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Abstract 

 

In wireless power transfer systems, it is important to design resonant energy links in order to increase the power transfer 
efficiency and to obtain desired system performances. This paper proposes a method for designing and analyzing the resonant 
energy links in a series-series configured IPT (inductive power transfer) system using the FOM-rd plane. The proposed FOM-rd 
graphical design plane can analyze and design the voltage gain and the power efficiency of the energy links while considering 
changes in the misalignment between the coils and the termination load condition. In addition, the region of the bifurcation 
phenomena, where voltage gain peaks are split over the frequency, can also be distinctly identified on the graphical plane. An 
example of the design and analysis of a 100 W inductive power transfer system with the proposed method is illustrated. The 
proposed method is verified by measuring the voltage gain and power efficiency of implemented hardware. 
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I. INTRODUCTION 

Inductive power transfer (IPT) technology improves both 
safety and convenience. In addition, it results in a waterproof 
system since metal contacts can be omitted. Generally, IPT 
utilizes Faraday induction between two adjacent magnetically 
coupled coils that are located remotely. In order to increase 
the power transfer efficiency in practical applications, the coils 
are compensated by capacitors in series or in parallel, which 
together constitute a pair of resonant energy link structures 
[1]-[3]. Such a resonant structure can be categorized into 
series-series (S-S), series-parallel (S-P), parallel-series (P-S), 
and parallel-parallel (P-P) configurations, as shown in Fig. 1. 
In addition, a typical IPT system in the S-S configuration is 
shown in Fig. 2. 

The resonant energy link structure determines the overall 
performance of an IPT system. Thus, complete understanding 
of the mechanism is so crucial that many researches have been 

focused on the characteristics of the energy link structures 
[4]-[8]. The mathematical analysis based on coupling theory 
in [9] presents a fundamental theoretical background to the 
resonant energy link. However, all of the performance factors 
are represented by scattering parameters that are unfamiliar to 
power electronics engineers. In a circuit-oriented manner, a 
number of circuit equations were solved in [10] to describe 
the energy link. 

However, the equation-based approach is too complex and is 
not very intuitive. Therefore, it is very difficult to determine the 
influences on performance due to variations of the load 
resistance or the magnetic coupling coefficient. Either of these 
can be caused by perturbations in the coil alignment or distance. 
Some recent researches have attempted to improve the design 
procedure. For example, the authors of [12] suggested a 
method to bring application-level criteria into the coil design of 
an IPT system. However, the contribution of this study was 
limited to a specific tri-spiral repeater. The authors of [13] 
proposed another systematic design procedure that utilizes a 
singular point having a constant voltage gain regardless of the 
load. However, it still resorts to complex equations and does 
not take the coupling coefficient variation into account. From a 
survey of the literature, it can be seen that few studies have  
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(a)                            (b) 

 
(c)                           (d) 

Fig. 1. Resonant structures in IPT. (a) S-S. (b) S-P. (c) P-S. (d) 
P-P. 
 

 
Fig. 2. Typical IPT system in the S-S configuration. 
 

 
Fig. 3. Design and analysis flow for an IPT resonant energy link. 
 
investigated an effective method for the design and analysis of 
wireless energy links from the perspective of circuit engineers. 

Fig. 3 summarizes the general flow of the design and 
analysis for the energy link. In terms of design process, starting 
from the target performances such as the voltage gain or power 
efficiency, the circuit parameters need to be determined. 
Subsequently, the physical structures of the coils and resonant 
capacitors are implemented by an inductance formula or field 
analysis tools. On the other hand, analysis is the reverse 
process. By measurements with the wireless energy link 
structure, the circuit parameters are extracted by fitting the 
measurement data to a lumped equivalent model. Then the 
performance can be calculated by circuit simulation. It is 
obvious that either the analysis or the design requires a number 
of iterations since it should be performed in the light of both 
the load variation and the alignment condition that alters  

