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The new era of mobility has pushed a rapid adoption of electric vehicles (EVs).

Since then, many efforts have been made to make the experience of driving EVs

more comfortable, including how to charge them. Wireless power transfer (WPT),

also known as wireless charger, has caught much attention from researchers and

industries since it is seen as a more practical and convenient way of charging EVs.

This thesis will discuss a systematic approach to designing a WPT system, from

the selection of the converter to the tuning process and coil design. It will also

introduce a new approach to modeling the WPT coil. Using the new modeling, a

mathematical optimization will be conducted to maximize the quality factor of the

coils, which will increase the efficiency of the WPT systems.

By Implementing the methodology explained above, a class Φ2 with optimized

transmitter coils and receiving coils is selected for the WPT systems. A 230 V

voltage level and 13.56 MHz frequency are selected as the operating conditions of

the WPT systems. The WPT systems are fabricated and tested in burst mode. The

experimental result confirms that the WPT system can deliver 1072 W output power

with 96% efficiency over 63 mm distance, which proves the effectiveness of this WPT

system.
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Chapter 1 Introduction

1.1 Background

The 21st century has seen significant technological advancements, particularly in

machinery, digital technology, and electrical devices. However, the rapid adoption

of these technologies has consequences. Every mile traveled, watt of electricity con-

sumed, and byte of data processed contributes to a carbon footprint [1,2]. Whether

it’s the emissions from cars, and power plants, or the environmental impact of

resource extraction for gadgets, these activities harm the planet. In response, ef-

forts have been made to mitigate these effects. These include developing renewable

energy sources, improving combustion technology, and promoting electric vehicles

(EVs) as an eco-friendly transportation option.

Figure 1: Worldwide EV Growth Projection. [12]

The need to reduce carbon emissions has led to the rise of electric vehicles

(EVs) as a new mode of mobility. While EVs offer environmental benefits, they

also come with drawbacks. One major issue is related to battery charging. In

addition to long charging times, convenience is a concern, with users having to

handle bulky and heavy charging cables. Wireless power transfer (WPT) with high

power capabilities is being explored as a potential solution, eliminating the need for

a physical connection between the charger and the EV.
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Figure 2: Zero Voltage Switching.

The resonant converter is favored in high-frequency applications compared to

other traditional converters due to its ability to operate at high frequencies, which is

beneficial for miniaturizing the size of the converter andWPT coil. Additionally, the

resonant converter can operate in zero voltage switching (ZVS) mode that ensures

the switch turns on when the voltage across it is zero or very close to zero, as can

be seen in Figure 2. This thing will ensure that there are minimal losses on the

switch when it is on thus improving the efficiency of the converter, especially at

high frequency.

One of the most popular coils in WPT is the circular coil. This coil has a simple

shape and is well-optimized. Traditional WPT coils utilize an external capacitor

as a series compensator to optimize power transfer between the transmitter (Tx)

and receiver (Rx) coils. However, this method has a disadvantage: the external

capacitor suffers from high voltage stress. Another method often used is the open-

type coil, which utilizes the parasitic capacitor between the two coils on both the

Tx and Rx sides.

As the title suggests, this thesis will focus on electric vehicle technology, specifi-

cally the power electronic and wireless power transfer side. This chapter will explore

more about the state of the art of power electronics for EVs relevant to this thesis.

2



1.2 Resonant Converter Technology

Power converters play a huge role in the growth and adoption of EVs. They convert

electrical power from one form to another. Various research and development efforts

have been made to make converters more efficient, smaller in size, and with higher

power density. A higher power density in a converter can be achieved by increasing

the operating frequency, as this allows for the use of smaller passive components such

as capacitors and inductors. Even though this method is useful for reducing the size

of the converter, careful consideration must be taken when increasing the operating

frequency, especially with conventional pulse width modulation (PWM) converters

such as buck, boost, or buck-boost converters. These traditional converters use

hard switching to convert electric power, meaning the switch turns on when the

voltage across it is not zero. This method causes power losses in the switch (Psw),

which become higher as the frequency increases:

Psw ∝ fsw. (1)

A very high operating frequency is beneficial in reducing the size of a converter,

thus achieving a higher power density. Unfortunately, the operating frequency of

conventional converters is limited by losses caused by hard switching. Another

type of converter that can operate at high frequencies is the resonant converter. It

operates based on the principle of resonance, where energy is stored and transferred

between the converter components at the resonant frequency. This type of converter

is favored over PWM converters due to its ability to operate at ultra-high frequencies

while maintaining minimal switching losses at those frequencies (MHz). These

minimal switching losses are achieved through careful tuning, enabling the converter

switch to turn on and off when the voltage across it is zero or in ZVS mode.

