
Faculty of Engineering

Faculty of Engineering Papers

The University of Auckland Year 

A Variable Inductor Based Tuning

Method for ICPT Pickups

Jason James∗ John T. Boys†

Grant Covic‡

∗University of Auckland,
†University of Auckland, New Zealand, j.boys@auckland.ac.nz
‡University of Auckland, g.covic@auckland.ac.nz

This paper is posted at ResearchSpace@Auckland.

http://researchspace.auckland.ac.nz/engpapers/14
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Pickups
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Abstract— A practical dynamic inductor-tuning circuit for a
parallel resonant ICPT power pickup operating at 38.4kHz
is described. The method controls the current through a tuning
inductor by varying the turn on delay of two power switches. This
varies the inductor current so that the tank may be maintained at
resonance. Supporting mathematical analysis, circuit simulation
and prototype measurements are included. Experimental results
have verified the system behaviour.

I. INTRODUCTION

Inductively Coupled Power Transfer (ICPT ) systems have
found acceptance in a number of industrial applications where
traditional methods are unable to match some of the features
offered. These include clean/spark-free operation with high
reliability and providing the capacity to operate in stringent,
dirty or abrasive environments. Applications such as clean
rooms, people moving, materials handling and battery charging
make use of these features. [1] [2] [3]

A basic ICPT system consists of three main components:
a power supply, a track or coil and a pickup. The power
supply maintains a resonant current in the track or coil at
V LF frequencies, typically in the range 10 to 40kHz. The
pickup utilises the magnetic field created by the current, to
couple power from the track to its own coil. The power that
can be transferred under resonant operating conditions is given
by:

P = ω◦
M2I2

L
Q (1)

Here ω◦ is the resonant track frequency, M is the mutual
inductance between the track and the pickup, I is the track
current, L is the pickup inductance and Q is the quality factor
of the pickup that is tuned for resonance using a parallel
resonant circuit as shown in Fig. 1(a). Using the DC analysis
technique described in [4] the parallel tuned configuration can
be represented by a DC equivalent circuit as shown in Fig.
1(b). In this model Idc is given by equation (2). This method
accurately describes the envelope of the resonant voltage,
thereby greatly simplifying circuit analysis.

Idc =
MI√
2L

(2)

The power available through an ICPT system is restricted
by practical limitations. The operating frequency is based on
the availability of circuit components and on the allowable

Fig. 1. A DC equivalent model representation of a parallel tuned circuit.

use, within the frequency spectrum, by regulatory bodies at the
power levels required during operation. To a lesser extent the
operating frequency is also effected by the type of application
and the power switching devices that are currently available.
The mutual inductance is directly influenced by the proximity
of the pickup to the track and the magnetic material coupling
the two. The choice of track current is a balance between the
track conductor and power supply set against the power that
needs to be extracted. The pickup inductance and turns ratio
are chosen based on the required output of the pickup and the
frequency of operation.

The observed quality factor Q, is a direct function of the
controlled load. While Q′s greater than 10 are attractive, their
use is restricted. Staying at the resonant frequency irrespective
of Q is difficult due to component variations resulting from
time and temperature degradation and proximity to undesirable
magnetic material. Additionally having to match components
in a statically tuned system adds cost and complexity to the
manufacturing process. [5]

None the less, high Q circuits may be able to reduce the
system cost in some applications. Often track power supplies
and pick-ups are designed to ensure that peak power demands
for a given application can be met on a continuous basis. This
leads to a measure of power supply redundancy, especially
in applications where peak power is only required for short
periods. If a system is able to stay tuned and maintain stability
while operating with higher Q′s, then the V A of the pickup
can be over-rated for short periods. In this situation a cool
down time would probably be necessary to prevent damage to



Fig. 2. General circuit for the implementation of Switched Inductor.

the pickup regulator. Load scheduling can also average out the
peak demand on the system, thus reducing its overall cost.

This paper presents a technique that offers a solution to
component variations and allows resonance to be maintained
with much higher Q′s than previously considered possible.
The variable inductor circuit, as shown in Fig. 2, adds a
parallel inductance L2 to the resonant tank which controls
its value and allows it to be dynamically tuned. While this
concept is similar to methods in power systems there is a
significant difference. In the ICPT environment the operating
frequency is considerably higher and more variable than at
mains frequencies. Consequently a fast controller, operating
with resolution better than 0.5us is required. Here the reso-
lution is obtained using analogue rather than digital control
circuits but the accuracy and DC balance are guaranteed by
the design.

The addition of such dynamic tuning circuits to conventional
ICPT pickups provides a number of advantages over stati-
cally tuned ICPT systems. The most important are seamless
re-tuning in response to variations in the pickup, the track,
or the resonant tank irrespective of Q. The paper describes
the development of a prototype, its operation and associated
results. An analysis of the tuning circuit is also presented with
supporting simulations.

