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Abstract

This work is to establish principles for design and benchmarking multiple-receiver
inductive power transfer (IPT) system. We derive the formulas for obtaining optimal
loads impedance of multiple-receivers and maximum power transmission efficiency
based on N-port network model. Via theoretical analysis, electromagnetic simulation
and experiment, we clarify that the cross-coupling among receivers does not deteriorate
system efficiency if load resistance and reactance are jointly optimized. We also prove
that the maximum efficiency which is newly introduced as system kQ-product in this
work, equals to the sum of squares of kQ)-product of individual transmitter-receiver
link. The efficiency can be expressed by an efficiency angle tangent, in a manner
analogous to the well-known £Q)-product of single-receiver IPT. In the experimental
verification, we measured an extensive S-parameter to validate the derived formulas.
This experiment investigated two and three receiver IPT system because of the limitation
of equipment, however, these results contribute to establish the £()-theory for more than

four multi-receiver IPT systems.
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1 Introduction

1.1 Background and motivations

In 2007, the Witricity team at the Massachusetts Institute of Technology (MIT) suc-
ceeded in wirelessly supplying power to a 60 W bulb at a distance of 2 meters [1].
The main techniques of the experiment are "electromagnetic induction of Faraday"
and "resonance", and the technology combining these is called IPT. Until 2007, it was
applicable only to applications using short-range wireless power transmission such as
RFID [2]. But since 2007, highly efficient and long distance wireless power trans-
mission is enabled by the IPT system [3]. It is used for automobiles (EV), automatic
(AGV), smart phones, wireless sensor networks, etc..., and the range of applications
is expanding [4]. Therefore, the IPT system is currently drawing attention from many
researchers and companies [5]. However, there is a concern about the loss of power
transmission accompanying cordlessness, each companies are actively engaged in high
efficiency [6]. Therefore, maximum efficiency is an important parameter as an indicator
at product development stage. In addition, it is important according to that the param-
eter is the kQ)-product [7]. As a recent example, D-Broad EV [8] is the first product of
DAIHEN with a maximum AC input of 11 kW corresponding to Society of Automotive
Engineers (SAE) [9]. The maximum transmission efliciency of this product is 92%. It
is also possible to shift from 100 mm to 250 mm between the transmitting coil and the
receiving coil.

Efficiency maximization for inductive power transfer (IPT) systems [10] is a com-
plicated design optimization of transmit-receive coil system, conversion circuits and
loading. Fortunately, the concept of maximum achievable efficiency and optimal
load [7]- [11] facilitates this process by decoupling the design for the coils from those
for the others. It has been shown that the optimal load reactance must resonate out the
receiver’s self-reactance; and the optimal load resistance must balance the coupling co-
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Figure 1.1: Single-receiver IPT system

efficient and the coil resistances. Achieved under this optimal condition, the maximum
efficiency can be expressed in terms of an efficiency angle tangent coinciding with the
square of kQ)-product of the coils [7]. With all these achievements, the single-user IPT
technique is reaching maturity.

First, we show about maximum transmission efficiency in single-receiver IPT system.
Maximum efficiency in single-receiver IPT system, has been already studied by Mr.
Ohira [7]. In below, we describe important points about maximum efficiency and
kQ-product in the paper. Figurel.1 indicates the system of single-receiver IPT system.
Ry1, Ryg and X4, X9 are coil resistance and reactance of each coils respectively. Then,
the X5 is mutual inductance between transmit coil and receiving coil. The resonance
of the system is caused by the load reactance being added to the receiver so as to
subtract the value of the reactance of the receiver. Then, we can obtain the maximum

efficiency when the optimal load resistance” R, ” add to the receiver as shown below,

RL :RQQ\/1+I€2Q2, (11)

And maximum efficiency can be described as,

2

maz = 1 — 1.2
" T VI T R (12




As you can see, kQ-product is included in these equations. Here, k represents the
coupling coeflicient between the coils; and () is the quality factor for each of them.
Determined only by the configuration of the coil system, the maximum efficiency
becomes an important performance indicator; and the optimal load, in its turns, guides

the design process for loading and related conversion circuits.

