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Abstract: Two different arrangements for Wireless Battery Charging Systems (WBCSs) with a series-
parallel resonant topology have been analyzed in this paper. The first arrangement charges the
battery by controlling the receiver-side rectifier current and voltage without a chopper, while the
second arrangement charges it with a chopper while keeping the chopper input voltage constant.
The comparison of these two arrangements is made based on their performance on various figures of
merit, such as the sizing factor of both the supply voltage source and receiver coil, overall system
efficiency, power-transfer ratio, receiver efficiency, and cost estimation. Later, the simulated study is
verified by the experimental setup designed to charge the electric vehicle.

Keywords: EV battery charging; wireless charging; charging topologies

1. Introduction

The motivation for adopting a vehicle powered by a clean source of energy is to reduce
polluting emissions due to the transportation facility [1,2]. Emerging technology, such as
Wireless Battery Charging (WBC), enables the transfer of power to the vehicle without a
wired connection [3]. Other advantages associated with WBC systems are (i) the absence
of plug, cable, and outlet, (ii) the easy charging process, (iii) the mitigation of any shock
during bad weather conditions, and many more. In view of this, this technology is the
emerging technology for Electrical Vehicle (EV) charging [4–7].

The block diagram of WBC systems is presented in Figure 1. As shown, the transmitter
and receiver are the two major stages, consisting of power converters, a resonant circuit,
and coupling coils. The coils at both stages are coupled inductively and have an air gap
from 15 to 20 cm.

The power converter in the transmitter stage includes a Power Factor Correction
circuit (PFC) and a High-Frequency Inverter (HFI). The role of the PFC is to convert grid
voltage into dc voltage while maintaining power factor unity, and HFI converts this dc
voltage into ac voltage at a high frequency suitable for the WBC system, whose output
voltage magnitude can be controlled by the phase shift technique. In the receiver stage, the
power converter converts the ac voltage induced in the receiver coil into the dc voltage
needed to charge the EV battery.

For better efficiency and smaller power supply sizing, the WBC system employs the
Compensation Network (CN) along with its coupling coil [8,9]. In the simplest arrange-
ments, the CN is a capacitor connected to the coils that resonates with the coil inductance
at the supply frequency. Depending upon the different combinations of the coils, there
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are four fundamental topologies possible, such as series–series (SS), series–parallel (SP),
parallel–series (PS), and parallel–parallel (PP) [10–18].
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Different architectures are proposed for receiver power circuitry together with parallel
compensation [19,20] proposed, where the power conversion circuitry of the receiver
includes a diode rectifier to supply the load with a direct voltage and resorts to different
solutions for the adjustment of the voltage amplitude; research [21,22] provide the control of
the AC voltage before applying it to the diode rectifier for secondary parallel compensation;
and [23–25] use a diode rectifier cascaded by a buck converter. The most popular technique
for a WBC receiver is to charge the battery in a straightforward manner with the diode
rectifier or through a chopper and control the voltage of the power source in the transmitter
to adjust the power absorbed by the battery. Based on the abovementioned different
charging arrangements, this paper compares two types of arrangements, referred to here
as arrangements #1 and #2, respectively. Arrangement #1 charges the battery without
the control rectifier current/voltage, while Arrangement #2 charges the battery with the
chopper, keeping its input voltage constant. The paper performs this analysis considering
the SP compensation topology and cost estimation.

The paper is organized as follows: Section 2 briefly describes the operation of a battery-
charging process and finds some basic equations for SP topology. Section 3 introduces and
determines FOMs (figures of merit) for the SP topology. Section 4 examines the operation
of both arrangements. Section 5 discusses the effect of the amplitude of the chopper
input voltage on FOMs. Section 6 include the experimental details and results. Section 7
concludes the paper.

Throughout the paper, upper-case symbols with a superimposed bar represent the
phasor relevant to the sinusoidal quantities, and their rms value is represented by an
upper-case symbol.