There are several resonant converters that can achieve zero voltage switching

operation, such as full bridge and dual active bridge converter (DAB). Those two

converters can operate at high frequency in ZVS mode, thus minimizing the losses.

Unfortunately, several switches are required, which, in consequence, will make the
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control of the converter more complex and could reduce its reliability [13]. To

address that issue a derivation of radio frequency (RF) amplifiers is proposed such

as class E, class DE, and class Φ2 converter. Those inverter uses a significantly

lower number of switches to increase the reliability of the converter.

For example, the Class E converter, shown in Figure 3, is also widely used as

a resonant converter [10]. This converter only uses one switch, which improves its

reliability and efficiency. However, this converter suffers from high voltage stress

across the switch, reaching four times the input voltage. As a result, this converter

is limited to operating at low voltage to avoid damaging the switch, making it

only suitable for low-power applications. The Class DE converter, as depicted in

+

-

Figure 3: Class E Inverter.

Figure 4: Class DE Inverter.
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+

-

Figure 5: Class Φ2 Inverter.

Table 1: Resonant Converter Types

Converter Vds Number of Switches Number of passive components

Class E 4× Vin 1 4

Class DE 1× Vin 2 4

Class Φ2 2× Vin 1 6

Figure 4, has lower voltage stress across the switch [15]. However, it requires two

switches, which can affect reliability and efficiency. To address the issue of high

voltage stress and reliability, a class Φ2, shown in Figure 5, converter is introduced.

This converter only requires one switch, which is desirable for easier control, more

efficient, and more reliable operation. Moreover, the voltage across the switch of

this converter is only two times the input voltage that enables it to operate at a

higher voltage level. This converter requires more passive components, but later,

we can see that the size of passive components for this converter is relatively small

compared to other resonant converters. Table 1 summarizes the types of resonant

converters. From the explanation above, it is clear that the class Phi2 converter is

superior compared to another converter since it is more reliable and can operate at

higher voltage levels, thus making it a potential inverter for the WPT system. Due

to that reason, this paper will explore more about the class Φ2 converter.

The Class Φ2 converter was first introduced by Rivas et al. in 2008. The Class

Φ2 converter has an almost similar topology to the Class E converter, as shown

in Figures (5) and (3). The difference lies in the additional branch circuit that

5



is parallel to the switch. This parallel branch contains an inductor (LMR) and

capacitor (CMR), which are responsible for lowering the switch’s peak voltage, thus

allowing the converter to operate at higher voltage [4, 6], resulting in an increased

power level.

The first step to designing the class Φ2 converter is to choose the value of Ls,

which can be calculated using the formula in equation (2) after determining the

input voltage Vi, switching frequency fsw, output power Pout, and load resistance

RL. The value of CS can be chosen arbitrarily as long as it is large enough to block

the DC voltage. Therefore, Ls is calculated, as shown below:

Ls =
1

ωsw

√
RL ∗ ( 8V 2

i

π2Pout

)−RL. (2)

The next step is to calculate the impedance of ZMR, which is the series impedance

of LMR and CMR. As shown in equation (3), the value of LMR and CMR must be

tuned such that the impedance of ZMR resonates at the second harmonic (ω2sw):

ZMR(ω2sw) = j2ω2swLMR +
1

j2ω2swCMR

= 0. (3)

Then, the drain-to-source impedance can be calculated by taking the parallel

impedance of the ZL and ZMR:

ZDS(w) = ZMRP//ZL, (4)

where ZMRP is the parallel impedance of the LMR and CMR, Lf , and COSS and

CP . ZL can be calculated by taking the series impedance of the LS, CS, and RL as

shown below:

ZMRP(w) = wLf//

(
jwLMR +

1

jwCMR.

)
//

1

jw(COSS + CP )
(5)

ZL(w) = jwLS +
1

jwCS

+RL. (6)
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To achieve ZVS switching operation, first, the drain to source impedance of the

converter must be inductive at switching frequency:

30◦ < ∠ZDS(ωsw) < 60◦. (7)

And, the magnitude of the drain to source impedance at switching frequency

(ωsw) must be at least 8 dB lower than the magnitude at the third harmonic (ω3sw)

:

|ZDS(wsw)| − |ZDS(3wsw)| < 8dB. (8)

Lastly, the drain-to-source impedance at the third harmonic must be capacitive

with a phase angle lower than −80◦, as shown below:

∠ZDS(3wsw) < −80◦. (9)

To summarize, the tuning process should follow the equations (2) to (5). This

tuning process will ensure the converter operates at ZVS mode. Figure 6 shows how

the drain to source impedance’s magnitude and phase should look when the tuning

of the class Φ2 converter is correct. The plot shows the drain to source impedance

magnitude and phase of a class Φ2 converter with an operating frequency of 13.56

MHz.