1.2 Problem statement

In recent years, the multiple-receiver IPT system attracts great attention from many
researchers [10]- [38]. The advantage of multi-receiver IPT is that it can supply power
to each receiver simultaneously. However, when a single power transmiit coil feeds
a plurality of receiving coils, the power received by each receiving coils fluctuates
depending on the value of the load impedance of all the power receiving devices in the
power feeding area, so that the power loss in the system design, it is important to know
how much it is occurring. Therefore, the maximum efficiency of the entire system is
an significant factor in developing multi-receiver IPT, and it is useful for development
to know the relationship between the £(Q)-product and the maximum efficiency that was
regarded as important in single-receiver IPT. However, unlike the single-receiver IPT
system, the multiple-receiver IPT system is difficult to achieve the maximum efficiency
due to cross-coupling among each receivers.

Recently, research attempts have been made to extend the concept of maximum effi-
ciency and optimal load to system with multiple receivers. Optimization for multiple-
receiver IPT link is quite challenging as it requires a joint optimization of resistances
and reactances of multiple loads. Load resistances have been optimized in [15] under
simplified assumptions, that there is no cross-coupling among receivers, and that each
receiver applies individual resonance on its load reactance. However, in practice, the
cross-coupling exists and may severely influence the system efficiency [16], necessitat-
ing a new criterion for deciding the load reactances rather than the individual resonance
scheme. In order to compensate for the impact of cross-coupling, load reactances have
been optimized separately with the load resistances for two receivers in [18] and for
arbitrary number of receivers in [19]. For aforementioned the reasons, there is no case
in load resistance and reactance has jointly optimized, and maximum efficiency has not

mentioned perfectly, and that isn’t inclueded the fields of resonance state. In this thesis,



we achieve it by inserting an optimum load to each receiver. Also we clarify the effect
of cross-coupling on efficiency and the relationship between maximum efficiency and

kQ-product at the resonance state.

1.3 Contribution

The main contribution of this research is establishing a theory on load optimization and
maximum efficiency of general multiple-receiver IPT system, serving as a criterion for
the system design and benchmarking. To this end, we model the system and formulate
the power transfer efficiency by using Z-parameters. Applying the first-order necessary
condition, we derive the analytical formulas of optimal loads and maximum efficiency.
We then perform full-wave 3D electromagnetic simulations, followed by experiments
using vector network analyzar to validate the analytic results. Important conclusions

are drawn as follows.

1. This validation clarifies interesting theoretical observation, that the load optimiza-
tion perfectly mitigates the impact of cross-coupling, and that the maximum effi-
ciency can also be expressed in terms of an efficiency angle tangent coinciding with
the sum of squares of kQ-products of individual coupling links. The perspective en-
ables maximum efficiency estimation of complicated multiple-receiver IPT system,
at any scale, by measuring kQ)-products of individual links, using a simple two-port

network analyzer.

2. This observation implies that one can, in principle, increase the efficiency by in-

creasing the number of receivers in case of the cross-coupling is mitigated parfectly.

3. This thesis also provides an extended analysis on system behavior at the optimal
operating point, showing that the optimal load condition in fact reaches a resonance

state.

1.4 Outline

The remainder of this thesis is organized as follows.



Chapter 2 introduces system model and summarizes theoretical results on maximum
efficiency and further analyzes resonance state at the optimal load condition for exper-
iment parts(Chapter 4). Next, Chapter 3 describes EM simuation system which is in
various configuration, and shows that of result. Chapter 4 presents experiment method
and the consequence in the two different case of receiving coils. Finally, Chapter 5

indicates conclusion and future works.



2 Theory on maximum achievable
efficiency for multiple-receiver IPT
systems

2.1 System model

A typical multiple-receiver IPT system is illustrated in Fig. 2.1, where coil #1 is the
single transmitter and coils #2, #3, ..., # N are the receivers. Coil #1 is driven by a
sinusoidal signal with frequency f and angular frequency w = 27 f. In the figure, ry
and L, respectively represent the internal resistance and self-inductance of the transmit
coil #1; and M,,, or M, stands for the mutual-inductance between the transmit coil
#1 and the receive coil #n (2 < n < N). Similarly, r,, and L,, respectively denote
the internal resistance and self-inductance of receive coil #n; the mutual-inductance
M,,,, or M,,, between the coil #n and the coil #m 2 < m < N, m # n) models
the cross-coupling between them. Using N-port network model, the relation between
complex-valued phasors [,, of port-currents and phasors V,, of port-voltages V,, is
expressed by (2.1).

