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This project's objective was to create an inductively coupled universal battery
charger, supporting the simultaneous charging of multiple batteries, and the most
common rechargeable battery types.

The design consists of a base station containing a parallel resonant converter and
a tuned pickup circuit. Increasing the operating frequency has advantages
although can make tuning and stability difficult. The charger operates at 85kHz,
compared to a typical IPT system at 10-40kHz.

A bidirectional communications system operates between the base station and
connected pickups, and uses the same inductive link that transfers power.
Forward communication uses amplitude shift keying to modulate data, while for
reverse communication the pickup varies the load to change the reflected voltage
at the base station.

The base station is responsible for controling the total system power, the
charging algorithms for each connected battery, and reporting to a PC. The
pickup measures battery parameters and controls the power delivered to an
individual battery as instructed by the base station.

A maximum of 16W can be delivered to a passive load, sufficient for the
application. The bidirectional communications operates at 300bps, with a bit error
rate of <0.3%.
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Boost Converter - A transformerless switching power supply that outputs a
voltage higher than its input voltage.

Buck Converter - A transformerless switching power supply that outputs a voltage
lower than its input voltage.

EMI — Electromagnetic Interference. An electromagnetic disturbance that
degrades the performance of electrical equipment.

Envelope Detector — a circuit to remove the underlying carrier signal from a
modulated waveform. For amplitude modulated signals this consists of a low
pass filter.

IPT — Inductive Power Transfer. The transfer of power over large air gaps using
magnetic coupling.

Li-lon — Lithium lon. A rechargeable battery technology offering very high energy
density and long life. Currently the most popular battery type for new mobile
devices.

MOSFET — Metal Oxide Semiconductor Field Effect Transistor. These transistors
are commonly used for switching in digital and analogue circuits.

NiCd — Nickel Cadmium. A rechargeable battery technology from the 1960s,
which became the first mainstream portable rechargeable battery.

NiMH — Nickel Metal Hydride. A rechargeable battery technology developed in
the 1980s, offering higher energy density than NiCd technology.

Optocoupler — A device designed to pass a data signal between two isolated
sections of a circuit.

PWM — Pulse Width Modulation. A method of modulating data by varying the
duty cycle of a constant frequency signal, commonly used in control applications.

SLA — Sealed Lead Acid. A rechargeable battery technology for use in low cost
applications where weight and size is not critical.

Z\/S — Zero Voltage Switching. A technique used in IPT systems to control the

MOSFET switching. It detects the zero-crossings of the voltage in the resonant
tank and switches the MOSFETSs alternately at these crossing points.

vii
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1. Introduction

1.1.

1.2.

The aim of this project was to create a contactless universal battery charger using
inductive power transfer. The battery charger should be capable of charging the
most common battery types found in portable devices today. In addition, the
charging should be controlled from the base station and a bidirectional
communication system between the pickups and base station should be
developed.

In 2002, a related project “An Automatic Contactless Battery Charger for Robot
Power Supplies” developed an IPT charger for a small robot. [1, 2] This project
expands on that work by moving the focus towards a more universal system and
attempting to improve the design.

The project was undertaken by Robert Coup and Monique Ryan as part of the
Part IV program in the Department of Electrical and Electronic Engineering at the
University of Auckland. The project was supervised by Dr. Patrick Hu with Dr.
Partha Roop as the second examiner.

The ‘need’

As the number of portable and mobile devices increases — phones, digital
assistants, laptops, MP3 players, digital cameras, and GPS units — they all need
to be charged, using different adaptors specific to each device. In future the
system could be used to charge any of these just by sitting devices with a small
built-in pickup onto the charger.

Goals and Objectives

The overall objective of the project was to create a universal battery charger,
which can charge any popular type of battery using inductive power transfer.

The base station should control the simultaneous charging of multiple devices,
while minimizing power usage. While it should operate completely autonomously,
a facility for sending information to a PC should be implemented.

The pickup should measure various battery characteristics (cell voltage, charging
current, and temperature) and report these to the base station. It should also
control the voltage and charging current as instructed by the base station. It is
important for the pickup to be as small and as low-cost as possible. In order to
reduce the size, the inductive power transfer operates at a high frequency,
meaning a decrease in size of the base station and pickup components.

The bidirectional data communication between the base station and pickups
should be conducted via the same inductive power transfer link that provides
power to the pickup circuits.
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2. Background

21.

2.2.

Inductive Power Transfer

Inductive Power Transfer (IPT) refers to the concept of transferring electrical
power between two isolated circuits across an air gap. While based on the work
and concepts developed by pioneers such as Faraday and Ampere, it is only
recently that IPT has been developed into working systems.

IPT has a number of advantages over other power transfer methods — it is
unaffected by dirt, dust, water, or chemicals. In situations such as coal mining IPT
prevents sparks and other hazards. As the coupling is magnetic, there is no risk
of electrocution even when used in high power systems. This makes IPT very
suitable for transport systems where vehicles follow a fixed track, such as in
factory materials handling. [3]

Essentially, an IPT system can be divided into two parts; primary and secondary.
The primary side of the system is made up of a resonant power supply and a coil.
This power supply produces a high frequency sinusoidal current in the coil. The
secondary side (or ‘pickup’) has a smaller coil, and a converter to produce a DC
voltage. This is illustrated in Figure 2.1.

Magnetic Coupling

C Power, across air gap
Supply AC/DC Power
—E § Pickup Supply to Equipment
>
Resonant
Converter Secondary Inductor
(Cail)

Primary Inductor
(Coil/Track)

Figure 2.1: Overview of an IPT system.

IPT has the potential to impact our everyday lives. One day it may be possible to
power all cars using IPT from cables running under the roads. Automatic guided
vehicles used for materials handling, powered via IPT, are already in use in a
number of large manufacturing operations worldwide.

IPT Communications

Adding communications to an IPT system allows increased functionality, as well
as enhanced control and optimisation of the power transfer. Current research is
beginning to focus on communication over the IPT channel in conjunction with the
power transfer.

A number of applications have been developed using unidirectional IPT
communications from the base station to the pickup. In some applications this is
sufficient, but in others responses from the pickups are required. Typically, these
reverse communications have been implemented using another IPT link or using
radio or Infrared solutions.
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In the biomedical area a number of similar systems exist with telemeters
implanted in the body being powered by and communicating with outside devices.
[4, 5] Generally these operate at much higher frequencies than IPT. The
principles used in developing bidirectional communications for these telemeters
can be applied to IPT systems. Developing a working bidirectional
communications system across the IPT power link could be used for many
existing and new IPT projects.




PART IV PROJECT REPORT 2003 ROBERT COUP
AN INDUCTIVELY COUPLED UNIVERSAL BATTERY CHARGER

3. System Design

3.1.

Overview

The operation of the battery charging system is shown in Figure 3.1. The base
station coordinates and controls all the charging operations for any connected
pickups with batteries. When a battery is placed on the base station it
automatically picks up the energy and turns itself on. The base station detects it
within a few seconds using a device discovery protocol, and begins charging.

