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BI-DIRECTIONAL INDUCTIVE POWER TRANSFER

Field

This invention relates to an apparatus and method for controlling power in an inductive power

transfer system. More specifically, the invention enables contactless bi-directional power flow

between the primary and secondary sides of single- or multiple-pickup IPT systems by

controlling the relative phase angles of converters on each side.

Background

Inductive power transfer (IPT) or inductively coupled power transfer (ICPT) systems are well

known and used for a number of industrial applications, and have particular advantages where

traditional methods are unable to perform satisfactorily, for example clean rooms, people

moving, materials handling, battery charging, or any application requiring a substantially

contactless supply of power.

A typical IPT system consists of three main components; an AC power supply, a primary

conductive path, and one or more electrically isolated pickups coupled with a load and provided

substantially adjacent the primary conductive path. Together, the power supply and primary

conductive path form the primary side of an inductive power transfer system, while the pickup(s)

and associated circuitry forms the secondary side.

The primary conductive path, typically in the form of an elongated conductive loop or track, is

energised by the AC power supply to create a continuously varying magnetic field about the

track. The or each pickup includes an inductive coil, in which a voltage is induced by the

changing magnetic flux passing through the coil in accordance with Faraday's law of induction,

thereby achieving contactless inductive power transfer.

Typically, the pickup will include some form of controller circuit to control the transfer of power to

the load, including a switched-mode controller such as a boost converter, for example, to supply

the relatively constant output voltage required by the load.

The power supply will commonly also be provided with a power controller. In single pickup

systems, the power controller may be adapted to reduce the track current in the primary

conductive path to reduce power and minimise losses at partial loads, and/or to increase the

track current to compensate for a weak magnetic or inductive coupling when the pickup coil is

not ideally aligned with the primary conductive path, for example, to ensure the required power

is supplied to the load. In multiple pickup systems, the power controller will usually be adapted



to maintain a constant current in the primary conductive path or track, to ensure that all pickups

are adequately powered.

In some applications, it can be advantageous or desirable to enable contactless bi-directional

power flow between the primary and secondary sides of the system. Bi-directional power flow

has a number of potential applications in IPT systems, such as returning excess power

generated or stored by a 'load' coupled with a pickup to the electricity supply grid. Presently,

there is no known IPT system, or more particularly no known power controller for an IPT

system, which facilitates bi-directional power flow in a single system. This is desirable for a

number of reasons, including reducing costs, simplicity for diagnosis and repair, and improved

efficiency due to the ability to re-generate and return power to the grid, for example.

Object of the Invention

It is an object of the invention to provide a system and method for controlling power flow

between the primary and secondary sides of an IPT system by controlling the relative phase

angle of converters provided on each side. It is a further, alternative, objective of the invention

to provide a system and method allowing contactless bi-directional power flow between the

primary and secondary sides.

Alternatively, it is an object of the invention to at least provide the public with a useful choice.

Further objects of the invention will become apparent from the following description.

Summary of Invention

According to a first aspect the invention may broadly be said to consist in a control method for

an inductive power transfer (IPT) system, the method comprising the step of controlling the

relative phase angle of a pickup converter on a secondary side of the system with respect to a

power supply converter on a primary side of the system to control the transfer of power between

a primary conductive path and a load associated with the pickup.

Preferably the primary and secondary sides each further comprise a tuned inductor-capacitor-

inductor (LCL) circuit.

Preferably the phase angle may be varied between 0° and 90°, or ±90° and is proportional to

the magnitude of power transfer required to obtain a required pickup output.



Alternatively the method may comprise the steps of controlling the relative phase angle to

maintain a constant ±90° angle between the pickup and power supply converters, and

controlling the magnitude of power transfer by varying the secondary converter output voltage

magnitude to maintain a required pickup output.

Preferably the step of varying the secondary converter output voltage magnitude comprises

varying the pulse width of the secondary converter.

Preferably the method further comprises the step of controlling the voltage of the primary

converter to maintain a constant current through the primary conductive path unless all loads

are removed from the system.

Alternatively the method may comprise the step of controlling the voltage of the primary

converter to maintain the minimum current through the primary conductive path sufficient for the

pickup controller to maintain a required pickup output.

Preferably the method further comprises the step of controlling the direction of power flow by

causing the pickup converter to either lag or lead the power supply converter by a required

phase angle, thereby enabling bi-directional power transfer between the pickup and the primary

side of the IPT system.

According to a second aspect, the invention may broadly be said to consist in a bi-directional

pickup for an inductive power transfer (IPT) system, the pickup comprising:

means for detecting the phase of a voltage in a primary conductive path with which the

pickup is inductively coupled;

a converter allowing adjustable phase; and

a controller adapted to control the power transfer between the primary conductive path

and a load associated with the pickup, by controlling at least the phase angle of the converter

with respect to that of the primary conductive path voltage.

Preferably the pickup further comprises a tuned inductor-capacitor-inductor (LCL) circuit.

Preferably the means for detecting the phase of the primary conductive path voltage comprises

means for detecting the phase of a voltage induced in the pickup.

Preferably the controller is adapted to vary the phase angle between 0° and ±90°, proportional

to the magnitude of power transfer required to obtain a required pickup output.



Alternatively the controller may be adapted to maintain a constant ±90° phase angle between

the pickup converter output and the primary conductive path voltage, and to control the

magnitude of power transfer by varying the secondary converter output voltage magnitude to

maintain a required pickup output.

Preferably the controller is further adapted to control the direction of power flow by causing the

pickup converter to either lag or lead the primary conductive path voltage by a required phase

angle, thereby enabling bi-directional power transfer between the pickup and the primary side.