Vi ri+jwly  gwhMy ... JwMin L
V:2 _ jme ro + .].WLQ . jWMQN -7.2 o
VN JwMny JwMpyo ... ry+Jwly| |IN

In this model, load impedance connected to the receive coil #n is represented by

ZF = R\ + jXE = -V, /1, (2.2)
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Figure 2.1: System model of multiple-receiver IPT system.

where j = +/—1 is the imaginary unit. From (2.1), the RF power input to coil #1 is
straightforwardly defined by

1
P = SRe{V/L}

1 WM XL, .
_ §r1\11\2—j . NN LI (2.3)
n=2

Here, Re{-} denotes the real part and (-)* stands for the conjugate of a complex number.
It is worth noticing that although (2.3) includes the imaginary unit j, the value of P,
is a real number because the term (I, —I,,I]) is in fact equal to a purely imaginary
value j2Im{I;I,}. Similarly, the output power from coil #n is P,, = —sRe{V,’ I},

resulting in the total RF output power as follows.

N

Pout = an
n=2
1 WM, X
= S LS (LI (2.4)
2n:2 4 n=2



Eventually, the system RF-to-RF efficiency is defined as

Pout
= . 2.5
n P, (2.5)

2.1.1 Maximum achievable efficiency

Although (2.3) and (2.4) include I, efficiency 7 in fact depends on the relation between
input current /; and output currents /,,. As a result,  can be viewed as a function
of output currents [,,, taking /; as a parameter. Solving dn/0I, = 0, we obtain the

maximum efficiency

2
max = 1 — T A 2.6
n T+ VITx (20
where Y is the so-called efficiency angle tangent given by
N 2 M§ N
y = L=Ya2,. 2.7)
n=2 1Tn n=2

In (2.7), a2, = w*M?2 /(r1ry) is the square of the kQ-product of the coupling between
coil #1 and coil #n. As indicated in (2.6), the maximum efficiency of multiple-
receiver scenario has the same form with that of the single-receiver case [12, 14]. The
difference is the expression of the efficiency angle tangent x. In single-receiver case
(n =2), x = w?M?,/(r1r,), meaning that the efficiency angle tangent coincides with
the kQ-product of the transmit and receive coils. In the multiple-receiver scenario, x
is the sum of squares of kQ-products of all individual couplings ;. Interestingly, the
expressions of x in this case does not include the mutual-inductance M,,,,, between any
two receive coils, meaning that the load optimization completely mitigate the impact
of cross-coupling. The relation between maximum efficiencies of single-receiver and
multiple-receiver systems is illustrated in Fig. 2.2. In the figure, the curve demonstrates
Nmax as a function of x. The efficiency of single-receiver system, e.g., the system of
coil #1 and coil #2 can be predicted by projecting the corresponding o, into the
curve. The value of y for the multiple-receiver system is obtained by summing up all
individual o2,. Efficiency of the multiple-receiver system is then obtained by projecting
x into the curve. As a result, efficiency evaluation for SIMO systems at any scale can
be conducted by using a simple two-port network analyzer to measure kQ-products of

each individual link.
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Figure 2.2: Relation between maximum efficiencies of single-receiver and multiple-

receiver IPT systems.

At the optimal operation point, the input and output currents satisfy the relation

below.

Jlopt) _ _jWMnl(l - nmaX)
" 2r,,

L. (2.8)

As aresult, the optimal loads for achieving the maximum efficiency is

Ry = r/THY, 2.9)
N
Mm n
XL = —wly—w 3 Moy, (2.10)
m=2 nllm
m#n

The optimal resistance for the receive coil #n depends on its internal resistance and
the efficiency angle tangent, which is determined by the coil configuration. The
optimal reactance depends on the self-reactance of the coil #n, internal resistances
and mutual coupling among all the other coils in the system. Therefore, the optimal
loads for achieving the maximum efficiency basically vary with the configuration and

arrangement of the coils.

