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Abstract—Wireless power transfer is a technique usually based
on an inductive link, used for delivering energy to remote devices.
The power of different applications ranges from microwatts to
hundreds of kilowatts, e.g. in biomedical implants and electric
vehicles. The transferred power is highly dependent on the
relative position between the inductive link coils. Many studies
have been presented considering static or quasi-static conditions,
based on a fixed tuned circuit. However, when the coils are not
stationary, the inductive link must be dynamically tuned to keep
the designed output power. This paper presents a methodology
for dynamically tune the inductive link by means of a variable
capacitance. A voltage controlled capacitance using concepts
of negative impedance converter and capacitance multiplier is
proposed. The phase angle between the input voltage and current
is used as the error signal to control the variable capacitance
and keep the output power operating point. The experimental
evaluation shows that the proposed methodology can significantly
improve the power delivered to the load in comparison to a fixed
inductive link.

Index Terms—Inductive power transfer; electromagnetic cou-
pling; optimization; voltage-controlled capacitance.

I. INTRODUCTION

In recent years, a growing number of papers have been
published on wireless power transfer (WPT), although the
underlying physical principles are known since a long time.
Beginning with the pioneering work of Nicola Tesla, the
technology of WPT has evolved and its potential field of
application nowadays includes many areas such as public
transportation and biomedical devices. Although the energy
transfer over long distances with high efficiency is not yet
possible, many modern applications would benefit from power
supplies without the presence of cables. WPT over short dis-
tances has been used in several applications requiring charging,
such as: biomedical implants and devices [1]–[6], consumer
electronics, pads for mobile devices [7], and electric vehicles
[8]–[11].

One of the key-points for the development of WPT systems
is the design of the coupling circuits. Although design pro-
cedures share similarities, each specific application imposes
different design constraints, requiring a particular design pro-
cedure [12]. For instance, in biomedical applications the area

available for the receiver coil is an important concern for the
designer because it is very restricted [13], [14].

A typical WPT system contains a core inductive link con-
nected to the power source and to the load through a matching
impedance network. This network is usually composed of
capacitors in order to tune the circuit. This is a fundamental
characteristic of wireless transfer energy, where the capacitors
should be chosen to maximize the power transfer or to maxi-
mize the efficiency of the inductive link. In [15], a numerical
method for computing a network with four capacitors is
proposed considering a static load connected to the output of
the inductive link. However, usual applications have dynamic
loads and the relative position between coils may change,
which requires to vary the working frequency, or other circuit
parameter, to keep the system tuned. That means, the inductive
link must be tuned dynamically to ensure optimal performance
under varying load. A number of different techniques of dy-
namic tuning may be found in literature, such as active tuning
[16], frequency sweeping [17], saturable variable inductances
[18], network of switching capacitors [19], among others [20],
[21].

This article presents a dynamic and controllable capacitive
network, which is implemented with a Voltage-Controlled Ca-
pacitor (VCCAP) based on capacitance multiplier and Nega-
tive Impedance Converter (NIC) concepts for tuning a wireless
power system. The adapted network tracks the changes of the
load caused by the variations of the magnetic coupling. The
experimental variations of the magnetic coupling coefficient
(k) were produced by changing the relative position between
the transmitter and receiver coils ranging from k = 0.2 to
k = 0.8 approximately. Initially, the analysis of the inductive
link composed of a pair of coils is presented, as well as
the analysis of the position of a variable capacitor in the
matching capacitive network. Disregarding the non idealities
of the input power source, as well the losses added by the
active circuits, the inductive link can be tuned to deliver the
maximum power to a variable load or a variable coupling
coefficient. In addition, the paper presents the design of a
voltage-controlled capacitance and a control strategy which
can keep the inductive link tuned even under disturbances,
detected as a phase shift between the input current and voltage.
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Finally, experimental results are presented and compared with
results obtained with a similar system using fixed capacitances.
The main contributions of this paper are (1) the application of
a capacitance multiplier and a Negative Impedance Converter
(NIC) to dynamically tune an inductive link within a prede-
fined range and (2) a novel methodology to continuously adapt
the inductive link when the position of the coils changes.

