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PRIMARY-SIDE POWER CONTROL FOR 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 the control or regulation of the output
of a pick-up from the primary side of the IPT system.

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 roorﬁs, 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 pick-ups 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
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 pick-up includes an inductive coil, in which a voltage is induced by the
changing magnetic flux passing through the coil in accordahce with Faraday’s law of induction,
thereby achieving contactless inductive power transfer. |

Typically, the or each pick-up 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, thereby providing

secondary-side output power control.

In some circumstances, it may be preferable to control thé output power of the pickup from the
primary side of the system. This may be due to the additional cost and complexity of the
additional components required for a pick-up side controller or due to limitations on the physical
size of the pick-up, for example. Power supplied to a load associated with a pick-up may be
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controlled from the primary side of an IPT system by modulating the amplitude, phase or
frequency of the current in the primary conductive path to reduce power at partial loads and
minimise losses, or to increase the current in the primary conductive path and therefore the
magnetic flux when the pick-up coil is not ideally aligned, for example, to ensure the required
power is supplied to the load. Providing primary-side power control can help reduce costs by
eliminating the power conditioner and switched-mode controller from thé pick-up 6ir¢uit.

However, although primary-side power control may be preferred in some circumstances, there -
are disadvantages in the primary-side power control methods of the prior art. For example,
frequency modulation, wherein the frequency of the current in the primary conductive path is
varied \.Nith- respect to the resonant frequency of an inductively coupled pick-up circuit to tune
and/or detune the resonant circuit, is very difficult to achieve in practice and requivres a complex
power controller. A power controller which varies the current in the primary conductive path or
track by amplitude modulation can be effective. However, in both cases, the system requires
some form or wired or wireless communications to form a feedback loop between the piék—up
output on the secondary side of the system, and the power supply on the primary side. This
adds to the complexity and cost of the system. .

Object of the Invention

It is therefore an object of the invention to provide a method, apparatus and/or system which
enables effective pick-up output power control from the primary side of an inductive power
transfer (IPT) system, without the need for communications therebetween.

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

Accordingly in one aspect the invention may broadly be said to consist in a method of controlling
the output voltage of a pickup in an inductive power transfer (IPT) system comprising the pick-
up, a power supply, and a primary conductive path, the method comprising the steps of:

deriving an estimate of the output voltage of the pickup from the voltage across the

primary conductive path; and
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adjusting the current in the primary conductive path so that the estimated pick-up output

voitage matches a required pick-up output voltage, by controlling the voltage supplied to the
primary conductive path by the power supply. ‘

Preferably the estimate of the output voltage takes into account changes in both an output load
and a mutual coupling between the pickup and the priméry conductive path.

Preferably the step of deriving an estimate of the output voltage of the pickup comprises
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.

Preferably the step of deriving an estimate of the output voltage of the pickup further comprises
using the phase angle to calculate the imaginary component of the voltage across the primary.
conductive path, using the imaginary componént to calculate the mutual inductive coupling
between the pickup and the primary conductive path, and using the phase angle and mutual
inductive coupling to derive an estimate of the output voltage of the pickup.

Préférably the step of adjusting the current in the primary conductive path comprises adjusting
the current such that the estimated pick-up output voltage matches the required output voltage. '
According to a second aspect, the invention may broadly be said to consist in a power controller
adapted to perform the method according to any of the prebeding statements.

According to a third aspect, the invention may broadly be said to consist in a power supply
including the power controller of the second aspect. /

Accordihg to a fourth aspect, the invention may broadly be said to consist in an IPT system
including the power supply of the third aspect.

According to a fifth aspéct, the invention may broadly be said to consist in a power supply .for
inductive coupling with a pickup via a conductive path in an inductive power transfer (IPT)
system, the power supply comprising:

an inverter,

a resonant tank electrically coupled with the output of the inverter and comprising a
tuning capacitor and the conductive path; and '

~a power controller adapted to estimate the output voltage of a pick-up inductively

coupled with the power supply in use, by determining the phase angle between the voltage and



WO 2010/062201 PCT/NZ2009/000263
4

current in the primary conductive path, calculating the real component of the voitage across the
conductive path using the phase angle, deriving ah estimate of the output voltage from the real
- component,-and controlling the current supplied to the conductive path by varying the inverter
output voltage such that the estimated output voitage matches a required pick-up output
voltage.

- Preferably the power controller is further adapted to use the phase angle to calculate the
imaginary component of the voltage across the primary conductive path, use the imaginary
component to calculate the mutual inductive coupling between the pickup and the primary
conductive path, and use the phase angle and mutual inductive coupling to derive an estimate
of the output voltage of the pickup.