According to a third aspect, the invention may broadly be said to consist in an inductive power

transfer (IPT) system comprising:

a power supply adapted to control the alternating current in a primary conductive path;

and

at least one pickup inductively coupled with the primary conductive path in use and

comprising a converter electrically coupled to a load, the pickup being adapted to control the

relative phase angle of the converter output with respect to that of the voltage in the primary

conductive path to control the transfer of power between the primary conductive path and the

load.

Preferably the power supply and the pickup each further comprise a tuned inductor-capacitor-

inductor (LCL) circuit.

Preferably the IPT system comprises a single pickup wherein the power supply is adapted to

supply the minimum alternating track current which is sufficient to supply the load.

Alternatively the IPT system may comprise a plurality of pickups inductively coupled with the

primary conductive path, wherein the power supply is adapted to supply a substantially constant

alternating current to the primary conductive path.

Preferably the power supplied by the or each pickup to the respective load is controlled by the

pickup and is determined by the relative phase angle between the pickup converter output

voltage and the output voltage of a primary converter of the power supply, wherein the power

transferred to the load is proportional to the relative phase angle in the range of 0° to ±90°.



Alternatively the voltage supplied by the or each pickup to the respective load is controlled by

the pickup and determined by the pulse width of the converter, wherein the relative phase angle

between the pickup and primary converters is controlled to be substantially equal to ±90°.

Preferably the or each converter comprises a reversible inverter/rectifier, wherein the direction

of power transfer is controlled by causing the pickup converter output voltage to either lag or

lead a primary converter output voltage by a required phase angle, thereby enabling bi¬

directional power transfer between the load and the primary conductive path.

Preferably the or each pickup in the system is adapted to independently control the direction of

power flow to/from the respective load, thereby allowing bi-directional power flow between the

load and one or more other pickups via the primary conductive path.

Preferably the power supply also comprises a reversible inverter/rectifier, wherein power

transferred from one or more pickups to the primary conductive path may be returned to a

primary power source electrically coupled to the power supply, thereby allowing bi-directional

power flow between one or more loads and the power source.

Further aspects of the invention, which should be considered in all its novel aspects, will

become apparent from the following description.

Drawing Description

A number of embodiments of the invention will now be described by way of example with

reference to the drawings in which:

Figure 1 is a schematic of a bi-directional single pickup IPT system according to a one

embodiment of the invention;

Figure 2 is a block diagram of a possible primary-side power controller for use with the IPT

system of Figure 1;

Figure 3 is a block diagram of a possible secondary-side or pickup power controller for use with

the IPT system of Figure 1;

Figure 4 is a block diagram of an alternative secondary-side power controller for maintaining

unity power factor;

Figure 5 is a schematic of a bi-directional multiple pickup IPT system according to a further

embodiment of the invention;

Figure 6 is a model of a pickup of the system of Figure 5;

Figure 7 is a phasor diagram of voltages and currents in the system of Figure 5 ;



Figure 8 shows example phasor diagrams for power flow from (a) the primary to the pickup, and

(b) from the pickup to the primary.

Figure 9 is a chart of simulated waveforms in each of the pickups of the system of Figure 5

when both pickups deliver power to their respective load;

Figure 10 is a chart of simulated waveforms in each of the pickups of a two-pickup IPT system

when both pickups deliver power to the primary side; and

Figure 11 is a chart of simulated waveforms in each of the pickups of the system of a two-

pickup IPT system when pickup 1 delivers power to its load and pickup 2 supplies power to the

primary conductive path.

Detailed Description of the Drawings

The present invention comprises a method for controlling power transfer and a power controller

which may be associated with the power circuits of an inductive power transfer (IPT) system to

enable power transfer. These power circuits comprise the power supply and one or more

inductive pickup circuits in the IPT system. One of the unique advantages of the present

invention is that it may be used to enable bi-directional power transfer, although the invention is

not limited to such implementations and may alternatively be used to effect uni-directional power

transfer.

According to the invention, power controllers are provided on both the primary and secondary

sides of an IPT system to control the output of one or more pickups. The power controllers

each control a converter which preferably comprises reversible inverter/rectifier, and in

combination allow bi-directional power flow between the primary side (comprising at least a

power supply and a primary conductive path) and the secondary side (the one or more pickups

of the IPT system).

Bi-directional, for the purpose of this description, means that power can be transferred between

the primary conductive path on the primary side of the IPT system, and one or more pickups on

the secondary side of the system, in either direction. Power transferred in a 'reverse' direction

from one or more pickups to the primary conductive path need not necessarily be returned to

the power source electrically coupled to the IPT power supply, although that may be the case in

various embodiments of the invention. Furthermore, those skilled in the art will appreciate that

systems according to the present invention may be modified for uni-directional operation only, or

merely operated in a uni-directional manner, using techniques described herein without

departing from the scope of the invention.



Throughout the description like reference numerals will be used to refer to like features in

different embodiments. Reference to terms such as "input", "output", "primary" and "secondary"

will be used throughout with reference to the conventional direction of power flow (i.e. from the

electricity supply network or grid, through the IPT power supply to the or each pickup via the

primary conductive path), referred to herein as the forward direction, unless the context clearly

requires otherwise. However, because the present invention allows for bi-directional power flow

and operates on the same principles in both directions, it is to be appreciated that the concepts

described below apply equally in the reverse direction (i.e. wherein one or more pickups supply

power to the primary conductive path to power other pickups or to be returned to the primary

power source).

The invention comprises a power controller adapted to control the output of an IPT power circuit

by controlling the phase of a pick-up converter output, relative to the output of a power supply

converter. The primary and secondary sides of the system preferably each comprise a tuned

LCL circuit which facilitates bi-directional power flow with simple phase control as will be

described below.

