












0885-8993 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2016.2598284, IEEE
Transactions on Power Electronics

7

R12

100k
R11

100k

R14

100k

R13

100k

−

+

−Vcc

+V cc R16

100k

C5

15µ

R15

1M

R17

47k

−

+

−Vcc

+V cc R18

390

D1

1N4738

Vset

Vphs Vcrtl

8V2

OP07
OP07

Fig. 11. Phase comparison and the PI controller.
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Fig. 12. Input impedance evaluation of the Voltage-Controlled Capacitor.

prototype is shown in Fig. 15. The coils were positioned far
from the metal structures of the Drill Machine in order to
avoid interference in the measurements.

The first experiment was carried out by varying the distance
between coils d from 1 mm to 10 mm steps of 1 mm on
parallel planes and aligned axes. Fig. 16 shows the approxi-
mate range of the magnetic coupling coefficient k from 0.3
to 0.8, which was estimated by using a sinusoidal wave
(Va) with amplitude of 10 Vpp and 500 kHz on the primary
coil (without any capacitive compensation). For each relative
position between coils the induced voltage on secondary coil
(Vb) was measured without any capacitive compensation. Thus,
the magnetic coupling coefficient was estimated (neglecting
the parasitic resistances of the coils) by:
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Fig. 13. Comparative results of the voltage controlled capacitor. Input
equivalent capacitance Cadj as a function of the control voltage Vctrl.
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Fig. 14. Input equivalent resistance Rin as a function of the control voltage
Vctrl.

k =
Vb
Va
·
r
L1

L2

(19)

where Va and Vb are the voltage amplitude of the primary and
secondary coils, L1 and L2 are the inductances of primary and
secondary coils, respectively.

The second experiment was conducted by setting a clearance
of 3 mm between coils and moving the secondary coil along
the horizontal plane of the PCB Drill Machine. The magnetic
coupling coefficient k was estimated by (19) as a function of
the position on the horizontal plane. As illustrated in Fig. 17,
k decreases towards to zero while increasing the misalignment
between the coils. These two experiments are valuable to
evaluate the range of k which is one of the key factors for
the design of the voltage-controlled capacitor.

Fig. 15. Experimental Setup for the evaluation of k and the inductive link
characterization.

C. Evaluation of the Dynamically Tuned Inductive Link

A sinusoidal input voltage (VS) with amplitude of 20 Vpp

and frequency 500 kHz has been applied to the proposed
inductive link during the simulation. Fig. 18 shows the com-
parative results for load voltage VL with the capacitor C2

fixed and also dynamically adjusted. When C2 is fixed at
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Fig. 16. Experimental results for k as a function of the distance d when the
coils are parallel and aligned.
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Fig. 17. Experimental results for k when the coils are separated by 3mm
and the receiver coil moves on the plane xy.

4.7 nF, we notice that VL reaches a maximum at k = 0.65,
as predicted in section II. As k decays the load voltage VL
decreases until 8.74 Vpp, as indicated on Fig. 18. By using the
proposed voltage-controlled capacitor, C2 is properly adjusted,
maximizing VL for each k. Thus, for the lowest k studied in
this work (k = 0.273) VL rises from 8.74 V (without dynamic
compensation) to 12.42 V. Fig. 18 also highlights that the
proposed method for inductive link tuning is mainly effective
for k < 0.65.

The experimental evaluation has been conducted with a
linear power amplifier that generates a sine wave as input
voltage source (VI ) with 20 Vpp and 500 kHz. The coils
have been positioned in order to produce the values of k
according to Fig. 16. The voltage measurements were taken
at the secondary side of the link in a 47 Ω resistive load. The
experimental results are also shown in Fig. 18. In case of
fixed C2, the experimental and simulated curves are similar.
However, the simulated values of VL are greater than in the
experiment mainly because the ESR of the matching capacitors
have been neglected in the simulation.

For the case of adjusted C2, an improvement in VL was
observed, as predicted by the simulation. This is specially true
for the lowest k studied in this work, where VL rises up from
6.44 V to 10.80 V, as shown in Fig. 18. As predicted by the
simulation, the application of a variable capacitance at the
primary side of the inductive link is effective for k < 0.65.
At k = 0.65 the values of VL should be approximately
the same as shown in the simulation curves. However, in
the experimental results at k = 0.65 one should notice a
difference around 2 V between the adjusted C2 and fixed C2

curves. Some nonidealities were not taken into account in the
simulation results, such as: the ESR of the fixed capacitors,
nonlinearity of the curve Cadj = f(Vctrl) (see Fig. 13), and the
effect of the resistive part of the input impedance of VCCAP
(see Fig. 14) on the primary side of the inductive link.
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Fig. 18. Simulated and experimental results of load voltage VL for fixed and
adjusted C2.