Preferably the inverter comprises two pairs of switches in an H-bridge configuration, wherein the
power controller operates each pair of switches using symmetric square wave driving signals
and is adapted to control the inverter output voltage by phase shifting one driving signal with
respect to the other by an angle of between 180° and 360°.

Alternatively the inverter output voltage may be controlled using pulse-width modulation.

Alternatively the inverter output voltage may be controlled using a pre-regulator before the
inverter. For example, a simple switched-mode DC/DC converter to regulate the inverter input
voltage so that the inverter output voltage can be varied as desired.

According to a sixth aspect, the invention may broadly be said to consist in an inductive power
transfer (IPT) system comprising a power supply according to the fifth aspect, a conductive
path, and a pick-up inductively coupled with the power supply via the conductive path.

Further aspects of the invention, which should be considered in all its novel aspects, will
become apparent from the following description. |

Di'awing 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 an IPT system according to the prior art;

Figure 2 is a schematic of an IPT system according to the preferred embodiment of the present

invention;
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Figure 3 is a phasor diagram illustrating the track voltage and current for the system of Figure
1;

Figure 4 shows the ideal voltage/current characteristics of IPT systems of both the prior art and
the present invention;

Figure 5 is a block diagram of a controller according to the preferred embodiment of the present
invention;

Figure 6 is a graph showing the response of a pickup to a load transient;

Figure 7 is a graph showing the response of the track to a load transient;

Figure 8 is a graph showing the system voltages and currents of an example embodiment of
the present invention under a light load; .

Figure 9 is a graph shéwing the system voltages and currents of an example embodiment of
the present invention under a heavy load;

Figure 10 is a graph showing the measured and estimated voltages of an example IPT system
according to the present invention;

Figure 11 is a graph showing the system voltages and currents of an example embodiment of
an example embodiment of the present invention at a high load;

Figure 12 is a graph showing the system voltagés and currents of the example embodiment of
the present invention at a light load; and

Figure 13 is a graph showing the system voltages and currents of the example embodiment of
the present invention at a light load with a restored output voltage.

Detailed Description of the Drawings

Design and control of typical IPT systems are well known and reported in literature. Fig. 1

shows a typical IF’T system according to the prior art, with controllers employed on each side of
an air—gab across which the power is transferred. The primary side controller generally operates

the inverter to maintain a constant current in the primary winding, which ié referred to as the

track, compensating for any variations in input supply and pick-up load (R.). A resonant
converter is gene'rally used to generate the track current at the desired frequency, which ranges
from 10-40 kHz in typical IPT systems. For IPT systems with multiple pick-ups, a constant track
current is generally necessary but a varying track current may be employed for single pick-up
systems. A resonant circuit, tuned to the same track frequency, is usually employed in the pick-
up system to provide compensation for power factor improvement and maximum power
delivery. The pick-up side controller operates the pick-up side circuit as a boost converter, .
A using switch S, to regulate the amount of power extracted from the track through magnetic
coupling, M, and transferred to the load. In this arrangement, the pick-up behaves as a
constant current source feeding the load. The amount of the current fed to the load is controlled .
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by the duty cycle of the switch, which essentially decouples the load from the track when ‘on’,

and is operated at a moderate frequency to lower switching losses.

A typical pick-up that has a winding inductance L, which if not compensated (not tuned or does
not contain a resonant circuit), can be represented by the following two equations:

M
Io =—1
SC L2 1

V. and I are the open circuit voltage and short-circuit current, respectively, of a pick-up which
is magnetically coup-led'through a mutual inductance of M to a primary track that carries a
current of I, at frequency w. As apparent from these two equations, the V-I characterisfic of the
pick-up changes with the primary current |, if other parameters are kept constant. In other
words, both the open circuit voltage and short circuit current in the pick-up are directly
proportional to the current |, in the primary conductive path.

