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Abstract: Inductive power transfer systems (IPTSs) systems are equipped with compensation
networks that resonate at the supply frequency with the inductance of the transmitting and receiving
coils to both maximize the power transfer efficiency and reduce the IPTS power sizing. If the network
and coil parameters differ from the designed values, the resonance frequencies deviate from the
supply frequency, thus reducing the IPTS efficiency. To cope with this issue, two methods of tuning
the IPTS supply frequency are presented and discussed. One method is aimed at making resonant the
impedance seen by the IPTS power supply, the other one at making resonant the impedance of the
receiving stage. The paper closes by implementing the first method in an experimental setup and by
testing its tuning capabilities on a prototypal IPTS used for charging the battery of an electric vehicle.

Keywords: inductive power transfer systems; compensation networks; supply frequency tuning

1. Introduction

Inductive power transfer (IPT) is a viable technology that allows getting rid of any grid connection
while charging the battery of a mobile equipment, including electric vehicles (EVs) [1,2]. Specifically,
commercial IPT systems (IPTSs) that transfer few kW for the charge of parked EVs are available on the
market [3,4], while prototypal IPTSs of tens of kW have been recently assembled [5–7].

The core of an IPTS is the coupler; it is made of two coils, one placed in the receiving stage and
the other one in the transmitting stage. An inverter operating at high frequency (HF) supplies the
transmitting coil that, thanks to the coupling, induces a voltage across the receiving coil. The induced
voltage, after being properly conditioned, charges the battery.

To enhance one or more features of the IPTS, such as efficiency of the power transfer, power sizing
of the inverter and sensitivity against coils misalignment, compensation networks made of reactive
elements are inserted in both transmitting and receiving stages. The reactive elements are typically
sized to achieve some form of resonance with the coil’s inductances at the supply frequency [8]. This
paper is concerned with such an issue for IPTSs compensated by inserting a capacitor in series to
each coil.

The drift of the IPTS’ reactive elements (coils and networks components) and manufacturing
tolerances can deviate the resonance frequency of the stages from the supply frequency, thus affecting
the performance of the IPTS. Some papers studied how the loss of resonance affects the output power
of the system [9] and other considered also its effects on the efficiency [10], but they did not propose
countermeasures aimed to regain a satisfactory level of efficiency. In literature, two approaches to
resonance restoration are found: some authors keep the supply frequency constant and act on the
reactive parameters of the coils or of the compensation networks to achieve the resonance [11–13]; other
authors, instead, adjust the supply frequency to reach a given performance index [14–17]. In paper [11]
an additional coil, coupled with the receiving one, is suitably fed in order to induce across the latter
one a voltage that changes its equivalent reactance with the aim of maximizing the voltage applied to
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the equivalent load. In [12] the inductance of the transmitting coil is adjusted by varying the saturation
level of its core; to this end, a controlled DC current is injected in an additional coil wounded on
the same core. The solution presented in [13] provides for several additional capacitors that can be
selectively connected by electronic switches in parallel to main compensation capacitor to achieve the
resonance condition at the transmitting side. With respect to the above-cited solutions, the presented
one does not require any additional coil or capacitor to achieve the resonance and leads to a much
simpler implementation of the IPTS.

Paper [14] follows the approach of varying the supply frequency. The authors propose to perform
a sweep of the supply frequency from the minimum to the maximum to find which one gives the
maximum output voltage and considers it as the resonance frequency; after this adjustment, the
frequency is kept constant and no real time tuning is performed. In [15] a closed loop control of the
amplitude of the current in the transmitting coil is implemented; it uses as reference the amplitude
that theoretically should be achieved in resonance condition and as manipulated variable the supply
frequency. A real time closed loop approach is applied also in [16], which considers an RF IPTS whose
supply frequency spans from 40 MHz to 120 MHz and is adjusted in order to minimize the fraction
of the RF signal reflected from the transmitter. Paper [17] reports a tuning method like one of the
two methods dealt with in the presented paper. This paper, however, offers much more detailed
insights both from the theoretical and the experimental points of view, together with the opportunity
of comparing the performance of two different tuning method applied to the same IPTS, and takes into
consideration the bifurcation phenomenon, not mentioned in any of the cited papers. More in detail,
differently from [14], the tuning method implemented in the prototype does not require transferring
any information from the receiving to the transmitting stage of the IPTS, thus greatly simplifying
its implementation, and differently from [15], the resonance condition is recognized elaborating real
time data instead of relaying in theoretical relations. Moreover, the frequency tuning is completely
independent from voltage or current control, so that a much higher flexibility in the management of
the IPTS is preserved.