II. INDUCTIVE LINK MODELING AND DESIGN

A magnetically coupled system (composed of two coils)
is usually represented by the following three inductances: L1

(primary or transmitter coil), L2 (secondary or receiver coil),
and M (mutual inductance), which mainly depends on the
relative position between the coils. The equivalent T-circuit of
an inductive link shown in Fig. 1 is commonly used to model
transformers. In order to maximize the Power Transferred to
the Load (PDL) (or optionally the power transfer efficiency),
a matching capacitive network (C1 and C2) is connected
between the input power source (VS) and the primary coil. Yet
another matching capacitive network (C3 and C4) is connected
between the secondary coil and the load (ZL). The use of
three or four capacitors can produce higher values of PDL
than matching networks composed by one or two capacitors
[15]. Compared to the case of one or two capacitors, using four
capacitors, the circuit becomes more flexible and thus can be
easily adjusted to the required output power. Therefore, we
have chosen to use a network made up of four capacitors.

VS

RS

IS

C1

C2

VI R1 (L1 −M)

M

(L2 −M) R2
C3

C4

IL

ZL

Fig. 1. Inductive link represented by the equivalent T-circuit and the matching
network. VS is the magnitude of the input voltage source with internal
resistance RS ; L1 and L2 are the self-inductances of the primary and the
secondary coil, respectively; R1 and R2 represent the joule losses of the coils.

The mutual inductance M is defined by:

M = k
√
L1L2 (1)

where k is the magnetic coupling coefficient. By applying
the Kirchhoff’s Laws to the circuit in Fig. 1, the following
expression results for the load current ĪL:

ĪL =
jωM

(
VS

jωRSC1+1

)
[
F (jω) ·G(jω) +

(
ωM

)2](
jωZ̄LC4 + 1

) (2)

where

F (jω) = R2 + jωL2 +
1

jωC3
+

Z̄L

jωZ̄LC4 + 1
(3)

G(jω) = R1 + jωL1 +
1

jωC2
+

RS

jωRSC1 + 1
(4)

Therefore, the power PL at the load Z̄L can be calculated
by:

PL =
1

2

∣∣ĪL∣∣2 ·RL (5)

where RL is the real part of Z̄L.

A. Inductive Link Design

The first step to design the inductive link is to define
the dimensions of the secondary coil, which is constrained
by the available space. In the case of Printed Circuit Board
(PCB) coils, the manufacturing process imposes certain limits
on the spacing between consecutive traces and on the width
of each trace. Thus, the maximum number of turns of the
secondary coil, N2, is essentially determined by the mentioned
geometrical constraints. According to the concepts described
in [22], a receiver coil has been adopted with 38 mm external
diameter, space between traces of 0.25 mm and trace width of
0.25 mm. With these dimensions, the inductance of receiver
coil with N2 = 38 is L2 = 18.6 µH, obtained through the
Lyle’s Method [23]. The parasitic resistance is estimated to
R2 = 8.8 Ω for copper traces of 1 oz thickness.

The transmitter coil described in [22] has 45 mm of external
diameter and 45 turns (N1). The copper traces dimensions
are the same of those described for the receiver coil. Thus,
the inductance is L1 = 28.7 µH and its parasitic resistance
R1 = 11 Ω. When the transmitter and receiver coils are aligned
and separated by z = 3 mm, the magnetic coupling factor k
can be estimated by using the methods described in [23], or
through the finite element method, resulting in k = 0.65 and
M = 15 µH.

Once the distance between coils z (and consequently k), as
well as the load ZL (not necessarily a resistance), the input
voltage source amplitude VS (with its internal resistance RS),
and the working frequency f are all defined, optimization
methods can be used to find the best capacitors for the
matching network which maximize the objective function
PDL. The algorithm presented in [15] finds capacitance values
defined by the standardized E-24 series [24], which subdivides
the interval from 1 to 10 into 24 steps. In this work, the search
space of possible values of capacitance were limited by the
IEC 60063 E24 series multiplied by 10−12 up to 10−4, which
gives a total of 216 possibilities to each capacitor (2176782336
to the 4 capacitors). Considering VS = 10 V, RS = 1 Ω,
RL = 47 Ω and f = 500 kHz, the optimized capacitors are:
C1 = 1 pF, C2 = 4.7 nF, C3 = 100 nF, and C4 = 120 pF.

B. Power Transferred to the Load

As the inductances of the primary and secondary coils
are constant values, (5) can be maximized by varying the
excitation frequency (f ) or changing the matching network
capacitors [19]. When the application imposes a fixed f and
the available space constraint does not allow complex circuitry
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at secondary side of the link, it is necessary to change the
capacitive matching network at the primary side to reach
the maximum PDL. As shown in Fig. 1 the capacitor C1 is
basically in parallel to the input source VS , making it less
effective in tuning the inductive link when RS tends to zero.
Thus, the capacitor C2 can be used as a variable component on
the primary side to tune the circuit in the event of a disturbance
in the circuit, such as a load variation.