The controller, to avoid the need for communications between the primary and secondary sides

of the system, may obtain an indication of the phase of the primary converter output from the

voltage induced in the pickup coil by the alternating track current, and use that to determine an

appropriate phase delay and/or inverter output waveform which may be used to control the

direction and/or magnitude of power transfer to maintain a constant or required pickup output

voltage, current, or power.

The term "converter" as used throughout the description is intended to include a rectifier, an

inverter, or a reversible inverter/rectifier, the appropriate selection of which is dependent on the

embodiment of the invention and will be apparent to a person skilled in the art.

The principle of controlling the magnitude of power transfer by varying relative phase angles is

described in International Patent Application No. PCT/NZ2009/000191 assigned to Auckland

UniServices Limited and entitled "Inductively Coupled AC Power Transfer", the contents of

which are incorporated herein by reference.

Embodiments of the invention will be described herein below by way of example with respect to

regulating a pickup output voltage. However it is to be appreciated that the same control

technique can be implemented to regulate or otherwise control the pickup output voltage,



current, or power. For example, in some applications such as battery or capacitor charging, the

controller may be adapted to maintain a constant output current or power.

Example 1

According to one example embodiment, the invention consists in a bi-directional single-pickup

IPT system having a power controller on both the primary and secondary (pickup) sides of the

system.

Referring to Figure 1, a bi-directional single pickup inductive power transfer system is shown by

way of example, generally referenced 300. Although the power source V
in

is depicted as being

a DC power source for the purpose of convenience, those skilled in the art will appreciate that

the power supply may further comprise an AC to DC converter or rectifier such that the power

supply may have a single- or multi-phase AC power source at the utility supply frequency

(typically 50 or 60 Hz) in the conventional forward direction.

Together, the primary power controller 101, reversible inverter/rectifier (comprising the H-bridge

of switches T
p1

-T
P4

and respective parallel diodes), resonant tank, series inductor LPj and

primary conductive path 102 may be referred to as the "primary side" of the IPT system.

The primary power controller 101 controls the operation of the primary reversible

inverter/rectifier. The reversible inverter/rectifier is electrically coupled to a DC power source

and a resonant tank comprising the primary conductive path or track 102 and a tuning capacitor,

through the series inductor L
pi
. In the conventional mode or forward direction of power transfer,

the reversible inverter/rectifier operates as an inverter, receiving DC power and supplying an AC

square wave voltage to the series inductor LPj . However, as loads associated with the pickup in

the IPT system 300 may include means for generating or storing electrical energy, the system

300 may also be operated in a "reverse" direction wherein the pickup supplies power to the

primary conductive path, and the "power supply" may be configured to supply a DC current to

the "input", V
in

, to return power to the power source, as in this example. This DC current may be

converted to an AC current and returned to the grid, or other circuits connected to a DC bus, for

example.

Operation of the system 300 in this reverse mode is the reverse of what happens in the forward

mode, which will be described in further detail below.

At the medium frequencies which are common employed in IPT systems and typically around

20-40 kHz, the output of the inverter may be a symmetric square wave voltage of adjustable



phase to avoid high switching losses. This requires only a simple circuit to achieve, as shown in

Figure 1. In other embodiments, however, the inverter may be configured to provide a

sinusoidal output, variable duty cycle (including pulse-width modulated output), or variable

magnitude output, provided only that the phase of the output can be adjusted and the frequency

is preferably substantially the same as that to which the resonant tank of both the power supply

and pickup are tuned (i.e. the resonant frequency of the power supply and pickup circuits).

If required, the primary side inverter/rectifier can alternatively be configured to adjust its input

voltage using a pre-regulator.

In the example IPT system 300 as illustrated, the reversible inverter/rectifier comprises four

switches Tp1-Tp4 in a bridge configuration, shunted by diodes. The switches Tp-ι-Tp4 are

preferably manipulated to produce a square-wave output voltage at a substantially fixed

frequency. The duty cycle of the square wave output voltage supplied to the series inductor LPj

in the forward direction is varied to obtain a variable converter output voltage magnitude to

control the alternating track current through the primary conductive path, as described below.

The timing of operation of the switches Tp 1-Tp4 is thus controlled by the primary controller 101 to

achieve a controlled AC output in the forward direction, or a DC output in the 'reverse' direction.

The power required by a load associated with the pickup generally fluctuates or varies with

respect to time. In order to minimise losses in the primary conductive path or track 102, it is

therefore desirable to decrease the current through the track 102 to the minimum level which is

sufficient to supply the load with the required power. The power controller 101 of. the present

invention provides a means for doing this, controlling the track current to match the required

output power by altering the pickup V-I (voltage-current) characteristic. Varying the track

current in this way is primarily intended for single pickup IPT systems as in this example,

although it may be applied in multiple pickup systems without departing from the scope of the

present invention.

A typical pickup that has a winding inductance L2, which if not compensated (not tuned or does

not contain a resonant circuit), can be represented by the following two equations:

Vo c = JMwI1

r1 SC -- τ
i1 I

2



V00 and I 0 are the open circuit voltage and short-circuit current, respectively, of a pickup which

is magnetically coupled through a mutual inductance of M to a primary track 102 that carries a

current of at frequency ω. As apparent from these two equations, the V-I characteristic of the

pickup changes with the primary current l-i, if other parameters are kept constant. In other

words, both the open circuit voltage and short circuit current in the pickup are directly

proportional to the current I1 in the primary conductive path.

