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ABSTRACT

KEYWORDS: Inductive Power Transfer; Smart Watch; Receiver Detection; Wire-

less battery charging; loosely coupled transformer.

Modern smart watches have high energy requirements and needs to be recharged regu-

larly. The preference for water resistant watches in the market rules out direct charging

through a charging port. A contact less watch battery charging system using inductive

power transfer (IPT) method is proposed in this thesis.

Wireless battery charging modules currently available for mobile phones and simi-

lar gadgets packaged in a non-conductive casing are not suitable for wrist watches with

conductive back plate. The high frequency magnetic field generated to transfer power

cannot pass through the conductive back plate. The limited space inside the watch can-

not accommodate all the components needed to establish a communication link between

the charger and the receiver. No non-contact charging system is currently available for

wrist watches with metallic back plate.

The proposed system operate at a frequency well below the limit set by skin effect.

The developed can charge batteries of various voltage levels like 3.6 V, 3 V, 2.3 V and

1.5 V. It can detect the presence of an IPT enabled watch when it is kept on top of it and

start charging. It will automatically stop charging once the watch is removed from the

charger or when the watch battery is fully charged. It can also detect the type of battery

inside the watch and charge it accordingly. All this is achieved with minimal extra

components inside the watch. A prototype system has been developed and tested, It can

transmit power at a maximum efficiency of 35.2%. The currently available systems for

low power transmission upto 5 Watts through non metallic surfaces has efficiency close

to 60%.
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Lp Primary coil
Ls Secondary coil
M Mutual inductance between primary and secondary coil
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fCH Charging frequency
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ILp Current through Lp

Pin Input Power to the IPT charger
Pout Output Power across the load
Pcopper Total Copper loss
Pcore Total Core loss
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CHAPTER 1

INTRODUCTION

Smart watches with added features like health monitoring, music player etc. have in-

creased energy requirement, demanding the watch battery used, to be recharged on a

regular basis. Direct charging (like in a mobile phone) of the watch battery requires

a charging port, to make direct electrical contacts with the battery circuit. This is not

viable in water-resistant/tight watches, which are preferred in the market. Therefore,

contact less/wireless transfer of power [1],[2] to the rechargeable battery inside the

watch is a choice.

Although wireless battery charging modules are available [3] - [6] for mobile phones

and similar gadgets packaged in a non-conductive casing, they are not suited for wrist

watch with conductive (metallic) back plate/cover. These transmit power through mag-

netic fields at high frequencies typically in the range of 100 kHz and above. Due to skin

effect, these fields cannot pass through the metallic back plate. So the charger has to

be operated at a lower frequency. To induce the same voltage in the receiver coil, we

will now have to increase the number of turns in the coil which increases the size of the

coil. This coil along with the associated circuitry for rectification and for communica-

tion between the charger and the receiver will not fit within the limited space available

inside the watch.

When a conductive plate is present in the magnetic path of IPT, excitation at super

low frequencies (e.g., 50 Hz) has been proposed in [7] for applications within closed

metal walls. At such frequencies skin effect does not come in to play. But the magnetic

field required to induce the required input voltage will be very high as the number of

turns in the receiver is limited by space constrains inside the watch and this can disturb

the operation of the watch.

The proposed system operate at a much higher frequency which is within the limits

set by skin effect. A suitable magnetic path is provided to guide the magnetic field away

from the watch movement. The receiver circuit is designed to fit within a diameter of 20

mm with a thickness of 2.3 mm. The charger can detect the presence of an IPT enabled



watch and will start charging only when it detects one. It stops charging once the watch

is removed from the charger and when the watch battery is fully charged. This ensures

that no magnetic field is produced around the charger when watch is not present and

also a low idle state power consumption. It is also able to detect the type of battery

inside the watch. The battery can either be a low power battery with capacity in the

range of 10 mA-h or a high power battery with capacity in the range of 150 mA-h and

above. Both have different charging requirements and must be charged accordingly.