Battery placed
onto charger

A

Battery device
discovered by
base station

A

Determine battery
type

A

Request battery
measurements

A

Execute battery
type control
routine

Change to new
charge mode

A

Depending on
charge mode, set
V/1/End Time

I

Figure 3.1: Overview of the battery charger operation.
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The base station is connected to the power supply and controls the IPT system. It
coordinates communication, controls the battery charging, and updates the PC
with status information. The pickup is connected to a battery and regulates the
power transferred across the IPT channel, measures battery parameters,
communicates with the base station and controls the flow of current to the battery.
The main functional blocks of the base station and pickup components are shown
in Figure 3.2 and Figure 3.3 respectively.

24V DC
p IPT Link
Power Input ng?;(cg;éfg:: ———» Resonant Converter % Resonant Tank - }
3 f 3
Data Stream Voltage Control
to Pickups Control
| | ' ,
Base Station | Start/Stop_,| Zero Voltage LSK Envelope
Microcontroller Control Switching Controller Detector
Information
toPC Data Stream
i from Pickups
Figure 3.2: Base Station functional block diagram.
IPT Link Tuned Circuit N - 5| Current Controller &
— Pickup > Rectifier > LSK Encoder Charge——»|
A
; PWM
AL cater
< NiCd
Battery Voltage NiMH
ASK Envelope Data Stream Pickup Measurement  [€ | Lilon
Detector W’ Microcontroller ‘—L SLA
Station
Battery Current
Measurement <
Battery Temperature
Measurement ]
Figure 3.3: Pickup functional block diagram.
The design illustrates a modular approach. In many cases specific functional
blocks (e.g. the base station communication encoder) could be replaced or
removed without affecting the remainder of the system. This allows the design to
be refined or altered with less effort.
3.2. Control

The design decision to have microcontrollers in both the base station and pickup
circuits was complex. If there was no processor in the pickup the circuit could
have been much simpler and the communications would not be necessary.
Without a processor the ability to control the charging current to the battery would
be very limited and there would be no way to measure battery and charging
parameters, which is required for efficient and safe charging, especially for
different battery types.
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The base station microcontroller is required for the safe starting and stopping of
the IPT system. This is because the IPT system uses a method called Zero
Voltage Switching, which has very specific startup and shutdown requirements
(see Section 4.1.2.3). A number of advantages occur by using this microcontroller
to control the battery charging. It allows a user to monitor the system from a PC
and it can increase or reduce the power supplied to the circuit depending on the
charging requirements of connected pickups to save energy. In addition, the
pickup control software can be both simpler and the same for any type of battery.

3.2.1. Component Selection
3.2.11. Pickup Microcontroller
The microcontroller selected for use in the pickup was the Atmel ATmega8L, an
8-bit microcontroller from the Atmel AVR series. The primary requirements for the
pickup microcontroller were:
m 3 channels of analogue to digital conversion for measurements.
m 1 USART channel for communication with the base station.
= 1 PWM output for controlling charge current/voltage.
= Relatively low cost (less than US$5.00)
= In-circuit programmable
The ATmega8L meets all these requirements, and also features an on-chip 8MHz
oscillator, operates from a 2.7V-5.5V power supply, and has built-in brownout
detection. Another advantage is that the university owns development tools for
the ATmega8L and the author has experience with other AVR series
microcontrollers.
3.2.1.2. Base Station Microcontroller
The microcontroller selected for use in the base station was the Renesas
(formerly Mitsubishi) M16C/62. The primary requirements for the base station
microcontroller were:

m 1 high-speed timer for controlling the Buck converter.

m 1 channel of digital to analogue conversion for controlling the Buck
converter.

m 2 USART channels for communication with the pickups and a PC.
m  Several Input-Output channels for controlling circuit components.

The Renesas M16C/62 was selected as the base station microcontroller primarily
because the university has the component and associated development tools and
the author has previous experience working with this microcontroller. It is a
powerful 16MHz 16-bit microprocessor with; 20KB of onboard RAM, 256KB of
Flash ROM, 3 USARTs and 5 timers with PWM. It is also relatively low cost.
Development tools include a C compiler with standard libraries allowing much
simpler development and debugging.
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3.2.2. Base Station Software Implementation

The base station software was written in ANSI C. This meant implementation
was much easier than would have been possible using assembly language, and
is portable to most popular microcontrollers. Another advantage was that much of
the core processing could be developed and tested on a PC, using the Microsoft
Visual C++ 6.0 compiler. After the operation of the software had been verified,
the code was recompiled with the Renasas NC30 C compiler, allowing it to be
used on the M16 microcontroller.

The UART connected to the IPT communications channel uses an interrupt for
reception. Data is added to a buffer in the interrupt and is processed later when
the microcontroller has free time. A timer interrupt operating at 100Hz allows the
microcontroller to maintain an elapsed time clock, which means timed battery
charging operations can occur.

Debugging utilises the C Standard Input-Output functions, which write to a
separate UART on the M16. This allows complex information to be written to a
connected PC with minimal programming effort. Debugging occurs at a number
of different levels and only those selected will actually appear on the output. This
debugging channel also provides data to the PC User Interface with updates on
battery charging status.

The simplified flowchart shown in Figure 3.4 describes the core operations of the
Base Station software.
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Start

Initialisation

Elapsed Time, UARTSs, Buck Trigger,
Buck Control, IPT Startup

i<

connected Yes
vice cou
A
No Request battery
* measurements
from device i

Adjust Buck
converter control

4

Process charging
algorithm for
device i

A

Discover new
connected devices

Send charging
instructions to
device i

Delay for 30
seconds

I

Figure 3.4: Simplified flowchart of the Base Station software.
3.2.3. Pickup Software Implementation

The pickup software was written in ANSI C, and compiled using the CodeVision C
compiler for the AVR series microcontrollers. Because of the design of the
communications protocol code, much of it could be reused verbatim or with minor
changes from the M16 implementation.

The Atmega8L software implementation is described by the simplified flowchart in
Figure 3.5. As for the M16, an interrupt on the IPT channel UART adds data to a
buffer for later processing. A software UART (written in assembly language) was
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implemented to allow debugging by sending data to a PC, since the Atmega8L
has a single hardware UART.

Start

Initialisation Timers, UARTs

eceived dat
in buffer?

Yes —i

Process received
data & respond

10s elapsed? Yes—i

Take battery
measurements
vV, 1,T)

A
Adjust current/
voltage control as
instructed by base
station

A

Reset elapsed
time

Figure 3.5: Simplified flowchart of the pickup software.
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4. Inductive Power Transfer

41.

For an overview of the underlying concepts behind IPT please refer to Section
2.1. This section discusses the design of the IPT components for the battery
charger project.