Considering the inductive link design described in II-A, the
mesh equations of circuit shown in Fig. 1 can be calculated as
a funcion of magnetic coupling coefficient k and the capacitor
C2. In Fig. 2 we can see the contour plots of PL calculated
using (5). One should notice that there is an optimum value
of C2 for each k. These points are highlighted in Fig. 2. On
the other hand, we can plot PL and the phase of the input
current ĪS , both as a function of C2 as shown in Fig. 3. One
should notice that for a specific working frequency and k,
there is an unique value for C2 that maximizes PL. At this
point the reactive inductances of the link are cancelled by
the capacitive network once the resonant point is reached. In
Fig. 3 one should notice that when PL reaches a maximum
(for a specific k) the phase of the input current (θIs) related
to the input voltage VI is zero.
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Fig. 2. Contour plot of power at the load (PL) as function of magnetic
coupling coefficient k and the capacitor C2.
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Fig. 3. Power at the load (PL) and phase of input current (IS ) as a function
of the capacitor C2.

The optimum value of C2 (C2opt) can be obtained by taking
the derivative of (5) with respect to C2 and equaling it to
zero. Thus, the expression for C2opt that maximizes the output
power PL is:

C2opt =
α2 + β2

ω[γ(α2 + β2)− β(ωM)2]
(6)

where α, β and γ are given as:

α = R2 +
RL

1 + (ωRLC4)2
(7)

β = ωL2 −
1

ωC3
− ωZ2

LC4

1 + (ωZLC4)2
(8)

γ = ωL1 −
ωR2

SC1

1 + (ωRSC1)2
(9)

Table I shows the optimum values C2opt for some discrete
values of k ranging from 0.15 to 0.85. The columns Vc and Ic
show the voltage and current in the capacitor C2, respectively.
The design of the electronic devices used to vary or change
the capacitance C2 must consider the limits given by Vc and
Ic. Furthermore, these devices must withstand 108.2 Vpp and
1.214 App at the worst case of magnetic coupling coefficient
(k = 0.15).

TABLE I
VALUES OF C2opt AND ITS VOLTAGE (Vc) AND CURRENT (Ic) AS

FUNCTION OF SOME DISCRETE VALUES OF k

k C2opt[nF ] Vc[V pp] Ic[App]
0.15 3.57 108.2 1.214
0.25 3.65 94.8 1.087
0.35 3.77 79.3 0.939
0.45 3.94 64.2 0.795
0.55 4.18 50.7 0.666
0.65 4.51 39.4 0.559
0.75 4.96 30.1 0.469
0.85 5.60 22.6 0.397

III. DYNAMIC TUNING STRATEGY

Although the power delivered to the load can be maximized
by optimizing the matching capacitors of the link (considering
fixed inductances of coils), they cannot be changed after the
compensation for a specific operation point. Nonetheless, there
are alternative ways to change the optimum point of operation.
For instance, by changing the excitation frequency [17] or
switching the capacitors of the compensation network [19], the
circuit can be tuned again and a new operation point attained.
The resonance of the primary side (minimum phase between
voltage and current) minimizes the VA rating of the power
supply and for most applications the maximum power transfer
capability can be achieved by operating at the zero-phase-angle
(ZPA) where not only the inductance of the primary side of the
link is compensated but also the reflected impedance from the
secondary side [25]. Thus, in order to detect that the circuit is
operating at the maximal power transfer capability, the phase
between the input voltage (V̄I ) and input current (ĪS) can be
monitored at the primary side of the link and used to modify
the value of C2 as shown in Fig. 4.

The automatic phase control of the inductive link can
be implemented according to the block diagram depicted in
Fig. 5. A phase comparison between V̄I and ĪS is necessary
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Fig. 4. Dynamic tuning strategy by means of a variable capacitance C2 at
primary side of the inductive link.

to detect the maximal power transfer capability. The phase
difference (φ = θVI

− θIS ) can be measured and converted
to a continuous voltage by the scheme described in [26]. A
Proportional-Integral (PI) controller is place afterwards the
phase comparison in order to cancel the steady state error.
The output signal of the PI controller is Vctrl, which is used
to control the Voltage-Controlled Capacitor (VCCAP) C2. The
changing value of C2 can modify the phase θIS , as shown
in Fig. 3. This relationship is represented by T (s), which is
considered a transfer function from the inductive link.