1.1 Wireless Power Transmission

Today wireless charging is available for a variety of devices. The amount of power

that is be transmitted varies from 5 Watt (for mobile phones) to several kilo Watts (for

electric cars). Fig 1.1 shows a mobile phone kept on a wireless charging pad. The

power requirement of a smart watch is comparable to that of the mobile phone. The

transmitter is kept inside the charger and is powered by a 19 V adapter. The receiver

coil and the associated circuits are kept inside the mobile phone near its back cover and

the power is transmitted through the plastic case.

A low power wireless power transmission module is shown in Fig 1.2. These can be

used for charging mobile phone batteries connected to a suitable receiver circuit. They

can transmit power in the range of 5 W through non conductive surfaces.

Figure 1.1: Wireless charger for mobile phones [8]

1.2 Equivalent Mathematical Model

A simplified wireless charging system is shown in fig 1.3. The transmitter and receiver

coil are inductively coupled. Coupling factor is usually low for these systems. The

transmitter coil is excited by a voltage source which produces a magnetic field, a part

2



Figure 1.2: A low power wireless transmitter module for transmitting power up to 5
W. The planar transmitter coil and the excitation and control circuits can be
seen. [9]

of which links the secondary coil and induces a voltage in the receiver. The equivalent

circuit of the contact less transformer is shown in Fig 1.4 as given by [10]. Lp and Ls

are the primary and secondary winding with resistances Rp and Rs respectively. Series

capacitance Cs improves the power factor as seen from the driving circuit. A parallel

capacitor Cs is added in the secondary side and this topology is referred to as series

compensated primary and parallel compensated secondary (SP) in [11]. The secondary

side can be represented as a reflected impedance in the primary side as shown in Fig

1.5.

Figure 1.3: Wireless charging system

The reflected impedance Zr is given by (1.1). Here M is the mutual inductance, ω

the input frequency and RL the load resistance. The input active power is dissipated

across the primary coil winding resistance Rp and ReZr. The power across ReZr is

transferred to the secondary where a part of it is dissipated across the secondary coil

3



Figure 1.4: Equivalent circuit

Figure 1.5: Primary circuit with the reflected impedance Zr

winding resistanceRs and remaining across the load [10]. The maximum power transfer

to the secondary side using minimum input VA occurs when ω2CsLs is unity.

ReZr =
ω2M2RL

R2
L(ω2CsLs − 1) + ω2L2

s

ImZr =
−ω3M2[CsR

2
L(ω2CsLs − 1) + Ls]

R2
L(ω2CsLs − 1) + ω2L2

s

(1.1)

When the transformer is excited at this frequency, the secondary side is in resonance

and the current through the coil is high. To allow this current, thick copper wires have to

be used. The maximum frequency with which power can be transferred to the receiver

side is limited by skin effect of the conductive watch back plate and therefore to induce

the required voltage in the receiver the number of turns have to be increased. The space

available inside the watch is small and hence it is not possible to use coil made of

thick copper wire with large number of turns. So to reduce the coil current and thereby

the copper wire thickness the charging frequency is kept below the secondary resonant

frequency. This secondary resonant frequency is used for watch detection which is

discussed in detail in chapter 3.

The overall efficiency of the contact less transformer is given by η = ηpηs, where ηp

4



is the efficiency of the primary side and ηs the efficiency of the secondary side given

by (1.2). The primary side efficiency can be increased by increasing ReZr (by keeping

ω2CsLs as close to one as possible) and by reducing Rs. The secondary side efficiency

depends on the RL and is high for low values of RL.

ηp =
ReZr

ReZr +Rp

ηs =
RL

RL +Rs +RsR2
Lω

2C2
s

(1.2)

1.3 Battery Charging Profile

The low capacity low voltage batteries and the 3.6 V batteries have completely different

charging profile. The charging current of the 2.3 V battery comes down very quickly

and is below 0.5 mA for most of the charging period. From a fully discharged state the

battery can be charged to a reasonable level in 5 hours. The 3.6 V Lithium ion battery is

charged at constant current for some time after which it is charged at constant voltage.

A battery management IC is used to charge the 3.6 V battery and it can automatically

switch from the constant current mode to constant voltage mode. The charging profile

is shown in Fig 1.6 and 1.7.