Base Station Design

This system has been simulated using the PSpice tool at a number of operating
frequencies up to 1MHz. However, at these high frequencies the PSpice models
became less realistic. In addition other parameters that cannot easily be
simulated such as parasitic capacitance and inductance from circuit board tracks
have a significant impact on the operation of an actual circuit. For these reasons
the operating frequency of the IPT system was set at 85-90 kHz which is still
higher than the typical operating frequency of an IPT system at 10-40 kHz.

4.1.1. Power Supply

A Buck converter is used to control the input voltage to the resonant converter to
a maximum of 30V DC. Since the open circuit voltage of the pickup is directly
proportional to the input voltage of the resonant converter the Buck converter can
be used to control the power delivered to the pickups. This is utilised to adjust the
stable power delivered to the pickups as well as to modulate communications
from the base station to the pickups. When the input voltage to the resonant tank
changes suddenly the system can become unstable. The Buck converter
smoothes any changes in input voltage, which prevents this situation.

The base station microcontroller provides both a 85kHz trigger and a 0-5V
analogue signal, that are converted into a high frequency pulse-width modulated
signal by a 555 timer IC. This is then fed into an optocoupler which uses an
isolated power supply to drive the gate of the MOSFET. The operating frequency
of the Buck converter is 85kHz, which is limited by the bandwidth of the
optocoupler. A schematic of the Buck converter is shown in Figure 4.1.

10
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Analogue Signal
555 PWM Output
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Figure 4.1: Schematic and operation of the Buck converter.

Buck Converter Output //

pickup circuit.

Ld

24V

=

L1

The resonant converter has a nominal input of 24V DC.

frequency sinusoidal output to the air gap which comprises the IPT link with the

The simplified schematic in Figure 4.2 shows the fundamental
circuit design using a current fed, half-bridge topology to produce a sine wave with

L2

Resonant Tank

S1

S2

Figure 4.2: Simplified schematic of Base Station.

11

It produces a high
low distortion and minimal electromagnetic interference (EMI) issues.
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MOSFETs S1 and S2 are alternately on providing a sinusoidal AC waveform at
the input to the resonant tank at its natural frequency when powered by a DC
input voltage. MOSFETs are the most suitable switching devices as they can
operate at high frequencies and are compact in size.

41.2.1.  Split Winding Inductor

The split winding inductor (L1/L2) gives a square wave to the resonant tank by
splitting the current. Both L1 and L2 need to be at least 10 times the value of Lp
for stability. A current source is required and Ld is a DC inductor which provides
this. Practically, the leakage inductance from the split winding inductor (L1/L2)
implements Ld in the design. By using a split winding inductor with a low coupling
coefficient a larger value of Ld is obtained.

41.2.2. Resonant Tank

The alternate switching of MOSFETs S1 and S2 provides an AC sine wave as the
input to the resonant converter. This is illustrated in Figure 4.3. The peak voltage
across the primary inductor is directly proportional to the input voltage as
described by Equation 4.1.

A

4

tank ﬂ.Vd

Equation 4.1

V1
S2=ON S1=0ON S2=ON S1=ON
t
V2
S$2=0ON S1=ON S2=ON S1=ON

Wl N (N
NN

Figure 4.3: Graphs of the switching operation of the resonant converter. V1 and V2 are the voltages across
MOSFETs S1 and S2 respectively. Vac is the voltage across the output of the resonant converter.

The resonant tank operates at a natural frequency described by Equation 4.2 after

energy enters it. Because of the Zero Voltage Switching design (Section 4.1.2.3)
the MOSFETSs will also switch at the same frequency.

1

T2z LG,

fo

Equation 4.2

12
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41.2.3. Zero Voltage Switching

A technique known as Zero Voltage Switching (ZVS) has been employed. Using
a simple circuit consisting of a comparator and some discrete logic, shown in
Figure 4.4, the MOSFETSs are switched at the point when the output voltage of the
resonant tank is zero. Table 4.1 shows how the logic operates during normal
operation and at startup (See Section 4.1.2.4 below).

LM311 S
Divided S2 Voltage Comparator S 2
Divided@—taﬁ%} o1
L — S
S
ci )
- -

Figure 4.4: Simplified schematic of the Zero Voltage Switching circuit.

Micro controller signals Comparator Quad NAND IC output Operation
c1 | ez output o1 02 Mode
0 0 X 1 1 Off
0 1 X 0 0 Start-up
1 1 1 1 0 Normal
1 1 0 0 1 Normal

Table 4.1: Control signals and operation of the Zero Voltage switching logic.

In a non-ZVS circuit when switching happens there is a finite amount of time
between the switch opening and the current reducing to zero as the voltage
increases. This causes; power losses, increased electromagnetic interference,
and stress on components. ZVS mitigates these problems and also allows the
resonant tank to operate at its natural frequency (which can change with different
loads).

41.24.  Start-up and Shutdown

At start-up and shutdown additional control is required when using ZVS which is
provided by the base station microcontroller. When the power supply is turned on
there is no energy in the resonant tank and ergo no zero voltage crossings to
detect. The MOSFETs must both be switched on for a short period to allow
enough energy to build up in the split winding inductor (L1/L2) so a zero voltage
crossing is generated.

The initial current is described by Equation 4.3. In the design, the start-up time
has been set at 4ps, to allow sufficient energy to build up without damaging the
components.

Equation 4.3

13



PART IV PROJECT REPORT 2003 ROBERT COUP
AN INDUCTIVELY COUPLED UNIVERSAL BATTERY CHARGER

4.2.

4.3.

When the power supply is turned off the MOSFETs must keep switching for
several milliseconds to allow the energy from the resonant tank to dissipate
slowly. Without this turmn-off period a large voltage spike would occur as the
resonant tank becomes open-circuit which will damage components. In the
design, the addition of the Buck converter allows energy to dissipate naturally
because of its output capacitance.

Battery Pickup Design

The IPT components of the pickup include a tuned circuit and a full wave rectifier.
A simplified schematic is shown in Figure 4.5.

Tuned Circuit L2
DC Output
Pt L
Ls Cs *

Figure 4.5: Simplified schematic of the battery pickup design.

The tuned circuit has the same natural frequency as the resonant tank at the base
station. Because of the high operating frequency the size of the components (Ls
and Cs) can be reduced significantly.

The rectifier circuit converts the AC waveform into a DC voltage which is
regulated to provide power to the pickup microcontroller and other discrete
devices as well as powering the Boost converter used to control current to the
battery.