10



Under the optimal load condition the ratio of output power at receiver #n to the total

output power is given by

Plopt) a2,
Yo = s = L (2.11)

As shown in (2.11), the output power ratio depends on the square of k£Q)-product of the
link between the transmit coil and the receive coil #n, meaning that different receivers
might obtain different power levels according to coil arrangement.

2.1.2 Resonance at optimal load condition

In this section, we describe the resonance under optimal load condition for Chapter.4
The optimal load condition mentioned above is in fact at a resonance state. To clarify
this observation, let us consider series impedance Zf;” of all elements in the receive
coil #n. From (2.1) and (2.2), it follows

parasitic impedance

Zzll =Ty + Rg(opt) - ij%;QMnm%
m#n

M Mp1rm

- ij%;QMn Mnirn (2.12)

compensatory reactance

In (2.12), the third term is the parasitic impedance induced by cross-coupling with
other receive coils; and the fourth term is the compensatory reactance of the optimal
load. The parasitic impedance depends on the relation between output currents /o, ...,
In. At the optimal load condition, the output currents satisfy condition (2.8), resulting
in a complete cancellation of the parasitic component by the compensatory reactance.

As aresult, the series impedance of all elements is purely resistive
Z2Mert) =y, + RECP, (2.13)

On the other hand, if all the receivers follow the common practice of resonating out
their self-rectances individually, the load reactance for coil #n is XM = [,
In such a case, as the compensatory rectance does not exit, the parasitic impedance still
remains in the series impedance of all elements as follows.

m
In

Zzll(conv) =71, + Rk(opt) _]WZ%;QMnmL . (214)
m#£n

parasitic impedance

11



Due to many possible values of the output current set /,,, the parasitic impedance in
(2.14) might include both resistive and imaginary components. Since all the receive
coils are passive elements, this resistive component must take positive values, meaning
that | Zal(eonv)| > zall(conv) for a]] possible values of the output current set. This

proves that Z2(°P) is the minimum of ‘Zﬁ” and indicates that all the receive coils

simultaneously resonate at the optimal load condition.

12



3 Computer simulation and analysis

3.1 EM Simulation

In this section, we investigate the efficiency and squares of kQ)-product characteristics
of various multi-receiver configurations. In the simulation, we use single turn circular
coil for transmitter and receivers which are made from copper wire with diameter of
Imm and with conductivity of 5.8 x 10"S/m. The radii of all coils are constantly
150mm. Operating frequency f=13.56MHz. The distance from transmitter is denoted
by d[mm]. The efficiency 7 is plotted by d (0 < d < 275) which is at interval at
25mm. In the following investigation, we compare efficiency and of two schemes. The
“Joint-opt.” scheme in which load resistances and reactances are jointly optimized by
(2.9) and (2.10). The “Local-opt.” scheme in which only load resistances are optimized
following (2.9) and the impact of cross-coupling is considered. For reference, we also
add the curve “Theory (2.6)”, in which the efficiency is directly calculated by 2.6. In this
regard, the agreement between the “Joint-opt.” and “Theory 2.6” curves indicate the
optimality of the derived solution. The gap between the “Joint-opt.” and “Local-opt.”
curves demonstrate the impact of cross-coupling. In those schemes, we also caluculate
their squares of k()-product is given by efficiency of "Joint-opt" scheme. And then, we
show that the squares of k£(Q)-product in optimized system matches the sum of squares of
kQ-products of individual transmitter-receiver links [13]. Therefore, we compare the
squares of k(Q)-product in optimized system matches the sum of kQ)-products is given
by system model.

3.1.1 Coplanar arrangement

In this case, the position of receivers is symmetrical about transmitter, the cross-

coupling among receivers is almost constant as we vary the value of d. As shown in

13



Table 3.1: Simulation paramters(Coplanar, Coaxial).

Parameters Value
Operating fequency 13.56[ M H z|
Coils raii 150[mm)]
Conductivy 5.8 x 107[5 /m]
Copper wire dianeter 1.0[mm]
Airgap d 25 — 275[mm)|
Coil resistance and reactance 0.24 + 793.0[€]
Analysis moment method(MoM)
Coil 4 (Rx)

Center to Center
; A

Figure 3.1: Coplanar three-receiver system

Fig. 3.1, three-receiver coils are placed in same plane, and the center of them is around
312mm away from each other.