TABLE I 
NOMENCLATURES 

Symbols QUANTITIES 

L1, L2 self-inductances of Tx and Rx resonator 

C1, C2 compensation capacitors for Tx and Rx resonator 

magnetic induction 

R1, R2 total ESR’s for Tx and Rx resonator 

Rs internal resistance of the voltage source 

RL equivalent load resistance 

k1, k2 coupling coefficients with regard to Tx and Rx 

k geometric mean of k1 and k2 

ω operating angular frequency 

ωo resonant angular frequency of resonator 

Zo1, Zo2 characteristic impedances of Tx and Rx, Zo1=(L1/C1)1/2, 

Zo2=(L2/C2)1/2 

Q1, Q2 quality factors of Tx and Rx resonator, Q1=Zo1/R1, 

Q2=Zo2/R2 

Q geometric mean of Q1 and Q2 

 
coupling coefficient. A large number of computer simulations 
are sometimes useful. However, they are not very insightful 
from the engineer’s point of view. In order to develop 
alternative ways of design and analysis without a loss of 
generality, multiple aspects including the characteristics of 
energy link, the load condition, and use scenarios such as the 
distance or alignment between the source and the target 
object, should be considered at the same time. In an effort to 
resolve these issues, [14] introduced a two-dimensional (2-D) 
normalized plane called the figure-of-merit-rd (FOM-rd) plane, 
and presented a new graphical design and analysis method 
on this plane. This method offers circuit engineers both 
convenience and insight. This paper is an extension of this 
original work, and includes more analytical considerations and 
additional verifications through hardware experiments to 
support the proposed methodology. 

This paper is organized as follows. A theoretical formulation 
with its physical meaning are presented in Section II. Hardware 
verification results are discussed in Section III to check the 
validity and effectiveness of the proposed method. Finally, 
some conclusions are drawn in Section IV. 

 

II. PROPOSED DESIGN PLANE 

A. Theoretical Derivation 

Fig. 1(a) shows an AC equivalent circuit of an IPT system 
in the S-S topology, which is popular in most applications. In 
this figure, Vi, I1 and I2 are phasor representations of the input 
voltage, the transmitter (Tx) current, and the receiver (Rx) 
current, respectively. The circuit parameters used in the 
mathematical formulation are summarized in Table I. It 
should be noted that the equivalent series resistances (ESR) 
such as R1 or R2 are the sum of the individual ESRs in the 
coil as well as the compensation capacitor. To describe the 
characteristics of the energy link, the quality factor is defined 
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as the characteristic impedance divided by the ESR. If the 
resonant frequencies of Tx and Rx are the same and the drive 
frequency is equal to the resonant frequency, the linear 
relation between the phasors can be obtained as follows: 

 (1) 

Since it is necessary to simplify the subsequent formulation, 
three assumptions are made. First, the transmitter and the 
receiver energy links are symmetric: L1 = L2 = L, C1 = C2 = C, 
R1 = R2 = R, k1 = k2 = k and Q1 = Q2 = Q. Secondly, the 
switching devices are nearly ideal. Thus, the source 
impedance is sufficiently small to be ignored: Rs = 0. Lastly, 
the operating frequency of the system is the same as the 
resonant angular frequency of the circuit, ωN = 1. 

The main objective of this paper is to make the design and 
analysis of an IPT resonator simple and intuitive. There are a 
lot of parameters to characterize the energy link in an IPT 
system. As a result, it is not easy to consider all the parameters 
at the same time. Therefore, most of the important performance 
indices are represented in view of two-dimensional parameter 
plane. Undoubtedly, the performance index should be the 
voltage gain and the power efficiency. Meanwhile, it is rather 
difficult to choose the parameter space. Eventually, it is 
concluded that the two normalized axis variables, FOM and rd, 
are effective for the parameter space, where the former 
describes the energy link characteristics and the latter 
represents the load termination conditions. These variables 
are defined by: 

              (2) 

The figure of merit, FOM, is obtained by multiplying the 
coupling coefficient, k, and the quality factor Q of the coil. In 
addition, rd is the ratio of the load resistance to the internal 
loss resistance of the resonator. From the mathematical 
analysis presented in this paper, it is known that the voltage 
gain and the power efficiency are completely and uniquely 
described by the FOM and rd, not by individual values of k or 
Q. Thus, it is feasible to combine them into a single 
parameter, FOM. Therefore, any effect on the performance 
index caused by a change in the coupling coefficient or a 
modification of the coil structure can be described solely by 
the FOM. Likewise, any change in the load condition can be 
describe by rd. 