II. TUNING CIRCUIT DESCRIPTION

A variable inductor circuit consisting of a tuning inductor
L2, two switches S1 and S2, two diodes and a compensating
capacitor C2 is shown in Fig. 2. Under nominal operating
conditions the current through L2 is balanced by the current
through C2 and the circuit has no effect on the pickup tuning.
However if the current through L2 is increased then the pickup
tunes to a higher frequency, while if the current through L2
is reduced then the pickup tunes to a lower frequency. In
operation therefore resonance in the pickup is maintained by
varying the current in the tuning inductance.

Switching devices S1 and S2, from Fig. 2, are operated
with a turn on delay angle α in their respective half cycles.
The delay can be seen in Fig. 3(a) measured with respect to
the voltage across the resonant circuit. Series diodes block
the current flow through L2 after the current zero crossings,

Fig. 3. Gating signals and resulting current waveform.

Fig. 4. Effect of the compensation capacitor on the tuning control range.

preventing reverse current flow through the switches. Switch
S1 controls the first current pulse for α from zero to π

2 and
switch S2 for α from π to 3π

2 . To produce α, a square wave
Fig. 3(b) is used as input to a phase lock loop (PLL). An
output delayed 45◦ from this square wave is used to produce
a saw tooth waveform as shown in Fig. 3(c), at twice the
frequency. The required range for α corresponds to these
shaded blocks so that a simple comparator operating with a
variable DC level and the saw tooth waveform can be used
to produce the correct firing instance for T1 and T2 as shown
in Fig 3(d). Each waveform starts at a variable α, controllable
over its full range, and ends at π for T1 or (2π for T2). If T1
and T2 are operated with minimum α continuous conduction
is achieved. A description of the circuit is given in section V .

Fig. 4(a) shows the tuning range of the inductor without
tuning capacitor C2. Fig. 4(b) shows the frequency shift
introduced by C2 when L2 is not present and Fig. 4(c) shows
the possible tuning range that exists when both L2 and C2
are combined in the circuit. The addition of C2 allows bi-
directional control from the center of the variable tuning range.
The excess reactance is then tuned out by controlling the
variable inductor.

III. ANALYSIS

The fundamental component of the tuning inductor current
can be determined from the non-zero current regions compris-
ing α to (π − α), and (π + α) to (2π − α) from Fig. 3(a).



Fig. 5. Calculated per unit I in tuning L as a function of delay.

This current can be described for the first half period as:

i(t) =




V̂
ωL1

[sin(ωt) − sin(α)] , α < t < (π − α)

0 , elsewhere
(3)

The RMS current through the tuning inductor L2 at the
ICPT frequency is given by:

I1rms
=

Vrms

ωL2

[
1 − 2α

π
− sin(2α)

π

]
(4)

Fig. 5 shows the calculated current through L2, with varying
α. The delay range from zero to π

4 represents the linear region
where 80% of control is attained. The left hand scale shows
the reactance as α changes. The variation may be described
in terms of a variable inductor LV as:

LV =
L2[

1 − 2α
π − sin2α

π

] (5)

Thus varying α from zero to π
2 makes the variable inductor

change from L2 to infinity. This variation allows the resonant
frequency of the pickup, given by equation (6), to be altered.
The aim of this is to move the pickups tuned frequency ω2

so it matches the tracks tuned frequency ω◦, thus tuning the
pickup.

ω2 =
1√

(LV //L)C
(6)

Historical data can be stored to record the changes in α
required to achieve resonance over time. Given that under the
majority of operating conditions α will not change quickly,
this information can then be used to predict the condition and
aging trends of the capacitors within the pickup circuits.

IV. SIMULATIONS - OPERATION

The circuit of Fig. 2 was simulated in PSpice to determine
its operation in two critical areas. The first looked at the
stability of the tuning circuit over a number of cycles. The
second looked at the resolution and sensitivity of the resonant
tank voltage to changes in Q.

Fig. 6 shows the tank voltage and tuning current waveform
when resonance is achieved. The current waveform in L2

Fig. 6. Simulation results of tank V and Tuning I with a delay of π
4

.

Fig. 7. Parallel resonant tank voltage with a Q of 12 as the delay varied in
π
24

steps.

increases until the zero crossing of the voltage is reached,
after which the current reduces to zero. The inductor current
is discontinuous and its fundamental component is 90◦ out of
phase with respect to the resonant voltage, as expected.

The second set of simulations compare the operation of
pickups with Q values of 12 and 24. Fig. 7 shows the effect of
α from zero to π

2 on a circuit with a Q of 12. This simulation
shows that the circuit being swept through its ideal resonant
state in 12 equal steps. Fig. 8 shows the same conditions but
with a Q of 24. Again the simulations show that tuning is
possible with this circuit, but resolution of α to much better
than π

24 (approx 0.5us) is needed to be able to tune the circuit.