7



Figure 6: Magnitude and Phase of class Φ2 Inverter.

1.3 Wireless Power Transfer (WPT) Coil

Inductive power transfer (IPT) is a well-known method to transfer electrical power

wirelessly with high efficiency for a mid-range application. This system transfers

power from a TX coil to an Rx coil through a magnetic field. IPT works efficiently

at high frequency, in addition, frequency operation can reduce the overall size of

the WPT system [16]. However, designing the IPT at high frequency poses its

challenges. High-frequency current tends to flow at the coil’s surface known as the

skin effect. This skin effect will cause higher series resistance compared to when

the IPT works at a lower frequency. This higher series resistance will cause more

losses in the coil and reduce the quality factor which eventually significantly lowers

the overall WPT system efficiency.

IPT works based on Ampere’s and Faraday’s laws. Ampere’s law states that the

magnetic field B around a closed loop is proportional to the electric current I passing

through the loop. Mathematically, Ampere’s Law is often written in integral form

as equation (10), where
∮
B · dl is the line integral of the magnetic field B around

a closed loop, µ0 is the permeability of free space, and Ienclosed is the total current

passing through any surface bounded by the closed loop:

8



∮
B · dl = µ0Ienclosed. (10)

Faraday’s law describes how a changing magnetic field can induce an electro-

motive force (EMF) in a nearby conductor. The mathematical representation of

this law can be written as equation (11) where e is the induced electromotive force

(EMF) in volts (V) and dΦ
dt

is the rate of change of magnetic flux (Φ) through the

loop with respect to time (t):

e ∝ −dΦ

dt
. (11)

Using the above principles, a WPT coil can be constructed where the TX coil

operates based on Ampere’s law with an AC voltage source to produce a time-

varying magnetic field. The RX part of the WPT coil operates based on Faraday’s

law to generate an EMF from time-varying magnetic fields that come from the RX

coil.

The TX and RX coils are separated by an air gap and linked by a magnetic

field. The amount of magnetic field from the TX coil that the RX coil can capture

is influenced by the coupling coefficient k. The larger the distance of the air gap, the

smaller the value of k, which will affect the WPT efficiency. To efficiently transfer

power over a large distance, a very high magnetic field is required. One prevalent

method to achieve this is through a resonant WPT coil, which can be realized by

using an external capacitor in series with the WPT coil, also known as magnetic

resonant coupling. The capacitance of the capacitor is tuned such that resonance

is achieved at the operating frequency:

A coil can transfer power more efficiently when operating at ultra-high frequency

[8]. Moreover, the efficiency can be further increased when the coil works at resonant

conditions. An external capacitor is usually placed in series with the coil to achieve

resonance. However, operating under such conditions will subject the external

capacitor to high voltage stress, making it prone to breakdown.

Open-type four-coil systems are often used to overcome this issue. A set of two

9



Figure 7: Magnetic Resonant Coupling.

coils for each RX and TX side can provide internal capacitance, as depicted in Figure

8. The capacitance of the coil can be adjusted by changing the distance between

coils on the RX and TX sides. To improve the quality factor and efficiency of the

coil, a planar open coil type made from a copper sheet is proposed. Manufacturing

the coil from planar material instead of a round conductor can reduce the resistance

that arises from the skin effect.

Figure 8: Open-type Coil.

The inductance of the coil can be improved by increasing the width of the coil

or increasing the number of turns. However, this approach will increase the capac-

itance, which then decreases the resonant frequency, thus lowering the converter’s

efficiency and ultimately affecting the overall system size. A non-uniform system is

10



designed by [3] to address this issue. By making the coil’s width non-uniform, the

coil’s capacitance can be adjusted to maintain a high resonant frequency.

The inductance and resistance calculation for a planar coil has been investigated

by [7]. The inductance of a single planar coil (Ls) is given by equation (12) where

µ is the magnetic permeability, do is the outer diameter of the coil, and di is the

inner diameter of the coil:

Ls =
µn2(di + do)

4

(
ln

2.46(di + do)

do − di
+ 0.2

(
do − di
do + di

)2
)
. (12)

Figure 9: Non-uniform Planar Coil.