If the power requirement of the load exceeds the instantaneous power available in the system,

the output voltage V0 will drop below the required level. The pickup output voltage V 0 on the

secondary side of the system may be communicated to the controller 101 by a wired or wireless

communication means using any standard or proprietary communication medium and/or

protocol. For example, the primary and secondary sides of the IPT system may be provided

with radio frequency receivers and transmitters respectively for wireless data communication, or

the primary conductive path 102 may be used as a communications medium as described in

International Publication No. WO/2005/043775 entitled "Communication apparatus and method"

and assigned to Auckland UniServices Limited.

Alternatively, according to a preferred embodiment of the invention an estimate of the pickup

output voltage V 0 may be derived from the voltage across the primary conductive path, thereby

avoiding the need for communications between the secondary and primary sides of the system.

Changes in the load supplied by the pickup are reflected through the mutual inductive coupling

back to the power supply, which affects the magnitude of the voltage across the primary tank,

V pt. A n estimate of V 0 can be derived by determining the phase angle between the voltage and

current in the primary conductive path, and using the phase angle to calculate the real

component of the voltage across the primary conductive path, which is proportional to the output

voltage V 0 for a given magnetic coupling M, as shown in the equation below.

where VAc,o is the AC voltage equivalent to V 0 , LpickUp is the inductance of the pickup coil, and

Ltrack is the inductance of the primary conductive path or track.

Further alternative means for providing closed-loop feedback will be apparent to those skilled in

the art and may be implemented without departing from the scope of the invention.



While it may in some circumstances be preferable to have some form of feedback from the

output of the secondary side of the circuit to provide improved control, in particular in

applications where the mutual inductance between the primary and secondary sides of the

circuit may vary in use due to variations in the distance and/or alignment of the pickup coil with

respect to the primary conductive path, the above solution has been found to provide good

control without the requirement for communication between the secondary and primary sides of

the IPT system 300.

The magnitude of the current through the series inductor L
pi

, and therefore the current supplied

to the primary conductive path 102, depends on the voltage applied across the inductor for any

given frequency. The frequency of the output from the inverter, Vp,-, is preferably the same as

that of the resonant tank voltage V
pt

, to which the IPT system 300 is tuned. The track current is

controlled by changing the primary inverter output voltage magnitude or amplitude, for example

by varying the pulse width of the positive and negative periods of the square wave with respect

to a zero-level output.

In this example embodiment, magnitude control is achieved by varying a phase delay between

switch driving signals supplied to each of the two respective legs of the H-bridge inverter, from

an angle of π (corresponding with the maximum voltage amplitude) to 2π (corresponding with

the minimum voltage amplitude, or zero volts). The output of the primary converter in this

embodiment therefore resembles the output of a three-level inverter having output levels of

approximately +V
in

, OV, and -V
in

. However, alternative converters may be used without

departing from the scope of the invention.

The primary converter output voltage phase is thus preferably kept constant, but the voltage

magnitude is controlled by controlling the H-bridge switches in a uni-polar scheme and

overlapping the waveforms to control the magnitude of the track current.

The duty cycle of the switches in the primary inverter/rectifier are thus controlled to maintain an

approximately constant quality factor Q (effectively the ratio between the voltage across C2 and

voltage induced in the pickup coil).

Referring now to Figure 2 , a block diagram illustrating one possible control technique for the

power controller 101 is shown. The controller compares the track current with a reference

current (representing the required track current, which may be variable or constant) and uses a

proportional-integral (Pl) control algorithm to determine a delay θdelay between the driving signals



to each leg of the H-bridge inverter to obtain an appropriate converter output voltage magnitude

and thus control the track current.

It will be appreciated by those skilled in the art that the block diagram of Figure 2 illustrates only

one possible example of a primary controller 101 according to the present invention, and many

variations and/or modifications are possible without departing from the scope of the invention.

The pickup circuit or secondary side of the bi-directional system 300 comprises a secondary

power controller 302, a secondary resonant tank circuit comprising a capacitor and a pickup coil

103, and a series inductor L
0

provided between the secondary resonant tank circuit and a

reversible rectifier/inverter. It will be seen from the schematic of Figure 1 that the electronic

hardware of the primary and secondary sides of the system 300 is essentially identical

according to this embodiment, as the primary and secondary controllers, 101 and 302

respectively, will typically be implemented using a physically identical microcontroller or similar

electronic hardware.

Referring to Figures 1 and 3, the phase of the voltage induced in the pickup coil, which is

indicative of the phase of the primary converter output voltage, is measured using phase

detection means such as the phase locked loop (PLL) as illustrated, and is used to derive the

secondary drive signals controlling the secondary inverter/rectifier. Those skilled in the art will

appreciate that the phase of the voltage in the primary conductive path (i.e. the phase of the

primary converter output voltage) may be detected in many different ways, detection of the

phase of the voltage induced in the pickup being but one example. This phase is combined with

the error from a Pl controller (derived from the comparison of the pickup output Power and a

reference power, or output and reference voltages) to derive drive signals for the converter

switches which cause the secondary converter (operating in the rectifier mode) to operate with

an appropriate phase angle with respect to the primary converter in order to maintain the

required output power Pout or voltage V0 . Thus, the secondary inverter/rectifier is operated with

a variable phase angle relative to the primary inverter/rectifier, wherein the relative phase angle

is used to control the power transferred to the load as described in further detail below. The

output voltage Vo may therefore be said to be proportional (although not necessary directly

proportional) to the relative phase delay between 0° (i.e. 0 V output) and 90° (maximum output

voltage), or conversely the pickup output is proportional to the relative phase angle between the

primary and secondary converters.