If the pick-up coil inductance L; is tuned to the track frequency with tuning capacitor C,, such
that w?L,C, = 1, then the impedance, Z,, of the pick-up seen by Voc, and the current, |, in the
pick-up coil is given by

R, (1/joC,y) _ joL, (2)

Z, =joL; + R 4ec, = 1150,

I, =7 =L, (1+jQ,) 3)

Where the effective AC load before the rectifier R, short-circuit current Isc, and quality factor
Q,, of the pick-up are defined by

Q, =oR,C, - ®
R, =%R, (6)

The voltage across Cz or the AC load voltage is then,
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—_ 1 Re(1/joCy) -
Ver =L %7506, = LeRac = Q2 Vo (7)

Equation (7) suggests that the AC load voltage or the voltage across V., is produced by a
current source ls., which in fact is the Norton equivalent current of the pick-up coil L,. Therefore
the pick-up coil can be represented by its Norton equivalent circuit, and any pick-up side
analysis can simply be performed by treating the pick-up essentially as a parallel resonant
circuit - L in parallel with C, and fed by the current source Isc. Under this condition, the power
delivered to the load by the pick-up in Fig. 1, can be expressed by

P, =55 (1-D)I.V, =(0.9)1-D){* LV, - ®

where D is the duty cycle of the switch, S. Thus by simply controlling D, the power output of the
pick-up can be controlled. If necessary, equation (8) can easily be compensated for the diode
drops of the rectifier bridge to obtain a more accurate estimate of the output power.

The present invention provides a method, apparatus and system for controlling the output of a
pick-up soIe'Iy from the primary side of an IPT system, without any form of communications
between the pick-up and power supbly. This is achieved by monitoring changes in the track
voltage, which can be measured directly by the power supply on the primary (powering) side of
the system.

Referring to Figure 2, the load that each pick-up supplies will typically fluctuate or vary, and this
load change is reflected through the mutual inductive coupling M back to the power supply,
which affects the voltage across the primary tank, V.;. An estimate of the pickup output voitage
Vo may therefore be derived from the reflected voltage across the primary conductive path, V,, ‘
or the resonant tank capacitor V., which can be defected from the primary side of the system.

In particular, the real (as opposed to the imaginary) component of the resonant tank voltage V.,
has been found to be proportional to, or at least indicative of, the pick-up output voltage Vo, and
therefore provides a way of estimating the output voltage to allow control thereof to account for
changes in the load without any feedback from the secondary side of the system. This will be

described in further detail herein below.

The present invention is therefore employed in the powering (or primary) side of the IPT system,
and regulates or otherwise controls the output voltage of the pick-up, controlling the power
transfer from the primary side to the load associated with the pick-up as effectively as that
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achieved in typical IPT systems with two controllers, or a single controller with secondary-side
feedback. An inductive power transfer (IPT) system with a single controller without secondary
side feed-back may lower the overall system cost, complexity and/or sizeﬂ, and may also
improve the efficiency and reliability of the system compared to the prior art.

"Embodiments of the invention will be described herein below by way of example with respect to
regulating the output voltage of a pick-up from the primary side of the IPT system, however it is
to be appreciated that the same control technique can be adapted to regulate the output power
or current. For example, in some applications such as battery or capacitor charging, a constant
pick-up output current or power may be preferable.

Referring still to Fig. 2, an example of a single pick-up inductive power transfer (IPT) system
according to the present invention is shown. In this embodiment, a power controller is provided
only on the primary side of the system, .coupled with the 'power supply. The IPT system
comprises the power controller coupled with an inverter, which in turn is electrically coupled
| through the series inductor L; with a resonant tank comprising the primary conductive path or
track L, and a tuning capacitor C,.

The inverter is preferably adapted to geherate an alternating current output at the frequency to
which the primary resonant tank énd the pick-up are tuned. For a typical IPT system, that
frequency will be in the range of 10-40 kHz. At such high frequencies, the output of the inverter
may be a symmetric square wave voltage to minimise switching losses. This requires only a
simple circuit to achieve, as shown in Figure 1. Alternatively, the inverter may be modified for
pulse width modulation (PWM) control to vary the amplitude of the output, or the inverter may

provide a sinusoidal output voltage.

In the present example, regulation of the pick-up output is achieved by varying the track current
using amplitude modulation, although other techniques known in the art may alternatively be
used without departing from the scope of-the invention.

In the exémp|e IPT system 100 as i||uvstratevd, the inverter comprises four switches in a bridge
configuration each shunted by diodes. The switches may be manipulated to produce a square-
wave output, which is preferably symmetric with a 50% duty cycle and a substantially fixed

frequency.

In the most preferred embodiment, however, the track current is controlled using a form of
amplitude modulation wherein the duty cycle of the inverter output is varied by adjusting the
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pulse width of high and low levels in a three-level inverter (high being a positive voltage, low
being a negative voltage, and the middle level being zero according to the preferred

embodiment).

It is also intended that the invention may furfher comprise any other suitable DC-AC converter
capable of allowing control of the track current. Although the power supply is' depicted as beihg
. supplied by a DC power source, it should be appreciated that the power supply may
alternatively include an AC to DC converter or rectifier, or an AC-AC converter, such that the
system may alternatively be supplied by a single- or multi-phase AC power source such as that
available from an outlet coupled to an electricity supply network or grid.