2. WBC Background
2.1. Battery Charging

Figure 2 shows the two sequential modes of EV battery charging, such as Constant
Current (CC) and Constant Voltage (CV). Here, IB, VB, RB, and PB are assigned for battery
current, voltage, resistance, and power, respectively. Battery resistance is defined as the
ratio of battery voltage and current. Along with this, Ico and Vco are the cutoff current and
voltage, and N is the point of transition from CC to CV mode. For the sake of keeping the
study simple, an assumption is made that the battery voltage in CC mode is in a linear
charging profile. All the parameters in Figure 2, such as current, voltage, resistance, and
power, are normalized. The normalization is carried out as follows: (i) current is normalized
to the CC mode current ICC; (ii) voltage is normalized to the maximum battery voltage VM;
(iii) resistance is normalized to the resistance at point N, equal to the ratio of VM and ICC
and is denoted by RN; and (iv) power is normalized to the power at point N, given by the
product of VM and ICC and is denoted as PN. It is observed that the battery resistance in CC
mode increased from Rl, which is the ratio of voltage and current at the beginning of CC
mode, to RF, which is the ratio of VM and ICO through RN. Also, battery power increases



Designs 2023, 7, 92 3 of 16

from PI to PN and then decreases to PF. Resistance RB as a function of PB, in CC and CV
modes, is represented as

RB =
1

I2
CC

PB, RB = V2
M

1
PB

(1)
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Figure 2. Battery-charging profile: normalized voltage as in solid line, normalized current as in
dashed line, normalized power as in dotted line, and normalized resistance as in dashed-dotted line.

2.2. Analysis of SP Topology

Figure 3 shows the series–parallel topology for the WBC system. The symbols in
Figure 3 are assigned as follows: (i) VS is the power source voltage; (ii) IT and IR are
the transmitter and receiver side currents; (iii) CT and CR are the transmitter and receiver
resonant capacitors; (iv) VTt and VRt are the transmitter and receiver coils terminal voltages;
(v) LT and LR are the transmitter and receiver coils inductances; (vi) rT and rR are the
transmitter and receiver coils parasitic resistances; (vii) VT and VR are the voltage induced
in the transmitter and receiver coils due to the effect of mutual inductance; (viii) IC and IL
are the receiver-side capacitor current and load current; and (ix) RL and VL are the load
resistance and voltage across RL. The induced voltages VT and VR are given by

VT = jωMIR

VR = −jωMIT
(2)
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Figure 3. SP resonant topology WBC circuit diagram.

Here, M and ω are the mutual inductance between the coils and the WBC supply
angular frequency. Figure 4 shows the phasor diagram for SP resonant topology, where VT ,
VR are shown orthogonal to IR and IT , respectively, as given in (2).
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It is obvious from Figure 3 that the receiver current
(

IR
)

is the phasor sum of the load
current

(
IL
)

and the current in the receiving resonant capacitor
(

IC
)

and is given as

IR = IL + IC (3)

Since IL and VL are in the same phase, then IC and IL are orthogonal to each other as
IC is equal to jωCRVL. Replacing IC with jωCRVL, in Equation (3), then is represented in
(4) as

IR = IL + jωCRVL (4)

By applying KVL in the Figure 3 receiving-side of the WBC circuit, we get

VR = rR IR + jωLR IR + VL (5)

Equation (5) can further be simplified by using (4), which can be represented in
Equation (6) as

VR = rR IL + j rR
VL

ωLR
+ jωLR IL (6)

Rearranging (2) using (6) expressions for IT is obtained as

IT =
jrR IL − rR

VL
ωLR
−ωLR IL

ωM
(7)

Doing some manipulation in Figure 3 and using (2) and (7), the expression for VS is

VS = −
(

rTrR

ω2MLR
VL +

rT LR
M

IL +
M
LR

VL

)
+ j
(

ωM +
rTrR
ωM

)
IL (8)

3. FOMs and Their Calculation
3.1. FOMs Introduction

The circuit mentioned in Figure 3 is used to calculate the FOMs. They are calculated
under the assumption of neglecting the circuitry losses between the battery and the receiver.
Hence, the power absorbed by the battery, denoted by PB, coincides with the power entering
the load resistance. Five FOMs such as overall efficiency η, Power Transfer Ratio (PTR),
Receiver Efficiency (RE), Power Source Sizing Factor (PSSF), and Receiver Coil Sizing Factor
(RCSF), are considered and are defined as follows:

η ,
PB
PS

(9)

PTR ,
PR
PS

(10)

RE ,
PB
PR

(11)

PSSF ,
AS
PN

(12)

RCSF ,
AR
PN

(13)

Here, PS is the power source output power, PR is the active power transferred to the
receiver, AS is the power source sizing power, and AR is the sizing power of the receiving
coil. Sizing powers AS and AR are defined as

AS = max(VS) ∗max(IT) (14)
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AR = max(VRt) ∗max(IR) (15)

where max represents the maximum of the specified quantity in the battery-charging
process. It should be noted that PSSF and RCSF are the measures of cost and volume of the
WBC system as a function of nominal power absorbed by the battery. Similarly, the detail
power-sizing factor of the transmitting coil is expressed in Appendix A.