As the load upon the pickup circuit changes, the resonant tank voltages Vst and Vpt change for a

given track current. The primary controller 101 varies the track current to suit load demands



while minimising losses, while the secondary controller 302 varies the relative phasing of the

secondary inverter/rectifier with respect to the primary inverter/rectifier to maintain the required

output voltage V0 as the load and track current varies. Accordingly, the primary and secondary

controllers together preferably act to make the secondary voltages Vst and V
30

substantially

similar in order to minimise reactive currents in the secondary side caused by the voltage across

the series inductor L
0
, regardless of changes in the load.

According to an alternative embodiment, however, the primary side may be configured to supply

a constant current to the primary conductive path. This results in a higher reactive current in the

secondary side as the output voltage is maintained through phase-modulation by the secondary

controller, but the aforementioned output voltage feedback loop from the secondary to the

primary is not required in this variation of the first example system. In either case, the same

secondary-side controller may be used.

The phase angle between the primary and the secondary rectifier/inverter voltages can control

both or either of the magnitude and the direction of power transfer. The direction of power flow

is determined by the sign of the relative phase angle. When the secondary side converter

voltage V
30

lags the primary side inverter voltage Vpi , the power flows from the primary to the

load (i.e. power flows in the forward direction). Conversely, when V
30

leads V
pi
, the direction of

power flow is reversed. Bi-directional power flow can therefore be achieved as and when

required by adjusting the relative phase angle between the primary and secondary converters to

a leading or lagging angle, as appropriate. In other words, the secondary controller adjusts the

relative phase angle of the secondary reversible rectifier/inverter with respect to the primary

inverter voltage V
pi

to control the direction and amount of power flow as desired.

Bi-directional power flow may be required in a number of applications, such as where the load

includes a battery which may be charged and/or drained, or an electric motor which may also

function as a generator. One such example is in electric vehicles where excess energy may be

stored in a vehicle battery, energy which may then be returned to the electricity supply grid

during peak usage times if the vehicle is not in use. Thus power can be transferred inductively

from the electricity network to the vehicle and vice versa, using the same controller electronics

on both sides of the system.

Example 2

According to an alternative embodiment of an IPT system which may otherwise be identical to

that of the first example above, the secondary controller may be adapted to control the pickup

output voltage by varying its inverter output magnitude (e.g. varying the converter output pulse



widths using the H-bridge magnitude control scheme described above with respect to the

primary inverter/rectifier, through pulse-width modulation of the converter output, or varying the

output voltage using any other techniques known in the art), but maintain a fixed relative phase

angle between the primary and secondary converters of +/-90°. The advantage of this

embodiment is that the phase angle of 90° between the current and voltage results in unity

power factor operation.

A block diagram of a secondary controller which maintains a relative phase angle of 90° is

shown in Figure 4 . A proportional-integral control algorithm is used to determine an appropriate

delay θdetay between the driving signals for the H-bridge legs to affect magnitude control of the

inverter output, while a phase-locked loop is used to detect the phase of the voltage induced in

the pickup coil (to approximate the phase of the primary converter) and maintain a relative

phase angle of 90°.

Although unity power factor operation is generally desirable, the pickup may be configured to

operate with any other predetermined relative phase angle.

Optional bi-directional power flow can still be achieved by changing the relative phase angle

from -90° and +90° and vice versa, as and when required.

Example 3

In many IPT systems, there may be multiple pickups inductively coupled with a single primary

conductive path and power supply at any one time. The power controller of the present

invention also has application in such systems, and a schematic of a bi-directional multiple

pickup inductive power system 500 is shown by way of example in Figure 5 . The IPT system

500 comprises a similar primary side as that shown in the single pickup system example of

Figure 1, but may include two or more pickup circuits in the secondary side of the system, each

pickup circuit also being similar or identical to the single pickup of Figure 1.

In the forward mode of a multiple pickup system such as the system 500, the primary controller

is preferably configured to maintain a constant current in the primary conductive path, unless all

loads are removed from the system 500. The primary side contro\ier 101 measures and

maintains the track current lτ by varying the voltage magnitude as necessary, either through

delaying the H-bridge leg driving signals as described above, or by pulse-width-modulation

(PWM) control.



The secondary side controller 302 in each pickup circuit acts to independently maintain the

required output voltage V0 , by comparing the actual output voltage V0 with a reference voltage

Vref corresponding with the required output voltage. The error between the actual output voltage

V0 and the reference voltage Vref is fed, for example, into a proportional-integral (Pl) controller to

determine a phase angle between the primary and secondary inverter/rectifiers which will

reduce the error between V0 and VrΘf. The output control signal from each controller 302

therefore controls the reversible rectifier/inverter in the pickup circuit to produce the required

phase in the voltage V
30

with respect to V
pi
, which can be approximated by V

si
(where V

si
is the

induced voltage in the pickup/secondary due to track current).

Alternatively, the output voltage of each pickup can be controlled through voltage magnitude

control or PWM control techniques to reduce reactive currents, preferably maintaining a 90°

angle for unity power factor operation of the pickup as described above with respect to the

second example. Regulation or control of the pickup output in that case may be achieved by

modulating the pulse width of the positive and negative inverter output voltages.

Changes in the load electrically coupled to each secondary converter output typically affect the

track current, however the primary controller acts to maintain a constant track current regardless

of load variations, to ensure that all other pickups in the system receive adequate power. The

secondary side controllers 302 each ensure that the output voltage V0 of each pickup circuit is

maintained as the load changes. Under no load or very light load conditions in any pickup, the

relative phase angle between the primary and secondary inverter/rectifiers tends towards zero

and the rectifier/inverter serves as a short circuit, decoupling the pickup from the system 500.