Figure 1.6: Charge profile of a 2.3 V battery [12]

The secondary side efficiency of the transformer depends on the load current and it

reduces as the current decreases. The efficiency can be very low while charging the 1.5

5



Figure 1.7: Charge profile of 3.6 V battery [12]

V, 2.3 V or the 3 V batteries.

1.4 Organization of Thesis

Chapter 1 gives a brief introduction about the scope and objectives of this project. The

equivalent mathematical model and the charging profile of batteries is discussed. In the

second chapter, the design of the magnetic circuit including the core and the winding

details are given. The transmitter and receiver circuit designs and the circuit diagrams

are also given.

In chapter 3, the implementation of the various features of the proposed IPT charger

are presented. In chapter 4, a detailed study of the efficiency of the system under dif-

ferent conditions is given. The actual waveforms observed during watch detection,

removal and charging completion are also presented.

In chapter 5, the conclusion and scope for future work is presented.
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CHAPTER 2

DESIGN OF THE IPT SYSTEM

2.1 Basic Schematic

The watch to be charged has to be placed on the charger as shown in Fig.2.1. The

charging unit has a primary coil which is magnetically coupled to the secondary coil of

the receiver unit kept inside the watch as shown in Fig.2.2.

When the primary coil is excited from a suitable source, there will be magnetic field

lines coupled with the secondary coil as in a transformer and power will be transferred

to the receiver coil, which is connected to the battery with suitable electronic modules.

The power required for the exciter unit will be taken from the supply mains (230 V,

50 Hz) followed by an AC to DC converter. The charger unit has an exciter circuitry

and a measurement and control unit. The receiver unit with required winding, magnetic

parts and electronic unit for rectification and voltage regulation and charging control

are arranged in a single module and kept inside the watch.

Figure 2.1: (a) Top view and (b) Side view of the charger unit with watch
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2.2 Magnetic Circuit Design

A simplified drawing of the magnetic circuit of the primary (in the charging unit) and

secondary parts (in the receiver unit) are shown in Fig.2.3. The ’U’ shaped cores were

used for both primary and secondary coil restrict the magnetic flux within the closed

loop. A top view of the receiver part of the watch is given in Fig 2.4. Other than the

core and coil, it also shows placement of some electronic components and ICs in a PCB

required for conditioning the induced voltage to charge the battery.

Figure 2.3: Magnetic Circuit (Side View).

Figure 2.4: Top View of the receiver.
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The magnetic circuit was first simulated using COMSOL. The flux density in the

core is plotted in fig 2.5 and was found to be high near the areas where the coil is

wound and low in the core limbs. Due to the presence of a large air gap (2.5mm on

either limbs ), the coupling between the two coils is low. Only a small portion of the

flux generated by the primary coil links the secondary coil. Hence for a given flux

density in the receiver core, the flux density in the transmitter core where the primary

coil is wound is high. Due to this, there is a possibility that the core may get saturated

and to avoid that PERMALLOY with a high saturation flux density value of 1.6 T is

used. The effective permeability of the magnetic core is also very low.

Figure 2.5: Flux density in the core.

2.2.1 Transmitter core

The transmitter coil is first wound over a bobbin. To make the ’U’ shaped core, ’L’ and

’I’ shaped PERMALLOY pieces of thickness 0.5 mm are stacked as shown in Fig 2.6.

The ’L’ shaped piece goes through the bobbin and the ’I’ shaped piece is kept at the

other end to complete the ’U’ shape. This is done to make the manufacturing process

easier. The laminations should be insulated by a layer of varnish to reduce eddy current

loss in the core. The dimension of the ’L’ and ’I’ pieces are also shown in Fig2.6. The

10



transmitter core dimensions are shown in Fig2.7. The bobbin dimensions are shown in

Fig 2.8.

