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Abstract

This report is about how to design and fabricated a wireless energy
transfer system which is printed on flexible photo paper. That is a
technology used to print conducting tracks on paper, or even entire
circuit system.

The circuit of wireless energy transmission is half bridge converter with
spiral coil as the inductance which are etching in primary side and
printing in secondary side.The procedure of fabrication will be
introduced.

While realizing the feasible simulation circuit, the optimal transmission
energy system components are mounted according to the requirements.
While looking for the best efficiency, it’s also neccessary to consider the
appropriate size of the system. In the end of this report there will be
some analysis which is aimed to identify where the largest electrical
losses are located.

Compared with ordinary PCB circuit board, printed circuit on paper
makes the whole system very flexible and portable. When the primary
side as close with secondary side, The efficiency is almost 72% while the
60Ω as the load. The output power is 10.68w.

On the other hand, the ink of printed circuit on paper has high resistivity,
which affects the efficiency of radio power system. However, for different
paper substrates, the efficiency of wireless charging system will not be
affected.

Keywords: Wireless energy transfer, printing on paper,efficiency.
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1 Introduction
After the second industrial revolution, Electronic Technology has been
rapidly developed, which has brought great changes to people's lives. A
variety of electrical equipments are given birth from the society. People
are attracted toward for portable, fast and flexible electronic equipment.
As an electronic device in the new era, printed electronic products have
been paid more and more attention by researchers. Printed electronic
products are very interesting and suitable for some special equipment
design.

The development of printed electronics originated in 1977. Alan J.
Heeger, Alan MacDiarmid and Hideki Shirakawa reported a highly
conductive polymer[1]. The discovery of this polymer originated from
the silver film produced by the error of increasing the amount of catalyst
by more than 1000 times in the process of polyacetylene synthesis. Then
they oxidize polyacetylene with iodine vapor and measured their
conductivity, and the results were very exciting: the conductivity of the
iodine doped polyacetylene increased tens of millions of times[2][3].

The discovery of conductive polymers has played a milestone in the
development of printed electronics. The discovery of polymer
conductivity greatly improves the functionality of these materials,
making it possible to manufacture electronic devices by traditional
printing methods.

From the 70~90 years of twentieth Century, the first stage of the
development of printed electronics was mainly concentrated in the
research institutions of the University. The study of the properties of
different conductive materials, the mechanism of various other
functional materials and conductive ink paste were studied. Since 1990s,
there have been spin offs. By 2000, due to the relative maturity of
relevant research, a large number of printing electronics companies
emerged.

Printed electronics can be realized on various flexible substrate
materials[4][5]. Therefore, the printed electronics has the characteristics
of flexibility. On the other hand, printed electronic devices retain the
advantages of traditional printing, which can achieve large area batch
quantitative manufacturing.
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Printed circuit on paper[6] belongs to the field of printed electronics,
and it is also an indispensable way of manufacture for many printed
electronics applications. Paper printing technology plays an important
role in the printing electronics industry. The technology also takes the
lead in the field of printing electronics. "Paper printing technology" is
named because of its characteristics, and the thinnest can be 0.5mm.

Unlike traditional electronic production, products printed on paper are
less polluting to the environment from production to use and then to
discarding. The finished paper batteries do not need special recycling
and can be discarded together with domestic refuse.

1.1 Background and problem motivation

Printed electronics on flexible substrates will be an important research
direction in the future. This kind of soft and portable circuit can be used
in some special fields. With the development of society, wireless power
transmission technology has been widely applied and is still improving.
It is worthwhile to explore the use of wireless power transmission to
power the printed circuit on paper without any contact. There may be
many possibilities for printed circuits on paper. There are, of course,
some limiting factors, such as the effect of surface oxidation of printed
materials on wireless charging.

1.2 Overall aim

Power on paper means printing the circuit on paper and using wireless
energy transfer to deliver energy on paper. Compared with the general
circuit wireless energy transfer device, the printed circuit on paper has
better flexibility. Printed circuit on paper is suitable for more and more
special application environment. Although printed circuit board has
many advantages such as flexibility, environmental protection and wide
application, its application in wireless energy transfer still has some
limiting factors.

The project aims to design a receiver with a printed pattern which will
be screen printed with silver based ink on paper. A transmitter with
proper coil and circuit is also needed. The purpose of the project is to
focus on the limitations and feasibility of paper printed circuit in
wireless power transmission applications.
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1.3 Scope

The focus of this paper is the design and fabrication of wireless power
transmission circuits printed on paper. In the experiment, it is neglected
whether the wireless conversion device can be put into practical use
immediately. The calculation method of some parameters is not the
focus of this article. The purpose of the project is to explore the
limitations and possibilities of wireless energy transfer devices printed
on paper.

1.4 Concrete and verifiable goals

This thesis has the objective to suggest a solution to the following
problems：

 Investigating and designing possible solutions suitable for wireless
energy transfer between a traditional electronics and printed
electronics.

 Designing a power converter which is to work with the developed
transformer defined efficient power transfer in the range of 50W.

 Designed and fabricated a transformer coil that can be used to
transfer power to a flexible substrate.

 To test the best efficiency of the wireless power transfer device.
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1.5 Outline

The report has been organized into six chapters including the first
chapter which presents a brief introduction.

Chapter 2 briefly introduce the principle and classification of wireless
power transmission. The plane spiral inductor selection and principle
are described as well.

Chapter 3 briefly describes the model section. This chapter show the
design of the wireless power converter and which part should be
included in the converter. The transmitter coil is different with receiver
coil that because the production method and materials are different.
Before fabricate the wireless power converter, the best parameter of both
transmitter and receiver coil should be determined. In order to confirm
where the loss is located, to set up a model for calculating the power
loss and this model is described as well.

The implementation of the transmitter circuit and receiver circuit are
shown in Chapter 4. When mounted the component on the transmitter
and receiver, the duty cycle of switch control signal and the load should
be experimented. The best distance between the transmitter and receiver
will be measured as well.

The chapter 5 presents the result of the experiment which include with
the transfer efficiency when the receiver is fabricated with etching and
printing, the transfer efficiency when the receiver load is LED and
resistor.

Chapter 6 presents conclusion and future works.

1.6 Contributions

In the simulation part where I was working in LT-spice and MATLAB,
Kent Bertilsson gave me some idea for better energy transfer. After I
made the wireless energy conversion device, he taught me the principle
and model selection of the circuit.

The design and production of the entire device was done by myself. I
learn the etching and printing steps which is used for fabricating the
transmitter and receiver from Dr Xiaotian Li.
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2 Theory
The aim of this project is to design and manufacture printed circuit on
paper for wireless power transmission applications. The concept of
wireless power transmission and printed circuit will be introduced in
this chapter.

2.1 Wireless power transmission(WPT)

Wireless power transmission is a method which using the special
equipment to convert electrical energy into a type of energy which can
be in a wireless way. While the receiver can convert this energy back to
electrical energy. So as to achieve wireless power supply for electrical
appliances.

According to the principle of power transmission, in general, wireless
power transmission can be divided into three parts[7]: electronic
induction wireless power transmission; electromagnetic resonance
wireless power transmission; electromagnetic radiation wireless power
transmission.