As in the case of the bi-directional single pickup IPT system 300, when the secondary side

rectifier/inverter voltage V
si0

lags the primary inverter voltage V
pi
, the power flow is from the

secondary resonant tank to the load. When the phase angle is leading, the power flow is

reversed. Thus the direction of power flow from each pickup to the primary conductive path

may be controlled independently by the respective secondary controllers.

Example 4

In the multiple pickup system 500, one or more pickups may be supplying power to the system

500 by inductive coupling with the primary conductive path 102 while one or more other pickups

may simultaneously be supplying power to a load, receiving power from the power supply

and/or other pickups via the same primary conductive path. If the total power supplied to the

system 500 by the pickups exceeds the power supplied to loads by one or more other pickups,

then the primary power controller may be configured to supply power to the input V
in
. This will



1

be illustrated below by way of an example application of the invention in which the

method/system enables contactless bi-directional charging/discharging of multiple electric or

hybrid vehicles from a common DC bus using reversible rectifiers/inverters and phase

modulation. Using the invention, the electric vehicles can be used both for transportation and

energy storage/supply.

In this example application, the outputs of all pickup circuits (such as those shown in Figure 4)

are connected to vehicle batteries which are represented by DC supplies to either absorb or

deliver power. As in the case of typical IPT systems, a primary supply generates a constant

track current in Lτ , which is magnetically coupled to the pickup coils. The primary and pickup

circuits are implemented with virtually identical electronics, which include a reversible rectifier

and a tuned (resonant) inductor-capacitor-inductor (LCL) circuit, to facilitate bidirectional power

flow between the track and the vehicles (pickups). Each LCL circuit is tuned to the track

frequency, generated by the primary supply, and each reversible rectifier is operated either in

the inverting or rectifying mode, depending on the direction of the power flow. Phase angles

between the reversible rectifiers will determine the amount and/or direction of power flow.

The primary side inverter (reversible rectifier) is assumed to produce a sinusoidal voltage,

VpjZO, at an angular frequency ω, where ω is the tuned frequency of the LCL circuit. The track

current, IT, which is the current in inductor Lγ, is held constant by the primary side controller.

At steady state, the induced voltage VSj ,n of the 'nthl pickup due to track current Iγ can be given

by

V
si

j ωMnIτ (1)

where Mn represents the magnetic coupling between the track inductance Lτ and the pickup coil

inductance of the nth pickup.

Each pickup may be operated either as a source or a sink by the corresponding reversible

rectifier. Despite the mode of operation, the voltage, V
rn

, reflected onto the track due to 'nthl

pickup can be expressed by

Vra =-j ωM nI sU (2)

The nth pickup system can thus be represented by the model in Figure 6 .



If the L-C-L circuits on both primary and pickup sides are tuned to the frequency of ω, and Lpi

LT, LSI.1 = LSO 1 , . . . . , L Si,π = Lso.n then

ω2 = _ 1 _ _ . - __!_ - -
LTCT Lsi.lCl Lsi,nCn So,A so n n (3)

Under these conditions it can be shown that the input current, lin, and track current, lτ , of the

primary power supply are given by

Similarly, the input and output current of 'nthl pickup circuit can be given by

T — • s o 'n

r . sl,n
so,n J

Substituting (1) and (5) in (7),

T J M nI τ M n Vpi
SOM J T Tω

si,n L
sKn

ωLτ

If the equivalent AC voltage of the output or the input voltage of the reversible rectifier of the nth

pickup system is given by Vso,n -θn, then the power output, P0n, of the nfh pickup is given by,

Pon =Re:{V
SO n

(-I
SO I1

)*} (9)

Substituting (10) in (1 1),



From (10) it is evident that maximum power transfer takes place when the phase angle is ± 90

degrees. A leading phase angle constitutes power transfer from the pickup to the track while a

lagging phase angle enables power transfer from the track to the pickup. Thus for any given

primary and pickup voltages, both the amount and direction of power flow between the track and

the pickup can be regulated by controlling the phase angle of the voltage generated by the

reversible rectifier of the pickup, as described in the following section. A diagram, depicting the

phasor relationship between the circuit variables of the primary and the nth pickup, is given in

Figure 7 .

From (10) it is evident that the power output of any pickup system can be regulated by either

individual or combined control of both magnitude and phase of voltages, generated by the

converters. At ±90 degrees, the pickup operates at unity power factor and the power output is

maximum. A leading phase angle constitutes power transfer from the pickup to the track while a

lagging phase angle enables power transfer from the track to the pickup. A diagram, depicting

the phasor relationship between the circuit variables of the primary and the pickup, is shown in

Figure 8.

At unity power factor on the pickup side, the magnitude of the power flow can be controlled by

varying either the primary or pickup side voltages. Changing the track current, which is

generally only applicable to single pickup systems since it would otherwise affect all pickups in

the system, will change the induced voltage in the pickup, and as a result at light loads with very

low track currents will result in a very high Q (the ratio between the effective AC output voltage

and induced voltage) for a given pickup output voltage. Such an operation with high and

variable Q is unstable as the system becomes too sensitive. Alternatively, the magnitude of the

voltage generated by the pickup side converter can be varied, as shown by the broken lines in

Figure 8, to control the power flow while keeping the primary voltage, hence the track current,

constant. In this situation, the operation of the pickup is similar to that used in typical IPT

systems, but four switches are used instead of the diode rectifier and single switch to allow for

the bi-directional power flow. Therefore the average Q is kept low while the effective output

current is varied, introducing a phase-shift between the switching signals of each leg of the

inverter.