Figure 2.6: (a) shows the ’L’ and ’I’ pieces forming the ’U’ shaped core. (b) shows the
individual piece dimensions.All dimensions in mm

Figure 2.7: Transmitter core dimensions. (a) Front view and (b) Side view. All dimen-
sions in mm

2.2.2 Receiver Core

The receiver core is made up by stacking a pair of small ’I’ shaped PERMALLOY at

either end of a larger ’I’ shaped piece of the same material as shown in Fig 2.9. The

pieces are held together by applying super glue at the edges. The coil is wound at the

centre of the core in the space between the small ’I’ pieces. The receiver coil dimen-

sions are shown in Fig 2.10

11



Figure 2.8: Bobbin Dimensions. (a) Front view, (b) Side view and (c) Top view. All
dimensions in mm

Figure 2.9: (a) shows the ’I’ shaped pieces forming the ’U’ shaped core. (b) shows the
individual piece dimensions. All dimensions in mm

Figure 2.10: Receiver core dimensions. (a) Front view and (b) Side view. All dimen-
sions in mm

12



Transmitter coil 

Receiver coil 

Figure 2.11: Transmitter and receiver coils developed

2.2.3 Coil Parameters

The coil parameters are given in Table 2.1. The inductance values are measured with

the receiver coil kept on top of the transmitter coil with an air gap of 2.5 mm between

them. The second coil is kept open when the inductance was measured.

Table 2.1: Transmitter and Receiver coil parameters.

Parameter Transmitter Receiver
No of turns 300 200

Wire gauge (SWG) 27 38
Inductance (mH) 12.1 1.5
Resistance (Ohm) 2.512 7.86

2.3 Transmitter Circuit Design

A simplified schematic diagram of the transmitter and receiver circuit is given in Fig

2.12. The primary coil Lp is excited from a DC source voltage using switches S1 to S4

which is connected in a H-bridge configuration. The control signals for these switches,

φ1 and φ2 are generated by the MCU. A capacitor Cp is connected in series with Lp and

13



together they form a series resonant circuit at a frequency fCH . This enables to pass

maximum current (for a given source with finite internal impedance) through Lp and

voltage across Lp will be maximum at this frequency. As this forms a band-pass filter

(with centre frequency fCH), the current through Lp and hence the magnetic field pro-

duced is sinusoidal in nature, rather than a square wave (that increases the iron losses).

Cp also improves the power factor of the load as seen from the exciter circuit.

Switch S6 and S7 are used to switch the excitation voltage between VCH and VD.

VCH is used when charger is charging the watch battery and VD is used when it is

searching for the watch. Each switch S1 to S4 has a freewheeling diode connected in

parallel for protection against voltage spikes across Lp during switching. Two zener

diodes are connected back to back parallel to Lp to limit the voltage across it. The

voltage vc at the node between Lp and Cp is given to the non-inverting terminal of a

comparator IC and its output along with the switching pulse φ2 is given to the AND

gate. The output from the AND gate is given to the MCU. The width of this pulse is

used for watch detection, watch removal detection etc. which will be explained in the

next chapter. The negative supply required for the comparator IC is generated using a

charge pump voltage inverter IC. The complete transmitter circuit diagram is given in

Fig 2.13.

2.4 Receiver Circuit Design

The voltage induced in the receiver part coil Ls is available across a capacitor Cs. An-

other capacitor Cs1 and a switch S5 can also be seen in the circuit. The voltage across

Cs is bipolar, which is converted to a uni-polar voltage with the help of a bridge rectifier

unit using the four Schottky diodes. The voltage drop across each diode is only 100mV.

This full-wave rectified voltage is then available across the capacitor CFL, which helps

to reduce the ripples as in a standard rectifier unit.

The rectified voltage is fed to a battery management IC, which controls the charging

process of the battery. Once the battery is fully charged, management IC will give an

indication by setting its STAT pin to high. This will close the switch S5, which will

bring capacitor Cs1 in parallel with Cs. This will change the resonant frequency (which

can be detected from the charging unit) and is used as an indication of completion of

14



Figure 2.12: Transmitter and receiver circuit schematic diagram.
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Figure 2.14: Transmitter circuit fabricated on PCB. The transmitter coil, the MOSFET
H-bridge, driver IC, MCU and the signal conditioning circuits can be seen.

the charging process. This feature is available only for watches with 3.6 V battery as

battery management IC is available only for this voltage level. The 33 kΩ resistor is

connected to the IC to set the maximum charging current as 30 mA.