3.2. FOMs Calculation

Taking into account the first three FOMs from (9) to (11), they can be expressed as

η =
PB

PjT + PjR + PB
(16)

PTR =
PjR + PB

PjT + PjR + PB
(17)

RE =
PB

PjR + PB
(18)

where PjT = rT I2
T and PjR = rR I2

R are the losses associated with the transmitter and receiver
and PB = RL I2

L. Substituting the respective current in (16)–(18) with (4) and (7) and using
the relation RL = VL/IL, one can achieve

η =
1

rT

(ωM)2

[{(
rR

ωLR

)2
+ M2rR

L2
RrT

}
RL +

{
(ωM)2

rT
+ 2rR

}
+ 1

RL

{
(ωLR)

2 +
rR(ωM)2

rT
+ r2

R

}] (19)

PTR =

rR
RL

+ rR

(ωLR)
2 RL + 1

rT

(ωM)2

[{(
rR

ωLR

)2
+ M2rR

L2
RrT

}
RL +

{
(ωM)2

rT
+ 2rR

}
+ 1

RL

{
(ωLR)

2 +
rR(ωM)2

rT
+ r2

R

}] (20)

E =
1

rR
RL

+ rR
(ωLR)

2 RL + 1
(21)

Maximum RE using (21) is obtained for

RL,RE max = ωLR (22)

and it is given by

REmax =
1

2rR
ωLR

+ 1
(23)

Expression (22) states that RL,RE max is not dependent on battery parameters and
depends on coil parameters; the same happens for REmax.

PSSF and RCSF can be simplified by neglecting the significance of parasitic resistance
in the coils. By simplifying (7) and (8) as

IT =
LR
M

IL (24)

VS =

√(
M
LR

VL

)2
+ (ωMIL)

2 (25)
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PSSF is given as

PSSF =

max

[√(
M
LR

VL

)2
+ (ωMIL)

2

]
max

[
LR
M IL

]
PN

(26)

The voltage across the receiving coil terminals is

VRt = −jωLR IR − jωMIT (27)

Substituting (4) and (7) into (27), it is found that

VRt = ω2LRCRVL (28)

From (4) IR is

IR =
√

I2
L + (ωCRVL)

2 (29)

RCSF is expressed as

RCSF =

max
[
ω2LRCRVL

]
max

[√
I2
L + (ωCRVL)

2
]

PN
(30)

3.3. WBC Arrangements #1

The circuitry of WBC arrangement #1 is drawn in Figure 5. Due to the presence of LDC,
CDC, and LF as low-pass filters, the current IL will be a square wave and VL sinusoidal.
Direct current through the battery will be its peak value, IL, and direct voltage across the
battery will coincide with its average value of rectified VL.
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It is to be noted that VL and IL are in phase, and hence the receiver considers the WBC
load as the resistive load. This resistive load, as mentioned previously, is the load resistance
and is given as

RL =
VL
IL

(31)

The load voltage VL and current IL rms values in terms of VB and IB are

VL =
π

2
√

2
VB (32)

IL =
4

π
√

2
IB (33)

Substituting (32) and (33) into (29) RL is obtained as

RL =
π2

8
RB (34)
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Due to the presence of a constant term in (34), it is clear that load resistance is propor-
tional to the battery resistance.

3.4. WBC Arrangements #2

Figure 6 draws the circuitry for WBC arrangement #2. In this arrangement, let the
voltage across CDC be at value VDC ≥ VM and kept constant in any charging condition.
Then the chopper duty cycle δ is given as

δ =

(
VB

VDC

)
(35)

During CC mode, δ varies from Vco/VDC to VM/VDC, whilst in CV mode, it remains
constant and is equal to VM/VDC. Due to the duty cycle, the resistance seen by the capacitor
CDC is

RDC,B =
RB

δ2 (36)

Substituting (35) in (36) and replacing RB in (34) with RDC,B load resistance becomes

RL =
π2V2

DC
8

RB

V2
B

(37)
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4. Arrangement Comparison
4.1. Study Case

The study case for this paper is a prototype developed to charge an electric city-car
in [23]. Battery and WBC data are listed in Table 1.