-+
θVI = 0◦

Phase
Comparison

Controller

Voltage-
Controlled
Capacitor

Inductive Link
Transfer Function

PI T (s)
θIS

Vctrl C2

Fig. 5. Automatic phase control loop.

A. Voltage-Controlled Capacitor (VCCAP) Circuit Design

A convenient way to implement the variable capacitance
C2 is by using a control voltage. Thus, a VCCAP can be
implemented through a Negative Impedance Converter (NIC)
or a capacitance multiplier circuit. The general concept is
depicted in Fig. 6. The following analysis considers a voltage-
controlled amplifier (VGA) whose first-order transfer function,
Ā = f(Vctrl) is given by:

Ā =
Ao

1 + jωτ
(10)

where Ao is the DC-voltage gain and 1/τ is the dominant pole
of the VGA.

If the input impedance and output impedance of the VGA
are neglected, the input impedance Z̄in of the proposed circuit
is calculated as follows:

Z̄in =
1

jω · Co
· 1 + jωτ

(1−Ao) + jωτ
(11)

where Co is a reference capacitor.
In order to disregard the influence of the frequency on the

value of the variable capacitor, the pole (1/τ ) of Ā has to be
located at least one decade above the working frequency. If
this requirement is met, Z̄in will be simplified as:

Z̄in =
1

jω · Co · (1−Ao)
(12)

where Ao is the DC-gain of the amplifier controlled by the
voltage Vctrl.

Thus, the equivalent capacitance calculated from the input
terminals is given by:

Cadj = Co · (1−Ao) (13)

When the values of Ao are lower than unity, the circuit of
Fig. 6 works as a capacitance multiplier. On the other hand,
when the values of Ao are higher than unity, the proposed
circuit works as a NIC.

C0

A = f(Vctrl)
Vc

Ic

Vctrl

Zin

Fig. 6. Voltage-controlled negative impedance converter topology.

In case of Ao = 1 the input impedance Z̄in tends to
infinity and the capacitance Cadj approximates to zero, which
is useless for the inductive link. To overcome this problem, the
circuit of Fig. 6 can be connected in parallel to a fixed capac-
itor C2F . Thus, the total equivalent capacitance is calculated
by:

C2 = C2F + Cadj (14)

where Cadj can be either positive or negative according to
(13).

The VCCAP can be implemented according to the block
diagram shown in Fig. 7. There are several methods to
implement a VGA. One of those methods consists of using a
four-quadrant multiplier. The analog multiplier MPY634 was
chosen for this purpose. A voltage divider (RA and RB) is
necessary at the input of the multiplier in order to keep the
voltage amplitude within the allowed range. In addition, a
phase correction stage is introduced in the block diagram to
cancel the phase difference between the signals Vc and Vo
shown in Fig. 7. One should notice that the VGA DC-gain
Ao has to be a real number, according (13). Finally, an output
stage has to be included in the circuit in order to reduce the
output impedance of the VGA and improve the output current
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capability. Thus, the proposed VCCAP circuit has the ideal
frequency-independent gain Ao = Vo

Vc
according to:

Ao =
RA

RA +RB
·Go · Vctrl (15)

where Go is the combined gain of the multiplier, phase
correction and output stages.

RA

RB

Multiplier

Phase
Correction

Output Stage

Vo

C0

Vc

Ic

Vctrl

Fig. 7. VCCAP block diagram.

The design of the proposed VCCAP can be summarized
according to the flowchart of Fig. 8. The geometrical specifi-
cations and their constraints impacts on the size of the coils. In
addition, the electrical specifications such as the output power
and the load complete the specifications for the design of the
inductive link. The compensation capacitors are obtained for
a specific k in order to maximize the output power. Then, it
should be considered that some parameters of the link may
vary, such as the load ZL or the magnetic coupling coefficient
k. Here, we have considered a variation in k, which impacts
on the output power. The range of optimum values for C2

(C2opt) can be obtained by (6).
In the presented case of study we consider the inductive link

for powering the wireless sensor node described in [22], where
the typical distance between coils is z = 3 mm. In this case,
when the coils are aligned, the magnetic coupling coefficient
is k = 0.65. The VCCAP can remain inactive around this
operating point. Therefore, it becomes possible to set the VGA
gain as Ao = 1 in (13) for Cadj = 0 and hence C2F =
C2 = 4.7 nF (for the case study presented is this work). Once
the value of Co is assigned, the range of VGA gain Ao is
calculated by (13). Finally, the range of the control voltage
Vcrtl necessary to maximize the output power is calculated by
(15).