The primary side full-bridge converter (reversible rectifier) is driven by the primary controller,

which in this example comprises a saw-tooth generator and a proportional-integral-derivative

(Pl) controller, to produce a phase modulated square wave or sinusoidal voltage waveform (V
pi
)

which regulates the track current at a desired value and frequency. The regulation is achieved

by comparing the current that is flowing in the track inductor (Lτ) with a reference value



corresponding to the required track current. The error between the reference value and the

actual track current is fed into a Pl controller to generate the control signals for the reversible

rectifier in such a manner to maintain a constant track current regardless of the load.

Although the pickup controllers are similar to the primary side controller, in this case the output

power of the pickups is regulated as required to charge or discharge the batteries of electric

vehicles. The error between the reference and the actual power is fed through a Pl controller to

generate a phase angle in such a manner that the error is reduced when the pickup side

reversible rectifier is operated to produce a voltage V
0

at this phase angle with respect to the

primary converter, which may be approximated by the induced voltage in the pickup.

The voltage generated by a pickup side reversible rectifier (Vso,n) is therefore modulated in such

a manner that it leads or lags the induced voltage (V
si
,n) by a phase angle θn, where - π/2< θn <π/2

Although in practice a sinusoidal Vso,n could be generated through PWM control, a simpler

bipolar square wave voltage, which reduces switching losses, is used in the simulations

described below. A phase angle (θn) between 0 and τr/2 results in the pickup side converter

operating as a rectifier to deliver power to the vehicle or pickup side source. When the pickup

side converter is operated in the inverter mode, the phase angle varies between -τr/2 and 0 , and

the vehicle or pickup side source supplies power to the track, which is taken by the sources of

the primary side and other pickups.

A 3 kW bidirectional IPT system according to the present invention, consisting of two pickups,

has been designed and simulated in The MathWorks, Inc.'s Simulink®. The design parameters

of the simulated system are given in Table 1 below. The primary converter of the system was

controlled to maintain a constant track current of 100A at 20 kHz, while the converters

(reversible rectifiers) of two pickups were connected to 150 V and 100 V battery sources,

respectively. The two pickups were magnetically coupled to the track to either extract power

from the track or deliver power back to the track through phase modulation as described above.



Table 1

Simulated voltage and current waveforms of the system, when "pickup 1" is configured to supply

1800 W to its load and operates with a 90 degrees lagging phase angle ( 1) and "pickup 2" to

supply 700 W and operates with a 45 degrees lagging phase angle (θ2) , are shown in Figures

10 (a) and (b), respectively. The square wave voltage waveforms in the top and middle plots of

Figure 10 (a) and Figure 10 (b) clearly show the phase shift between the voltages generated by

primary and pickup side converters. The square wave voltages generated by both pickup side

converters are lagging the square wave voltage generated by the primary converter (by 90° and

45°, respectively), and therefore the power flow is from the primary side to the pickup side, as

per (10). This is evident from the waveforms in the bottom plots of Figure 10 (a) and Figure 10

(b), which show the resonant tank voltage across the pickup tuning capacitors and the input

current of the pickup side converter. At 90 degrees lagging phase angle, pickup 1 operates in

the rectification mode to deliver its maximum possible specified power of 1800 W to the load. In

contrast, pickup 2 also operates as a rectifier but only absorbs 700 W at 45 degrees lagging

phase angle, which is less than its maximum designed power output.

Figure 10 (a) and (b) shows the voltage and current waveforms of the same system when both

pickup side converters are operated at a leading phase angle of 90 degrees with respect to the

primary converter. At 90 degree phase angle both pickup side converters generate maximum

power of 1800 W and 1100 W , respectively, which is delivered to the primary side at the leading

phase angle as evident from the waveforms.

Simulation results when the first pickup delivers power to its load while the second pickup

supplies power to the primary side of the system are shown in Figure 11. In this situation,

pickup 1 is operated at a lagging phase angle of 45 degrees with respect to the primary side

converter, and as such consumes 1100 W, which is less than its maximum rated power as

expected. A portion of the power consumed by pickup 1 is supplied by pickup 2, which is

operated at a leading phase angle, and the deficit of the power required by pickup 1 is provided

by the primary power supply.

Thus, the present invention may be said to consist in a method for controlling contactless bi¬

directional power transfer, a power controller performing the aforementioned method, a power



supply or pickup apparatus comprising the said power controller, and/or a bi-directional IPT

system.

Those skilled in the art will appreciate that the invention allows a pickup to supply power to a

primary power supply or to another pickup via the IPT track (i.e. via the primary conductive

path). Thus one or more pickups can be used to augment power supplied to another pickup

from the primary conductive path by a primary power supply, or one or more pickups can be

used as a sole source of power to supply another pickup. Furthermore, power can be

exchanged between pickups that are directly coupled to each other.

From the foregoing it will be seen that the invention enables bi-directional control of power flow

between the primary and secondary sides of the system using the same or a similar controller

circuit in both sides of single and multiple pickup IPT systems.

Unless the context clearly requires otherwise, throughout the description, the words "comprise",

"comprising", and the like, are to be construed in an inclusive sense as opposed to an exclusive

or exhaustive sense, that is to say, in the sense of "including, but not limited to".

Although this invention has been described by way of example and with reference to possible

embodiments thereof, it is to be understood that modifications or improvements may be made

thereto without departing from the scope of the invention. Furthermore, where reference has

been made to specific components or integers of the invention having known equivalents, then

such equivalents are herein incorporated as if individually set forth.

Any discussion of the prior art throughout the specification should in no way be considered as

an admission that such prior art is widely known or forms part of common general knowledge in

the field.



Claims

1. A control method for an inductive power transfer (IPT) system, the method comprising

the step of controlling the relative phase angle of a pickup converter on a secondary side of the

system with respect to a power supply converter on a primary side of the system to control the

transfer of power between a primary conductive path and a load associated with the pickup.