Together, the power controller, inverter, resonant tank, series inductor and primary conductive
path may be referred to as the "primary side" of the IPT system. '

In an IPT system of the present invention, the secondary side of the IPT system comprises a
single pick-up circuit. The pick-up circuit is relatively simple as the output of the circuit may be
controlled from the primary side. In the example embodiment shown in Figure 1, the pick-up
circuit comprises a pick-up coil L, a tuning capacitor C, forming a resonant circuit-with the pick-
up coil, and additional circuitry to supply power to a load associated with the pick-up such as a
rectifier and filter where a DC output is required by the load R,.. The pick-up coil is inductively
coupled with the primary conductive path or track, as shown by the mutual inductance M,
causing a current to be induced in the pick-up coil as it intercepts the continuously varying
magnetic field produced by an alternating current passing through the primary conductive path.

Although the inductive pick-up circuit of Figure 1 is depicted as being parallel tuned and having
a DC output for the purposes of this example, the actual design of the pick-up circuit will depend
on the épplication of the IPT system and the requirements of the load associated with the circuit.
For example, the pick-up circuit mayAbe series-tuned (i.e. the tuning capacitor C, provided in
series with the pick-up coil L), or may have an AC output. Such variations or modifications may
be rﬁade to the system without departing from the scope of the present invention.

The power required by a load associated with the pick-up generally fluctuates or varies with -
respect to time. In order to control or regulate the pick-up output, it is therefore necessary to
decrease the current through the track 102 when the load decreases to prevent damage to
compo-nents, and increase the track current when the load increases to ensure that the required
power is delivered by the pick-up. The power controller 101 of the present invention provides a

LN
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means for doing this, controlling the track current to match the required output power by altering

the pick-up V-I (voltage-current) characteristic. |
The voltage, V,, reflected in the track due to pick-up current, I5, can be expressed by
Vr = _jwl\/HZ ' , (9)

Substituting (3) and (4) in (9), and rearranging, the pick-up impedance, Z,, reflected on to the

track can be given by

Z,=1=25Q,-j) - _ (10)

Therefore the impedance, Z,, seen by the primary side inverter is

{1/ joC)(joL+Z,)
(7 j0C, +joL, +Z,) (11)

If Li=L, and wL,C4 = 1, then (11) becomes

_ _(/joCy)(joLy)
Z) = WioCrjol ) (12)

Accordingly for a given driving voltage of Vi, thé-input currenf, lin, @and track current, 14, can be

expressed by

2 .
Iy = Vi ©-95(Q, - ) | (13)
I =V | - (14).

Equation (14) implies that the track current, in this particular inductor-capacitor-inductor (LCL)
resonant circuit configuration, is unaffected by the load for a given input voltage. As the track
current may be considered as being constant, the output voltage, V,, of the pick-up is given by

V,=I,R_ | (16)

Where DC load current, |,, is defined by
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I, =55 (17)
Sgbstituting (17) in (16),
1A =TLMIIRL | ‘ ' (18)

Equation (18) implies that for a given pick-up design and track current, the output voltage
- depends on the load impedance, and can be controlled by the track current, using the input
voltage as given in (14), to compensate for ény'variations of the load impedance. Such control
has traditionally required some form of ‘wireless’ feed-back of the output voltage or load
impedance, which is cumbersome and expensive, requiring additional components and control.
However, according to the present invention, control can be implemented without any wireless
feed-back of the output voltage but only utilizing the track voltage itself as described below.

Using (14), the track voltage or the voltage, V.4, across capacitor C, is given by
. oM? . . . . ‘
Va =1 [J(DL1 +4,-(Q; —J)J (19)

Manipulation of (19) using (4), (5), (6), (16) and (17) results in

b . 2 .

It is' evident from equation (20) that, for a given magnetic cpupling M as encountered in typical
IPT applications, the real part of the track voltage, iRe:(VC;), depends sdlely on the output
voltage Vo (éssuming a constant mutual inductance M) while the imaginary part is independent
of the output voltage'but depends on the track current |;. If the output voltage changes
because of a change in load impedance or input voltage; this change will manifest in the form of
an increase or a decrease in the real part of the track voltage according to equation (20).
Therefore any desired output voltage can be maintained'by simply maintaining a predetermined
constant value of Re:(V.), which corresponds to the desired V,, through varying the input

voltage by a controller on the primary side.