The series resistance of the uniform open-type planar coil can be calculated by

equation (13) where l0 is the spiral length which can be calculated using equation

(14), ρcopper is the copper resistivity, δ is the skin depth at operating frequency, t

is coil thickness, Dk is the loss tangent of the dielectric, and Cs is the equivalent

series capacitance of the coil, as shown below:

Rs =
ρcopperl0

w

(
2

δ(1− e−
t
δ )

− 4

3t

)
+

Dk

2πfCs

(13)

11



l0 =
πn(do + di)

2
. (14)

Figure 10: Simulated and Calculated Rs

Using equation (13), the resistance of the coil is calculated for w1 = w2 = 10

mm, do = 255 mm, di = 0 mm, and the number of turns n = 4. The thickness

of the coil is swept from 0.01 to 0.1 mm. The calculation and simulation results

are compared, as shown in Figure 10. The plot reveals that the calculated value of

Rs follows a different trend than the simulation’s. In the calculation, the value of

Rs tends to increase as the thickness, t, increases, while the simulation shows the

opposite trend. In the next chapter, an alternative formula will be derived to better

approximate the Rs of the coil.

12



1.4 Challenges and Opportunities

The rapid adoption of electric vehicles (EVs) has opened new opportunities for

wireless power transfer (WPT) technology applications. This alternative charging

method offers a more convenient way to charge EVs without the need to move bulky

charging cables. However, achieving the same performance in terms of power level

and efficiency with WPT systems is not an easy task. The losses and the size of the

WPT system on both the TX and receiver RX sides should be low enough so as not

to add significant weight or take up too much space in the vehicle. Moreover, high

efficiency is desired to minimize energy losses and prevent overheating, which could

be harmful to both humans and the vehicle. In addition, the energy transmission

distance at which the WPT system can work effectively and efficiently should be

sufficient to make the installation of the WPT system easier.

Fortunately, several methods can be used to achieve an effective, efficient, and

reliable WPT system. As discussed in the previous chapter, a resonant converter is

a good option since it can generate a sinusoidal waveform at ultra-high frequencies,

which is beneficial for reducing the size of the components. In addition, this con-

verter can also be tuned to work at zero voltage switching (ZVS) to minimize the

switching losses, which are significant at ultra-high frequencies. A Class Φ2 inverter

is chosen from among other resonant converters because it can deliver high power

using only one switch at lower voltage levels, thus making it more reliable.

Also, the advantages of non-uniform planar coils have been investigated by [3].

This type of coil can achieve a very high-quality factor, which is crucial for increas-

ing the efficiency and transmission distance of the WPT system. Optimizing this

coil’s physical design can further increase its quality factor, but this requires good

mathematical modeling. In the next few chapters, a new approach to modeling the

coil will be investigated. Simulations and experiments will be conducted to verify

the mathematical model and optimization.
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Chapter 2. Modeling of Ultra High-Frequency Non-

uniform Planar Coil

2.1 Mathematical Analysis of Non-Uniform Planar Coils

In the previous chapter, we discussed previous studies that could approximate the

inductance and series resistance of non-uniform planar coil with good accuracy.

However, the equation could be further improved, as shown in Figure 10, to give us

a better approximation. A planar non-uniform coil can be modeled mathematically

using the polar coordinates of two individual spirals (inner and outer). The radius of

the inner spirals with a number of turns N at any θ can be defined using equations

(15) and (16) with some initial radius value of r0 and constant C which can be

rewritten as:

Figure 11: Non-uniform planar coil modeled as two spirals.

ri(θ) = (ri0 + Ci ∗ θ) (15)

14



ro(θ) = (ro0 + Co ∗ θ). (16)

Where :

ri(θ) = Inner spiral radius at θ

ri0 = Inner coil radius at θ = 0

Ci = Constant of inner spiral

ro(θ) = Outer spiral radius at θ

ro0 = Outer coil radius at θ = 0

Co = Constant of outer spiral

θ = Angular coordinate from 0 to 2Nπ

N = Number of turns

(17)

The length of the non-uniform spiral coil can be estimated by taking the mid

trace of the inner and outer spiral. First, the initial radius r0tr is calculated by

taking the average of the inner and outer spiral initial radius:

r0tr =
(ro0 + ri0)

2
. (18)

Then, the mid-trace constant is calculated using the equation (19):

Ctr =
(( ro(2Nπ)+ri(2Nπ)

2
)− r0avg)

2Nπ
(19)

After obtaining those two values, we can construct the mathematical equation

for the mid-trace spiral, as shown below:

rtr(θ) = (rtr0 + Ctr ∗ θ). (20)

15



Where:

rtr(θ) = Trace spiral radius at θ

rtr0 = Trace coil radius at θ = 0

Ctr = Constant of the trace spiral

Finally, we calculate the length of the mid-trace spiral by using the formula for

the arc length of a curve in polar coordinates, which is depicted as:

l0 =

∫ 2Nπ

0

√
(rtr0 + Ctr ∗ θ))2 + C2

tr dθ. (21)

