product.

Both the optimal load conductance GZ* and load capacitance Cloo’fdm of receiver n are
proportionate to the parasitic conductance g, of the n-th receiver. The load capacitance
of receiver n is inversely proportional to the coupling between the transmitter and the
n-th receiver.

When the coupling is high (ay >> 1), the optimal conductances approximate to:

G = gy (37)
We now look into the influence of cross-coupling, i.e., the mutual coupling between each
of the receivers. This coupling is represented by the parameter b, for n,m =1,..., N.

e According to equation (34), the optimal conductances G%* are independent on the
coupling between the receivers. As well for coupled as uncoupled receivers, the
optimal conductances G%* assume the same value.

e From equation (36), it follows that, when there is no coupling between any of the
receivers (i.e., by, = 0 for n,m =1,..., N), the optimal load capacitors are absent.
In other words, the optimal loads to maximize the efficiency of the CWPT system
are purely real.

11



e The cross-coupling between the receivers does not influence the maximum
efficiency nmq.. Indeed, the parameter by, (n,m = 1,..., N) is not present in
equations (23), (24) and (28). This does not imply that the efficiency is not
influenced by cross-coupling for a general CWPT system; it is the mazimum
efficiency that is invariant for cross-coupling for an optimized system towards
efficiency, i.e. where the loads satisfy equations (34) and (36).

e Combining the above observations, we can conclude that the optimal load
: opt o . . . .
capacitances C,;, , eliminate the influence of the cross-coupling; the maximum
efficiency of a CWPT system with no cross-coupling equals the maximum efficiency
of a CWPT system with cross-coupling and optimized load capacitors. For both the

uncoupled as the coupled system, the optimal load conductances are the same.

The expression for the maximum efficiency 7,4, is given by (28). The second term is the
measure for the losses of the CWPT system. This term is only dependent on a single
scalar variable, i.e. ay. Table 1 gives some numerical values for their relationship. The
efficiency approaches unity for increasing ay.

It is a property of any reciprocal transfer system that the efficiency can be expressed as
function of a single variable [38]. For wireless power transfer systems with a single
receiver, this one variable is often called the extended kQ-product, since it corresponds to
the kQ-product which is often used as a figure of merit [9, 38, 39].

Since the value of ay determines the maximum efficiency of the CWPT system with N
receivers, we call this parameter the system kQ-product. From equation (23), we can
conclude that the square of the system kQ-product equals the sum of the squares of the
kQ products of each individual transmitter-receiver link. The figure of merit «,, for each
individual transmitter-receiver link can thus provide insight in the figure of merit ay for
the entire system: measuring the kQ-products of the individual transmitter-receiver links
allows an estimation of the total system efficiency.

Table 1: Numerical examples of the required extended system kQ-product ay to achieve a given
maximum efficiency Mpmqz-
an 012839 (56| 9 |19(39 100 | 200
Nmaz| %] || 0| 50 | 60 | 70 | 80 | 90 | 95 | 98 | 99

The extended kQ-products «,,, and thus also the system kQ-product ap, depends on the
coupling between the transmitter and each receiver, but is independent on the coupling
between the receivers mutually.
Notice the reasoning for naming the parameter ay the system kQ-product: the expression
for the maximum efficiency for a single link inductive or a single link capacitive WPT
system is identical to our derived expression for a CWPT system with N
receivers [9, 39, 42]. It only differs in the value of the single variable.
In this way, the CWPT system with N receivers can be represented by an equivalent
circuit with the same transmitter, and only one receiver with by, and g/, chosen such
that "
On
o vV 9009 nn, (33)

12



From (23), (24) and (28), it follows that the higher the system kQ-product ay, the higher
the efficiency of the system. This implies that, in order to increase the efficiency of the
system, the following statements are true:

nm ax

e The maximum achievable efficiency 7,,,, monotonically increases with the number of

receivers, regardless of the coupling strength between the receivers. Let us consider
a numerical example: we consider a CWPT system with N identical receivers, with
identical coupling factors kg, between transmitter and each receiver. The coupling
between the different receivers differs from each other. The extended kQ-product «,,
for all receivers equals 5. With only one receiver, a maximum attainable efficiency of
67 % is possible. Adding a second and third receiver increases 7,4, to 75 % and

79 %, respectively. Figure 5 depicts 7,4, as function of the number of identical
receivers with «,=5. It is important to note that the optimal loads for the receivers
change depending on the number of receivers in the system. An impedance
matching network and communication system are therefore necessary for a CWPT
system with a varying number of receivers.