Table 2.1 The advantage and disadvantage of three WPT Technologys
WPT Technology

Category
Advantages Disadvantages

Magnetic
Resonant
Coupling

Short-medium Difficult to adjust resonant
frequency for multiple

devices
Electromagnetic
Radiation

Long distance Radiation, needs line of
sight

Inductive
Coupling

Sample, safe, and high
transfer efficiency in
short distance

Short transmission
distance, needs accurate

alignment

The wireless power transmission based on magnetic resonance
coupling[8] relies on the same resonant frequency between the receiver
terminal and the transmitter terminal for a longer power transmission.

The electromagnetic radiation-based[9] wireless power transmission has
the longest transmission distance by using microwave frequencies.
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Inductively coupled wireless power transmission is based on magnetic
field sensing. It can transform electric energy into magnetic field energy.
The magnetic field can be transferred from one inductor to another in
the air medium. In this project, the inductive coupling method is used
for the wireless power converter due to the high efficiency in a short
distance transfer.

One of the most popular application of inductive coupling is shown in
the Fig.2.1. The primary side and secondary side of the transformer are
not connected with each other.

Figure 2.1 Construction of Transformer[28]

In transformers, an electrical current conducts through a wire wound
around a core of some type, called the primary winding. This wire is
intentionally placed near another wire wound around the same core,
called the secondary winding. The electromagnetic field, created by
passing current through the primary winding, then induces an electrical
current in the secondary winding. Many applications are based on
inductive coupling of wireless power transfer[10].

Figure 2.2 Inductive Coupling WPT
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2.2 Etching

Printed circuit boards are important electronic components. PCB is also
a carrier of electronic components connected to each other. The
Traditional printed circuit board is fabricated by chemical etching, laser
drilling, mechanical milling and drilling as well as other methods.
Through the above method to produce circuit wiring and graphics.

 Acid etching: This method requires extreme safety precautions and
requires many materials such as enchants. This method is a time
consuming. The quality of the printed circuit board produced by
this method depends on the material which are used. However, it is
a well-used method in circuits because of the accessibility.

 UV Etching: This method requires some more expensive materials
that may not be available anywhere. However, the method steps are
simple and require less security considerations. It can accommodate
finer and more complex computers.

 Mechanical milling: This method requires special machines that
mechanically etch unwanted copper on the board or empty the
spacers between the leads. It can make a precise printed circuit
board and also easy to duplicate the circuit.

 Laser cutting/drilling: The general concept of this method is similar
to that of mechanical etching, but it uses a laser beam to etch the
board instead of mechanical milling.
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2.3 Printing

Avariety of printing methods, such as offset printing, gravure printing,
flexographic printing, screen printing and inkjet printing, has been used
in printed circuit. Circuits are printed on an insulating substrate with
special ink. The "ink" used in printed electronics manufacturing
technology is a material that has conductive, dielectric, or
semiconducting properties. The printing technology is faster and more
efficient than traditional technology.

Table 2.2 Comparison of different printing

The use of paper as a substrate for printed electronic components has
significant advantages, such as biodegradability and recycling. Printed
circuits on paper have a wide range of applications, such as energy
harvesting and storage capabilities, food packaging leakage and
spoilage sensors, and small area as well as small power applications .

The printed electronic method is similar with printed text. Print leads
and patterns on the substrate. Ink is made of liquid metal and the circuit
is printed directly on paper. In this project, screen printing is very
suitable. Screen printing has the following advantages:

 Not subject to the size and shape of the substrate limit.
 Suitable for all types of ink
 Strong ink coverage
 Plate-making convenient, cheap, easy to master the technology
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2.4 Theory of coil

The traditional inductors are hand-wound on a magnetic material
composition. Coil material, physical parameters and the properties of
magnetic materials have a direct impact on the value of the inductor. It
is difficult to control its physical parameters. As mentioned above, the
receiver of the wireless power converter should be printed on paper.
Therefore, the flat spiral coil will be used in this project.

The flat spiral coil is a type of air core inductor. An "air core inductor" is
an inductor that does not depend upon a ferromagnetic material to
achieve its specified inductance. The planar spiral inductor is an
inductor that wires are wound from the center to the outside in a plane.

Plane spiral inductors are available in a variety of designs. Figure 2.5
show the layout of squares, hexagons, octagons and circular inductors
respectively. Depending on the situation, we will choose different
shapes of inductors.

Figure 2.3 Flat spiral inductor realizations: (a) square, (b) hexagonal, (c)
octagonal, and (d) circular.[29]

According to the requirements of different processes, there will be
different choices in the shape of the planar spiral coil.
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Circular planar spiral coils are more common and widely used in society
than other shapes. The circular coil has the advantage of having a
uniform flux distribution. The uniform flux distribution results from the
symmetrical geometry of the coil. A uniform flux distribution has a
uniform coupling and thus helps the power transferred be similar in all
direction. This uniform power transfer reduces the stress on the power
electronic part of the secondary side of the system.

The planar spiral inductors have several advantages:

 Reduce the core loss of the magnetic when using a flat spiral coil.
 The planar spiral inductors have stable inductance.
 In addition, spiral inductors are less costly than chip inductors and

require less complicated manufacturing processes, making them
easier to manufacture and yield less.

 Reduce the circuit size which will be printed in PCB board easily.

For a given shape, the planar spiral inductor is completely determined
by the number of turns , the turn width , the inner diameters and the
turn spacing . Figure 2.6 demonstrate the parameters of planar spiral
inductors, where oD is the Outer Diametter, l is the total Wire Length,
a is the Winding Radius, c is the Padial Depth of the Winding, avgD is
the Average Diametter, and ρ is the Fill ratio.

Figure 2.4 Parameters of planar spiral inductors
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The flat spiral coil is manufactured with a piece of wound wire. So there
will a parasitic capacitance between inner and outer wires. The parasitic
capacitance will affect the the impedance of the entire coil and increases
the voltage stress of the coil. The wire also has resistance which will
generate the heat loss of the coil.

Figure 2.5: The equivalent circuit of the coil

The figure 2.7 show the equivalent circuit of the coil which include the
inductance,parasitic capacitance and resistance of the spiral coil. In
order to get the impedance of the coil, the parasitic capacitance is
calculate with the formula[12]:

 m00 rr  CC  (2.7)

where C0 is the capacitance of the unit arc length; R0 is the smallest
radius of the coil; and Rm is the biggest radius of the coil.

2.5 Theory of circuit

2.5.1 Half bridge converter

The two switch MOSFET of Half bridge converter[13][14] works
alternately. This means that half bridge converters are equivalent to two
power converters working alternately. Therefore, the output power of
the half=bridge converter is about two times larger than the output
power of a single switching power supply. Although the half-bridge
converter is more complex than the flyback or forward converter, it is
suitable for this design because of the higher output power and high
efficiency.
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Figure 2.6 : Half-bridge converter circuit

As Figure 3.1 shown,when the switch S1 is turned on and the switch S2
turns off, the current of the primary inductance rises. The energy stored
in the power supply and capacitor C1 is transmitted to the secondary
coil through the transformer. The voltage at both ends of the transformer
(primary and secondary coils) is the half of the bus voltage. Diode D1 is
a forward bias and the current ID1 is increased (shown in Figure 3.2). The
power is charged to capacitor C2 through switch S1 and primary coil.