For watches with 3 V, 2.3 V and 1.5 V batteries a timer based solution is provided

where the charger will automatically stop charging after 5 hours. These batteries usu-

ally take a long time to get fully charged 1.6 but in 5 hours they can be charged to a

reasonable level from a fully discharged state. The rectified output is fed to a voltage

regulator IC and then connected to the battery through a diode and a current limiting

resistor. A diode with a very low leakage current is selected to prevent the battery from

getting drained through the diode. The complete receiver circuit diagram is given in Fig

2.15 and 2.16.

2.5 Selection of Charging Frequency

IPT systems designed to transmit power through non conductive medium are operated

at high frequencies in the range of 100 kHz and above. At these frequencies the mag-

17



Figure 2.15: Receiver circuit for 3.6 V battery.

Figure 2.16: Receiver circuit for 3 V battery. This can also be used to charge 2.3 V and
1.5 V battery by changing the voltage regulator IC and the series resistor

Receiver coil and 

conditioning circuits 

Figure 2.17: Receiver circuit fabricated on PCB and fixed inside the watch.Picture taken
without back plate to show the receiver part
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netic field required to transfer a given amount of power is low which means the current

through the coil is low and hence copper losses would be minimum. But when power

has to transferred through a conductive medium we have to take into account its skin

effect also. The skin depth for a particular frequency is given by the (2.1) where σ

is the conductivity of the metal, µ0 the permeability of free space and µr its relative

permeability.

δ =
1√

πfσµ0µr

(2.1)

The watch back plate is made of stainless steel which can have a maximum µr value

of 7 and conductivity σ = 1.45 × 106 Ω-m. At f = 6000 Hz, which is the watch

detection frequency (fD), skin depth δ = 2 mm. The thickness of the watch back plate

currently used is 1.25 mm. The frequency chosen leaves enough margin to account for

the variability of these parameters. The watch is charged at 4200 Hz.
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CHAPTER 3

CHARGER FEATURES AND ITS

IMPLEMENTATION

3.1 Introduction

The IPT charger is designed to have the following features each of which is explained

in the sections below.

• Watch Detection

• Watch Removal Detection

• Charge Complete Detection

• Battery type Detection

3.2 Watch Detection

The IPT charger system should be able to detect the IPT enabled watch when it is kept

on the charger and only then it should start charging. This ensures that the magnetic

field around the charger is minimum when it is not charging. It also helps to bring down

the no load losses as the primary coil is not excited when charger is in idle state.

In the receiver circuit a capacitor Cs is kept parallel to Ls and this has a resonance

frequency fD. The bode plot of vc with and without Cs connected across Ls is shown in

Fig 3.1. There is a resonant peak in the phase plot at the frequency fD. Only a parallel

resonant circuit with resonance frequency close to fD can produce such a peak at that

frequency in the phase plot. To measure this phase angle the voltage vc is given to the

non-inverting terminal of a comparator IC and its output along with the switching pulse

φ2 is given to the AND gate. The output from the AND gate, vg is given to the MCU.

The on time of this pulse vg was found to be proportional to the phase angle and is



measured by the MCU. The bode plot is generated using LTSPICE, a SPICE simulator

from Linear Technology.

The waveforms φ1, φ2, vc and vg with and without Cs is shown in Fig 3.2.The pulse

width of vg is higher when Cs is present. If this width is within the threshold value,

the object kept on the charger is identified as a watch. The IPT charger was further

tested by placing coins, key chains etc. on top of it and only a receiver with resonant

frequency fD was detected as a watch.

Figure 3.1: Bode plot of vc with and without Cs . The phase angle at fD is measured
for watch detection

3.3 Watch Removal Detection

The charger should stop charging once the watch is removed from the charger. When

the watch is kept on the charger, the magnetic flux is restricted to the magnetic core and

once the watch is removed from it, a low reluctance closed path is no longer available

for the magnetic flux. The charger should now stop charging to reduce the field around

the charger.