Another important parameter that needs to be calculated from a non-uniform

planar coil is its length. A non-uniform planar coil has a non-uniform width; thus,

the effective width must be calculated. The width of the non-uniform planar coil

at any θ can be calculated by subtracting the outer spiral radius ro(θ) from the

inner spiral radius ri(θ). The effective width of the coil can be approximated as the

average coil width along its length, which is given by:

weff =
1

2Nπ

∫ 2Nπ

0

(ro0 − ri0) + (Co − Ci)θ) dθ. (22)

The physical parameter of the coil using mathematical equations has been de-

rived, such as coil length l0 and effective width weff . The next chapter will use

those values to calculate the coil inductance and series resistance more accurately.
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2.2 Modelling of Inductance and Series Resistance

Even though the inductance of the non-uniform coil has been derived by [7], the

value is inaccurate to estimate the true inductance value. To derive an accurate

inductance value of the non-uniform coil, this chapter will explain a new formula to

calculate the inductance of a non-uniform planar coil by incorporating the mathe-

matical equation explained in Chapter 2.1 for better approximation. Furthermore,

this chapter will also explain the derivation of the equation to precisely estimate

the series resistance of the coil. This new formula will provide a more accurate

equation for determining the inductance and series resistance of non-uniform pla-

nar coils, which is crucial for optimizing the performance of high-frequency wireless

power transfer systems.

The inductance formula for a non-uniform planar coil is given by [3] as can be

seen in equation (12). To maintain consistency and to reflect the spiral equations

that govern the coil, equation (12) can be rewritten as:

L =
N2A(ln(2.46A

B
) + 0.2(B

A
)2)

4
(23)

where equation (24) and (25) are the equivalent forms of di-do and di+do re-

spectively as shown below:

A = (2(ri0 + ro0) + π(Ci + (4N − 1)Co) (24)

B = 2(ro0 − ri0) + π((4N − 1)Co − Ci). (25)

The DC resistance of a simple planar coil can be calculated using the equation

(26). The losses of open-coil copper are different from single planar coil since the

current along the path is not uniform:

R =
ρl0

weff t
. (26)
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Assuming linear decrease [7] in an upper coil that is connected to the source,

the current at the top and bottom coil can be approximated as:

Itop =
l

l0
I (27)

Ibot =
l − l0
l0

I. (28)

The losses at the open-type planar non-uniform coil then can be calculated using

equation (29) where l0top is the upper coil length, l0bot is the lower coil length, wefftop

is the upper coil effective width, and weffbot is the lower coil effective width. The

losses of the open-type coil are calculated by integrating the squared current of each

coil along its length and then multiplying it with ρ
weff t

which gives us the losses as

below:

P =
ρ

wefftopt

∫ l0top

0

(Itop)
2 dl +

ρ

weffbott

∫ l0bot

0

(Ibot)
2 dl (29)

P = I2ρ(
l0top

3wefftopt
+

l0botI2

3weffbott
). (30)

As shown in the equations, the total DC resistance of the coil is one-third of the

DC resistance of the top coil plus one-third of the DC resistance of the bottom coil,

as given below:

R = ρ(
l0top

3wefftopt
+

l0bot
3weffbott

). (31)

The effect of skin depth due to eddy current will affect the effective thickness.

This effective thickness can be calculated using equation (32) as studied by [11].

Furthermore, the resistance of the open-type coil due to the skin effect can be

approximated as two times of a single coil [7], where the skin depth is:

teff =
1

δ(1− e
−t
δ )

. (32)
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Thus the total series resistance of the open coil can be calculated as:

Rs = 2ρ(
l0top

3wefftopteff
+

l0bot
3weffbotteff

). (33)

Figure 12: Simulated and Calculated Rs Using New Equation (N = 4, dist = 1

mm).

Figure 13: Simulated and Calculated Rs Using New Equation (N = 4, dist = 1.5

mm).

The resistance of the coil with the same parameters as in Chapter 1 is calculated

using the new equation. Figures 12 and 13 show that there is a good agreement

between the calculated and simulated value even when the distance between the

coil is increased, which confirms the accuracy of the new mathematical model of

the coil.
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Chapter 3. Optimization of Non-uniform Planar

Coil Quality Factor

3.1 Defining the Optimization Problem for the Quality Fac-

tor

The equations to calculate the inductance and series resistance of a non-uniform

planar coil have been derived in Chapter 2. These equations can approximate the

inductance and series resistance values with good accuracy. The quality factor of

a coil can be defined as the ratio between the coil’s impedance and its resistance

at the operating frequency (Q = XL

Rs
). To achieve a high-quality factor, a coil must

have a high inductance value with minimal series resistance. Thus, the optimization

of the coil quality factor can be formulated as a maximization problem. The goal

is to maximize a quality factor within the constraints described below.