The complete implementation of the VCCAP suitable for
the inductive link described in section II-A is shown in Fig. 9.
The output stage must be implemented with a high voltage and
high speed power operational amplifier (in this work TI 3584).
The phase correction stage is implemented by a second-order
all-pass filter with unity-gain, phase lead and central frequency
of 500 kHz.

B. Phase Detection Scheme and phase control loop

The phase detection scheme shown in Fig. 10 is based
on the integrated circuit AD8302, which is used for radio
frequency gain and phase detection [26]. The phase difference
(φ) between the signals VA (sample of VI ) and VB (sample of

Set of
compensation

capacitors:
maximizing PL

Inductive
Link Design:

static case

Electrical
Specifications:
PL, ZL, k, ...

Geometrical
Specifications:
-coil geometry;
-relative position
between coils.

Optimum Capacitor Values
C2opt

Expected range
for k or ZL

Range of VGA gain
Ao

Assigned:
C0 and C2F = C2opt

@ k (initial static case)

Assigned: Go, RA and RB

Range of control
voltage Vctrl

Fig. 8. Flowchart that summarizes the VCCAP design.

IS) is detected and an output DC-voltage Vphs is produced at
the rate 10 mV/◦. The input current IS is measured by using
a shunt resistor Rsh and a differential amplifier. The current
measurement signal is attenuated by the voltage divider R7 and
R8, which is necessary to keep the input voltage amplitude of
the AD8302 within the allowed range. The input voltage of
the inductive link VI is buffered and afterwards attenuated by
the voltage divider R9 and R10.

The signal Vphs expresses an estimate of the phase dif-
ference (in degrees) between the input voltage VI and input
current IS according to the following equation [26]:

Vphs = 1.8− 10 · 10−3 · |φ| (16)

where φ ≈ θVI
− θIS .

The phase comparison of Fig. 5 can be implemented by
a differential amplifier as shown in Fig. 11. The reference
voltage Vset is used as a setpoint and the signal error from
the output of the differential amplifier is integrated in the next
stage, establishing a PI controller. The zener diode D1 limits
the control voltage Vctrl up to 8.2 V.

IV. EXPERIMENTAL EVALUATION AND RESULTS

A. Evaluation of the VCCAP

The VCCAP has been experimentally evaluated by mea-
suring firstly the input impedance of the circuit according
to Fig. 12. A sinusoidal wave (Vg) of 10 Vpp and 500 kHz
has been applied at the input of the circuit. A series resistor
(Rsh) of 15 Ω has been placed in order to access the input
current Iin. The absolute value of input impedance has been
calculated by

∣∣Zin

∣∣ = V2

V1
, where V1 and V2 have been

measured with a Tektronix DPO7104 oscilloscope. Thus, the
input equivalent resistance and input equivalent capacitance
are given by respectively:
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Fig. 9. VCCAP circuit.
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Fig. 10. Phase detection circuit.

Rin =
∣∣Zin

∣∣ · cos(θ) (17)

Cadj =
[
2 · π · f · (

∣∣Zin

∣∣ · sin(θ))
]−1 (18)

where θ is the phase difference between Vin and Iin which
has been measured with the oscilloscope. Fig. 13 shows the
results of (18) as a function of Vctrl for a reference capacitor
C0 of 6.8 nF. The difference in the slope of these curves can
be attributed to nonlinearities in the blocks shown in Fig. 7.

The resistor Rc represents the Equivalent Series Resistance
(ESR) of the reference capacitor C0 and the output resistance

of the VGA. Its effect is also reflected to the input terminals of
the voltage-controlled capacitor, as shown in Fig. 14, where the
calculations of (17) have been made as a function of Vctrl. The
circuit has shown to be unstable to Vctrl greater than 4.7 V.

B. Evaluation of the Magnetic Coupling Coefficient for Evenly
Spaced and Misaligned Coils

An experimental setup has been developed for studying the
effects of the distance between coils on the magnetic coupling
coefficient k, which plays an important role for inductive link
tuning. A Printed Circuit Board (PCB) Drill Machine has
been used to control the position of the secondary coil. The
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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
·
√
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. 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◦.

0.2 0.4 0.6 0.8

0

20

40

60

k

φ 
 [ 

° 
]

 

 

Simulation:
fixed C

2

Simulation:
adjusted C

2

Experiment:
fixed C

2

Experiment:
adjusted C

2

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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