Results and Performance

4.3.1. Resonant Converter

The actual parameters of the resonant converter matched the design values as
shown in Table 4.2 below. Figure 4.6 shows the operation of the Resonant
Converter with measurements to show the effect of Zero Voltage Switching. The
voltage spikes at the switching points could be caused by stray inductances or
delays in the control circuitry. However, these are still much less than would be
expected in a forced switching design.
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Parameter ‘ Expected Value ‘ Actual Value
Operating Frequency 88 kHz 87 kHz
DC Supply Voltage 24V 24V
Primary Tank Inductance 16 uH 15.9 yH
Primary Tank Capacitance 200 nF 200 nF
DC Leakage Inductance 04 mH 0.4 mH
Split Winding Inductance 1.0 mH 1.0 mH
Primary Tank Voltage 75.36 Veeak 76 Veeax
Primary Tank Current 9.15 Apeak 8.74 Apenrk
Initial Tank Current 024 A -
MOSFET Startup Time 4 s 4 us

Table 4.2: Comparison of actual and expected parameter values for Resonant Converter.

ot e e e e
! ﬂ J[\l ;f\ J'ﬂa \ F'HZI\F E‘Uﬁh f
i f | I | '\ |' || |' | PPk 1|): ?ﬂl.?‘f\

II I| .! | ; I -|! fo I i |I

Figure 4.6: Oscilloscope capture of the MOSFET switching in the resonant converter.

4.3.2. Pickup

The parameters for the IPT pickup circuit are show in Table 4.3. The maximum

power transfer is 16.1W into a passive load, suitable for the battery charging
application.

Parameter

Value ‘

Tuned Frequency 84.8 kHz

Secondary Inductance 0.8 yH

Secondary Capacitance 4.4 uF

Secondary Quality Factor (2Q load) 4.7

Secondary Open Circuit Voltage 8.1 Vrus

Secondary Short Circuit Current 1.99 Arms
Maximum Power Transfer 16.1W

Table 4.3: Parameter values for the pickup circuit.

15



PART IV PROJECT REPORT 2003 ROBERT COUP
AN INDUCTIVELY COUPLED UNIVERSAL BATTERY CHARGER

4.3.3. Power Efficiency

The power transfer efficiency was measured with different loads on the pickup.
The loads used were passive, as batteries present a varying load that is difficult to
measure. The results are shown in Figure 4.7.

40%

Power Transfer Efficiency
with the Boost Converter Operating at different Duty Cycles

35% -

30% -

§ 25%
E ——80%
5 20% ——50%
© 20%
E 15% -
10% \\
—e
5% A
0% T T T T T T T T T
2 3 4 5 6 7 8 9 10 11
Load Resistance (Ohms)
Figure 4.7: Power transfer efficiency for the system under different passive loads, with the pickup Boost
converter operating at several duty cycles.
The maximum efficiency is 36%, delivered to a 10Q load with the Boost converter
at 20% duty cycle. This figure is typical for an IPT system. Generally an increase
in operating frequency is associated with a drop in efficiency due to increased
switching losses. One method to increase efficiency would be to replace the Buck
converter on the primary side with a more efficient means of power control.
4.4. High Frequency Operation

One of the project aims was to investigate the operation of an IPT system at high
frequencies. While the operating frequency (85kHz) is higher than typical IPT
systems (10-40kHz), there were a number of issues that arose when increasing
the frequency.

As the operating frequency increases, so does the quality factor (Q) and the

power transfer capability. This is illustrated by Equation 4.4 and Equation 4.5
below.

0, =wC,R,
Equation 4.4
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ol M0,
LZ

P, =
Equation 4.5

As the quality factor increases, the pickup circuit tuning needs to be much more
accurate to pick up full power from the IPT channel. Because of this difficulty
there is often less power transfer at high frequencies due to imperfect tuning or
tuning drift. One solutions would be the ability to dynamically re-tune the pickup to
compensate for temperature and changes in the operating frequency.

Another observation was that stability decreases with increasing frequency. This
could be caused by parasitic capacitances and inductances within the circuit that
are difficult to model. At low frequencies they have little effect but become more
relevant as the operating frequency increases.
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51.

Communications utilising the same inductive channel used for power transfer are
appealing for a number of reasons. The cost of the additional hardware
components used for communication is small compared with that of the IPT
system.

While adding radio or Infrared communications is easy it is likely to be both more
expensive as well as increasing the complexity and potential for interference.

Combined power and communications contact-less channels have been applied
in medical applications, as implantable biotelemeters and the more common RFID
tags used in industry. These applications typically have very power requirements
of less than 100mW and operate at frequencies of several MHz [4-6]. Many
implementations only support one-way communication.

By applying the techniques used in the medical telemeters to the IPT system the
aim was to implement a bidirectional communications channel concurrently with
the power transfer from base station to pickups. It was necessary for the digital
communications signal to be modulated onto the power (carrier) signal between
the base station and pickups. Due to the modulation techniques chosen the
communication was limited to half duplex, meaning only one party can transmit at
atime.

Primary to Secondary

Because the IPT system is controlled from the primary side, there are more
options available for modulation of the data signal onto the carrier signal. The
options considered were:

m  Phase shift keying involves adjusting the phase of the IPT signal with data
with little-to-no power loss. While this may be an effective method to
explore for future development it requires much more complex modulation
and demodulation circuits, and the performance of the IPT system and
reverse communications may be affected significantly.

Phase Shift Keying - Send Phase Shift Keying - Receive

Figure 5.1: Sending and receiving a Phase Shift Keying modulated signal.
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Frequency shift keying involves changing the operating frequency of the
IPT link with data. This is achieved by switching additional capacitance
into and out of the resonant tank, effectively de-tuning the pickup. This
results in a change in amplitude detectable on the secondary side with a
loss of power. This method requires a high speed, high voltage AC switch
in the resonant tank.

Frequency Shift Keying - Send Frequency Shift Keying - Receive

Figure 5.2: Sending and receiving a Frequency Shift Keying modulated signal.

Amplitude shift keying modulates the signal by adjusting the input voltage
to the IPT system with data. This results in an amplitude change
detectable on the secondary side, with loss of power. This is simple to
implement but is limited to fairly low data rates because the energy stored
in the resonant tank smoothes changes.

Amplitude Shift Keying - Send Arnplitude Shift Keying - Receive

Figure 5.3: Sending and receiving an Amplitude Shift Keying modulated signal

The method implemented was amplitude shift keying, due primarily to its
simplicity. Changing the input voltage is performed by a Buck converter which
allowed the system to be optimised easily. The Buck converter is also used for
adjusting the input voltage to increase the power transfer of the system for large

loads.

The modulated signal is detected on the secondary side using an AM envelope
detector as shown in Figure 5.4 below.

Wl AAN

Input Filtered

&Si al . Signal
I I _L Vref

J I &7

Figure 5.4: Simplified schematic showing the operation of the envelope detector.
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5.2.

5.3.

54.

Secondary to Primary

In every IPT system the pickup reflects a voltage back to the primary side. This
voltage depends on the size of the load and the relative sizes of the primary and
secondary inductors, as described in Equation 5.1, where Zs is the load
impedance on the secondary.

V= Lo’M® M°LR,
' Z, L

Equation 5.1

By varying the effective load, the pickup can communicate with the base station.
This technique is known as Load Shift Keying (LSK). On the primary side a
simple AM envelope detector circuit can detect the change in reflected voltage,
similar to that shown in Figure 5.4.