Utilizing (2), the key performance indices are derived from 
(1), where the detailed process is explained in Appendix A. 
The AC voltage gain of the resonant link is given by formula 
(3). 

         (3) 

Similarly, the power transfer efficiency of the resonant 
energy link is formulated in (4). 

 
(a) 

 
(b) 

Fig. 4. Performance indices in the FOM-rd plane. (a) Voltage 
gain. (b) Efficiency.  

 

 
Fig. 5. FOM-rd design plane. 

 

        (4) 

Since both (3) and (4) are functions of FOM and rd, it is 
obvious that the key performance indices can be mapped on 
the plane of FOM-rd. Figs. 4(a) and 4(b) show the surface 
plots in the FOM-rd plane that describe the voltage gain and 
the efficiency, respectively. Fig. 5 shows a contour plot 
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representing two performance indices on the same plane, 
which plays a critical role in the analysis and design of the 
resonant energy link. 

The proposed method is different from the conventional 
approach due to two major features. First, it combines two 
different perspective of tasks: circuit design and coil design. 
Hence, it is suitable for the system-level design of a WPT 
system. Secondly, the bifurcation region is graphically shown, 
which makes it easy to avoid the region. There have been 
many papers on IPT system from the point of view of the 
design and analysis procedures. In [9] and [10], equivalent 
circuits are adopted to calculate the power efficiency to find 
the maximum efficiency condition of a particular coil shape. 
In addition, they handled circuit design and coil design 
separately. For example, circuit-oriented design regards the 
magnetic energy link as a given structure and derives the 
maximum efficiency condition by circuit theory. The voltage 
gain is obtained later and the resonant capacitor is designed 
based on the operating frequency. Meanwhile, coil-oriented 
design struggles with the coil structure to maximize the 
power transfer efficiency based on network theory. However, 
both lack a systematic consideration from the perspective of 
design flow. The two approaches should be combined since 
the coil design needs to be modified to achieve the required 
voltage gain, or the voltage gain should be adjusted to 
compensate any limitations due to the coil structure. Similarly, 
there have been a few papers like [16] that discuss the gain 
bifurcation criterion. However, it can be difficult to get any 
design idea directly from the conditions during the design 
phase with the conventional method. 

When the resonant energy link specifications are expressed 
by FOM and rd, the voltage gain and power efficiency can be 
expressed in a two-dimensional graph as shown in Fig. 5 
without losing much information. This makes the analysis 
and design simpler and more intuitive. Fig. 3 shows the flow 
of the design and analysis, which demonstrates the feasibility 
of the proposed idea. When the target specifications of the 
resonant energy link are defined as the voltage gain and 
power efficiency, they are intuitively able to convert the 
voltage gain and efficiency into circuit parameters while 
considering changes of the load (RL) and coupling coefficient 
(k) through the proposed plane. The resonant energy link 
can be implemented later through the determined circuit 
parameters. On the other hand, the performance of the existing 
resonant energy link can be analyzed according to load 
variations or to any change that might affect the magnetic 
coupling coefficient such as the distance or misalignment 
between two coils. 

The following sections explain the usefulness of the 
proposed method in terms of the analysis and design process, 
respectively. 

B. Analysis via FOM-rd Plane 

By directly calculating FOM and rd for a ready-made energy  

 
Fig. 6. Coupling coefficient vs. physical arrangement of coils. 
 
link structure, it is possible to locate the operating point. In 
addition, the proposed FOM-rd plane provides an intuitive 
way to understand the performance dependency on external 
conditions such as the load resistance, degree of 
misalignment and coil distance variation effects. For example, 
if the load resistance RL increases, the operating point shifts 
to the right, as shown in Fig. 5, causing an increased voltage 
gain and a decreased voltage gain. On the other hand, when 
the distance between the Tx and Rx coils increases, the 
degraded coupling coefficient forces the operating point to 
shift further downward, as shown in Fig. 5. 