When the switch S1 and S2 are turned off, the primary inductance
current gradually decreases. The current in the primary winding N1 of
the transformer is zero. The IVD1 value will drop to half. Rectifier diodes
D1 and D2 are forward biased. Meanwhile, because two rectifier diodes
are forward biased at the same time, the two windings on the secondary
side of the transformer are shorted. Therefore, the energy stored in the
inductor L is released, so that the two rectifier diodes work
simultaneously. At this time, the current of the two diodes IVD1 and IVD2
are same. The peak voltage is equal to the input voltage Uin, as shown
in Figure 3.2 .

When the switch S1 turns off and the switch S2 turns on, the current of
the primary inductance will be increased. The energy stored in the
power and also in capacitor C2 is transmitted to the secondary coil
through the transformer. The voltage at both ends of the transformer is
also half the voltage of the bus. Diode D2 is a forward bias. Diode D1 is
reverse biased and the current ID2 is increased(shown in Figure 3.2). The
power is charged to the capacitor C1 through switch S2 and transformer.
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Figure 2.7 : Idealized waveform of half bridge circuit[30]

The secondary voltage of the transformer is rectified by diode D1 and
D2, and filtered by L1 and C3 to get the DC output voltage. The switch
S1 alternates with S2, and the AC voltage of the primary side of the
transformer is Ui/2. By changing the duty cycle of the switch, the
average value of the rectifier voltage Ud on the secondary side can be
adjusted, thus the output voltage Uo also be adjusted.

Half-bridge circuit is suitable for low power circuitbecause of the small
number of switches and the low cost. Half-bridge circuit has a common
advantage over other circuits, that is, half-bridge circuit does not need to
discharge resistance or snubber. The energy stored in the leakage
inductance of the coil will be directly fed back to the bus bar. The biggest
advantage of the half bridge transformer circuit is the low voltage stress
of switching transistors. Because the voltage of the two switching
transistors is only the half of the input voltage Ui.
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2.5.2 RLC and LLC Resonant circuit

The impedance triangle

Inductive reactance restrain coil current increase, so the current lags
behind voltage 90 degrees. Capacitance reactance restrain coil voltage
increase, so the voltage lags behind current 90 degrees.

Figure 2.8: The impedance triangle

According to the Pythagorean theorem, the impedance of a coil is equal
to:

)1(222

C
LXXRZ


  (2.8)

The impedance angle θ can be calculate with the formula:

R
C

L

R
X 




1

tan


 (2.9)

The Resonant circuit

For circuits containing capacitors, inductances and resistors, the ports
may exhibit capacitive, inductive, and resistive properties. Resonance
occurs when the voltage and current of the circuit are in the same phase.
The circuit is resistive and the equivalent impedance is minimum.

Impedance Inductance
and
capacitanc
e

Resistance
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Figure2.9: The RLC ideal circuit

The basic circuit of the series circuit is shown Figure 3.3 above. Vin is
the input power supply voltage, VL is the inductance voltage, VC is the
capacitance voltage, and VR is the resistance voltage. The circuit
inpedance is :

  )1,(22

C
XLXXXRZ CLCL


  (2.10)

The resonant frequency of the circuit is:

LC
1ω0  (2.11)

Assuming that the system operates at a resonant point (ω =ω 0), the
relationship between the voltage of R, L, C elements and the input
voltage is obtained:

RIjRIVVVV CLR  ]
jωω
1ωL[in (2.12)

The voltage values of capacitors and inductors are:

QVjL
LC

jjIV inL 
1

R
VLω in

0 (2.13)

QVjL
C
LCj

j
IV inL  )()(

R
V

Cω
1 in

0
(2.14)

When an electric circuit operates at a resonant frequency, the voltage on
the load R is the input voltage because the energies of inductance and
capacitance eliminate each other. As it shown in the Figure3.5, while the
circuit working in the resonant frequency, there will be maximum value
of the output current. In the RLC ideal circuit, all input energy is
consumed by the load. There is no excess energy loss in inductance and
capacitance.
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Figure 2.10: The RLC ideal circuit

When the power frequency is larger than the resonant frequency, XL >
XC. The circuit is inductive. On the contrary, if the resonant frequency is
smaller than the resonant frequency, the circuit is condutive. When the
electric power is operated at resonant frequency (XL=XC), the
impedance Z (Z=R) is the minimum. The voltage on the load is the input
voltage.

The series resonant circuit(SRC) circuit

As shown in Figure 3.6, the resonant capacitor Cr, resonant inductance
Lr and secondary side reflection load constitute the serious resonant
circuit[15][16]. The resonant frequency Fr is determined by the resonant
capacitor Cr and the resonant inductor Lr:

rrCLπ2
1f r (2.15)

Because the load is in series with resonant inductance and capacitance,
the ratio of output voltage to input voltage is less than 1.

Figure 2.11: The SRC resonance half-bridge converter

LrCr
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When the operating frequency is exactly equal to the resonant frequency,
the resonant capacitance Cr and the resonant inductance Lr impedance
will cancel each other. The voltage on the load is the maximum and the
output current value is also the maximum.

Another advantage of the resonant circuit is that the blocing capacitor is
added to the circuit. Half bridge converter will be biased. The existence
of magnetic bias will reduce efficiency. The Blocing capacitor has a
certain inhibitory effect on transformer bias in the half bridge converter
circuit.

The LLC Resonant circuit

The biggest difference between LLC SRC and SRC is that the excitation
inductor Lm is added to the LLC resonant circuit to be used as the
resonant element with the resonant capacitor Cr and the resonant
inductor Lr. The resonance of SRC circuit only considers the resonant
capacitance Cr and the resonant inductance Lr. In addition, they are
identical in hardware structure.

The way of LLC resonant circuit and SRC circuit achieve zero voltage
switching is different. In an LLC resonant circuit, the value of the load
does not affect the implementation of the soft switch. In the SRC circuit,
the current value of the load affects the switching loss. Because in this
experiment design, the load uses the LED. In order to avoid the effect of
load on ZVS, LLC resonant circuit is more suitable for this design.In
addition, the voltage regulation of SRC circuit is not working well at
light load operation. The maximum load resistance of the experimental

design is 60 ohms. Therefore, in the design, the SRC circuit is improved
to LLC circuit.

Figure 2.12: The SRC resonace half-bridge converter

LrCr

Lm
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The schematic diagram of the LLC half bridge[17][18] circuit is shown in
Figure3.7. Series resonant inductor Lr, series resonant capacitor Cr and
magnetizing inductance inductor Lm constitute LLC resonant circuit.
Two resonant frequencies F1 and F2 are generated：
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The waveform of the main parameters in the LLC resonant converter is
shown in Figure 3.8. It is obvious from Fig. 3.8 that the work of the LLC
converter can be divided into 3 working modes in half a cycle.

Working mode 1 (T0 to T1): switch S1 and S2 close. The current i passes
through the reverse diode D3 of S1. The transformer T generates induced
current, which supplies power to the load. The conduction of the reverse
diode D3 clamps the voltage at both ends of the S1 to zero.