For LSK to be effective, the resonant tank and pickup must be tuned and have a
lower primary to secondary inductor ratio than normal. This is a trade-off between
the stability of the circuit and the modulation available for communications.

In the design for the charger LSK is implemented using the Boost converter
already on the pickup (see Section 6.1.2). By turning this completely off or on the
reflected impedance changes enough to be detected on the primary side.

Envelope Detection

On the primary and secondary sides, low pass filters are used to extract the data
signal from the underlying carrier frequency. RC filters have been implemented to
reduce complexity.

On the base station side, the voltage across one of the MOSFETs is divided. This
is then passed through a third order low pass RC filter, amplified, re-biased and
input to a comparator. The output of the comparator produces a 0-5V signal
matching the data signal and is passed to a UART on the M16 microcontroller.

On the pickup side, the voltage across a sense resistor in series with the battery is
passed through a third order low pass RC filter, amplified, re-biased and input to a
comparator. The output of the comparator is a 0-5V signal matching the data
signal and is passed to the UART on the AVR microcontroller.

Protocol Design

Because of the general unreliability of wireless data transmission (especially when
combined with power transfer) it was important to ensure that any errors could be
detected in software. A robust protocol, supporting multiple devices and including
error detection and device discovery, was implemented.

The link-layer interfaces for the channel are standard UART ports. This simplifies
implementation (as nearly all microcontrollers have UARTSs) and allows easy
substitution of wires, infrared, or radio as alternate physical methods. UARTSs are
active-low devices and are configured to use an 11-bit packet. This consists of
one start bit, eight data bits, one even parity bit and one stop bit.

20



PART IV PROJECT REPORT 2003 ROBERT COUP
AN INDUCTIVELY COUPLED UNIVERSAL BATTERY CHARGER

5.4.1. Network Topology

A master-slave network was considered the most appropriate for the battery
charger model, as pickups (slaves) would only be communicating with the base
station (master). The master device controls all communication, initiating every
request, and waiting for a response from the slave.

Each connected device has an ID number that is automatically allocated by the
device discovery process (see Appendix A). ID 0 is unique — it is the default ID for
unconnected devices and is a broadcast ID where all devices process any
received messages.

A message is resent 4 times if a packet requires a response but the master does
not receive it. After 4 retries the device is sent a message to change its ID to 0
and the master removes the device record. Separately, if a slave device has had
no communication from the master in 3 minutes it changes its ID to 0 so it can be
rediscovered.

5.4.2. Packet Format

The packet format employed for communication has been designed to be flexible,
allowing for future expansion. Having a variable packet size minimizes the
communication, which is important as communication reduces the power transfer
in the inductive channel. The packet format is shown in Figure 5.5 and each field
is explained in detail below.

15 14 11 7 0
bcmhd Comm ID Data Length Header CRC
7 07 07 0 7 07 0
Data Byte | Data Byte | Data Byte Data Byte Data
1 2 3 n Checksum

Figure 5.5: Communications data packet format.
m Header — 2 bytes

m Inbound flag — specifies whether a packet is destined for the master
from the slave with the specified ID (=1) or from the master to the
specified slave (=0).

s Communication ID — a unique number allocated to a device during
device discovery. ID 0 is the default address and is also a broadcast
address.

m Data Length — the length of the following data packet. This is
specified in bytes from 0 to 15. The data checksum is not included in
this count. If a data length of O is specified there is no data
component to the packet or data checksum.

m  Header Checksum — an 8-bit CRC allows the header to be verified

before the rest of the message is received. See Appendix B for a
description of the CRC algorithm used.
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m  Data— 1-15 bytes

m Data Bytes — the data to send. The number of data bytes is stated in
the Data Length field in the header.

m Data Checksum — an 8-bit CRC allows the data to be verified. The
data checksum uses a different ‘seed’ from the header so 1 byte data
packets cannot be incorrectly identified as headers. See Appendix B
for a description of the CRC algorithm used.

Generally, the first data byte contains a command code which determines the
purpose of the packet. Many commands require a response or acknowledgment
from the battery device. See Appendix D for a complete description of the
implemented commands and packets.

5.4.3. Device Discovery

5.5.

The communication protocol specifies a method of finding new devices connected
to the system, without disrupting normal communications. This method is simple
but can scale to a large number of devices. The flow chart in Appendix A
illustrates how the procedure operates. Device discovery is initiated by the
master once every 30 seconds, as well as immediately after power-on.

Results and Performance

The final communication speed in either direction was set at 300bps (150Hz).
While this is lower than originally designed it has a small error rate under any load
conditions and is sufficient for the battery charging application. Since amplitude
modulation is used, the longer 7ms pulses result in increased power losses from
communication than in the original design.

The error rate was determined by sending a large amount of data across the link,
and counting the number of bit errors received. Parity and frame errors
accounted for nearly all errors recorded. The bit error rates recorded for forward
communication are shown in Table 5.1. The errors are higher for smaller packets
due to the slow initial response of the resonant converter and Buck converter to
changes.

Charge Packet Size

Current 1 byte 7 bytes
Low 0.13% 0.01% 0.00%
Medium 0.17% 0.01% 0.12%
High 0.04% 0.00% 0.00%

Table 5.1: Forward communications bit error rates.

Reverse communications from the pickup to the primary also perform well at
300bps. The results are shown in Table 5.2. The increased noise is primarily due
to the 85kHz carrier signal that was not perfectly filtered due to its frequency
proximity to the data signal.
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Charge Packet Size

Current 7 bytes
Low 0.30% 0.33% 0.31%
Medium 0.14% 0.30% 0.26%
High 0.18% 0.31% 0.32%

Table 5.2: Reverse communication bit error rates.

The modulation index of the signal onto the IPT power waveform was also
measured and the results are shown in Figure 5.6 below. This shows adequate
modulation occurred at 10kHz in the reverse direction, while in the forward
direction modulation decreased with frequency due to the slow response time of
the Buck converter and resonant tank to changes in voltage.

Modulation Index

Communications Modulation
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100
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‘—O—Primary to Secondary, No Load —#— Primary to Secondary, Battery Load (Med) Secondary to Primary, Battery Load

Figure 5.6: Modulation Indexes of the communications at different frequencies.

Two oscilloscope captures shown in Figure 5.7 and Figure 5.8 below indicate the
modulation of the data signal onto the carrier and the output of the envelope
detection circuits for the forward and reverse directions respectively.
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Figure 5.7: Modulation of a 1kHz square wave onto the power waveform from the primary side with the output
of the secondary envelope detector.

Figure 5.8: Modulation of a 4.8kHz square wave onto the power waveform from the secondary side with the
output of the primary envelope detector.

As discussed in Section 7.3, there are a number ways to improve the
performance of the communication system in future. One method is to replace
the RC filter circuits with more complex filters that have better attenuation. The
modulation index does then not need to be as high to achieve the same signal to
noise ratio, allowing operation at higher frequencies.
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6. Battery Charging

6.1. Charging Control

One of the main goals of the project was to be able to charge multiple batteries
concurrently. The charger supports four of the most popular rechargeable
batteries.