Actually, with a given coil, any change in the physical 
arrangement can be mapped to the FOM axis. Fig. 6 shows 
the dependency between the physical arrangement and the 
coupling coefficient in the case of a circular planar coil [11]. 
This shows that the coupling coefficient, k, decreases as the 
distance, d, between two coils increases. In similar ways, the 
greater the lateral misalignment, S, the less the coupling 
coefficient becomes. Likewise, it is also possible to consider 
the angular tilt of a coil, as mentioned in [8], if the change in 
the coupling coefficient is mapped to the proposed FOM-rd 
graph to find the voltage gain and efficiency according to the 
angle. Therefore, any physical disposition that affects the 
magnetic coupling coefficient such as the distance, misalignment 
and angular tilt between two coils can be associated with the 
proposed method. 

Another advantage of the FOM-rd plane analysis is that the 
peak splitting phenomenon in the voltage gain, which is 
referred to as bifurcation, can be graphically detected. The 
gain bifurcation is a challenge in frequency-controlled output 
regulation mechanisms. Sometimes it hampers the soft- 
switching operation of Tx inverter power switches. The 
criterion to prevent the occurrence of bifurcation in the S-S 
configuration can be simplified to the following inequality: 

                   (5) 

The proof of (5) is given in Appendix B. The above 
condition can be mapped onto the lower right un-shaded  

.FOM rd
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Fig. 7. Process of circuit parameter calculation. 
 
region in the FOM-rd plane as shown in Fig. 5. Clearly, in 
order to guarantee such a bifurcation-free operation, it is 
necessary to confine the operating point to this region over 
the entire range of load resistance and magnetic coupling 
conditions. 

C. Design via FOM-rd Plane 

The FOM-rd plane is convenient, especially for the resonant 
energy link design process. If the voltage gain and load 
resistance are specified with a power efficiency guideline, the 
energy link can be designed by selecting (rd, FOM) in the 
FOM-rd plane. In the first phase of the design process, the 
minimum quality factor of the coil and the maximum internal 
loss of the resonator are calculated to achieve the initial 
power efficiency goal. However, it is not always possible to 
achieve such a high Q or low R due to physical limitations 
such as the coil thickness or material properties. Therefore, it 
is necessary to relocate the (rd, FOM) coordinate along the 
constant voltage gain trajectory with a lower power efficiency 
goal (which is the lower left direction in Fig. 5). When a new 
coordinate is eventually found, this point determines the 
physically achievable power efficiency, and the coil inductance 
and the capacitance are calculated by (6). 

     (6) 

Therefore, it is possible to design the circuit parameters 
of the resonant link by the voltage gain and efficiency 
specification. The design flow is summarized in Fig. 7 for 
better understanding. Afterwards, the physical coil arrangements 
can be implemented based on the circuit parameters utilizing 
an inductance formula that will be shown in Section III. 

By the way, it should be noted that when a system 
approaches the full load condition, the operating point tends 
to shift further into the region of bifurcation. Likewise, as the 
degree of coil misalignment or the distance between coils 
decreases, the energy link becomes more prone to bifurcation. 
Therefore, if an IPT system with a varying load resistance or 
coupling coefficient is to be designed, it is necessary to start 
the design under a full load and at the maximum coupling 

coefficient in order to guarantee the uniqueness of the voltage 
gain peak. 

 

III. VERIFICATION OF THE PROPOSED METHOD 

A. Design Example and Experiment Results 

1) Design Condition and Simulation Results: In this section, 
the hardware design of a 100W energy link structure for an 
IPT system shown in Fig. 2 is described in order to verify the 
FOM-rd plane. The design follows the process shown in Fig. 
7. The target voltage gain is 2.5 and the load resistance, RL is 
60Ω. According to Fig. 5, along the line of MV, AC = 2.5, an 
energy link with larger values in both FOM and rd indicates a 
higher power transfer efficiency. However, the maximum 
achievable efficiency is usually limited by the ESR of the 
resonators. Thus, the target efficiency is set to 90%. From the 
FOM–rd plane in Fig. 5, the green dot (FOM = 28.60 and rd = 
78.44) is selected to meet the specifications. When the 
magnetic coupling coefficient, k, is assumed to be 0.05 and 
the resonant frequency of the system, fo, is set to 100kHz, the 
circuit parameters are calculated as Q = 572, R = 765mΩ, L = 
696uH, and C = 3.64nF using (6). 