Figure 2.13: The main parameters in the LLC resonant
converter[31]

Mode 2 (T1 to T2): at T1, the current on Ls decreases to zero. S1 is turned
on at this time. The current i on Ls increases, reaching a peak value and
then decreases. The current im on Lm first decreases and then increases in
reverse direction. At the time of T1, because of the clamping effect of the
reverse diode D3, the voltage of S1 is zero, that is, zero voltage switching.
In this work mode, only Ls and Cs are involved in resonance, and the
resonant frequency is f1.

Mode 3 (T2 to T3): At f2, the current between Ls and Lm equals, i = im.
Thus, the current flowing through the transformer T is zero, resulting in
the isolation of the load from the transformer. The switch S1 is turned off
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at this time. The reverse diode of the switch S2 starts to turn on. In this
work mode, Lm is connected in series with Cs and Ls to form a resonant
circuit. The resonant frequency is F2.

Compared with the first half cycle, the work of the second half cycle is
similar, but the direction is opposite. The parameter design of LLC
resonant half bridge circuit[19][20]is following:
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Where the A is the Gain of Resonant Circuit, n is the Transformer Turns
Ratio, mL is the Magnetizing Inductor, rL is the Resonant Inductor, rC is
the Resonant capacitor

2.5.3 Full bridge rectifier

In this experiment, the aim is to design a receiver with a printed pattern
which will be screen printed with silver based ink on paper. The whole
wireless energy transmission system is based on inductance coupling.
The coil transmitting energy is a group of planar spiral inductors in air.
Therefore, the two secondary coils in the half bridge circuit can not be
accurately coupled with a primary coil. This causes a lot of air loss.
Therefore, only one receiving coil is used in the secondary, and the
rectifier circuit should be improved from full wave rectifier to full bridge
rectifier.
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(a)

(b)
Figure 2.14: The main parameters in the LLC resonant converter

The Full wave bridge rectifier circuit[21][22] is shown in Figure 3.9,
where the voltage source input AC voltage. The voltage is passed
through the transformer to the secondary coil. RL is a load resistor that
requires DC power supply. Four rectifier diodes D1 to D4 are connected
to the form of bridge circuit.

In the positive half cycle of the input, the current flows out from the
upper part of the secondary side coil of the transformer. The current
flows through the diode D1 to RL and flows back through the diode D3
to the transformer. Therefore, D1, D3 forward bias, D2 and D4 reverse
bias. A positive output voltage is generated on the load. The current
path can be represented by the dotted arrow in Figure 3.9 (a).
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In the negative half cycle of input, the current flows out from the lower
part of the secondary side coil of the transformer. Current flows through
diode D2 to RL and back to transformer through diode D4, so D1, D3
reverse bias, D2, D4 forward bias. After filtering inductor and filter
capacitor, the output terminal obtains stable DC voltage. The voltage on
the load is still positive . The current path is shown in the dotted arrow
in Figure 1 (b).

The bridge rectifier circuit has the advantage of high output voltage.
Ripple voltage is small. The maximum reverse voltage of the rectifier
diode is low. At the same time, because the power transformer has
current supply load in both positive and negative half cycle, the power
transformer has been fully utilized, and the efficiency is higher. The
parameters design of the full bridge rectifier[23] are as follows:

The average value of the output voltage is defined as:
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Where the mV is the peak voltage value of the secondary coil

The average value of the output voltage is defined as:

R
VV

R
VI mm 636.0

πR
2out

out  (2.24)

The secondary coil AC RMS voltage is defined as:
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The maximum voltage stress of the rectifier bridge is defined as(It is
better to use the diode which maximum voltage lager than Vbr in full
bridge rectifier circuit):

mbr 225.1 VV  (2.26)

The maximum efficiency of a Full Wave Rectifier:
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Placing a large capacitor parallel with the load may produce the output
voltage that is essentially direct current. As it shown in figure 3.10, the
voltage waveform after throughing the capacitor.
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Figure 2.15:The ripple (ΔVo) in single phase bridge full wave rectifier[32]

The peak-to-peak ripple is:
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0  (2.28)

So that, the voltage ripple ratio is:
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Then, the value of the capacitor can be written as:
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3 Method
The project is dedicated to the design and implementation of a wireless
energy transfer device based on a printed circuit.The project is divided
into three steps, including design and simulation, the manufacturing of
wireless energy devices, and experiments.

3.1 Design and simulation

The first step in the project is designing the wireless power transfer
circuits. The half- bridge converter is suitable for small power
transmission. On the basis of completing the project objectives, it is also
necessary to explore the feasibility of the half-bridge converter in the
wireless energy transfer system. In addition to the design of the main
circuit, the rectifier circuits, the resonance circuits, the switches and gate
drive circuits should be designed.

A planar spiral inductor is needed as the medium of energy transfer
because the circuit of this project needs to be printed on paper and
energy transfer in the way of Inductive Coupling. The coil parameters
needs to be considered and designed appropriately.

3.2 Drawing the layout

The layout of the transmitter and the receiver needs to be plotted when
preparing the transmitter and receiver of the wireless energy transfer
device. In order to make wireless energy transmission more efficient, the
location of transmitter and receiver circuits and coils should be properly
selected.

3.3 Manufacturing of wireless energy devices

The project is aimed to design a receiver which has a printed pattern
with a spiral coil operating with a rectifying circuit (standard
component mounted on printed tracks) and power LED distributed over
an area of suitable size. The pattern will be screen printed with silver-
based ink on paper and plastics and the components mounted with
lowtemperature solder or conductive adhesive.
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3.4 Experiments

After the wireless energy transfer device is manufactured, we conducted
serial experiments to test the circuit performance and collected
measurement data. The data include the actual value of planar spiral
inductors,resistors, the input and output voltage and as well as the
current waveforms. It is necessary to test and find maximum efficiency
for the designed power converterof the designed circuit.. When the
converter is working, it should be characterized all of its parts in order
to identify where the largest electrical losses are located.

4 Design
4.1 Wireless power circuit design

In this design, the Half bridge converter will be selected as the main
circuit. A LLC resonant circuit realizes soft switching function to reduce
switching losses. After full bridge rectification and LC filtering, stable
DC output is achieved at the load side. To facilitate the calculation of the
efficiency of the whole wireless energy transfer system, an energy loss
model will be designed as well.

A single half bridge converter is not able to complete the function of
wireless transmission of energy. In simulation, we need to consider a
variety of potential problems. Combined with these potential issues to
consider and design requirements, the circuit needs to be further
complicated. The output voltage is setting with 20v in the simulation.

Figure 4.1: LLC half bridge circuit design
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As Figure 3.11 shown, the circuit which designed for wireless energy
transmission system. The heart of the circuit is the half bridge converter.
LLC resounance circuit is used for zero voltage switching. A full bridge
rectifier in secondary circuit is used for rectification. ‘Rp’ and ‘Rs’ is the
approximate resistance value of the primary and secondary windings.
The inductance which named with ‘Llp’ and ‘Lls’ is the primary and
secondary leakage inductance.