The inductance of the primary coil will match the designed value only when the

receiver core is kept on top of it. When the receiver coil is removed, the magnetic path

provided by the core is now open and its reluctance increases, reducing the primary

coil inductance. This changes the resonance frequency at the transmitter side and the

21



Figure 3.2: φ1, φ2, vc and vg with and without Cs

phase plot shifts to the right as shown in Fig 3.3. The phase angle at the frequency fCH

increases, the pulse width of vg measured by the MCU exceeds the threshold and the

charger stops charging. The waveforms φ1, φ2, vc and vg with and without watch kept

on charger is shown in Fig 3.4.

The phase measured by MCU under different conditions is plotted in Fig 3.5. It

matches with the simulated results.

3.4 Charge Complete Detection

Once the charging is complete the charger should stop charging. This reduces the no

load power consumption of the charger, making the system more energy efficient.

22



Figure 3.3: Bode plot of vc with and without the watch on the charger. The phase angle
at fCH is measured for watch removal detection

Figure 3.4: φ1, φ2, vc and vg with and without the watch on the charger.
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Figure 3.5: Phase measured by MCU

When the battery is fully charged the STAT pin of the battery management IC be-

comes high. This will close the switch S5 bringing the capacitor Cs1 in parallel to Cs.

This makes the secondary resonance frequency lower than fCH and the bode plot is now

as shown in Fig 3.6. At fCH the phase measured will now be higher and if it is greater

than the threshold set, the charging is stopped. This feature is currently available only

for watches with 3.6 V battery. For lower voltage batteries, charging is automatically

stopped after 5 hours.

Figure 3.6: Bode plot of vc with S5 on and off. The phase angle at fCH is measured for
charging complete detection
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3.5 Battery Type Detection

The rechargeable batteries used in the watches can be classified into two types.

• Low capacity batteries typically in the range of 10 mA-h with a maximum charg-
ing current of 2 mA.

• High capacity batteries in the range of 120 mA-h or above. The 120 mA-h battery
permits a maximum charging current of 80 mA.

For low capacity batteries, since the charging current is low the total impedance

seen from the input side is low and hence the current flowing through the primary coil

is high. This in turn increases the magnetic field produced by the coil which increases

the eddy current losses in the metallic back plate causing its temperature to rise beyond

the allowed limit. To prevent this the charging current has to be reduced. This can be

achieved by increasing the charging frequency.The impedance seen from the input side

is now high, thereby reducing the current through the primary coil. For high capacity

batteries, the charging current is high and hence the impedance seen from input side is

high allowing it to be charged at a frequency close to the primary resonance frequency.

Therefore to prevent the overheating of the watch back plate it is very important

to detect the type of battery in the watch. The secondary resonance frequency for the

receiver circuit of watches with low power battery is set at a much higher value. When

the pulse width of vg is measured at that frequency, only these watches give a value

which is above the threshold and thus they can be detected by the charger. Thus the

same charger can be used for all the watches.

3.6 Charging Algorithm

The flowchart of the charging algorithm is given in Fig 3.7. During the search mode

a reduced voltage VD is applied to the primary coil to limit the magnetic field around

the charger. When the IPT enabled watch is kept on the charger, width of the pulse vg

is greater than the threshold set and the charger goes into charging mode. If after ’b’

iterations a watch is not detected the charger goes into standby mode. A reset switch is

provided to wakeup the charger to start searching for watch again.
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In the charging mode the excitation voltage is changed to VCH . When the IPT en-

abled watch is kept on the charger, the magnetic path is complete. Most of the magnetic

field is now through the core and that around the charger will be low. The width of

vg is measured after each 5 seconds. The width exceeds the threshold when either the

watch is removed from the charger or when the battery is fully charged and the charger

then goes back to search mode. If the watch has been removed the charger continues

in search mode finally goes into standby mode. But when the battery is fully charged

the charger still detects the watch during search mode and it goes into charging mode.

This is because during search mode the receiver coil output which is given to the battery

management IC is not high enough and the STAT pin output will be zero. This opens

the switch S5 and the resonant peak in the bode plot is now back. The width of vg

measured will be high and the charger goes into charging mode. Once in the charging

mode the STAT pin becomes high sending the charger back to the search mode. If this

process repeats for 3 times the charger assumes that the battery is fully charged and

stops charging.
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Figure 3.7: Charging algorithm flowchart
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CHAPTER 4

RESULTS AND EVALUATION

4.1 Results

The transmitter and receiver circuits were fabricated on a PCB and tested. The voltage

waveforms vg and vc were found to be consistent with the simulation results. These

waveforms under the different conditions were observed on the Tektronix MSO 2014

Mixed Signal Oscilloscope and are shown below.