From Fig. 3.2, it can be seen that theoretical maximum efficiency is achieved if
load resistances and reactances are jointly optimized. The impact of cross-coupling
becomes more severe as the distance is increasing, for example, the performance gap
is around 40% at d=275[mm]. This is because the coupling between transmitter and
receivers become weaker as distance d increases.

Fig. 3.3, the squares of system k()-product matches the sum of squares of kQ)-

14
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Figure 3.2: Efficiency performance of system in Fig. 3.1

products of individual transmitter-receiver links.

3.1.2 Coaxial arrangement

In this case, the position of receivers is on same axis of transmitter, and distance among
receivers is 25mm each other, like Fig. 3.4

From Fig. 3.5 and Fig. 3.6, The characteristics are similar to those of Fig. 3.2 and
Fig. 3.3, respectively. The difference from Fig. 3.2 and Fig. 3.5, is that the impact of
cross-coupling in Fig. 3.5 become more drastic than that in Fig. 3.2. This is because
the cross-coupling among receivers in Fig. 3.4, is stronger than that of Fig. 3.1. The
maximum improvement is around 75% at d=275[mm]. Figure. 3.6 indicates that the

system kQ-product is equal to sum of individual links, verifying the effectiveness of
(2.7).

15
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Figure 3.3: Efficiency performance of system in Fig. 3.1
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Figure 3.4: Co

axial three-receiver system
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Figure 3.5: Efficiency performance of system in Fig. 3.1

3.1.3 Coaxial multiple-receiver system

We analyze maximum efficiency for IPT system with many receivers. However, in
simulation, the more number of receivers increases, the time of simulation becomes
longer. Therefore, we set the maximal number of receivers is six to analyze the
characteristic of arbitrary number of receivers. All receiving coils n € {2,...,6} are
placed on the same axis with transmitter coil as described in Fig. 3.7. The distance
of between receiving coils is 25mm. Figure. 3.8, further confirms the performance
characteristics in Fig. 3.1 and Fig. 3.5.

17
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Figure 3.6: Efficiency performance of system in Fig. 3.1
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Figure 3.7: Coaxial multiple-receiver system
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4 Experimental Evaluation

4.1 Experiment setup

We validate the theory in Chapter.2 by comparing three values of the maximum effi-
ciency: (1) theoretical, (2) experimental and (3) simulation values. Experimental setup

and detail measurements for each values are described below.

1. The theoretical value is obtained by directly substituting the equivalent circuit pa-
rameters in (2.1) into (2.6). The parameters are obtained by measurement using
network analyzer (VNA). In this paper, we use a four-port ADVANTEST® VNA
R3767CG with reference impedance z, = 50 €2 for all ports. From the measured
parameters, the theoretical value of output power ratio in (2.11) is also calculated.

2. The experimental value is the efficiency achieved at the optimal load condition. To
measure this value, it is necessary to adjust the port impedances of the VNA to
the optimal loads. A straightforward method is to fabricate matching networks and
insert them between the IPT system and the VNA ports. However, this method
is time-consuming and inaccurate due to losses in the matching networks. In
order to facilitate the measurement process, we exploit the software fixture function
in the VNA to transform the port impedances in a software-based manner. It
should be clarified that the software fixture function does not physically change the
port impedances but only modifies and displays the measurements, as if the port
impedances have been adjusted to the target values. As the losses and the hassle
fabrication of matching networks are removed, this method is capable of accurate
evaluation for various coil settings, enabling concrete validation for the theory. To
be specific, a virtual L-match shown Fig. 4.1 is used to convert the port impedance

2z = 50 § to optimal loads Z1(°P!) with the capacitor CM and the inductor L are

20
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Figure 4.1: Virtual port impedance transform by software fixture function.

initially determined as

L(o
LM . Z(%Rn( Pt) (4 1)
" w?(zo R%(Opt))‘ .
2, 27T M -1
M zow Ly, L(o
Cn = (22 + w2LM o UJXn( pt)> ) (42)

Due to uncertainties in the VNA, these values are insufficient to yield the required
load impedances. Therefore, we have also performed fine adjustment on C and LM
in order to reduce errors. After this adjustment, we measure S-parameters |.S ﬁp 2 | and
|ST(L°1p t)\ at the optimal load condition and calculate the achieved efficiency following
the equation below