The paper is organized as follows. After reviewing the IPTS equations under ideal resonance
operation, the impact on the efficiency of the variations of the reactive elements is analyzed. Then, the
two methods of tuning the supply frequency are examined and a control system is arranged to execute
the tuning task. Specifically, the first method forces to zero the phase angle between the fundamental
voltage component at the output of the HF inverter to the current flowing through it. The second
method forces to zero the phase angle between the voltage induced in the receiving coil and the current
flowing through it. Characteristics of the two methods are investigated, emerging that they differ in
sensitivity to the bifurcation phenomenon [18,19]. Lastly, implementation of the first method in a setup
committed to the adjustment of the supply frequency of a prototypal IPTS is described and the results
of experimental tests corroborating the tuning capabilities of the method are given.

2. Background

Compensation networks composed of one or more reactive components and arranged according to
several topologies have been proposed in the literature for the IPTSs [20–22]. The simplest compensation
network uses a capacitor for each IPTS coil with either a series or parallel connection. The most
straightforward topology is the series-series (SS) one, with the capacitors connected in series to the
coils and resonating with them at the supply frequency. The SS topology is taken as the study-case in
this paper because it is largely used for its good performance in terms of efficiency and sizing power
of the IPTSs [23]. This topology makes the resonance condition of the IPTS insensitive to the coil
misalignment, thus the issues arising from misalignment are not considered in designing the tuning
methods. This approach does not limit the field of application of the proposed solution because recent
EVs are equipped with parking systems that, either automatically or assisting the driver, could reduce
the misalignment near to zero.
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The scheme of an SS-compensated IPTS is illustrated in Figure 1, where the coil inductance of
the transmitting stage is designated with LT, the current flowing through it with iT, the in-series
capacitance with CT, and the parasitic coil resistance with rT; the corresponding quantities in the
receiving stage are designated with LR, iR, CR, and rR. The transmitting stage includes the IPTS power
supply; it consists of an HF inverter fed by DC voltage source VDC,T and generating square-wave
voltage vS; due to the HF operation of the inverter, voltage vS is commonly adjusted by the phase
shift technique. The IPTS coupler is represented by mutual inductance M and induced voltages vT

and vR. The receiving stage also contains a diode rectifier (DR) with capacitor CL levelling the DR
output voltage at VDC,R and a buck chopper (CH) that provides for charging the battery with the
required current profile. Since current iR entering the DR flows along the whole supply period, the DR
conduction is continuous. Therefore, voltage vL at the DR input is a square-wave of magnitude VDC,R.
Series resonance in both IPTS stages is obtained by sizing the series capacitors according to

CT =
1

ω2LT
; CR =

1
ω2LR

(1)

whereω is the IPTS supply angular frequency. Resonance makes currents iT and iR nearly sinusoidal
despite the square waveform of voltages vS and vL. Consequently, only their fundamental component
takes part in the power transfer from the inverter output to the DR input, and the scheme of Figure 1
can be represented with the circuit of Figure 2. In the figure, voltages vS and vL are substituted for by
their first harmonics vS,1 and vL,1, respectively. Moreover, since currents and voltages in the circuit are
sinusoidal, they are expressed by phasors and are denoted by upper-case letters overmarked with a
bar while their magnitudes are denoted by capital letters. The impedances, like

.
Zref, are denoted by

upper-case letters overmarked with a point.

Figure 1. Scheme of SS-compensated IPTS.

Figure 2. Circuital representation of SS-compensated IPTS.
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Resistor RL is the IPTS load, given by the equivalent resistance of the cascade of DR, CH, and
battery. It is obtained considering at first the equivalent resistance RB of the battery, defined as the
ratio VB/IB of the battery voltage to the charging current. The resistance seen at the CH input is then

RCH =
1
δ2 RB (2)

where δ is the chopper duty-cycle. Resistance RCH is also defined as the ratio VDC,R/IDC,R, where IDC,R

is the average value of iR,R, which is obtained by rectification of iR. On its turn, RL is defined as VL,1/IR

where VL,1 and IR are the magnitudes of vL,1 and iR, respectively. From these equalities, it follows that

RL ,
VL,1

IR
=

4
πVDC,R
π
2 IDC,R

=
8
π2 RCH (3)

Impedance
.
Zref in Figure 2 is the receiving stage impedance reflected to the transmitting stage.