The battery charging uses a distributed control system. The base station is
responsible for executing the charging algorithm for each connected device
depending on its type. The pickup takes battery measurements and controls the
current and voltage delivered to the battery as instructed by the base station.

6.1.1. Battery Measurements

A number of measurements need to be made during battery charging in order to
control the current and voltage and monitor the battery to determine when to
switch between fast charge and trickle charge modes. The pickup controller
measures the battery voltage, charge current, and battery temperature. Different
battery types utilise a combination of measurements to control the charging
process.

The measurements are taken using three of the channels of analogue-to-digital
conversion (ADC) available on the pickup microcontroller. To ensure accurate
ADC measurements, a series of samples are made until the values stabilize,
followed by an averaging process. This algorithm is shown in Appendix C.

The charge current is measured across a small sense resistor in series with the
battery. The battery voltage is measured across the terminals but this must be
done when there is no charge current. Conversely the charge voltage is
measured in the same way when charge current is being applied. Most battery
packs include a thermistor for measuring the temperature of the cells and this is
also monitored. A schematic for the measurement components of the pickup
circuit is shown in Figure 6.1 below.

Charging
Supply
Battery/
Charging
Voltage
Battery ]%
Charge
vee Current
Sense
Resistor
<~

Figure 6.1: Simplified schematic of the battery voltage and charge current measurement circuits.
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6.1.2. Current and Voltage Control

6.2.

Charging Li-lon and SLA batteries requires control of both the current and voltage
applied to the battery. In the design a Boost converter is used to regulate the
current applied to the battery as shown in Figure 6.2. The Boost converter is
controlled by the pickup microcontroller which provides a 0-5V 33kHz pulse width
modulated signal. The duty cycle of this signal determines how much current
flows to the battery.

Output

Voltage to

Input

Figure 6.2: Simplified schematic of the Boost converter circuit.

By monitoring both the charging current and the battery voltage with the pickup
microcontroller, voltage control over the battery can be maintained. This takes
into account that battery charging is a very slow process by electronic standards.
Over a number of measurements of the charge voltage, the voltage can be
regulated using an iterative process, adjusting the charge current by a small
amount and then re-measuring the voltage until the voltage reaches the target
value. This process will repeat as the charge current gradually changes,
readjusting the system to maintain a constant voltage. Appendix E shows this
algorithm in detail.

Battery Technologies

The major types of portable rechargeable battery currently in use are Nickel
Cadmium (NiCd), Nickel Metal Hydride (NiMH), Lithium lon (Li-lon) and Sealed
Lead Acid (SLA). Each is briefly outlined below. All voltages indicated are for a
single-cell battery. The term C refers to the rated capacity of the battery (e.g.
1000mAnh). [7-11]

6.2.1. Nickel Cadmium

Nickel Cadmium (NiCd) batteries were invented in 1899 and have been in
production since the early 1960s. These are low cost, convenient, and can be
typically used for 500-1000 charge and discharge cycles.

Battery charging is using a constant current of 0.5-1C mA for 1-2 hours followed
by trickle charging at 0.05C mA. The transition from fast to trickle charging occurs
when the voltage begins to drop after the battery is fully charged. The
temperature rise that occurs when the battery is charged can also be used as a
backup method.
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6.2.2. Nickel Metal Hydride

Nickel Metal Hydride (NiMH) batteries were developed in the 1980s. The major
advantage is that NiMH batteries provide a higher energy density than NiCd
batteries. They are fully compatible with NiCd systems and typically have a life of
500 cycles. They were the predominant battery used in portable applications until
the development of the Lithium lon technology.

Charging of NiMH batteries uses a constant current of 0.5-1C mA for 60-90
minutes, followed by 10-20 hours of trickle charging at 0.04C mA. The transition
from fast to trickle charging can be initiated by either the voltage drop or
temperature rise techniques.

6.2.3. Lithium lon

The most popular battery technology currently is Lithium lon (Li-lon). It provides
the highest energy density as well as being lightweight and having a high voltage
rating of 3.7V. Li-lon batteries are currently used in laptops, camcorders, mobile
phones and other portable devices. As Li-lon batteries are less tolerant of over-
charging and over-discharging, and can explode or ignite if mistreated, cells are
only available to equipment manufacturers, who package them for specific uses
and include simple protection circuits into the battery packs.

Li-lon batteries are charged using the constant voltage/constant current method.
Fast charge occurs at a constant current of 1C. When the cell voltage reaches
4.1V the battery is charged at a constant voltage of 4.1V until the current drops
below 0.1C mA.

6.2.4. Sealed Lead Acid

6.3.

Sealed Lead Acid (SLA) batteries have been available for over 30 years, and are
commonly used in applications where space and weight are not a concern, and
cost is important. They are often used for electric chairs, uninterruptible power
supplies and as backup batteries in alarm systems.

The SLA battery is charged using a constant current of 0.4C until the voltage
reaches 2.4V, then trickle charged at a constant voltage of 2.4V indefinitely.

Results and Performance

The maximum measurement accuracies of the pickup in respect to voltage,
charge current and temperature are shown in Table 6.1 below. To counter the
natural variation in analogue to digital converter readings 8 samples are taken and
their values averaged to reduce anomalies.

Parameter Range Maximum Accuracy
Battery Voltage 0-6.0V 6.2 mV
Charge Current 0-20A 8.1 mA
Battery Temperature 10-125°C 1.5°C

Table 6.1: Battery parameters measurement accuracy.

Controlling the charge current to the battery by using the boost converter has an
accuracy of ~14mA but this varies depending on the current level and charge
status. Because of this the iterative approach used to adjust the charge current
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and voltage is appropriate allowing the system to adapt to different charging
conditions.

Charging at currents below 150mA can compromise the stability of the system
under some circumstances. In general this is not a problem as 90-95% of the
battery charge has been restored before the charge current drops below 150mA.
However, trickle charging (charging for long periods at typical currents of 50-
100mA to restore full battery charge) is not possible with the current design.

Nickel Cadmium batteries suffer from a memory effect meaning they should be
fully discharged before being charged. This discharging process is not currently
supported by the design, but could be easily developed. Other enhancements
including trickle charging and battery type detection are discussed in Section 7.2.
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7. Future Developments

7.1 -

7.2.

7.3.

There are a number of ways to develop this project further in the future. Many of
the techniques used could be applied to different applications.

Inductive Power Transfer

By further increasing the operating frequency components can become smaller
which is important for all applications but especially consumer electronics.
Theoretically, the maximum power transfer of an IPT system increases with
frequency. However, the increase in parasitic capacitances, inductances, and
switching losses can erode this gain.

It is difficult to tune components at high frequencies and facilities for doing this
need to be available. Improving modelling tools such as PSpice to cater better for
high frequency IPT systems will also assist with development.