2. The control method of claim 1 wherein the primary and secondary sides each further

comprise a tuned inductor-capacitor-inductor (LCL) circuit.

3 . The control method of claim 1 or claim 2 wherein the phase angle may be varied

between 0° and ±90° and is proportional to the magnitude of power transfer required to obtain a

required pickup output.

4 . The control method of claims 1 or claim 2 wherein the method further comprises the

steps of controlling the relative phase angle to maintain a constant ±90° angle between the

pickup and power supply converters, and controlling the magnitude of power transfer by varying

the secondary converter output voltage to maintain a required pickup output.

5 . The control method of claim 4 wherein the step of varying the secondary converter

output voltage magnitude comprises varying the pulse width of the secondary converter output

voltage.

6 . The control method of any one of claims 1 to 5 , wherein the method further comprises

the step of controlling the voltage of the primary converter to maintain a constant current

through the primary conductive path unless all loads are removed from the system.

7 . The control method of any one of claims 1 to 5 , wherein the method further comprises

the step of controlling the voltage of the primary converter to maintain the minimum current

through the primary conductive path sufficient for the pickup controller to maintain a required

pickup output.

8. The control method of any one of claims 1 to 7 , wherein the method further comprises

the step of controlling the direction of power flow by causing the pickup converter to either lag or

lead the power supply converter by a required phase angle, thereby enabling bi-directional

power transfer between the pickup and the primary side of the IPT system.



c ό

9. A pickup for an inductive power transfer (IPT) system, the pickup comprising:

means for detecting the phase of a voltage in a primary conductive path with which the

pickup is inductively coupled;

a converter allowing adjustable phase; and

a controller adapted to control the power transfer between the primary conductive path

and a load associated with the pickup, by controlling at least the phase angle of the converter

with respect to that of the primary conductive path voltage.

10. The pickup of claim 9 wherein the pickup further comprises a tuned inductor-capacitor-

inductor (LCL) circuit.

11. The pickup of claim 9 or claim 10 wherein the means for detecting the phase of the

primary conductive path voltage comprises means for detecting the phase of a voltage induced

in the pickup..

12. The pickup of any one of claims 9 to 1 1 wherein the controller is adapted to vary the

phase angle between 0° and ±90°, proportional to the magnitude of power transfer required to

obtain a required pickup output.

13. The pickup of any one of claims 9 to 1 1 wherein the controller is adapted to maintain a

constant ±90° phase angle between the pickup converter output and the primary conductive

path voltage, and to control the magnitude of power transfer by varying the secondary converter

output voltage to maintain a required pickup output.

14. The pickup of any one of claims 9 to 1 1 wherein the controller is further adapted to

control the direction of power flow by causing the pickup converter to either lag or lead the

primary conductive path voltage by a required phase angle, thereby enabling bi-directional

power transfer between the pickup and the primary side.

15. An inductive power transfer (IPT) system comprising:

a power supply adapted to control the alternating current in a primary conductive path;

and

at least one pickup inductively coupled with the primary conductive path in use and

comprising a converter electrically coupled to a load, the pickup being adapted to control the

relative phase angle of the converter output with respect to that of the voltage in the primary

conductive path to control the transfer of power between the primary conductive path and the

load.



16. The inductive power transfer (IPT) system of claim 15 wherein the power supply and the

pickup each further comprise a tuned inductor-capacitor-inductor (LCL) circuit.

17. The inductive power transfer (IPT) system of claim 15 or claim 16 wherein the IPT

system comprises a single pickup and the power supply is adapted to supply the minimum

alternating track current which is sufficient to supply the load.

18. The inductive power transfer (IPT) system of claim 15 or claim 16 wherein the IPT

system comprises a plurality of pickups inductively coupled with the primary conductive path,

and the power supply is adapted to supply a substantially constant alternating current to the

primary conductive path.

19. The inductive power transfer (IPT) system of any one of claims 15 to 18 wherein the

power supplied by the or each pickup to its respective load is controlled by the pickup and is

determined by the relative phase angle between the pickup converter output voltage and the

output voltage of a primary converter of the power supply, wherein the power transferred to the

load is proportional to the relative phase angle in the range of 0° to ±90°.

20. The inductive power transfer (IPT) system of any one of claims 15 to 18 wherein the

voltage supplied by the or each pickup to the respective load is controlled by the pickup and

determined by the pulse width of the converter, wherein the relative phase angle between the

pickup and primary converters is controlled to be substantially equal to ±90°.

21. The inductive power transfer (IPT) system of any one of claims 15 to 20 wherein the or

each converter comprises a reversible inverter/rectifier, and the direction of power transfer is

controlled by causing the pickup converter output voltage to either lag or lead a primary

converter output voltage by a required phase angle, thereby enabling bi-directional power

transfer between the load and the primary conductive path.

22. The inductive power transfer (IPT) system of any one of claims 15 to 2 1 wherein the or

each pickup in the system is adapted to independently control the direction of power flow

to/from the respective load, thereby allowing bi-directional power flow between the load and one

or more other pickups via the primary conductive path.

23. The inductive power transfer (IPT) system of any one of claims 15 to 22 wherein the

power supply also comprises a reversible inverter/rectifier, and power transferred from one or



more pickups to the primary conductive path may be returned to a primary power source

electrically coupled to the power supply, thereby allowing bi-directional power flow between one

or more loads and the power source.

24. A control method for an inductive power transfer (IPT) system substantially as herein

described with respect to any one of the embodiments illustrated in the accompanying drawings.

25. An inductive power transfer (IPT) system substantially as herein described with respect

to any one of the embodiments illustrated in the accompanying drawings.
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