The higher the coupling factor between the transmitter and each receiver, the
higher 7,4 -

e The lower the parasitic conductances go, 911, - - - , gvn Of the system, the higher 7,4,

95%

90%

85%

80%
75%

70% J

65%

0 5 10 15 20
Number of receivers

Figure 5: The maximum achievable efficiency 7,4, as function of the number of receivers, for
identical receivers and transmitter-receiver coupling (ay, = 5).

Finally, we verify if our analytical derivation is compatible with the scientific literature on
the subject.
If we consider the case for a single receiver (i.e. N=1), the equations (34), (36) and (28)

13



reduce to:

G = guy/1+ i, (39)

Crmg1 =0 (40)
1 2 (41)
Nmaz = 1L —
1+ 1+ a3,
with ;
Aneg = —2 (42)

v/ doog11

The above equations correspond to the expressions found in literature for N=1 [36, 42].
Note that the optimal load is purely real since no load capacitance is necessary to
compensate for the coupling between different receivers (there is only one receiver).

If we consider the case for two coupled receivers (i.e. N=2), the equations (34), (36)

and (28) reduce to:
Gcl)pt = gd111/ 1+ OéJQVZZ (43)
Gy = gm\/1+ 0}, (44)

Oty = om0 (49
A (40
Nmaz = 1 — 2 (47)
1+/1+a%_,
with ) )
OC?V_ _ bOl + b02 (48)

= googun  Googae

The above equations correspond to the expressions found in literature for N=2 [43]. The
same values for as well the optimal load conductances as the load capacitors, necessary to
compensate for the cross-coupling, are found. Note that now load capacitances C’Zﬁd , and

t . .
1 are necessary to compensate for the coupling between the two receivers.
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Table 2: Chosen simulation parameters for a CWPT system with one transmitter and three

receivers.
Quantity Value ‘Quantity Value

900 1.00 mS Co 350 pF
911 1.50 mS Ch 250 pF
922 1.75 mS Cy 225 pF
933 2.00 mS Cs 200 pF
001 150 pF 012 20 pF
Cog 100 pF 013 10 pF
Cos 50 pF Cs 5 pF

fg 10 MHz

Table 3: Calculated simulation parameters for the CWPT system with one transmitter and three

receivers.
Quantity Value ‘Quantity Value

Ly 0.72 uH aN 9.31

L1 1.01 uH ko1 50.7 %
Lo 1.13 pH ko2 35.6 %
Ls 1.27 uH kos 18.9 %
aq 7.70 klg 8.4 %
a9 4.75 k'13 4.5 %
Qs 2.22 kgg 2.4 %

VI NUMERICAL VERIFICATION

We verify the above analytical derivation by numerical circuit simulation for an example
CWPT system with one transmitter and three receivers (N=3). A non-negligible
coupling between the receivers is present. The system parameters are listed in Table 2.
The coupling factors, resonance inductances at 10 MHz and extended kQ-products are
calculated from equations (3), (4), (23) and (24) (Table 3).

For this system, the optimal load admittances that maximize the efficiency n are
calculated from equation (34) and (36). We find the values of Table 4. The maximum
efficiency n,q. of the system that corresponds to this configuration results from
equation (28) and equals to 80.7 %.

Table 4: Calculated values for the maximum efficiency configuration.
Quantity Value ‘ Quantity Value

G‘{f’z 14 m$S c;’g;zd,l 14 pF
Ggpt 16 mS CIOOZ%M 37 pF
G 19mS | CZ,.  51pF
Mz 80.7 %

We now simulate the CWPT system in LTspice XVII®. The circuit simulating the given
system with one transmitter and 3 receivers is shown in Figure 6. We apply the
equivalent pi-circuit for the coupled capacitors, valid near resonance [34, 44]. The
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simulations are executed in the time-domain with maximum time step 1 ps.