Circuit simulation (LTSpice, Linear Technology) is used to 
verify that the circuit parameters obtained from the green dot 
meet the target specifications. Based on the above draft 
design by the FOM-rd plane, simulation results show that the 
voltage gain and efficiency are 2.5 and 90%, respectively, 
which is consistent with the target specifications. Through the 
simulation of the output power 100W, the Tx-side capacitor 
and coil show a voltage stress and a current stress of 1.4kV 
and 3.3A in magnitude, respectively. In addition, the Rx-side 
capacitor and coil undergo a voltage stress and a current 
stress of 0.42kV and 0.93A in magnitude, respectively. 

2) Coil Design: The coils used for the hardware verification 
are formed from spiral windings with a square cross-section. 
Fig. 8 shows a cross-sectional view of the coils being designed. 
They have a 30cm mean coil diameter and are appended by a 
30cm x 30cm x 0.5cm square ferrite plate. Since the voltage 
stress in the coil is relatively high at 1.4kV, acrylic insulation 
layers are inserted to avoid electrical breakdown between the 
windings. To ensure that the coupling coefficient is k = 0.05, 
the Tx and Rx coils are placed 25cm apart, which is found 
using finite element analysis (FEA) with FEMM v4.2. Then it 
is slightly adjusted experimentally. 

The inductance formula in [15] is utilized to implement a 
practical coil structure, where the value of the inductance is 
696uH. The inductance calculation is carried out by Stefan’s 
formula (7), (8): 

 (7) 

1
, , ,

 
   

RFOM QRLQ R L C
k r QRo od

,
2 2
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Fig. 8. Physical arrangement of the IPT coils to be designed.  

 

      (8) 

where the values of a, b, r and N represent the mean radius in 
cm, the length of the coil cross-section in cm, the conductor 
size in mm, and the number of turns, respectively. 

The target ESR value of the coil is obtained by subtracting 
the ESR of the capacitor bank from the total ESR value. In 
this coil implementation, the ESR of the capacitor bank is 
assumed to be zero. Thus, the target ESR value of the coil is 
calculated as 765mΩ. Even though the total wire resistance 
increases significantly more than the DC static resistance 
with high frequency operation, adopting a Litz-wire to 
suppress the skin effect leads to a moderate increase in the 
resistance. Considering the margin and accounting for the 
proximity effect, the target DC resistance is empirically 
designed to be about 100mΩ, using the formula given in (9). 

           (9) 

Therefore, the coils are made of Litz-wire with a 1.2mm 
diameter and 34 turns, (N = 34). Based on the above design, 
the inductances of the implemented coils are L1=615.0uH and 
L2=614.0uH, when measured by an LCR meter (4263B, 
Agilent). Therefore, the capacitance value is adjusted to 
4.12nF to fix the resonant frequency to 100kHz. 

3) Capacitor Design: Since the resonant energy link 
requires a very high-quality factor, it is necessary to consider 
the voltage stress of the capacitor (1.4 kV for Tx and 0.42 kV 
for Rx). As a result, high voltage film capacitors (ICEL, 
PSB2301680KGS) are used in the 6S-4P configuration. 

The capacitor bank structure consists of both a series and a 
parallel connection. This is due to the fact that the voltage 
and current stresses of the Tx-side capacitor must be 
considered. Consequently, high voltage film capacitors (ICEL, 
PSB2301680KGS) are used in the 6S-4P configuration. 
According to the capacitor datasheet, this component has a 
6.8nF capacitance that endures 750V (RMS), and the ESR of 
the capacitor at 100kHz is found to be 64mΩ. Thus, the 
capacitor bank carries a total capacitance of 4.53nF with  

     
(a)                            (b) 

Fig. 9. Implementation of the: (a) Rx coil, (b) Resonant link. 
 