The relationship between the track current and the track voltage is illustrated in Fig. 3. As the
track current is essentially constant, assume point B in Fig. 3 as the point of operation with
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phase angle between track voltage and current being @g. In this condition, any increase or
decrease in the load impedance will cause the opérating point to move to C or A, respectively,
decreasing or increasing the phase angle'between track voltage and current. In accordance
with (20), both the 6utput voltage and, hence, the Re:(V.) will also increase or decrease,
respectively, while the imaginary part of the track voltage remains constant. Therefore if the
output voltage is to be restored to its previous value at point B, then it essentially requires a
reduction in track current to force the operating point to settle at point D, where Re:(V¢1.p) =
Re:(Ver.s) and Im:(Verp) < Im:(Verg). Similarly, an increase in track current is required at point A
to restore the output voltage to that at point B, and the operating point will settle at E, where
Re:(Vere) = Re:(Ver.n) and Im:(Verg) > Im:(Vey.s).

In applications of the invention in which variations in the magnetic coupling M méy occur, those
variations must be taken into account since they will influence Re:(V.,), from which the estimate
of the output voltage V, is derived. From equation (20) it can be seen that the imaginary part of
V1, Im:(Ve), is dependent on the coupling M but independent of the load (i.e. Vo). Thus any
change in magnetic coupling should manifest as an increase or a decrease in Im:(V.), which
can be estimated from the measured phase angle and track voltage for a given track current.
Once the coupling, M, is estimated by a éontroll'er, it can be used together with Re:(V¢+) of (20)
to estimate or predict V,. A closed-loop controller can thus be implemented in such a way to
generate an input voltage, which forces the predicted V, to be as same as fhe a—ctual Vo,
regardless of changes in the load or the magnetic coupling. '

It is obvious from both the above description and Fig. 3 that the proposed single controller
regulates the output power by changing the track current, which is unique for each load. The
required track current could be maintained by controlling the input voltage as per (14). The
pick-up characteristics under this control strategy for different load conditions are shown in Fig.
4. As evident from Fig. 4, the proposed controller forces the pick-up to operate at a point,
‘instead of forcing to follow a trajectory. As the load varies, the track current is also varied in
such a manner that thé pick-up moves on to a new operating point with a different Q,, which will
maintain the required output voltage. Thus the pick-up operates with a variable Q;, which is
high for light loads and low for high loads. In contrast, typical IPT systems always maintain a
constant track current through a primary controller, and the amount of power delivered to the
load is simply controlled by the pick-up side controller. With essentially constant I, due to
constant track current, the duty cycle, D, of switch S in Fig. 1 effectively controls Q, to maintain
the required output voltage. Even at very light loads, the track current is essentially maintained
at constant, and thus the pick-up operates at its maximum power point delivering only little or no
power. It is apparent that such an operation is inefficient as the standing losses of the track and
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pick-up losses would always remain the same irrespective of the power output. However, the
proposed controller is more efficient in that respect as it maintains a track current which is just
sufficient to transfer the required amount of power. -In other words, it dynamically.alters the
pick-up characteristics, as shown in Fig. 4, to suit or in accordance with the I‘o'ad demand.

A control strategy according to the' invention will be described below with reference to one
possible example embodiment. A diagram of the controller 101 is shown in Fig. 5 and is
simulated using The MathWorks, Inc.’s Simulink®. First, the time average of the phase
differenc_e @, between the track voltage and the track current is calculated. The cosine value of
this phase angle is then calculated and multiplied by the- RMS value of the track voltage to
obtain Re:(V.). This is followed by the estimation of the output voltage by multiplying the
calculated Re:(V.;) with a constant, k, which is equivalent to (2vV2L,)/(nM) and unique to the

system (aséuming a constant mutual .coupling M).

The estimated output voltage, (Vo est), is compared with a reference (V, ), which represénts the
required output voltage, and the error is fed through a Pl controller to derive a phase dellay
“angle (Bq4eray) that can be used to control the inverter voltage, which in turn determines the track
current in order to maintain the required output voitage. In the example inverter, the phase
delay Bgelay is _Iim.ited to bétween 0 and T, and is used to derive the drive signals for the two legs
of the H-bridge inverter, which are ordinarily driven with a phase delay of 1 radians or 180° to
obtain the maximum output voltage (i.e. a square wave AC output having'a 50% positive cycle
and 50% negative cycle). The additional phase delay Bqe.y forces one of the legs in the H-’
bridge inverter to be driven with an additional phase delay (in addition to the normal 180°) with
respect to the other leg, thus creating a square wave voltage output with two voltége levels
(positive and negative) plus an intermediate ground level equal to the Bgei.y angle, to control the
effective input voltage, Vi,, supplied to the resonant tank to regulate the track éurrent. The
controller therefore controls the pulse width of the high (positive) and low (negative) outputs of
the inverter by varying the proportion of time that the inverter output is grounded, thereby
creating a stepped waveform. Although the pulse widths 6f the inverter are thus variable, the
, outpUt frequency preferably remains substantialhly equal to that to which the resonant tank and .

pick-up are each tuned.