Sas 1S

= cn=2lnl L (4.3)
L— ISP

erp

In addition, the experimental value of output power ratio is also calculated by

S
Tt = I (4.4)
N 1S

. The simulation value is the efficiency obtained at the optimal load condition when
performing EM simulation on the same coil configurations and arrangements with
those in the experiments. All EM simulations are based on the MoM. In the
simulations, we have also added additional resistances to the coils to compensate

for parasitic resistances and contact resistances in experiments.
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ADVANTEST R3767CG 300kHz - 8GHz Coil #3 (Rx)
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Figure 4.2: Experiment setup of two-receiver system.
Coil #3 (Rx) Coil #4 (Rx)

Coil #2 (Rx) "

Coil #1 (Tx)

Figure 4.3: Experiment setup of three-receiver system.

The aforementioned three values will be measured for two-receiver system in Fig. 4.2
and three-receiver in Fig. 4.3 as the four-port VNA R3767CG only allows measurements
for configurations of up to three receivers. In these two configurations, all the coils are

single-turn coil made of copper wire (conductivity 5.8 x 107 S/m) with diameter 1.5
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Figure 4.4: S-parameters at optimal load condition for two-receiver system with d =
350 mm.

mm. We use two types of coils: circular coil and square coil. The circular coils have
identical diameters of 300 mm; and the square coil dimensions are 200 mm x 200 mm.
In each of the systems, all coils are placed coaxially in order to introduce cross-coupling
among receivers. The distances between any two adjacent receivers are kept constant
at 25 mm while the distance d from the transmitter to the group of receivers is varied.
The operation frequency is set to f = 13.56 MHz.

4.2 Results

4.2.1 Two-receiver system

First, we consider the two-receiver system in Fig. 4.2 with the distance d = 350 mm.
With this configuration, the measurements of system parameters are shown in Table 4.1.
In the table, it is obvious that M3, (or My3) is significant compared to My and Msy,

meaning that there is cross-coupling between the two receivers. From the parameters,
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Table 4.1: Measured parameters of two-receiver system in Fig. 4.2 with d = 350 mm.
r1 | 029 || Ly | 1244nH || M2 = My, | 15nH
ro | 0.3Q || Ly | 1279nH || My3 = My | 8 nH

rs | 0.3Q || Ly | 950nH || Mys = M3 | 203 nH

we obtain a theoretical maximum efficiency of 71.0% by applying (2.6). The optimal
loads are then calculated by using (2.9) and (2.10), resulting in Z;“(Opt) =1.9-4117.0
Q and Z¥PY = 1.9 — j115.0 . We then adjust the virtual L-match in software
fixture so that the port impedances reach these values. Frequency characteristics of the
S-parameters at this optimal condition are then observed as in Fig. 4.4. As shown in
this figure, at the frequency of interest of 13.56 MHz, the magnitude of S1; becomes
minimum while those of Sy; and S3; reach their maxima. This verifies that the system
reaches a resonance state when the optimal load condition is applied. Substituting the
magnitudes of S, Sz; and S3; at 13.56 MHz into (4.3), we obtain the experimental
value for efficiency is 70.1%. Carrying out EM simulation for the same configuration,
we get a simulated efficiency is 70.4%. Here, it is clear that theory, experiment and
simulation results are very close to each other.

The aforementioned process is then repeated for other values of the distance d.
Figure 4.5 plots approximate curves of efficiencies which are obtained via theory,
experiment and simulation. As is demonstrated in the figure, the three lines are very
tight to each other. It can be observed that when d is at around 200 mm, the difference
between the three values becomes largest. However, even at with this configuration,
the difference between simulation and theory results is only 4.2%; and the difference
between simulation and experiment results is only 0.8%. This validates the formulas
of maximum efficiency and optimal loads in (2.6), (2.9) and (2.10).

Output power ratio for receive coils 2# and #3 are shown in Fig. 4.6. Asis evidentin
the figure, the experiment result agrees very well with the theoretical formula in (2.11).
Furthermore, the figure also demonstrates that coil #2 receives a higher power than
coil #3. As shown in the coil configuration of Fig. 4.2, because coil #2 is larger than
and closer to the transmitter, it has a higher £Q-product, and consequently, receives a
higher power than coil #3.