 
Fig. 10. Operating waveforms of the designed resonant energy 
link. 
 

96mΩ ESR and it can withstand a maximum of 1.4kV. The 
same configuration is used for the Rx-side capacitor bank. As 
a result, the measured capacitance values are C1 = 4.12nF and 
C2 = 4.14nF. To make the resonance frequency close to 
100kHz, the coil winding is slightly adjusted to match the 
resonant frequency between Tx and Rx. Therefore, the 
average coil inductance is 613uF. The implemented coil and 
the resonant energy link comprising the designed capacitor 
banks and coils are shown in Figs. 9(a) and 9(b), respectively. 

4) Experiment Results: The overall system, which contains 
the resonant link, is tested with a full-bridge inverter for the 
Tx-side, and a full-wave diode rectifier for the Rx-side. The 
voltage gain and power efficiency of the implemented resonant 
energy link structure are measured by a power analyzer (PPA 
5530, N4L). The DC load resistance is set to 74Ω, which can 
be reflected into the resonant energy link as an equivalent AC 
load resistance of 60Ω, considering the effect of the full-wave 
rectifier. When the DC input voltage is 30.0V, the DC output 
voltage is 77.7V. By a fundamental harmonic approximation, 
the contributions of the full-bridge inverter in the TX and the 
full-wave rectifier in the RX cancel each other out, which 
makes the AC voltage gain, MV, AC equal to the DC voltage 
gain. An experiment waveform is shown in Fig. 10. In this 
figure, vT and iT are the primary voltage and current, and vR 
and iR are the secondary voltage and current, where the circuit 
variables are defined in Fig. 2. The voltage gain is measured 
as 2.59 and the output power is 100.6W. The power efficiency 
is measured to be 88.10%. The differences between the 
designed and measured values are 3.6% in the voltage gain 
and 1.2% in the power efficiency, which can be acceptable in 
the draft design phase. The errors are mainly caused by the 
difficulty of exact ESR implementation. For example, the 
measured voltage gain and power efficiency are equivalent to  

[uH]. 2L 0.1aN S(r, N)

[ ] 
aN

R (r, N) 2ρDC 2r
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Fig. 11. Operating points (Pont 1 to Point 6) of the resonant 
energy link mapped on the proposed plane. 
 
the point of (rd, FOM) = (71.4, 24.6) in the normalized plane, 
which corresponds to RESR of 1.19Ω by Eq. (6). This is about 
1.6 times higher than the original target value of 765mΩ, 
which increases both rd and the quality factor. As a result, the 
original design point of (rd, FOM) = (78.44, 28.60) was 
shifted toward the upper-right direction by 1.6 times. This 
tendency matches well with the original theoretical analysis 
results, which validates the design process of the wireless 
energy link. 

B. Analysis Example and Experiment Results 

Another experiment is made to demonstrate the analysis 
process using the FOM-rd plane, where the voltage gain, 
efficiency, and bifurcation condition can be analyzed. If the 
use scenario is set up and the range of both the equivalent 
load resistance RL and the magnetic coupling coefficient are 
given, the region of operation needs to be confined to a 
rectangle in the FOM-rd plane. Accordingly, it is possible to 
analyze the voltage gain, power efficiency and bifurcation 
occurrence under the operating conditions. 

For a hardware test, the pair of the Tx and Rx resonant 
energy link constructed in the previous section are regarded 
as a ready-made energy link. At first, their quality factor and 
ESR are measured, which shows 473 and 1.19Ω, respectively. 
The rectangular region in Fig. 11 shows the operating area 
when the load resistance of the system changes from 60Ω to 
90Ω (+50% increase) and the coupling coefficient varies 
from 0.051 (distance 25cm) to 0.041 (distance 30cm). The 
coordinate (rd, FOM) values of the four corner points (Points 
1-4) are as follows: (71.4, 24.6), (107.1, 24.6), (71.4, 19.0) 
and (107.1, 19.0). The corresponding voltage gains and 
power efficiencies are (2.59, 88.1%), (3.69, 84.1%), (3.13, 
82.2%) and (4.33, 76.3%), respectively. Therefore, it can be 
predicted in advance that the voltage gain will vary from 2.59 
to 4.33 and that the power efficiency will vary from 76.3% to  

 
(a) 

 

 
(b) 

Fig. 12. Voltage gain plots by a frequency analyzer at: (a) Point 5, 
(b) Point 6. 
 