Figure 14: Coil Parameters.

Constraints: (1) C1, C2, C3, and C4 are the coefficients that define how much
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the radius increases as the theta increases. The values of C0, C1, C2, C3, and t must

be positive to ensure that the coil design is physically feasible (equation 35).

(2) The values of r00, r10, r20, r30 must be bigger than Rmin to set the minimum

inner radius of the coil (equation 36).

(3,4) The values of r10 and r30 must be bigger than r00 and r20 respectively to con-

struct the inner and outer spiral of the coils (equation 37 and 38).

(5) To make sure that the radius of the spirals increases at the same rate, the values

of C0, C1, C2, and C3 are set to be equal (equation 39).

(6) The non-uniform width of the coil is achieved by setting the width of the top

coil larger than the width of the bottom coil(equation 40).

(7) The pitch (p) of the coil must be the same as the width of the coil (equation

41).

(8) Due to the limitation of the copper sheet, the copper outer diameter cannot be

larger than the width of the copper sheet(equations (42)).

(9) The width of the coil is set to be larger or equal to some value to accommodate

manufacturing constraints, as some machines are unable to cut very narrow dimen-

sions (equation 43).

(10) Finally, constraint 10 governs the number of turns for the coil (equation 44).

The maximization problem and its constraints are depicted below:

Maximize Q(L,Rs) =
2πfL

Rs

(34)
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Subject to:

C0, C1, C2, C3, t > 0 (35)

r00, r10, r20, r00 > Rmin (36)

r10 > r00 (37)

r30 > r20 (38)

C0 = C1 = C2 = C3 (39)

r30 − r20 > r10 − r00 (40)

(r10 − r00)− π((2N − 1)C1 − 2NC0) = 0 (41)

2r10 + C1π(4N − 1) ≤ W (42)

r10 − r00 ≥ M (43)

N = 2, 3, 4, . . . (44)

Where:

C0, C2 = Constant of the inner spiral of bottom and top coil, respectively

C1, C3 = Constant of the inner spiral of bottom and top coil, respectively

r00, r20 = Radius of the inner spiral of bottom and top coil, respectively, at θ = 0

r10, r30 = Radius of the outer spiral of bottom and top coil, respectively, at θ = 0

θ = Angular coordinate from 0 to 2nπ

N = Number of turns

L = Inductance

Rs = Series resistance

t = Copper thickness

D = Width of copper sheet

Rmin = Minimum radius of the spiral

M = Coil minimum width.
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3.2 Maximizing the Value of the Quality Factor

The optimization problem of the coil involves many complex equations, especially

the equation (21) to calculate the trace length. Since it is challenging to solve the

equation mathematically by hand, Python programming language is preferred to

be used. This language offers various optimization libraries and tools that can be

chosen for solving the equation. Among them are CVXPY and SciPy. CVXPY is a

popular library that is used to solve optimization problems with convex equations.

This library is easy to use since it uses syntax that is close to mathematical notation.

To use this library, all the equations that are related to the optimizations must be

written to follow discipline convex programming (DCP) rules to make sure that the

library understands the problem.

SciPy is another popular library that can be utilized to solve an optimization

problem. This library can solve various optimization including non-convex equa-

tions. However, this library requires more effort to manually set up the optimization

problems. The first attempt is made to use the CVXPY optimization, unfortu-

nately, the L/Rs is a nonconvex equation thus the optimization can not be solved

using this library. The SciPy library is then used to solve the optimization problem.

Some of the constraints in the equation (34) are simplified due to manufacturing

and material availability. For example, the thickness of the copper is set to be 0.5

mm since copper sheets with that thickness are common and easy to purchase. The

maximum outer diameter of the coil is set to 250 mm due to the copper size limit.

The minimum width of the coil is 10 mm, respectively, due to machine limitations.

Using this information, an optimization program using the SciPy library is con-

ducted. The results in Figures 15, 16, and 17 are then obtained. From those three

figures, we can see that the inductance and resistance of the coils increase as the

number of turns increases. However, we can see that the value of the quality factor

starts to decrease from N=5 t0 N=6; thus, increasing N larger than 5 will not give

a higher quality factor. The maximum quality factor of the coil is achieved at r00

= r20 = 15 mm, r10 = 25 mm, r30 = 27 mm, C0 = C1, C2, C3 = 3.18 mm.
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Figure 15: Optimum L value.