(a)

(b)
Figure 4.2: The voltage and current wave of primary coil

In the circuit, V1 and V2 are two square wave signal generators, which
are used to control M1 and M2 two MOSFET. The voltage changes to
sine wave after resonance circuit. The voltage diagram of the primary
coil is shown in 3.12a, and the current diagram is shown in 3.12b.
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Figure 4.3: The output voltage

The voltage received by the secondary coil is filtered by the bridge
rectifier circuit and the capacitor. The DC waveform is shown in Figure
3.13. After the bridge rectifier circuit, the ripple of output voltage is very
small. The peak value of ripple voltage is only 0.06V.

Parameters:
Input voltage : Vin=30v; Input power : Pin=14.5w;
Output voltage : Vout=25v; Output power : Pout=10.8w;
Primary inductance: Lp=2.36u; Secondary inductance: Ls=0.56u;
Efficiency :η= 77%

4.2 Coil design

According to different requirement of the wireless power transfer device,
the planar spiral coil has different size in designing. This includes the
selection of important parameters such as the number of turns 'N', the
turn width 'W', inner diameters 'din' and the turn spacing 'P'.

In this project, the power of wireless transmission is small. It is
necessary to takes into account the cost of ink as well. Therefore, the coil
size should be suitable for fabricating with etching in transmitter and
printing in receiver. The inductance value and the resistance value of the
coil play an important role in coil size selection.

4.2.1 Inductance value calculation

A simple and accurate expression of the inductance of a planar spiral
can be obtained by approximating the sides of a spiral with symmetrical
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current slices of equivalent current density[24] [25]. Results formula is
shown below:

]ρC4ρ3)
ρ
2(ln[
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1avgNμ 2
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 CCCDL (4.1)

Where L is Inductance of planar spiral coil, N is Number of turns, μ is
Vacuum permeability, and C1-C4 is the geometric coefficient of the
inductance element

Table 4.1: The geometric coefficient of the inductance element
Layout C1 C2 C3 C4
Circle 1.00 2.46 0.00 0.20

The small inductance value of planar spiral coil is determined by the
small inner diameter, outer diameter and number of turns. Therefore, to
compared with a normal hand winding inductance the plane spiral
inductor value which I designed will be small.3.3.2 The total length of
the coil inductance

4.2.2 Inductance value calculation

It is convenient to calculate the total length of a square planar spiral
inductor. We can get the total length of the coil with adding each side of
the square. For circular planar spiral inductors it is complex to get the
exact value directly by addition.

In fact, it is almost impossible to get the exact value of the total length of
a circular planar spiral inductor. An approximation of the plat spiral coil
described in polar coordinates has been employed, considering the
diameter of the spiral increases by (W + S) in each current-turn. The
diameter of the spiral line can be described as a function of the angle of
rotation,measured from the beginning of the spiral[26]:
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Where the W is Wide of Wire, oD is Outer Diameter, sP is Space
between wires,Θ is Radius vector angle.
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Figure 4.4: A part of a circular coil

In a circular spiral coil, as the angle increases, the radius increases as
well. The radius value of each part is variable relative to the center point.

According to the polar integration formula to calculate the length of
such spiral can be expressed as:
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(4.3)

Provided the derivation of the function r is continuous throughout the
whole interval <0, 2πn>.

4.2.3 Resistance

Plane spiral inductor is formed by winding a wire which has a small
resistance. When the current flow through the coil, a heat loss will be
generated. The resistance value is a important parameter which
determine the efficiency of the wireless power transfer as well. Planar
spiral coils made of different materials will have different resistance
values.

Coil with etching in transmitter:

The calculation of the planar spiral coil resistance can be equivalent to
the resistance value of the wire whose length is equal to the total length
of the coil. The cross-sectional area of the wire is equal to the product of
width W and height H.
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S
lengthρ coppert R (4.4)

Figure 4.5: The model of wire
Coil with etching in receiver:

Since the printed material is a kind of semiconductor made with silver
paste, the electrical conductivity will be less than that of copper.

S
lengthρ printt R (4.5)

4.2.4 Q factor

When discussing the performance of the inductor, Q is a important
indicator of measurement. The higher value of the Q which we get, the
performance of the inductor is closer to the ideal lossless inductor. In
other words, This means it is more selective when used in resonant
circuits. Another benefit of high Q is low loss, which means less energy
is consumed by the inductor.

Q factor formula:

R
LQ w (4.6)

Therefore, parameters such as the number of turns and line width that
affect the inductance and resistance will also affect the Q factor. That
mean, if the value of Q factor is big, the inductance of the coil is large or
the resistance of the coil is small. For a wireless power converter, the
inductance value of the coil is the most important parameter. The bigger
inductance value of the coil, the more energy can be transferred.
Therefore, it is necessary to discuss the relationship sheep between coil
inductance and coil parameter, Q factor and coil parameter.
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4.2.5 Coil parameters with Q , L

Different value of line width, number of turns, and inner diameter are
experiment in the simulation. In the simulation process using a single
variable control method can be very intuitive to demonstrate the impact
of the results with different parameters. Although this requires extensive
data testing and documentation, this approach can be applied in more
detail.

The inductance of a planar spiral coil is determined by three parameters,
the inner diameter, width of wire and the number of turns. The
resistance of the coil is determined by the length and width of the coil.
Coil inner diameter and number of turns are also key factors affecting
length.

It can be noticed from the calculation formula of Q factor that the factors
affecting the Q factor are the coil inductance and the coil resistance.
Therefore, the inner diameter of the coil, turns and coil width are
important parameters that affect the Q factor.

Number of turns and Q, L

Figure 4.6: Effect of turns on Q factor and inductance

As demonstrated in the Figure 3.17, Q factor and Inductance value of the
coil increase with increasing number of turns. The Q factor shows a
positive correlation with the number of turns. Obviously, the
relationship between the number of turns and the Q factor are almost
linearly. Oppositely, when the number of turns increase, then growth of
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the inductance is fast. With the growth of the N, the slope of the red line
is bigger and bigger.

That mean, to compare with Q factor, the inductance value will get more
influence from the increasing number of turns. On the other hand, a
large number of turns is better for the wireless power converter.

Coil width and Q,L

Figure 3.18 shows the relationship between the coil width and Q,L. It
can be concluded from the slope of the straight line that the coil width
has a greater impact on the Q factor than the turns ratios. But the range
of increase in inductance is from 0.5uH to 2.5uH. The coil width has
little effect on the inductance of the coil.

When the width of the line increases, the variation of Q factor is large.
Relatively, the value of inductance increases very little. According to the
formula of coil resistance, the larger the wire width used, the smaller the
resistance will be got, and the Q value will increase. In order to reduce
the heat loss of the coil, the resistance of the coil should be lower, which
means that the width of the line should be larger.

Figure 4.7: Effect of width on Q factor

Inner diameter and Q,L

As Figure 3.19 shown below, the inner diameter has a relatively small
effect on the Q factor and inductance. Therefore, a relatively small inner
diameter should be chosen to prevent the coil form from being too large.
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Figure 4.8: Effect of inner diameter on Q factor

It is obviously to get the conclusion from the above three diagrams: As
the three parameters of turn number, line width and inner diameter
increase, the inductance and Q value increase at the same time.

In this case, the number of turns and the width of the line have great
influence on the Q value. When the turn number increases, the
inductance value of the planar spiral coil increases greatly. However, the
output power of the whole system is about 15W. Therefore, the
transformer coupling coil does not require excessive inductance. The coil
inductance is designed to be about 1uH.