Table 4.2 presents optimal loads for achieving maximum efficiency for various values
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Figure 4.5: Efficiency evaluation for two-receiver system in Fig. 4.2.

Table 4.2: Optimal loads for two-receiver system in Fig. 4.2

dimm] | zy" Q1 |z )
50 31.5 —7117.1 | 31.6 — 7121.1
100 16.6 — 5117.9 | 16.6 — j118.2
150 10.3 — 4117.9 | 10.3 — 5117.7
200 9.8 —7118.0 | 9.8 —5117.6
250 4.2 —35118.0 | 4.2 —4117.6
300 2.8 —7118.0 | 2.8 —4117.8
350 1.9 —-7117.2 | 1.9 —5115.1

of d. The table implies that the optimal loads are realizable in practice but need to be
adaptively updated with the distance d.
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Figure 4.6: Efficiency angle tangent for two-receiver system in Fig. 4.6.

4.2.2 Three-receiver system

Figure 4.7 demonstrates the frequency characteristic of S-parameters for the three-
receiver system in Fig. 5 with the distance d = 350 mm. Similar to the result in Fig. 4.4,
at the tuned frequency of 13.56 MHz, the magnitude of S;; becomes minimum while
those of S51, S31 and Sy; reach their maxima. This result confirms gain that the system
is at a resonance state in the optimal load condition.

Figure 4.8 shows the theoretical, experimental and simulation values of the maximum
efficiency for the three-receiver system in Fig. 4.9 with various values of d. The good
agreement between the three values shown in this figure validates the formulas of
maximum efficiency and optimal loads. Figure 4.9 demonstrates that the experiment
results of output power ratio agree well with the theoretical formula in (2.11) for the
three-receiver system. Table 4.3 indicates again that the optimal loads are realizable
but need to be adaptively updated with the coil arrangement.
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Figure 4.7: S-parameters at optimal load condition for three-receiver system with d =
350 mm.

Table 4.3: Optimal loads for three-receiver system in Fig. 4.3

dimm] | 2y 1 | 2“1 |z
50 30.0 — 5128.9 | 22.8 — 7149.3 | 31.0 — 7173.6
100 18.3 — 7128.0 | 13.9 — 5151.2 | 18.9 — 5170.1
150 | 10.0 —j132.9 | 7.63 — j146.8 | 10.3 — j165.3
200 | 5.9—4133.0 | 4.5— 41452 | 6.1 — j165.0
250 3.8 —3134.0 2.9 —5144.2 4.0 —5160.9
300 2.7 —7136.6 2.1 —45143.1 2.8 — 7166.0
350 2.0 — 7135.8 1.5 —7143.3 2.0 — 5160.7
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Figure 4.9: Efficiency angle tangent for three-receiver system in Fig. 4.3.
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5 Conclusion

In this thesis, we analyzed maximum achievable efficiency of IPT system with arbi-
trary number of receivers focusing on the cross-coupling effect. First, we model the
system and express the relation of current-voltage by Z-parameter, formulating power
transmission efficiency. Next, applying the first-order necessary condition, we derive
the analytical formulas of optimal loads and maximum efficiency. Finally, We then per-
form full-wave 3D electromagnetic simulations, followed by experiments using vector
network analyzar to validate the analytic results. In order to validate the maximum
efficiency formulation, this thesis has presented extended analysis and S-parameter
evaluation on the behaviors of multiple-receiver IPT system at the optimal load condi-
tion. Specifically, we showed that, the cross-coupling among receivers does not affect
system efficiency if load resistances and reactances are jointly optimized. We also ana-
lytically proved that maximum efficiency is dominated by a system k(Q)-product, whose
square is equal to sum of squares of £Q)-products of individual transmitter-receiver
links. In other wards, the system is in a resonance state; the efficiency reaches its
maximum expressed by an efficiency angle tangent coinciding with sum of squares of
kQ-products of individual links, in an manner analogous to the well-known £Q)-theory
for single-receiver IPT. This observation implies that one can, in principle, increase the
efficiency by increasing the number of receivers, and it enables efficiency estimation of
complicated multiple-receiver IPT system at any scale by using a simple vector network
analyzer with two port.
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