88.1% under the given operating conditions. 

To experimentally verify above prediction, the voltage 
gains and the power efficiencies are measured through a 
power analyzer (PPA 5530, N4L) when the IPT system is 
operated at Point 1 through Point 4. The operating frequency 
is kept equal to the resonant frequency at 99.3kHz, and the 
average input power is kept at 70W during the test. As a 
result, the voltage gains and power efficiencies measured at 
Point 1 through Point 4 are (2.59, 88.1%), (3.43, 80.8%), 
(3.09, 80.8%) and (4.10, 74.3%), respectively. In addition, 
the corresponding rd and the FOM values of Point 1 through 
Point 4 are (71.4, 24.6), (80.0, 19.1), (65.8, 17.5) and (90.9, 
16.7), respectively. The average errors between the measured 
and the predicted value are 4.5% for the voltage gain and 
2.2% for the efficiency. These values are within feasible 
tolerance level for a draft design. The experimental results 
demonstrate that the voltage gain, and power efficiency of the 
resonant energy link can be analyzed through the FOM-rd 
plane even with variations in the load resistance and coupling 
coefficient. 
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It is also noticeable that Point 5 and Point 6 in Fig. 11 are 
expected to show the gain bifurcation phenomenon since the 
operating points are located in the upper-left region of the 
FOM-rd plane. The theoretical background of this graphical 
interpretation was explained in Section II. B and in Appendix 
B. Specifically, Point 5 is the operating point where the 
coupling coefficient is maintained at 0.041 (distance 30cm). 
However, the load resistance is further reduced to 10Ω, which 
causes the over-loaded condition. Likewise, Point 6 is the 
operating point where the load resistance is fixed to 60Ω. 
However, the coupling coefficient is further increased to 
0.212 (distance 9cm), which results in the over-coupled 
condition. Frequency analyses results of points 5 and 6 are 
shown in Figs. 12(a) and 12(b), respectively. The measurement 
results demonstrate that the occurrence of bifurcation can be 
predicted using the FOM-rd plane analysis. 

 

IV. CONCLUSION 

This paper presents a novel graphical method based on the 
FOM-rd plane for the series-series configuration of an IPT 
system. The proposed method makes it possible to intuitively 
design the energy links in consideration of the voltage gain 
and the power efficiency In addition, it is possible analyze the 
system under coil misalignments and load changes with this 
method. By applying the design method, a 100W wireless 
power transfer system was constructed to verify its 
effectiveness by measurements. In conclusion, the proposed 
method is expected to be valuable for use in the design and 
analysis of IPT systems. In the future, research that extends 
the graphical method to other configurations such as S-P, P-S, 
or P-P will be conducted. 

 

APPENDIX 

A. Derivation of Performance Indices 

By applying three basic assumptions in this paper to (1), (2) 
can be simplified into: 

 

 

(A1)

Solving (A1), two branch currents can be obtained as: 

 
 

 (A2)

 
  

 (A3)

Thus, the output power is derived as: 

 
, 

 (A4)

which can be reduced to the voltage gain formula as follows: 

 
 

(A5)

Similarly, the power efficiency is given by: 

(A6)

B. Derivation of Bifurcation Criterion 

Based on [16], bifurcation does not occur when the 
following condition is met: 

 
 

 (B1)

By assuming that the resonant energy links in the text are 
symmetric, the above equation is equivalent to: 

 
 

 (B2)

This is further manipulated into: 

  
 

 (B3)

If rd is much larger than unity, (B3) is reduced to (5). 
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