4.3 The model of power loss

In this project, the best efficiency is determined by the how much energy
can be transferred. In another word, how much energy loss will emerge
is the essential thing which should be considered. Therefore it is
necessary to identify where the largest electrical losses are located.

A summary of power loss will be presented. The power lose in switch
and power loss in rectifier will be calculated with the circuit current
which is already measured. Coils heat loss should be considered as well.

All losses in the circuit are RMS, and all the power calculated is active
power. Because the transformer coil is a planar spiral inductor which, it
contains inductance value, resistance value and parasitic capacitance
value. Therefore, all calculations use impedance values of planar spiral
inductors.
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4.3.1 Power triangle

Active power

In AC voltage supply circuits, instantaneous power varies with time.
The planar spiral inductor contains resistance value, inductance value
and capacitance value, while inductance and capacitance do not
consume active power. So active power is the power consumed by
resistance in the two terminal network.

cos IUP (4.7)

Reactive power

Many electrical equipment works on the principle of electromagnetic
induction. The electric power needed to establish alternating magnetic
field and induction flux is called reactive power. Because inductance
coils have inductance values and capacitance values, they do not
consume energy, but there is energy exchange between them.Therefore,
the total reactive power of the circuit is the algebraic sum of all the
inductance and capacitance reactive power.

sin IUQ (4.8)

Apparent power

The rated apparent power of electrical equipment is equal to the product
of rated voltage and rated current, that is, S=U * I. The relationship
between active power P, reactive power Q and apparent power S is:

P
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(4.9)



Power on paper Model
Mingxuan Zhao December 11, 2018

34

Figure 4.9: The power triangle

4.3.2 Power loss in switch

The loss of the switch can be divided into Conduction losses, Gate
charge losses and Switching losses. Conduction losses is the loss when
switch is working at conduction model. Switching losses is the loss
when the switch is turning on and turning off. Supposing the
conduction resistances of S1 and S2 are the same, represented as DsonR ,
the conduction loss is calculated as

2
DSsoncon I2  DRP (4.10)

Where the sonDR is Drain-to-Source On Resistance, sDI is Drain-to-Source
Current;

Considering that the turn on and turn-off time is very short, IDS may be
treated as constant during the turn-off process. We can assume that the
current through S1 is linearly reduced from Iswi_pk to 0 in the turn-off
time duration Tf . The turn off current is expressed as
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Supposing the currents through the output capacitors of S1 and S2 are
identical, the voltage across S1 during the turn-off process may be
obtained by
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Thus, the total turn on and turn-off loss of the two switches is calculated
by

Coss

swoffonpk
turn

fTTP
24

)(I 2
_swi

2 
 (4.13)

Where the swi_pkI is Peak value of the magnetizing current,  offT is Fall
Time, onT isRise Time, wf is the Frequency of the control signal, ossC is
Output Capacitance;

The Gate charge losses of S1 and S2 is obtained from

swGGS fQVP gate (4.14)

4.3.3 Power loss in rectifier

There is also a conduction loss when the rectifier diode is operating.
There are four diodes in full bridge rectifier should be considered and
two diodes conductive each time.

Conduction losses:

2Ioutforwardcon VP (4.15)

4.3.4 Power loss in coils

The inductor is actually a very long wire, so it has a certain resistance
value. When the current flow past the coil, the coil will produce a heat
loss.

Primary coil heat losses:

2cospcoil
2

scoilloss  ZIP D (4.16)

Secondary coil heat losses:

2cosscoil
2

scoilloss  ZIP D (4.17)
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5 Implementation
5.1 Coil realization

In the design of the primary side circuit, a simple PCB board will be
used. Acid etching is commonly used to make simple PCB boards.
Before characterizing the circuit on the PCB board, the circuit layout will
be made and select the appropriate size components firstly.

Figure 5.1: The PCB layout of primary circuit

The PCB layout of primary circuit is divided into two parts: half bridge
control circuit connecter and planar spiral inductor coil. Four green
holes and two diodes, and an output capacitor are combined into a half
bridge circuit connector. Diodes are used to protect switches in half
bridge circuits. Half bridge input circuit is controlled by single chip
microcomputer.

The planar spiral inductor adopts a circular structure. The outer side coil
point of the spiral inductor is connected to the output capacitance C1 of
the circuit. The inner side coil point of the spiral inductor is connected to
the half bridge input circuit.
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When the primary side circuit board is designed, components in half
bridge control circuit connecter should be as close as possible. If the
components are not designed tightly, more longer wires will be selected
in the circuit. Parasitic capacitance can occur between the wires and the
wires which passed with high-frequency signals that will affect the
result. Cable should try to avoid having a right angle shape. In principle,
right-angle alignment changes the line width of the transmission line,
resulting in discontinuities in impedance.

Figure 4.2 is the primary coil and connecter which fabricated with
etching. Connect the coils to both sides of the primary circuit. The
components are soldered on the PCB board.

Figure 5.2: The fabrication of transmitt

Figure 4.3 shows the parameters of planar spiral inductors in etching
and simulation. Obviously the resistance value of planar spiral inductors
in simulation are smaller than those actually made. But the inductance
value in simulation is larger than actually made. But the difference
between the simulation value and the actual value is not very big.

Table 5.1: Primary coil parameters
Inductance Resistance Leakage inducatance

Simulation value 2.7u 0.5Ω 0.78u
Actual value 2.36u 0.7Ω(AC) 0.2u

According to the data in the coil and secondary circuit simulation, the
secondary circuit is designed using the software "EAGLE". The receiver
layout is shown in Figure 4.3. Receiver circuit which will be fabricated
with printing in the photo paper with silver ink . The secondary circuit
model looks like a combination of Musical Symbols and
‘MIUN‘ Patterns. Receiving circuit can be divided into three parts: the
receiver coil part, the rectifier part and the load part.
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Figure 5.3 : The layout of receiver

Receiveing coil is 3 turns planar spiral inductor. Rectifier is a full bridge
rectifier and a capaciter as a filter circuit. In order to ensure that the
output voltage can withstand 40v, the load part needs to connect 12 LED
and a resistor which can be adjusted. According to the surface resistance
formula, make the red line wider to reduce the resistance.

Surface resistance formula:

width
lengtho


RR (5.1)

Figure 4.4 : The receiver with printing

Load
part

Coil
part

Rectifier
part
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In order to make the printed circuit conductor resistivity lower, more
layers of ink can be covered that will increase the thickness of the ink
which can reduce the resistance, also reduces the heat loss on the wire.

Table 5.2: Secondary coil parameters
Inductance Resistance Leakage inducatance

Simulation value 0.65u 4.5Ω 0.34u
Actual value 0.56u 2.4Ω(AC) 0.136u

5.2 Parameters for the resonance circuit

In order to reduce energy loss and increase the efficiency of wireless
energy transfer system, a resonant circuit is added to the transmitter.
When the resonant frequency of the resonant circuit equals the input
signal frequency, the phase of the resonant inductance and the resonant
capacitance cancel each other. The output voltage and efficiency have
maximum values.

After determining the parameters of resonant inductance, different
resonant frequencies can be obtained by changing different capacitance
values. Figure 4.6 shows the efficiency of a wireless power transmission
system at different resonant frequencies.