Table 1. Battery and WBC system data.

Data Symbol Value

Battery voltages Vco, VM 36, 56 V
Battery currents ICC, Ico 10, 1 A

Battery resistances RI, RN, RF 3.6, 5.6, 56 Ω
Battery power PI, PN, PF 360, 560, 56 W

Trans. and rec. coil inductances LT, LR 120 µH
Trans. and rec. coil parasitic resistance rT, rR 0.5 Ω
Trans. and rec. resonant capacitances CT, CR 29 nF

Mutual inductance M 30 µH
Supply angular frequency ω 2π·85,000 rad/s

4.2. PTR, RE, and Efficiency

Figures 7–9 plot the PTR, RE, and efficiency with respect to the PB normalized to PN.
In these plots, curves ABA*C belong to arrangement #1, and curves A*BC belong to ar-
rangement #2. The simulation has been carried out in the MATLAB/Simulink environment.
The FOMs expressions are extracted as in (19)–(21), where the value of RL has been chosen
as (34) and (37) for arrangement #1 and arrangement #2, respectively.
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For arrangement #1, load resistance RL in (19)–(21) is expressed in terms of PB by
substituting (1) into (34), while for arrangement #2, it is done by substituting (1) into (37).
Analysis of arrangement #2 is carried out by setting VDC at VM.

4.3. Arrangement #1

PTR: CC mode starts at PB = 360 W, where PTR is 0.38, shown as point A in Figure 7.
IT can be assumed to be maximum and constant as (24), and so the constant is the loss
associated with it. IR, as given in (30), increases due to an increase in VL and so increases
losses associated with it. An increase in loss associated with rR does not account for with
respect to an increase in PB, and hence PTR increases to point B shown in Figure 7.

CV mode starts from PB = 560 W as point B, as shown in Figure 7. By comparing (24)
and (29) and considering the data of Table 1, it is found that IT is approximately four times
greater than that of IR, and hence loss associated with IT is much higher than that of IR. IT
mitigates the impact of IR, which causes an increase in PTR and reaches a value of 0.89 at
point C at the completion of CV mode.

RE: During CC mode, starting from point A shown in Figure 8, and having RE close
to 0.9, a small increase in loss associated with rR (as discussed in the case of PTR) is
compensated by the increase in PB that increases RE to 0.93 at the completion of mode,
shown as point B.
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In CV mode, starting from point B in Figure 8, RE increases due to the fact that PB
decreases linearly to IL while losses are associated with IR with the power of two. RE
reaches its maximum at PB = 60.3 W and starts mitigating onwards due to the influence of
IC over IL.

Efficiency: During CC mode, as explained for PTR and RE, variation of efficiency, as
shown in Figure 8, from points A to B is expected. In CV mode, losses in rT conquer the
losses in rR due to the fact that IT is approximately four times that of IT, and hence the
curve of efficiency follows PTR and reaches point C at the completion of CV mode through
point A*.

4.4. Arrangement #2

The urge of this arrangement is to have DC link voltage constant during the whole
charging process. Thus, charging during CV mode will be the same as arrangement #1 for
the same value of DC-link voltage. This, in the case of PTR, RE, and efficiency, will vary
from point B to C through A* as in arrangement #1.

During CC mode, PB increases from PI to PN, keeping VB constant as VM, and current
IB falls to I∗B such that

I∗B =
Vco

VM
ICC (38)

and reaches ICC at the completion of CC mode. So, the CC mode for this arrangement will
follow the CV mode of arrangement #1, which will move from point A* to point B for PTR,
RE, and efficiency.

PTR: During CC mode, variation of PTR as a function of PB is shown in Figure 7,
which starts from point A* at PB = 360 W and diminishes due to the fact that the effect of rT
losses prevails on the effect of rR losses as well as an increase in PB and reaches point B at
the completion of CC mode.

RE: CC mode starts from point A’ as shown in Figure 8. During CC mode, IR increases
with IL with its power of two, while the increase in PB is linear with IL, so losses associated
with rR overcome the increase in PB, causing a decrease in RE and reaching point B at the
completion of CC mode.

Efficiency: CC mode starts from point A*, as shown in Figure 9. During CC mode, IR
and IT both increase with IL with the power of two while the increase in PB is linear, so
losses associated with rT and rR prevail on the increase in PB, causing a decrease in it and
reaching point B at the completion of CC mode.