Power Supply 

TI  Microcontroller 

Transmitter and 
receiver coils 

ELVIS proto typing 
board 

Excitation and 
control circuits 

Figure 4.1: Test setup showing the prototyping board, power supply, micro controller
and the excitation and control circuits

The transmitter circuit assembled on a PCB is kept inside a plastic box over which

the watch can be placed as shown in Fig 4.9 for charging. A receiver coil with its output

connected to an LED is placed on top of a charger and the glowing LED indicated that

the receiver is getting power from the charger, Fig 4.10.



Figure 4.2: vc and vg during search mode when Cs is not connected across the receiver
coil Ls. The same waveform is observed when a coin is kept on the charger.

Figure 4.3: vc and vg during search mode when an IPT enabled watch is kept on charger.
Width of vg increased when watch was kept on charger

Figure 4.4: vc and vg during charging mode when an IPT enabled watch is kept on the
charger. The width of vg is greater when the charger is in charging mode.
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Figure 4.5: vc and vg during charging mode when the watch is removed from the
charger. The pulse width of vg has now increased. The magnitude of vc
has also increased as effective impedance seen from input side reduced.

Figure 4.6: vc and vg during charging mode when watch battery is fully charged. The
pulse width of vg is greater than when in charging mode.
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Figure 4.7: The comparator output, and the switching pulse φ2 which are given as input
to the AND gate and its output vg plotted in that order when the watch is
being charged

Figure 4.8: The non overlapping switching pulses φ1 and φ2 generated by the MCU.
They drive the MOSFET H-bridge which powers the primary coil.

4.2 Efficiency Analysis

The major factors contributing to losses in the charger are copper losses in the windings

and the core losses. The power transmitted to the battery is low and hence these losses

become significant. The core loss is determined by no load test on the transformer. To

separate the core losses no load test is done at two different frequencies keeping current

through Lp same. The copper loss in the primary can be calculated from coil current.

These losses plus the output power is subtracted from the input power to the coil to

get the secondary coil losses (which is difficult to measure directly) and the loss in the

rectification stage inside the watch.
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Watch with receiver 

Charger 

Figure 4.9: The IPT enabled watch kept on the charger developed.

Figure 4.10: Receiver circuit with an LED connected at its output to show its operation
receiving power from the charger
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4.2.1 Core loss measurement

The core loss is measured by no load test. When a transformer is operated at no load

conditions, the current through the primary is low and hence core loss can be neglected.

The power measured across the coil is mainly the core losses. For a loosely coupled

transformer the no load current is high (due to low effective permeability of the mag-

netic path) and so the copper losses cannot be neglected. The current through the coil

is kept the same as that during the loaded condition so that the core loss will be same

in both the cases. The coil is excited at the charging frequency fCH = 4200 Hz. The

readings taken are given below.

Voltage across coil (VLp) 23.19 V

Current through coil (ILp) 121.3 mA

Power measured across coil (Pcoil) 142 mW

Power Factor 0.05

Primary winding resistance RLp 2.512 Ω

Copper loss Pcopper 36.8 mW

Core loss Pcore 105.2 mW

4.2.2 Separation of core loss

The core loss components include eddy current loss (Pe) and hysteresis loss (Ph). We

have
Pe ∝ (Bm)2f 2

Ph ∝ (Bm)1.6f
(4.1)

where Bm is the peak magnetic field in the core and f is the frequency. The experiment

is done at two different frequencies keeping ILp and hence Bm same. The core loss

can now be written as in (4.2) and this equation satisfies the Pcore measured for the two

frequencies. A is the proportionality constant for Pe and B that for Ph. The readings

taken are given in table 4.1. Solving (4.2) for these two frequencies, we get Pe as 62.5

mW and Ph as 42.63 mW at f = 4200 Hz. To reduce Pe the core laminations has to be
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insulated. This is yet to be done and once they are insulated Pe will come down.