Figure 5.5 : Resonance frequency and Efficiency
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Unexpectedly, the wireless power transmission system has the
maximum efficiency when the resonance frequency is 2.57 MHz. But the
input signal frequency is 2.78 MHz. The system does not achieve
maximum efficiency when the resonant frequency is equal to the input
signal frequency.

Through the analysis of the circuit, the two input capacitors in the circuit
and the parasitic capacitors in the switch will have an impact on the
resonant circuit. The equivalent capacitance circuit of the transmitter is
shown in Figure 4.7:

Figure 5.6 : The equivalent capacitance circuit

Capacitor C1 is the parasitic capacitance of switch 1 and C2 is the
parasitic capacitance of switch 2. Capacitor C3 is a resonant capacitor.
Capacitors C4 and C5 are input capacitors of half-bridge circuits.So the
total capacitance of the transmitter circuit is:

54321
_

111
CCCCC

C newresonance





 (5.2)

The resonant frequency calculated by the newly obtained resonant
capacitor Cresonance_new and resonant inductance is exactly equal to
2.78 Mhz. This is why when the resonant frequency is 2.57 MHz, the
wireless power transmission system can achieve maximum efficiency.

5.3 The realization of WPT

In this project, the transmitter which designed with etching will transfer
the energy to the receiver that fabricated with printing on paper
between the air core. According to the principle of electromagnetic
induction, a changing current produces a changing magnetic field. A
changing magnetic field can transfer energy in the air.
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Figure 5.7: Turning on LED with wireless way

As it is shown in the picture4.8, LED are lighted up in the output while
the transmitter close to the receiver. In order to prove the power
converter is working correctly， it is necessary to test the voltage and
current wave of the transmitter and receiver. Moreover, compare the
testing voltage and current signal waveform with the simulation.

Figure 5.8: The simulation coil voltage of both side

Figure 5.9: The experimental coil voltage of both side
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The RMS voltage value of primary side coil in experiment is almost 34V
and 30V in simulation. The peak value of the secondary coil is 25V in
both simulation and experiments. The input square wave signal passes
through the resonant circuit and becomes a sinusoidal wave signal.
Therefore, the sinusoidal wave formed in the primary coil is also
sinusoidal wave transmitted to the secondary coil.Because the
simulation does not fully consider the distribution parameters in the
circuit (wire inductance, distributed capacitance between wires ... etc.).
The "jaggies" in the actual peak waveform are due to these distribution
parameters in the circuit.
The current RMS value of primary are 1.36A and 0.6A in secondary side
in simulation. But the current in experiment is relative large which are
1.5A and 0.7A. Because in the experiment, all parts of the secondary
circuit are printed with silver conductive ink. Therefore, the impedance
of the actual circuit is larger than that of the simulation. In addition, the
parasitic inductance will also be generated by the resonant capacitor in
the primary side resonant circuit, resulting in a larger actual current
than the simulation current.

Figure 5.10 : The simulation coil current of both side

Figure 5.11 : The experimental coil current of both side
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6 Result
The project is aimed to design a receiver which has a printed pattern
with a spiral coil operating with a rectifying circuit (standard
component mounted on printed tracks) and power LED distributed over
an area of suitable size. The pattern will be screen printed with silver-
based ink on paper and plastics and the components mounted with low-
temperature solder or conductive adhesive. A transmitter which
designed with suitable coil and a half bridge converter circuit need to be
fabricated as well.

It is necessary to test and find maximum efficiency for a power
converter which I designed in this project. When the converter is
working, it should be characterized all of its parts in order to identify
where the largest electrical losses are located.

6.1 Parameters for best efficiency

In order to fully studythe efficiency of this project, it is better to use a
resistor instead of LED as an output load. Definitely, different resistor
value of the load will have different efficiency when the power converter
is working. The duty cycle of the switch control signal will influence the
efficiency as well. Different switching duty cycles can result in different
voltage and current waveform. This affects the energy loss (switching
losses, rectification losses, etc.) during the transfer.

Therefore， it is necessary to make a varies of experiments and data
testing to test the different value of the resistor and the duty cycle of
switch signal, so we can get the best efficiency of the power converter.

6.1.1 Duty cycle and efficiency

In general, the duty cycle is the ratio of the switch on time and the work
cycle time.

OFFON

ONON

TT
T

T
TD


 (6.1)
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Because of the large duty cycle, the switch turn-on time increases. The
drain-source voltage and the current are also low, and the switching loss
is reduced which compared with low duty cycle. If the duty cycle
exceeds 50%, the rise time of the inductor current is greater than 50% of
the entire cycle. Then the current fall time is less than 50% of one cycle.
In a short period of time, the energy of the inductor is not completely
released.

In addition, because the transmitter uses half-bridge converter which
two switches turn on and off alternately, the duty cycle should not
exceed 50%. Considering the interaction of various components in the
circuit, the rise and fall time of switching voltage and current will be
affected. Therefore, it is necessary to ensure the duty cycle is less than
45%. The remaining 5% is used as a safety margin.

Figure 6.1 : The efficiency as function of duty cycle

As shown in Fig. 5.1, when the duty cycle of the switch is 42%, the
wireless transmission power system has the highest efficiency.

6.1.2 Efficiency and load

The purpose of the experiment is to turn on the LED light at the load
side. Because the LED lamp is a light emitting diode, it is not convenient
to measure the output power. Therefore, replacing the LED lamp with
pure resistance can help to better explore efficiency. For the purpose of
exploring the best efficiency of wireless energy transformation to paper
and ensure the best efficiency, the different resistor value of load should
be tested.
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Figure 6.2 : The efficiency as function of load resistance

When the load is 60 Ω, the efficiency is the highest. With the increase of
load resistance, the efficiency will decrease gradually. This shows that
the designed paper-printed wireless power transmission system is more
suitable for low-load, low-power products. The parameters of each part
of the wireless energy transfer circuit are shown in Figure 3.4.

Talbe 6.1 : The parameter of the circuit
Parameters Value
Duty 40%
R 60Ω
Lp 2.36μH
Rp 0.7Ω
Llp 0.2μH
Ls 0.56μH
Rs 2.4Ω
Lls 0.13μH
Fswi 2.78Mhz

Where the Duty is he duty cycle of switch signal, Fswi is the frequency
of switch signal, R is the load,Lp is the primary coil inductance, Rp is the
primary coil resistance, Llp is the primary coil leakage inductance, Ls is
the secondary coil inductance, Rs is the secondary coil resistance,
Lls is the secondary coil leakage inductance.
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6.1.3 Efficiency and distance between transmitter and receiver

In order to ensure maximum efficiency in energy transfer, it is necessary
to determine the optimal distance as well.

Figure 6.3 : The efficiency as function of the distance between
transmitter and receiver

When the transmitter is closer to the receiver, efficiency is increased. The
line of magnetic force is generated by the current flowing through the
wire and emitted in all directions. The farther the receiver from the
transmitter, the less magnetic induction lines that can receive and the
lower the efficiency.