Simulation of the IPT system shown in Fig. 2 with the controller of Fig. 5 was conducted using

the parameters given in Table 1 below.

Value

Track and input :
inductance L 13.7 uH

Pick-up inductance L 28.6 uH




WO 2010/062201 PCT/NZ2009/000263

14
Mutual inductance M 8.2 yH
Input voltage Voc 20V
Track frequency ® 20 kHz
Primary capacitance C, 4.5 uF
Pickup capacitance C; 2.2 uF
Output filter inductance | L¢ 1mH
Output filter capacitance | C¢ 1000 uF
Output voltage . Vo 35V
Maximum output power Po, max 150 W
Table 1

Fig. 6 shows the response of output voltage and output current to a change in load at 20 ms.
The primary converter has been delivering approximately 110 W at 35V to the pick-side load,
and at 20 ms the load has been switched to 70 W, which has caused the output current to
decrease from about 3 Ato 2 A. An instantaneous rise in output voltage can be observed but at
about 120 ms the output voltage comes back to its original sfeady state value of approximately
35 V. The initial rise in output voltage is caused by the slow response of the controller, which
may be optimized. In practice, the settling time and the voltage transients can be minimized by
increasing the gain of the controller and using a larger output capacitor. Also the slight error in
steady state output voltage can be attributed to losses in the output stage, which has not been

taken into account in this example voltage estimation algorithm.

The two legs of the H-bridge inverter are driven by square wave signals Vi, and Vy; each
having a 50% duty cycle at the required frequency, separated by the phase delay Bgesy to
produce a stepped square wave input Vi, to the resonant tank circuit. The phase delay Bgejay
between Vy, and Vy, is determined by the Pl controller and when the phase delay produced by
the PI controiler approaches 0, the phase shift between Vy, aﬁd V42 approaches 180°. In other
words, the phase delay B4qay is added to a default delay of T such that Vi, always lags (or
alternatively leads) Vy4 by an angle of between 1 and 21r. ’

Fig. 7 illustrates the delay 842y generated by the PID controller and the resuiting track current
profi’le for the same load transient shown in Fig. 6. As expected, when the load is reduced from
110 W to 70 W, the phase delay is increased te reduce the track current, through which the
reduction in. power demand can be met. The increased delay between Vi, and Vyp, (ie. T+
B4elay) effectively produces a Iower voltage Vi, (reducing the pulse width of the high and low level
outputs of the inverter and increasing the period during which the .inverter output is zero), which,
in turn lowers the track current from approximately 15 A to 10 A. As a consequence, the load
current drops from about 3 A to 2 A to maintain the required output voltage of 35 V.
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The output of the inverter (Vin), track current (1), pickup voltage (Vg) and the outpUt voltage (Vo)
of the system for light (16 Q) and heavy (10 Q) loads are shown in Fig. 8 and Fig. 9,
respectively. As the load is increased from 16 Q to 10 Q, the power drawn from the pickup unit
increases, and to meet this increase in power demand the track current has to increase. This is
achieved by reducing the phase delay 64e2y SO that the delay between Vy; and Vi, tends
towards the default delay of 1, which causes Vj, to increase as evident from Fig. 8 and' Fig. 9.
The output voltage is kept constant at 35 V for both loads.

The example single controller IPT system of the present invention was experimentally tested on
a 150 Watt laboratory prototype IPT system, again using the parameters given in Table 1,
above. The primary side was energized by a 20V/10A H-bridge three-level inverter to generate
a track current that was required for maintaining an output voltage of 35V, under varying load
conditions. An open loop controller was used in thé example for demonstration purposes. As
the track was supplied by the inverter with square-wave voltage pulses of variable width,
harmonics are expected to be present in the track current, affecting the accuracy of the analysis
presented above which assumed sinusoidal excitation. However, it is evident from the harmonic
analysis that the contribution of harmonic currents is small and hence can be ignored without
compromising the accuracy. Even if the harmonics exist in the track, the consequent harmonics
generated in the pick-up will be filtered out by the low pass filter on the pick-up side, and
therefore have no impact on Re:(V.) of (20). This is further demonstrated by the experimental _

results presented below.