4.5. Efficiency Comparison

Efficiency during CC mode is higher for arrangement #2 because (1) IT is more or less
constant by (24), which in practice is not so and varies slightly due to the presence of rR,
but for simplicity, it can be neglected. For arrangement #1, IT is maximum, and so are the
losses associated with it, but for arrangement #2, IT starts with IL, which corresponds to IB
as I∗B and reaches its maximum where IB is ICC, and so, loss associated with rT is always less
in this arrangement with reference to arrangement #1, which coincides with the completion
of CC mode. (2) In this mode, the effect of the current IC is very small, so the IR and losses
associated with rR using the above argument are always greater for arrangement #1 than
arrangement #2 and coincide at the completion of CC mode.

4.6. PSSF and RCSF

From (26), it can be observed that PSSF for both arrangements will be maximum at
point N on the battery-charging profile. Replacing VB and IB with VM and ICC from (32)
and (33) PSSF is calculated as 9.33 and 9.54 if parasitic resistances are considered. The
excess PSSF is due to the voltage drop across rT and rR.
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Expression (30) clarifies that the RCSF for both arrangements will be maximum at
point N on the battery-charging profile. Using (32) and (33) and replacing VB and IB with
VM and ICC, RCSF is calculated as 1 and remains the same even if parasitic resistance
is considered.

5. VDC Effect on the Chopper

In order to select a convenient chopper input voltage VDC for arrangement #2, PTR,
RE, and efficiency are investigated for three different values of VDC as VM, 1.2 VM, and 1.4
VM. Figures 10–12 plot the PTR, RE, and efficiency with respect to the PB normalized to PN
by MATLAB/Simulation.
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Figure 12. Efficiency for WBC arrangement #2 with VDC = VM, 1.2 VM, and 1.4 VM.
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PTR: Figure 10 shows that PTR increases with the higher value of VM, which is due to
the fact that for a given value of PB, IL is less for VDC > VM, and so are the values of IT and
IR. From (24) and (29), it is clear that the decrease in IT is significantly higher than IR. Due
to this, losses associated with rT dominate over losses associated with rR.

RE: Figure 11 shows that for the higher value of PB, RE increases with VDC because,
for a given value of PB, since VL is high current IL is low, and so losses associated with rR
will be less, which results in the increase of RE. For the lower value of PB, IC predominates
over IL, which is high for VDC > VM and causes a decrease in RE.

Efficiency: Figure 12 shows that efficiency increases with the increase of VDC due to
the fact that, for the higher value of VDC, current IL is low, and IT and IR will also be lower.
For the lower value of IT and IR, losses associated with them will be low, which results in
an increase in efficiency.

PSSF and RCSF: Using (26) PSSF for VDC = VM, 1.2 VM and 1.4 VM are calculated as
9.54, 9.59, and 9.64, respectively, by considering the effect of parasitic resistances. The RCSF
from (30) for the same values of VDC is 1, 1.21, and 1.41, respectively.

6. Experimental Analysis

The theoretical finding for efficiency is checked by an experiment executed on SP
resonant WBC with the characteristics reported in Table 1. The experimental setup for
WBC systems is shown in Figure 13. The variable resistor is used in place of the battery
for both arrangements. The first set of tests is carried out by adjusting the voltage of the
power source for the operation of arrangement #1. Operation of arrangement #2 has been
carried out on VDC as VM, 1.2 VM, and 1.4 VM. The experimental results are plotted in
Figures 14 and 15, which perfectly match the theoretical findings.

Figure 14a–c are plots of the PTR, RE, and efficiency with respect to the PB normalized
to PN. In these results, the blue line represents the simulated results, and the blue dot
represents the experiment results, which almost overlap the simulation results. In these
plots, curves ABA*C belong to arrangement #1 in both CC and CV modes, and curves
A*BC belong to arrangement #2, whose charging during CV mode will be the same as
arrangement #1 for the constant value of DC-link voltage during the whole charging process.
This, in the case of PTR, RE, and efficiency, will vary from point B to point C through A*
as in arrangement #1. While in the case of the CC mode of arrangement #2 the PTR, RE,
and efficiency, will vary from point A* to point B. PB increases from PI to PN keeping VB
constant as VM, current IB falls to I∗B and reaches ICC at the completion of CC mode.