Developing a way to dynamically re-tune an IPT pickup circuit could allow
improvements in a number of areas. This dynamic re-tuning could keep the
pickup tuned to the primary circuit even under changing conditions.

Battery Charging

To aid in reducing the pickup size, an alternate form of current control could be
utilised in order to eliminate the Boost converter in the pickup circuit. One method
of achieving this would be for the pickup to dynamically de-tune itself. This would
allow the pickup to provide the appropriate current to the battery without a large
converter.

Trickle charging at low current levels can cause stability problems in IPT systems
because they are effectively very small loads. Again, being able to de-tune the
pickup instead of using a small load could resolve this issue.

The ability to determine the type of any connected battery automatically would
simplify the system further. This would require the analysis of the charging
profiles of a large range of different battery types so a specific type could be
identified early in the charging process before the potential for wrong charging
decisions arises.

Communications

Communications bandwidth could be improved in a number of ways. By
increasing the IPT operating frequency the communications rate should increase
correspondingly while maintaining the carrier to signal frequency ratio.

Using a different modulation technique such as frequency shift keying could
improve bandwidth in the forward direction. This would be relatively
straightforward to implement, by adding another capacitor to the resonant tank
which can be switched in and out of the circuit. Frequency shift keying should
provide faster response to any change, as the amount of energy in the resonant
tank does not have to change.
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While phase shift keying may seem to be a better technique (with its small power
loss) it could become extremely complex to implement. With bidirectional
communication the pickup needs to have a significant effect on the primary circuit.
Typically this results in a frequency shift in the primary resonant tank which would
not happen in a forced-switching phase shift keying situation. In addition, forced
switching increases losses and EMI, which become more important at higher
operating frequencies. A hybrid control system consisting of zero voltage
detection, phase shift keying, and forced switching may be a possible solution.

By using data encoding techniques from wireless digital communication (e.g.
Turbo Coding) the performance of the communication link could be improved.
These techniques would allow the channel to work effectively at higher speeds
when noise and errors increase.

For devices such as Personal Digital Assistants (PDAs) the charger could be

expanded to provide data synchronisation — charge the device at the same time
as it synchronises data.
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8. Conclusions

This report reviews the successful design and implementation of a contactless
universal battery charger utilising inductive power transfer (IPT). The charger
design consists of a base station and a series of pickups, each connected to a
battery. The base station controls the charging process on each pickup
simultaneously through the use of a microcontroller.

The IPT design involves a parallel resonant converter, incorporating zero voltage
switching to improve efficiency, and a tuned resonant tank. A Buck converter
controls the input voltage to the resonant converter and the power delivered to the
IPT link. The pickup circuit consists of a tuned circuit matched to the operating
frequency and a rectifier. The system delivers a maximum of 16W to a passive
load, which is sufficient for the battery charging application. The maximum
efficiency was 36%, which is typical for an IPT system.

One of the project goals was to investigate the operation of IPT at high
frequencies. The charger design operates at a frequency of 85kHz compared to
the 10-40kHz typical operating frequency of an IPT system. Operating at a high
frequency has a number of advantages including the reduction in size of reactive
components in both the base station and pickups and increased power transfer
capacity. However difficulties in tuning the pickup circuit increase dramatically
with frequency, along with increased switching losses and reduced stability.

A bidirectional communication system utilising the same inductive link used for
power transfer was designed. This uses amplitude shift keying to modulate the
signals from the base station to the pickups, implemented using the Buck
converter. To communicate from the pickups to the base station, a technique
known as load shift keying was used. This effectively changes the load which
alters the reflected voltage in the primary resonant tank. A master-slave network
topology includes a communications protocol incorporating error detection and
device discovery. While adequate modulation was achieved at up to 10kHz, the
baud rate was set to 300bps in each direction with a resulting bit error rate of
0.3%.

The base station is controlled using a Renesas M16C microcontroller and is
responsible for coordinating all charging and adjusting power delivered to the IPT
system. Each pickup also contains an Atmel ATmega8L microcontroller; to
measure battery parameters and control the charge voltage and current delivered
to the battery.

The rechargeable battery types supported by the charger are Nickel Cadmium,
Nickel Metal Hydride, Lithium lon and Sealed Lead Acid, as these are the most
common in portable applications. The charging processes are different for each,
with both voltage and current control required. This is implemented using a Boost
converter in the pickup and an iterative control algorithm.

Future improvements to the system could include increasing the operating
frequency, de-tuning the pickup to control charge current more effectively without
needing the Boost converter, and using different modulation and encoding
techniques to improve the communications bandwidth.
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Appendix A. Device Discovery

BASE STATION NEW NEW NEW EXISTING
BATTERY BATTERY BATTERY BATTERY
DEVICE DEVICE DEVICE DEVICE
Sends packet with
number of slots
available. (eg. 2)
A 4 4 4
Receives packet Receives packet Receives packet Receives packet
and chooses a and chooses a and chooses a and i n(’))res
random slot (eg.1) random slot (eg.2) random slot (eg.2) 9 ’
y
Sends Packet
asking for Slot 0
responses.
A y y
Receives packet Receives packet Receives packet
and ignores. and ignores. and ignores.
A
No response so
sends Assign
packet with ID 0.
Sends Packet
asking for Slot 1
responses.
A 4 4
Receives paCket Receives packet Receives packet
and responds with and ignores and ignores
Serial Number. 9 ' 9 ’
I
v
Single valid
response so
sends Assign with
new Device ID
A
Receives packet
and sets new
Device ID.
y
Sends Packet
asking for Slot 2
responses.
Receives packet Receives packet
and responds with and responds with
Serial Number. Serial Number.

v

Conflicting
response so
sends Assign

packet with ID 0.

y
Because conflict
was detected,
repeat process
with more slots.
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Appendix B. CRC Algorithm

The CRC algorithm is derived from the DOW CRC polynomial. [12] The algorithm
is called for each byte to generate a CRC over.

ROBERT COUP

crc — existing CRC value. This is used as the seed for the following calculation.