Figure 16: Optimum Rs value.

Figure 17: Optimum Q value.
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Chapter 4. Results

In previous chapters, we demonstrate the advantages of class Φ2 as an inverter

for the WPT system. Not only is it more reliable since it uses fewer switches,

but it also has lower voltage stress across the device, which makes it suitable for

high-power applications. Also the non-uniform planar coil also offers a high-quality

factor, which is beneficial for maximizing the WPT system efficiency. This chapter

will discuss simulations that have been conducted to verify the performance of the

class Φ2 inverter. The quality factor of the coils is also investigated by running

simulations using Ansys HFSS. Lastly, the experiment to validate the operation of

the WPT systems will also be explained.

4.1 Class Φ2 Inverter Design

The inverter is designed to provide 1 kW output power, which is considered the

rated power of the inverter and is suitable for a level 1 EV charger. The input

voltage of the class Φ2 inverter is designed to be 250 V, and a 20 Ω RL is chosen.

Additionally, 13.56 MHz frequency is chosen since it aligns with the international,

scientific, and medical (ISM) bands, thus making the development easier from a

regulatory point of view.

The operation of a high-power resonant converter at MHz frequency is some-

times limited by switching device availability. The switch must have a low output

capacitance Coss so that it can turn on and off quickly at 13.56 MHz. As what

has been investigated by [4], an enhancement mode Gallium Nitrite Field Effect

Transistor (eGaN FET) GS66508T is selected due to its low output capacitance

(Coss), on-resistance (Rdson), and inductance. The rated voltage of GS66508T is

650 V, thus a 250 V input voltage is suitable since the Vds peak voltage at class Φ2

is still lower ( 500 V) than the rated voltage.

Based on those design criteria, the size of the class Φ2 inverter’s components
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Figure 18: GS66508T Output Capacitance. [14]

is then calculated using the equation (3) to (4). The value of the switch’s Coss is

considered when during the tuning process, which yields the values in table 2. We

can also notice that the size of the components, especially the inductors, is small,

thus making the size of the inverter still relatively small even though it uses more

passive components compared to class E inverter.
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Table 2. Component Selection

Parameter Value Type

Vi 250 V NA

Pout 1 kW NA

LS 290 nH Custom inductor with air core

LF 240 nH Custom inductor with air core

LMR 200 nH Custom inductor with air core

CP 332 pF 1812GA151JAT1A 220 pF + 1812HA220JAT1A

47 pF + 65 pF Coss of GS66508T

CMR 172 pF 1812HA221JAT1A 220 pF + 1812HA220JAT1A

22 pF

CS 10 nF C1812X103JCGAC7800 10 nF

RL 20 Ω 2x50 and 100 Ω RF load in parallel

Q eGAN FET GS66508T

4.2 Simulation Verification

LTspice is used to verify the performance of the class Φ2 inverter from Chapter

4.1. The value of Rl is varied to investigate the output power and efficiency of the

converter under various load resistances. Figure 19 shows that a relatively high

output power and efficiency can be maintained under big load resistance variance.

It is also observed that the inverter operates in ZVS, as shown in Figure 20.

The optimum design of the coil has been obtained in the previous chapter. The

N value of 5 is selected since it gives the highest quality factor. This optimization

result is then verified by simulation using ANSYS HFSS. The coil is modeled using

a mathematical equation using all the parameters obtained in Chapter 3.

Figures 21 to 23 show that the simulation results closely match the optimization.

The only difference is at simulation, the quality factor starts to drop after N=6;

meanwhile, at optimization, it is N=5. The difference could be attributed to the L

value, which is shown by Figure 21. At optimization, the L value increases slower
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Figure 19: Simulated Output Power and Efficiency of Class Φ2 Inverter.

Figure 20: VDS and Vg of the Class Φ2 Inverter.

Figure 21: Simulated L value.

at N bigger than 5, thus affecting the quality factor. Initially, a coil with a number

of turns N=5 is selected since it gives a value closer to the simulation; however, a
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Figure 22: Simulated Rs value.