Table 2 shows the measured voltages, currents and phase angle, @ of the prototype 150 Watt
IPT system with a mutual coupling M of 8.2uH, under varying load conditions but at constant
input voltage of 20V. The estimated rms voltage across the pick-up capacitance, Ve est, and the
output voltage, Vo est, are given in the last two columns of Table 2.

Ve(V) | Ii(A) (¢ (deg)|Re:{Vci} (V)| Ve (V) [ Vo (V) | Po(W)| RL(Q) | Vezest. | Voest
163 | 9.8 | 86.0 0.1 27 | 00 | 00 0 0.3 0.0
173 | 95 | 61.0 74 | 248 | 200 | 598 7 258 | 205
180 | 93 | 550 9.3 314 | 260 | 767 9 325 | 265
185 | 92 | 510 10.6 360 | 302 | 880 | 10 373 | 306
193 | 91 | 460 124 ais | 353 |10 12 | 434 | 36
201 | 9.0 | 430 13.6 46.5 | 400 | 1138 | 14 478 | 401
211 | 89 7| 380 15.6 526 | 456 | 1279 16 548 | 455
22 | 87 | 340 17.4 593 | 510 | 1402] 19 611 | 516

Table 2
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A phase angle of 90 degrees between track current and voltage is expected under ‘ideal’ short
circuit conditions. However, this would not be the case in practice because of the standing
losses of the track and, particularly, the pick-up, and as such a phase angle of 86 degrees was
measured at short circuit conditions. Since both the track current and short circuit current are
constant for a given input voltage, this loss component was subtracted from Re:(Vc,) of (20)
when estimating either Ve or V,. Furthermore, the voltage drop across two conducting diodes
of the rectifier bridge on the pick-up side was also included to improve the accuracy of the
estimation. Both (7) and (20) were used to estimate the voltages, as described above. Fig. 10
shows the comparison of the measured and estimated voltages in Table 2. As evident, the
estimated or the predicted voltages are in excellent agreement with the measured voltages.

According to equation (14), the track current shoUld remain constant for a given input voltage.
This is true for ideal conditions, under which the resistive losses in'the windings and deviations
of component values can be neglected. However, as evident from the second column of Table
1, the track current is not constant at the constant voltage of 20V but decreases as the power
output increases. At high power levels, Q, is high and, consequently, as per (13) the input
current increases and, as such, the on state voltage drop across inverter-switches and voltage
drops across winding resisfances of the primary side invariably increase, causing a reduction in
track current. It is important to note that the reduction in track current has no impact on the
accuracy of the predicted voitage values. This is because only the real poWer loss on the pick-
up side, which is reflected into the primary track, is required to accurately predict the voltages.
- Therefore the prediction or the estimation of pick-up side voltages is indeed independent of the
primary side losses, and can be regarded as a salient feature of the proposed single controlier
concept.

Fig. 11 shows the measured output voltage, voltage generated by the inverter, track voltage and
track current under steady state conditions for a high load. While the prototype was opergating
under this condition, the load impedance was increased. As described above, the pick-up is
essentially a current source, and thus the increase in load impedance resulted in a subsequent
increase in output voltage and output power, owing to the load being suppliéd by a constant
current sdurce. This is clearly evident from Fig. 12, which shows an increase in output voltage,
and more importantly a reduction in phase angle between track voltage and current in
accordance with Fig. 3. The track current remains approximately constant as the voltage
generated by the inverter was unéltered.

As explained above, restoration of output voitage to its original value requires a reduction in
track current. This was achieved by lowering the voltage generated by the inverter. The
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measured waveforms of the prototype at lower input voltage are shown in Fig.13, which clearly
confirms that the output voltage is restored and the track current is reduced.

Those skilled in the art will appreciate the present invention may be said to consist in a method
of controlling power in an IPT system using only a single power controller on the
primary/powering side of the system, a power controlier performing the aforementioned method,
an IPT power supply comprising at least-the power controller, and/or an IPT system comprising
at least the IPT power supply of the present invention.

Whilé the invention has been described with reference to the preferred embodiment in which the
IPT system corhprises a single pick-up with no secondary-side power controller, the prirﬁary-
side power controller of the present invention may be used in certain circumstances in systems
having multiple pickups inductively coupled with a single power supply and/or including
secondary-side controllers without departing from the scope of the invention.