To differentiate 2-byte data packets from 2-byte headers, the CRC values are
initially set to:

m Header: OxFF
m Data: OxAA

data — the byte of data to generate the CRC for.

for loop = 8 to 1

b = (crc » data) & 0x01

crc = crc >> 1

if (b '=0)

crc = crc ~ 0x8C

data = data >> 1

35



PART IV PROJECT REPORT 2003 ROBERT COUP
AN INDUCTIVELY COUPLED UNIVERSAL BATTERY CHARGER

Appendix C. ADC Data Capture Algorithm

A stable reading of the Analogue to Digital Converter (ADC) is required. The
following algorithm waits for the ADC to stabilise then takes 8 readings and
calculates the average. This algorithm is based on Atmel's recommended

procedures. [11]

Read ADC

Select AD Input

4

Stop PWM if
neccessary

y
V[0] > V[1]+1 ? No
Yes

A 4 A
V[5] = V[4] }
V(4] = V[3] AV
V[3] = V[2]

A Y

Start AD .
— 7
Conversion <=7 No
A
No—— Yes
v AV=AV/8
D Conversio Start AD
Complete? Conversion
Yes No————
A 4 Restart PWM if
stopped

_ D Conversio

VI[2] = ADC Complete?
y
v ers Return
V[1] = max{V[2-5]} AV = AV + ADC
V[0] = min{V[2-5]} i=i+1
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Appendix D. Data Commands and Packets

Command Description Sender 15t Data Byte Other Data Bytes
(Command)
Measurements Gets battery measurements | Base Station 1 -
ZZ\T 2 _SPeCiﬁC battery Pickup 1 Bytes 2-3: Voltage (mV)
Bytes 4-5: Current (mA)
Bytes 6-7: Temperature (0.1 °C)
Set Charge Sets the current/voltage to Base Station 2 Bytes 2-3: Voltage (mV)
charge a specific battery Bytes 4-5: Current (mA)
with. Pickup 2 -
Battery Type Gets the type of a specific Base Station 3 -
battery device. Pickup 3 Byte 2: Battery Type
Discover — Init Device Discovery (see Base Station 6 Byte 2: Number of Slots
Discover — Slot Appendix A) Base Station 5 Byte 2: Slot Number
Pickup 5 Byte 2: Slot Number
Discover — Assign Base Station 4 Byte 2: Slot Number
Byte 3: New Comm. ID
Pickup 4 -
Release ID Instructs a device to release | Base Station 7 -
its Communications ID. Pickup 7 _

NB: Multi-byte data is in Big Endian format.
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Appendix E. Current and Voltage Control Algorithm

D = |(battl)-(setl)|

D > Irange2?

l—Yes

newPWM =
oldPWM + No
Irange2step

]
JYGS

»

D > Irange1?

7\

newPWM =
oldPWM No
Irange1step L
newPWM =
oldPWM

Start

Read V,I

Battery
Charging
Mode?

Constant V

D= |(battV)-(setV)]

D > Vrange2?

Yesl

newPWM =
oldPWM +
Vrange2step

I
Yesi

D > Vrange1?

newPWM =
oldPWM +
No Vrange1step
newPWM =
oldPWM

Outside Range 2 - large difference between set I/
V and measured 1/V, large coefficient of change.

Outside Range 1 - small difference between set I/
V and measured 1/V, small coefficient of change.

Inside Range 1 - Within PWM change accuracy,
no change.

Vil Vil \
Range 2 Range 1  Range 1

Set new Boost
Converter PWM

End

Vi
Range 2

< | | PY |
Measured I/V (-) Target I/V

| »
Ll

Measured I/V (+)

38



ROBERT COUP

PART IV PROJECT REPORT 2003

AN INDUCTIVELY COUPLED UNIVERSAL BATTERY CHARGER

-m
W
£
(]
=
Q
N
=
-
-m
(&)
c
-w
-
1]
-
n
Q
(2]
)]
1]
T
-m
©
[ =
o
Q
Q.
g

-

AT TG 207K TR IO TV IOS S TF 969007 g}
Jo_19uS | £00C-BS-+1 awd
4
soquiny oz
TXSWHAVEH =
SBEL 20AF—a] o1 o
8 o—
9 [
—0 T [
OBRIN 9TIN =
(F1)A9990¥DDH
Y|
o
110p49H
A0St
R
Surydims a5ejoA 0197 L\a 5]
. . z 1]
= ALY | ALY ano
ZAIpYL pAIpY AN AN 3 LI0AD 10O B
dOLTHPXVIN N
dnjndy L99LTOY 2 | DHOSIA  ORIL —
xi - - vsx7r sy O0A  lASTY
JE€ S
dnndyl — %
C
= = [ A goneIoudn) INMdJ
[3cliliie} faciiiiie) el i) DDA
JU0T ECU AU0T =
[z 1oL 3001 P13y
4 [ES LR %xcc_ (44
[AIpY
1010310(1 adojoAug P :E.::Mv_ j o_m.::Mv_
o T m, s 1S
¢ qU00:
55N v HO6 g1 il
1 O
10JIQAUO)) JUBUOSIY
ue [, JUBUOSY
AueL Y d w 022 0r00LOTI
2 Yonqa
' 1
= Tl Pl Adnqd
I9)19AUO0D) Yong PPAYT
dvO.
mmm;?ﬂ IAD
OTILTOA ATI L
DOA
9 s 4 € T !

39



ROBERT COUP

AN INDUCTIVELY COUPLED UNIVERSAL BATTERY CHARGER

PART IV PROJECT REPORT 2003

s v 3 z 1
TTH969-00Vd
£00C-03S+1
woisiy quiny oug
L

}_‘>

Anro
91dnooop)—r—,
VAN
q ¥NOD I DA DOA
4

weirdold %

1) -
e
] [
] o S
m %mn»)
i 110749H
10501§

£

g Wil wi
s o 1 PN (e} a1YD;

u“ . 1Y Y FEITEE ' cegepll

d01°0
u Zodh09py: yduryasuas] €1$00qD) Al
c yeg | dwoo 01STHI po2q )
- 3y HY 1
S njindy +lmoze 4 N 2
1 DOA EOTPO TS0 T J
c czgenl “4 ::m%
901 N i W
p — ' TP _Ao 1o31q
€

3 %
=<

3]
-
- B

u
o e
.-m

n Houezy

o

w 9 < 14 € T 1




	Abstract
	Declaration of Originality
	Acknowledgments
	Table of Contents
	List of Figures
	List of Tables
	Glossary
	Introduction
	The ‘need’
	Goals and Objectives

	Background
	Inductive Power Transfer
	IPT Communications

	System Design
	Overview
	Control
	Component Selection
	Pickup Microcontroller
	Base Station Microcontroller

	Base Station Software Implementation
	Pickup Software Implementation


	Inductive Power Transfer
	Base Station Design
	Power Supply
	Resonant Converter
	Split Winding Inductor
	Resonant Tank
	Zero Voltage Switching
	Start-up and Shutdown


	Battery Pickup Design
	Results and Performance
	Resonant Converter
	Pickup
	Power Efficiency

	High Frequency Operation

	Communications
	Primary to Secondary
	Secondary to Primary
	Envelope Detection
	Protocol Design
	Network Topology
	Packet Format
	Device Discovery

	Results and Performance

	Battery Charging
	Charging Control
	Battery Measurements
	Current and Voltage Control

	Battery Technologies
	Nickel Cadmium
	Nickel Metal Hydride
	Lithium Ion
	Sealed Lead Acid

	Results and Performance

	Future Developments
	Inductive Power Transfer
	Battery Charging
	Communications

	Conclusions
	References
	Bibliography
	Device Discovery
	CRC Algorithm
	ADC Data Capture Algorithm
	Data Commands and Packets
	Current and Voltage Control Algorithm
	Base Station Circuit Schematic
	Pickup Circuit Schematic