C0-C01-C02-C03 C1-C01-C12-C13

10 0 R0O (1 T L co1 %j § § R1 i‘ c1
~ ~

C2-Co2- C12 C23

=171 I

@%

C3- C03 C13- C23
Figure 6: The circuit in LTspice simulating a system with one transmitter and 3 receivers. The
resistances Rii are applied for the corresponding conductances g; (i= 0,1,2,3). The coupled

capacitors are represented by the equivalent pi-circuits. Rn and Cn (n= 1,2,3) depict the load
resistances and load susceptances.

Q%F-

We perform six simulation scenarios with varying load to verify that the maximum
efficiency is achieved for the optimal calculated values from Table 4. In each scenario, we
keep all the optimal load admittances (conductances and capacitances) fixed at their
optimal value, listed in Table 4, with the exception of one which we vary.

Figure 7 shows the result for varying conductance: each line shows the simulated
efficiency for one varying load conductance. We find that the maximum efficiency is
reached for the optimal conductances from Table 4. Additionally, the simulated values for
the maximum efficiency corresponds to the analytical calculated value.

Figure 8 shows the simulation results for the other three scenarios for varying load
capacitances. Again, all loads are fixed at their optimal value, with the exception of one
varying load capacitance. The simulation results verify the calculated values: for the
optimal calculated loads of Table 4, the efficiency achieves its maximum value.

We note the non-uniform power distribution in this example: most power (68 % of the
output power) is delivered to the first receiver, 26 % of the output power is supplied to
the second receiver, and merely 6 % to the third receiver.

Finally, we simulate the system with no coupling present between the receivers, i.e.,

C1o = C13 = Cy3 = 0. As expected, we find the same values for the optimal load
conductances that maximize the efficiency, which illustrates that the load capacitances
compensate for the cross-coupling between the receivers. As future work, detailed
experimental studies with multiple receivers are required to further study the accuracy of
our analytical model.

VII CONCLUSION

We studied a capacitive wireless power transfer system with an arbitrarily number of
receivers N. By impedance matching, the power gain or system efficiency can be
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Figure 7: The simulated efficiency 7 as function of varying load conductance for the given system
of one transmitter and three receivers. One of the three load conductances is varied, while keeping
the other two fixed at their optimal value for maximum efficiency.

maximized. We analytically solved the maximum efficiency problem by determining
closed-form expressions for the optimal loads of the different receivers, as function of the
couplings and characteristics of the WPT network.

Both the optimal load conductance G?* and load capacitance C/*,  of receiver n are
proportionate to the parasitic conductance g,,, of the n-th receiver. As well for coupled as
uncoupled receivers, the optimal conductances G%" assume the same value and are
independent on the coupling between the receivers.

We found that capacitors can be inserted into the network as load susceptances to
compensate for any cross-coupling between different receivers. The cross-coupling
between the receivers does not influence the maximum efficiency 7,,42-

The maximum achievable efficiency 7),,,, monotonically increases with the number of
receivers, regardless of the coupling strength between the receivers. We expressed this
efficiency as a function of a single variable, the extended system kQ-product a, which
depends on the coupling between the transmitter and each receiver, but is independent on
the coupling between the receivers mutually. Its square equals the sum of the squares of
the kQ product of each individual transmitter-receiver link. The higher ayy, the higher
the maximum efficiency.

Finally, the analytical derivation was validated by numerical circuit simulation for an
example system with three receivers. Measurements on a capacitive wireless power
transfer setup with multiple receivers are required to confirm the accuracy of the
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Figure 8: The simulated efficiency 7 as function of varying load capacitor for the given system of

one transmitter and three receivers. One of the three load capacitors is varied, while keeping the
other two fixed at their optimal value for maximum efficiency.

analytical results and are part of future research.
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