Fig. 19 shows the comparative results of φ. One should
notice that the inductive link has been firstly designed to work
at k = 0.65 and the capacitive compensation network has
been chosen in order to maximize the output power (or VL for
fixed resistive load). Therefore, the phase φ should be close
to zero. Even in the simulation results for fixed C2, φ is close
to 5◦. This error appears because the optimal solution for the
output power requires capacitors values not available in the
IEC 60063 standard [24]. When the capacitive compensation
network is fixed, specially C2, the inductive link is seen as a
resistance at the input terminals at a specific k. In Fig. 19, for
k greater than 0.7 the inductive link behaves like a capacitive
load. Otherwise, for k less than 0.7 a inductive behaviour is
seen at the primary side of the link. Fig. 19 also shows φ when
C2 is dynamically adjusted. In the range of k studied in this
work the phase φ remains less than 2◦.

The experimental results of φ as a function of k for fixed
and adjusted C2 are also shown in Fig. 19, which were quite
close to the simulated curves. When the proposed VCCAP has
been connected to the inductive link, the phase φ has remained
stable and the error less than 5◦.
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Fig. 19. Simulated and experimental results of φ for fixed and adjusted C2.

The phase control loop has been evaluated by adjusting Vset
(see Fig. 11) intentionally to 1.5 V, which leads φ = 45◦.
This setpoint has been arbitrarily chosen in order to show
that the control loop will follow the reference. The distance
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between coils has been varied from 3 mm to 9 mm. As they
were aligned, the magnetic coupling coefficient has changed
from k = 0.3 to k = 0.6, approximately (see Fig. 16). As the
distance between coils increases, Vctrl rises up to compensate
the phase change (φ). Fig. 20 shows the effect of Vctrl on
the phase φ, which is represented by Vphs when the stimulus
was introduced by the moving axis of the Drill Machine. One
should notice that Vphs tends to stabilize at 1.5 V after a new
distance between coils is reached. The transient response of
Vphs shows an overshoot of 8% approximately.

Fig. 20. Adapted image from the Tektronix TDS1001C oscilloscope screen.
Waveforms of Vctrl and Vphs when k varies from 0.3 to 0.6.

V. CONCLUSION

This paper has presented a methodology for tracking the
maximum power transfer capability of an inductive link by
using a VCCAP on the primary coil. This operation point is
reached when the phase between the input voltage and input
current is zero. As a case study, an inductive link has been
design, simulated and implemented with the proposed circuit
for varying the capacitance.

The coils of the prototype have been positioned in paralleled
planes with their axes aligned. The distance between coils has
been varied from 1 mm to 10 mm and the magnetic coupling
coefficient k was estimated, emulating cases such as the
misalignment of the coils. The range of k plays an important
role for the design of the VCCAP because it determines the
range of the capacitor (C2opt). Once determined the range of
C2opt the blocks of the VCCAP can be designed. The insertion
of a phase correction stage will depend on the phase lag of the
multiplier and the used power amplifier. The obtained results
presented in this paper, such as (6) are valid for the equivalent
circuit of Fig. 1. For other configurations, the equations for IL
and C2opt have to be adapted.

The inductive link has been designed and optimized for
operating at a certain nominal distance between coils. In
the experimental results, when the distance between coils is
altered, and so the coupling coefficient, the VCCAP has shown
to be effective for operating distances above the nominal (k <

0.65). Specifically at 10 mm (k = 0.273), the experimental
results have shown an improvement of 67.7% in the output
voltage VL compared with a fixed capacitor network and the
same inductive link.

Although the phase detection circuit has some limitations
on detecting the maximum output power capability when the
proposed circuit operates at closed loop, the results have shown
that the system follows the reference and so, the inductive link
is compensated. Future research will be conducted to improve
the theoretical model of the VCCAP and the phase control
system. The applicability of the proposed VCCAP for higher
output power levels will be also a future concern.
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