From the foregoing it will be seen that a new primary side control technique for IPT systems is
provided. The proposed method, which requires only a single controller located on the
powering side to effectively control the output voltage of receiving side, is simple and cost
effective in comparison to existing techniques. The proposed single controller is suitable fovr IPT
systems with approximately constant magnetic coupling but can easily be modified to
applications with variable coupling. IPT systems with the proposed controller may offer the
advantages of being efficient, reliable and low in cost while offering the same or a-similar level
of controllability as IPT control systems of the prior art.

Unless the context clearly requires otherwise, fhroughout 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”.

AItho'ugh 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.
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Claims '

1. A method of contrdlling the output voltage of a pickup in.an inductive power transfer
(IPT) system comprising the pick-up, a power supply, and a primary conductive path, the
method comprising the steps of: »

deriving an estimate of the output voltage of the pickup from the voltage across the
primary conductive path; and _

adjusting the current in the primary conductive path so that the estimated pick-up output
voltage matches a required pick-up output voltage, by cohtrolling the voltage supplied to the -
primary conductive path by the power supply.

2. The method of claim 1 wherein the estimate of the output voltage takes into account
changes in both an output load and a mutual coupling between the pickup and the primary
conductive path.

3. The method of claim 1 or claim 2 wherein the step of deriving an estimate of the output
voltage of the pickup comprises at least determining the phase angle between the voltage and
current in the primary conductive path, and uéing the phase angle to calculate the real-
component of the voltage across the primary conductive path. |

4, The method of claim 3 wherein the step of deriving an estimate of the output voltage of
the pickup further comprises using the phase angle to calculate the irﬁagin'ary component of the
voltage across the primary conductive path, using the imaginary component-to calculate the
mutual inductive coupling between the pickup and the primary conductive path, and using the
phase angle and mutual inductive coupling to derive an estimate of the output voltage of the
pickup. '

5. The method of any one of claims 1 to 4 wherein the step of adjusting the current in the
primary conductive path comprises adjusting the current such that the estimated pick-up output
voltage matches the required output voltage.

6. A power controller adapted to perform the method according to any one of claims 1 to 5.

7.. A power supply including a power controller according to claim 6.

8. An inductive power transfer (IPT) system including a power supply according to claim 7.
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9. A power supply for inductive coupling with a pickup via a conductive path in an

inductive power transfer (IPT) system, the power supply comprising:

an inverter; _

a resonant tank electrically coupled with the output of the inverter and comprising a
tuning capacitor and the conductive path; and

a power controller adapted to deriving an estimate of the output voltage of a pick-up
inductively coupled with the power supp‘ly in use, from the voltage across the primary
conductive path. ' '

10; The power supply of claim 9, wherein the power controller is adapted to derive ah
estimate of the output voltage of a pick-up by determining the phase angle between the voltage
and current in the pfimary conductive path, calculating the real component of the voltage across
the conductive path using the phase angle, deriving an estimate of the output voitage. from the
real component, and controlling the current supplied to the conductive path by varying the
inverter oufput voltage such that the estimated output voltage matches a required pick-up output
voltage.

11. The power supply of claim 10, wherein the power controller is adapted to use the phase
angle to calculate the imaginary component of the voltage across the primary conductive path,
use the imaginary component to calculate the mutual inductive coupling between the pickup and
the primary conductive path, and use the phase angle and mutual inductive coupling to derive
an estimate of the output voltage of the pickup. '

12. The powér supply of any one of claims 9 to 11, wherein the inverter comprises two pairs
of switches in an H-bridge configuration, and the power controlier operates each pair of
switches using symmetric square wave driving signals and is adapted to control the inverter
output voltage by phase shifting one driving signal with respect to the other by an angle of
between 180° and 360°.

13. The power supply of any one of claims 9 to 11, wherein the inverter output voltage is

controlled using pulse-width modulation..

14. © The power supply of any one of claims 9 to 11, wherein the inverter output voltage is

controlled using a pre-regulator.

15.  An inductive power transfer (IPT) system cdmprising a power supply according to of any
one of claims 9 to 14, a conductive path, and a pick-up inductively coupled with the power
supply via the conductive path.
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16. A method of controlling the output voltage of a pickup in an inductive power transfer
(IPT) system substantially as herein described with reference to any one of the embodiments

illustrated in Figures 2 to 13 of the accompanying drawings.

17. A power supply for an inductive power transfer (IPT) system substantially as herein
described with reference to any one of the embodiments illustrated in Figures 2 to 13 of the

accompanying drawings.

18. An inductivé power transfer (IPT) system substantially as herein described with
reference to any one of the embodiments illustrated in Figures 2 to 13 of the accompanying

drawings.
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