Pcore = Af 2 +Bf (4.2)

Table 4.1: No load test for separation of core losses.

Frequency (Hz) VLp (V) ILp (mA) Pcoil (mW) Pcopper (mW) Pcore (mW)
3462 19.32 120.7 114 36.2 77.8
4200 23.19 121.3 142 36.8 105.2

4.2.3 Efficiency under loaded conditions

The efficiency of the charger was measured at fCH = 4200 Hz keeping a load resistance

RL of 98 Ω. The readings taken are given below. Since ILp is same, Pcore will be same

as that measured during no load test.

Pin 552 mW

VLp 22.33 V

ILp 121.1 mA

Pcoil 398 mW

Power Factor 0.15

Load resistance RLp 98 Ω

Pout 194 mW

Copper loss in primary coil 36.8 mW

Core loss Pcore 105.2 mW

Power loss in receiver side 62 mW

Efficiency η 35.2 %

The efficiency of the charger was measured at different load conditions keeping the

output induced voltage same (table 4.2) and as expected it reduced when the load was

reduced. This charger works efficiently only while charging the 3.6 V battery where the

charging current is high. When charging the low voltage battery, say the 1.5 V battery
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the output power delivered is 6 mW which is lower than the power loss across the AC

to DC converter used.

Table 4.2: Efficiency under different load conditions

Load Resistance(Ω) Load Current(mA) Efficiency(%)
100 45 35.2
220 20.4 22.9
440 10.2 14.26

2700 1.67 2.7

4.3 Coefficient of Coupling k

Due to the air gap in the magnetic circuit the coupling between the primary and sec-

ondary coil is very low. The coupling coefficient can be calculated by (4.3) where Lsc is

the primary coil inductance measured with secondary coil shorted while Lp is the same

measured with secondary open.

k =

√
1− Lsc

Lp

(4.3)

The measured values of Lsc and Lp are 6.6 mH and 7.3 mH giving a coupling coef-

ficient k = 0.32.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

5.1 Conclusion

An IPT based charger system was designed and fabricated for wrist watches. The con-

ventional wireless chargers available cannot transmit power through metal surfaces as

they operate at a high frequency. The system developed operate at a frequency much

lower than the limit set by skin effect of the metallic back plate. The receiver circuit

dimensions are within a diameter of 20 mm with a thickness of 2.3 mm and can easily

fit inside the watch. Watch detection, watch removal detection etc. are all done from

the charger itself, making the receiver circuit small. The charger can transmit power

through the stainless steel back plate of the watch without heating it beyond the permis-

sible limits.

Batteries of different voltage levels can be charged using the same charger. The

charger can detect the presence of an IPT enabled watch kept on it, start charging it and

will stop charging when watch is removed from it. For watches with 3.6 V batteries,

it can detect charge completion and stop charging. For all other battery levels it will

automatically stop charging after 5 hours. It can also detect the type of battery inside

the charger and charge it accordingly.

The maximum efficiency of 35.2% was achieved for a load current of 45 mA. As the

load current reduces, the efficiency decreases. The efficiency comes down to less than

5% when charging the low capacity batteries which has a charging current of 2 mA or

less.

A patent application is filed for the developed system titled “An apparatus and

method for wireless detection of wristwatch with conductive back plate and wireless

charging of its battery”, patent No. 1507/CHE/2014.



5.2 Future Scope

During the charging process, the charging current reduces as the battery charge level

increases. As the load current reduces, primary coil current and hence the magnetic field

produced by it increases thereby increasing the heating. A system based on sensing the

primary current and reducing it by increasing the switching frequency can be developed

to reduce this heating.

A charge completion detection system for the lower voltage batteries by sensing

its voltage using a voltage detector IC and using its output to change the tuning of the

secondary can also be tried. The next step towards improving the user convenience

would be to try for better positional tolerance for the watch on the charger.
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APPENDIX A

PCB LAYOUTS

Figure A.1: Transmitter PCB layout



Figure A.2: Receiver PCB layout
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