Figure 23: Simulated Q value.

large gap (9.5 mm) between the top and bottom coils is required to make the coil

resonate at 13.56 MHz. The next option goes to N=4, at this number of turns the

gap that is needed is only 2.5 mm which makes the coil construction easier. The

parameters of coil with N=4 are r00 = r20 = 15 mm, r10 = 25 mm, r30 = 27 mm,

C0 = C1, C2, C3 = 3.18 mm
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4.3 Experimental Validation

The complete parts of WPT systems have been investigated in the previous chap-

ters. We discovered that mathematical and simulation methods share a good agree-

ment for designing the class Φ2 inverter and non-uniform planar coil. This chapter

will talk about several experiments that have been conducted to validate the cal-

culation and simulations. A class Φ2 inverter was built using the components with

sizes in Table 2. First, the inverter was connected directly to the radio frequency

(RF) load without the coil. The inverter was operated in burst mode with 1000

pulses from a keysight 81160A signal generator. The input voltage of 230 V from a

keysight N5771A power supply was applied to the inverter. The voltage and current

at the input and output sides of the inverter were then measured using the Keysight

MSOX3034T oscilloscope. The input power is calculated by multiplying the input

voltage with the input current. The output power is calculated by dividing the

square of the RMS output voltage by the load resistance. With this setup, an out-

put power of 935 W with an efficiency of 93.7 % was achieved. The output voltage

Vo, input current Ii, drain to source voltage Vds, and gate to source voltage Vgs are

shown in Figure 25. As shown in the figure, the inverter can operate at ZVS, which

improves efficiency.

Figure 24: Top view of the class Φ2 PCB.
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Figure 25: Inverter: Vo (pink), Ii (blue), Vds (green), and Vgs (yellow).

Figure 26: Coil Impedance.

After that, we fabricated the Tx and Rx coil from a 300 x 300 x 0.5 mm copper

sheet using an OMAX ProtoMAX water jet cutter. The rough edges were cleaned

using p400 sandpaper, and a finishing touch was applied using p3000 sandpaper to

polish the surface of the coils. The coils were then affixed to acrylic sheets to secure

them firmly. The resonant frequency of 13.56 MHz was achieved when the top and

bottom coils were separated by a 2.47 mm air gap as depicted in Figure 26. A virtual

network analyzer was used to measure the coil’s inductance and series resistance.
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First, we measured the coil connector to investigate the additional inductance and

series resistance introduced by the connector. After that, we measure the inductance

and series resistance of the coil with the connector. The parameters of the coil are

the difference between the coil and connector with the connector. From Table 3,

the coils’ inductance, series resistance, and quality factor match the calculation

and simulation closely. A high-quality factor (776 & 925) is achieved using copper

sheets. However, the Q value is significantly reduced when the connector is used

due to additional series resistance.

Table 3. Coil Parameters.

Parameter Connector Coil + Connector Coil

L 0.391 µH Tx (2.121 µH), Rx (2.153 µH) Tx (1.73 µH), Rx (1.76 µH)

Rs 253 mΩ Tx (443 mΩ), Rx (415 mΩ) Tx (190 mΩ), Rx (162 mΩ)

Q NA Tx(408), Rx (442) Tx(776), Rx (925)

Figure 27: Inverter with Resonant Coupling Coils: Vo (pink), Io (blue), Vds

(green), and Vgs (yellow).

Finally, we tested the complete setup of the WPT system using the inverter and

coils. The Rx coil is connected to a 50 Ω RF load; thus, a matching network is used

such that the output of the inverter will see a 20 Ω load. The distance between the

Tx and Rx coil is set to be 63 mm. The experimental setup can be seen in Figure
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28. The output voltage is calculated by multiplying the squared output current

(Io) with load resistance (RL). An output power of 1072 W was measured when we

applied a 230 V input voltage to the inverter. with this setup, we achieve 96% coil

efficiency, which proves the effectiveness of the coil. In Figure 27, we can also see

that the inverter was able to maintain ZVS condition; the drain to source voltage

of the inverter was also below the rated voltage (560 V).

Figure 28: Experimental Setup.
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Chapter 5 Discussion and Conclusion

A step-by-step approach to designing a WPT system has been explained. Moreover,

a new equation to accurately model the coil has been derived. The optimum design

for the non-uniform planar coil was obtained using mathematical optimization and

verified by simulation. The experimental validation shows that the coil quality

factor matches the calculation and simulation closely. However, the quality factor

is greatly reduced when using a connector. In future work, improving the connector

to minimize the additional inductance and series resistance will be investigated to

increase the overall quality factor of the coil. Additionally, the optimization will

include the capacitance of the coil to better predict the resonant frequency and the

gap required between the top and bottom coils.

Finally, the complete setup of the WPT system has been realized using a class

Φ2 inverter with a non-uniform planar coil. The system is designed to operate

at 13.56 MHz with an output power of 1000 W. The complete setup was able to

deliver 1072 W of output power with 96% efficiency over a 63 mm distance when

a 230 V input voltage was applied to the inverter. For future work, we plan to

increase the inductance of the coil while maintaining a high-quality factor so that

the transmission distance can be increased.
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