Another reason is that the fewer inductance lines received by the coil at
the receiving end, the fewer inductance values involved in energy
transfer, the larger leakage inductance and the smaller mutual
inductance. The leakage inductance at the transmitter also increases.
This leads to resonance mismatch. The resonant frequency is different
from the input frequency.
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6.2 The efficiency and power loss

Efficiency is the ratio of output power to input power and the only
indicator to evaluate a wireless power transfer converter. While
exploring the size of efficiency, determining where energy loss is located
can help improve wireless energy converters and increase efficiency as
well.

Table 6.2 : Power and loss in converter with resistor load
Power Parameters Value
Pin Vin=25v Vin×Iin=14.5w

Iin=0.58A
Pout Vout=25v (Vout)²÷Rload=10.68w

Rload=60Ω
ŋ Pout÷Pin=72%

Ploss switch Pcon=0.15w Pcon+Pturn+Pgate =
0.508wPturn=0.3w

Pgate=0.058w
Ploss rectifier Vf=0.55v Prec=0.5632w

Ploss primary coil Ip=1.5A Pcoil1=1.5w
Rp=0.7Ω

Ploss secondary coil Ir=0.7A Pcoil2=1.176w
Rr=2.4Ω

The best resistance value of the load and duty cycle will be applied in
the process of power transfer and identify where the largest electrical
losses are located.

The loss of the entire circuit is the summation which is added with coil
loss, switch loss and rectifier loss. So the total loss of the power transfer
is 3.8w which the coil loss is the most loss in the wireless power
converter. The efficiency is almost 72% while the 60Ω as the load and
the duty cycle of the switch control signal is 42%.
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6.3 Comparison

In order to verify the feasibility and limitations of the designed wireless
power transmission device, the data of the simulation and
measurements make a comparison. The comparison of the parameters
between the simulation and measurements is shown in the figure 39.

Table 6.3 : Comparission between the simulation and measurements
Parameters Value of

simulation
Value of print
on paper

Vin 30v 25v
Iin 0.45A 0.58A
Rload 60Ω 60Ω
Icoilp 1.36A 1.5A
Lp 2.36μH 2.36μH
Rp 0.7Ω 0.7Ω

Lleakp 0.2μH 0.2μH
Ls 0.56μH 0.56μH
Rs 2.4Ω 2.4Ω

Lleaks 0.13μH 0.13μH
Pcoilloss 2.38w 2.98w
Pswiloss 0.56w 0.5w
Precloss 0.168w 0.56w

Best efficiency 77% 72%

In the simulation the input voltage is a little bit higher than the input
voltage of the measurement. The input current of the simulation smaller
than the measurement. The input power in simulation is 13.6W which is
smaller than input power in measurement.

In practical circuits, all secondary circuits are printed with conductive
silver paste. This leads to secondary loads that are actually greater than
60 ohms. Compared with the simulated input current, with the increase
of load, the current flowing through the primary coil will also increase,
and the input current in the measurement will also increase.

In the absence of magnetic materials, the primary and secondary coils
must be tightly coupled to transmit energy in air medium. However,
because the shape and material of the primary side and secondary side
coil are not the same in design, it is very difficult to make the coil tightly
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coupled. As the magnetic field of the coil diverges around, a little gap
between the primary and secondary coils will greatly affect the transfer
of energy, which affects the size of the circuit current. This is also the
reason why the value of coil current in simulation is small in actual
measurement.

Obviously, because the primary coil current and secondary coil current
in the simulation are less than those in the measurement, the coil loss in
the simulation will also be less than that in the experiment.

On the other hand, when conductive silver paste is printed on other
substrates, the efficiency of the whole wireless energy transmission
system remains basically unchanged. When plastic and paper are used
as substrates, the parameters of the radio power transmission system are
shown in the following table:

Table 6.4 : Comparission between the paper basement and plastic
basement

Parameters Value of print
on plastic

Value of print
on paper

Vin 30v 25v
Iin 0.58A 0.58A
Rload 60Ω 60Ω
Icoilp 1.46A 1.5A
Lp 2.36μH 2.36μH
Rp 0.7Ω 0.7Ω

Lleakp 0.2μH 0.2μH
Ls 0.57μH 0.56μH
Rs 2.4Ω 2.4Ω

Lleaks 0.13μH 0.13μH
Pcoilloss 2.96w 2.98w
Pswiloss 0.51w 0.5w
Precloss 0.55w 0.56w

Best efficiency 71% 72%
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6.4 Discussion

In this project, a wireless power transmission device based on flexible
circuit is designed. The half-bridge converter based on inductance
coupling is adopted in the wireless power transmission scheme. The
inductance coil is a circular planar spiral inductance.

The output power of the whole wireless power transmission equipment
is 10.68w and the efficiency is 72%. The expected output power is not
achieved. The main reason is that the printed planar spiral inductor has
a large resistance value compared with the common copper planar
spiral inductor. When the input power is increased, the planar spiral
inductor printed on paper will cause a great heat loss. While affecting
the transmission efficiency, it will also lead to paper overheating
deformation. The printed inductance resistance is about 2.5Ω , and the
copper inductance resistance of the same shape is only 0.2Ω. This shows
that the printed circuit still has great limitations.
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7 Conclusion
In the process of manufacturing the wireless energy transfer receiver, an
etching method and screen printing method were studied. The receiving
device made by etching is based on photo paper. The receiving device
made by screen printing is based on paper and Conductive Silver Epoxy
as the circuit material.

Because of the material parameter, the equivalent resistance of the
circuit made by copper is small. On the contrary, because the
conductivity of conductive silver epoxy is lower than copper, the
equivalent resistance of the circuit is very large. Thus, the efficiency of
the wireless energy transfer system made by printing method is only
70%.This is also the shortcoming of printed circuit on paper. The price of
conductive silver paste is also relatively expensive.

On the other hand, the wireless energy transfer system using air as the
transmission medium makes the whole device light in the absence of
magnetic conductive materials. In addition, circuit printing on paper
makes the whole equipment more portable. Paper-based circuit systems
can also be more widely used.

The positive aspect is that using paper as the base of wireless power
transmission device has no significant influence. This is very worth
believing in the future work, through the improvement of the device, the
efficiency will be further improved.

Flexible printed circuit based on radio power transmission system is a
new research direction in the field of electronics. The experiment shows
that the printed flexible circuit has good conductivity and is also
portable. It is suitable for some special fields of electronic industry. For
society, this paper printed flexible circuit is very environmentally
friendly, and will not cause great pollution. With the in-depth study of
flexible printed circuit by scholars, there will be more and more new
developments in the field of electronics.
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8 Future work
The spiral coil could be manufactured into a flat shape to reduce the
product weight. In this project, we explored the combination of a half-
bridge converter and a planar spiral inductor. Although the function of
the wireless energy transformer is realized, some details still need to pay
attention and consider again in future work.

Therefore, determining the position of the two coils is the key to the next
study. In other words, how the energy is transmitted between the
radiation coil and the receiving coil should be further explored. For
example, the magnetic induction line between the transmitting coil and
the receiving coil can be simulated. In this way, the best position of the
two coils can be found, which has the maximum energy transfer and the
maximum efficiency.

It also shows that when the secondary coils printed on paper are
deformed, the energy transfer between the coils wasaffected and the
efficiency was reduced. Measurements on deformed secondary coils
should be further performed to improve the efficiency in our system. In
addition, the application of paper printing can also be the future
research area
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