V. EXPERIMENTAL TECHNIQUE

The variable inductor circuit was constructed and tested in
the laboratory. A block diagram of the circuit is given in Fig. 9.
It comprises blocks labelled: squaring circuit, phase lock loop
(PLL), reference, control input, latch and gating signals, in
addition to the power electronics circuitry already discussed
in section II . The control circuitry is galvanically isolated
from the power electronics and separate transformers isolate
the feedback signals and the MOSFET switching signals.

In operation the squaring circuit takes the voltage across
the resonant circuit and produces a square wave without phase
shift. The zero crossing circuit detects transitions in this square
wave and uses this to reset a latch. The square wave is also
used as an input to a PLL which operates to produce outputs
with phase shifts at all multiples of π

4 . The output at π
2 is the



Fig. 8. Parallel resonant tank voltage with a Q of 24 as the delay varied in
π
24

steps.

Fig. 9. Parallel tuned tank and conversion to DC transformer equivalent.

usual output for driving the PLL circuitry; the output at π
4

is used to reset a sawtooth waveform as described previously.
As the same sawtooth and comparator are used for tuning
the positive and negative pulses, DC balance is guaranteed.
Simple gates are used to apply the output from the latch to
the correct switch.

VI. CONTROL METHODS

The control method considered here employs a correlation
algorithm to find the maximum resonant tank voltage. The
method introduces deliberate 20Hz perturbations in the value
of LV , to vary the resonant frequency over a small range (1%).
A typical resonance curve is shown is Fig. 10 as the dotted
outline centered at ω2. Conceptually this response corresponds
to fixed circuit parameters with variable frequency, but here the
frequency is fixed and the circuit parameters vary. The pickup
parameters are shifted by changing delay angle α, as shown in

Fig. 10. Movement of resonant curve as parameters in the pickup change.

Fig. 11. Flow diagram showing the correlation control technique.

Figs. 7 and 8 where ideal tuning exists at α = π
2 . In practice

practical tuning will occur anywhere between 0 and π as a
result of parameter variations in the circuit over time. As α is
increased, the resonant curve centered at ω2 moves closer to
the operational frequency at ω◦ where ideal resonance exists.
These adjustments in α over time result in voltage increases
at the intercepts shown on the vertical line at ω◦ in Fig. 10.
Further increases in α will cause a corresponding decrease
in the resonant voltage. Correlating the resonating voltage
with the pickup’s tuned frequency (ω2) allows an unequivocal
measure as to which side of resonance the circuit is. This
enables the controller to adjust α in the appropriate direction
and align the circuit such that ω2 is at ω◦.

The control voltage consists of a composite signal created at
summation block a in Fig. 11. This signal consists of an AC
and DC component which is applied to the delay set point of
the variable inductor. The AC component is a 20Hz sine wave
signal that dithers the value of the resonant inductance about
a set value given by the DC component. This dither produces
a corresponding variation (�ω2) in the resonant frequency of
the pickup and the resonant tank voltage. The variations in
the resonant tank are measured and correlated with the AC
component, the output of which is then added to the DC set
point (shown as summation block b) to set ω2. This correlation
moves ω2 progressively closer to ω◦.

An alternative method is to control the phase between the
resonant tank voltage and current in the pickup to be 90◦. This
method is more complex than the above system, but ensures
maximum power.



Fig. 12. Tuning I and tank V from experimental results detuned with a long
delay.

Fig. 13. Tuning I and tank V from experimental results tuned with required
delay.

VII. MEASURED RESULTS

A prototype was developed that operated at 38.4kHz on
a track with three loops carrying 5 amps. The pickup was
constructed with 10 turns, a load, a compensation capacitor
and control circuitry. Fig. 12, 13, and 14 each show the
resonant voltage on the top trace and the resonant current
through the tuning inductor on the bottom trace respectively.
The experiment moved α from a maximum delay through to
zero delay, with the following results taken at three different
delay angles. Fig. 13 is the result where ω2 = ω◦, while Fig.
12 and 14 show the result when the tuning circuit is more
inductive or capacitive respectively. These results match those
predicted by simulation in Fig. 6 validating the circuit design
approach.

VIII. CONCLUSIONS

A novel self tuning circuit using a variable inductor has been
developed and shown to operate successfully at 38.4kHz. The
inductor can be controlled over a full range of operation and in
practice this has been found to be stable. By design the current
in the tuning inductance is balanced with no DC component.
The harmonic content of the tuning inductance is relatively low
throughout its control range. The circuit offers a significant
enhancement to ICPT systems including the potential use of
lower cost capacitors without the need for matching. Operation

Fig. 14. Tuning I and tank V from experimental results detuned with a short
delay.

at high Q′s is achievable without the sensitivity limitations
currently restraining such operations. Dynamically tuning the
resonant tank can ensure that higher Q′s are maintained to
provide short term power boosts. The effect of variations in
the track or the load on the system can now be controlled.
With the addition of a communication channel to this circuit,
information on the degradation of capacitors can be monitored
and analysed thus helping to improve future ICPT systems.
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