Figure 15a–c are plots of the PTR, RE, and efficiency with respect to the PB normalized
to PN. In these results, the red line represents the simulated results, and the blue dot
represents the experiment results. Those are almost identical to simulation results. To select
a convenient chopper input voltage VDC for arrangement #2 PTR, RE and efficiency are
investigated for three different values of VDC as VM, 1.2 VM, and 1.4 VM. It is found that,
the PTR, RE, and efficiency increase with a higher value of VM, which is due to the fact that
for a given value of PB, IL is less for VDC > VM.

The components of the two different arrangements of the WBC are quite similar. These
components are purchased from retailers in a very small number of samples or have been
designed and manufactured on purpose; consequently, the price of the prototype is much
higher than that of a mass-produced system. The total cost for the prototype in arrangement
#1 was equal to EUR 5800, as mentioned in [26,27]. However, WBC arrangement #2 is a bit
more expensive than WBC arrangement #1, as arrangement #2 has an extra set of DC-DC
converters and a respective controller to regulate the current for battery charging.
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7. Conclusions

The paper deals with two different arrangements for WBC. The first charging arrange-
ment charges the battery without using a chopper and controls rectifier voltage/current
based on the battery-charging profile, while the second charging arrangement charges
the battery with the chopper. Based on their performance on five FOMs as measured by
efficiency, PTR, RE, PSSF, and RCSF, the second arrangement is found to be more favorable
for WBC. To select the most convenient chopper input voltage, three different voltages were
considered, with a higher value of the chopper input voltage found to be most suitable
for WBC, apart from a small compromise with PSSF and RCSF. However, in terms of cost
estimation, arrangement #2 is costly compared to arrangement #1.
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Nomenclature

WBCSs Wireless Battery Charging Systems
PFC Power Factor Correction
HFI High-Frequency Inverter
CN Compensation Network
EV Electrical Vehicle
SS Series–Series
SP Series–Parallel
FOM Figure of Merit
CC Constant Current
CV Constant Voltage
IB Battery Current
VB Battery Voltage
RB Battery resistance
PB Battery power
Ico Cutoff current
Vco Cutoff voltage
ICC Normalized current in CC mode
VM Normalized maximum voltage of battery
RN Normalized resistance at point N
PN Normalized power at point N
VS Power source voltage
IT Transmitter-side current
IR Receiver-side current
CT Transmitter-side resonant capacitor
CR Receiver-side resonant capacitor
VTt Transmitter coil terminal voltage
VRt Receiver coil terminal voltage
rT Transmitter coil parasitic resistance
rR Receiver coil parasitic resistance
VT Transmitter coil induce voltage
VR Receiver coil induce voltage
IC Receiver-side capacitor current
IL Load current
RL Load resistance
VL Voltage across RL
M Mutual inductance
ω Supply angular frequency
η Efficiency
PTR Power Transfer Ratio
RE Receiver Efficiency
PSSF Power Source Sizing Factor
RCSF Receiver Coil Sizing Factor
PS Power source output power
PR Power transfer to receiver
AS Power source sizing power
AR Receiver coil sizing power
PjT Loss of transmitter coil
PjR Loss of receiver coil
LDC Low pass filter inductor
CDC Low pass filter capacitor
VDC Voltage across CDC in arrangement #2
δ Chopper duty cycle
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Appendix A

The power-sizing factor of the receiving coil is given by (15), where max(VRt) is the
maximum of (28). Similarly, the power-sizing factor of the transmitting coil is expressed as

AT = max(VTt) ∗max(IT) (A1)

From the circuit diagram of Figure 3, the voltage across the transmitting coil terminals is

VTt = VT + jωLT IT (A2)

Using (2), (4), and (7) rms values of VTt is given as

VTt =

[(
ω2MCRVL

)2
+ I2

L

(
ωM2 −ωLT LR

M

)2] 1
2

(A3)

The maximum of VTt is again achieved at point N of the charging profile, where
both IR and IT get the maximum values. Using (A1), (A2), (24), and (15), (28), (29), the
relationship between AT and AR can be written for point N as

AT =
8

Mπ2ω2

[(
ω2 MCRπ

2
√

2

)2
+
(

ωM2−ωLT LR
M

)2( 4
π
√

2

)2 1
R2

N

] 1
2

[(
4

π
√

2

)2
+
(

ωCRπ

2
√

2

)2
R2

N

] 1
2

AR (A4)

Equation (A4) shows that the relationship between the sizing factors of the transmitting
and receiving coils depend on the inductive parameters of the coils, receiving a stage
capacitor and battery resistance at point N.
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