Other impedances of interest of the circuit are
.
ZT and

.
ZR, i.e., the impedances of the transmitting and

receiving stages, given by 
.
ZT = jωLT + 1

jωCT
+ rT

.
ZR = jωLR + 1

jωCR
+ rR + RL

(4)

By Figure 2, current IT is related to VS,1 by

VS,1 =
( .
ZT +

.
Zref

)
IT (5)

and IR to VR by
VR =

.
ZRIR. (6)

As a function of the circuitry parameters, impedance
.
Zref is expressed as

.
Zref =

ω2M2

.
ZR

=
ω2M2

jωLR + 1
jωCR

+ rR + RL
. (7)

By definition, IPTS efficiency is

η ,
PL

PS
=

RL
∣∣∣IR

∣∣∣2/2

<e
[
VS,1IT

∗]
/2

=
RLω

2M2∣∣∣∣ .
ZR

∣∣∣∣2<e
[ .
ZT

]
+ω2M2

<e
[ .
ZR

] , (8)

where PL is the active power drawn by the load, PS is the active power delivered by the inverter, and
operator<e[·] gives the real part of its argument.

3. Resonance Operation

Under IPTS ideally resonant operation, resonance angular frequencies ωT and ωR of the
transmitting and receiving stages coincide, and the IPTS supply angular frequency ω is equal
to them. By designating withω0 the common operation angular frequency, it is

ωT =
1

√
LTCT

; ωR =
1

√
LRCR

; ωT = ωR , ω0; ω = ω0. (9)
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Substituting (9) into (4), impedances
.
ZT and

.
ZR are found to be purely resistive and equal to

.
ZT = rT.
ZR = rR + RL

(10)

so that (5) and (6) are simplified into

VS,1 =

rT +
ω2

0M2

rR + RL

IT (11)

VR = (rR + RL)IR. (12)

Equations (11) and (12) point out that the following conditions hold when (9) is satisfied:

C1) voltage vS,1 is in phase to iT,
C2) voltage vR is in phase to iR.

Substitution of (10) into (8) leads to the expression of the IPTS efficiency under ideally resonant
operation, given by

ηrc =
RLω

2
0M2

(rR + RL)
[
rT(rR + RL) +ω

2
0M2

] . (13)

By derivation of (13) with respect toω0, the following threshold value for RL is found:

RL,th =

√
2LR

CR
− rR (14)

such that:

i) if RL<RL,th, efficiency ηrc gets the maximum value of

ηrc,max =
RL,thω

2
maxM2

(rR + RL,th)
[
rT(rR + RL,th) +ω

2
maxM2

] (15)

forω equal to

ωmax = ω0

√√√√ 1

1−
(

RL
RL,th

)2 . (16)

From (13)–(16), it follows that a) ηrc,max is reached for a supply angular frequency a little higher
thanω0, and b) ηrc stays close to ηrc,max when RL varies, provided that it remains less than RL,th,

ii) if RL>RL,th, efficiency ηrc does not get a maximum but is an increasing function ofω0.

4. Frequency Tuning

The actual values of the IPTS reactive elements may differ from the designed ones at the assembly
time, because of the manufacturing tolerances, as well as during the operating life because of the drift
due, for instance, to their ageing. This gives rise to a frequency mismatch in (9) and IPTS ideal resonant
operation is lost in the transmitting and/or receiving stage.

Impact of a frequency mismatch on the IPTS efficiency is exemplified in Figure 3 for a prototypal
IPTS used to charge a city-car EV; the designed values of its reactive elements and the supply frequency
are listed in Table 1 together with the load in nominal battery charging conditions [24].
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1 
 

 
Figure 3. Efficiency under IPTS non-ideal resonant operation due to variation of the reactance of the
coils or of the resonant capacitors.

Table 1. IPTS parameter designed values.

Parameter Symbol Designed Value

IPTS supply frequency f 85 kHz

Coupling coil inductances LT, LR 120 µH

Resonant capacitances CT, CR 29.2 nF

Series resistances rT, rR 0.6 Ω

Mutual inductance M 30 µH

Load RL 6.1 Ω

The figure plots four graphs of efficiency, calculated from (8) by varying one at a time LT, CT, LR

and CR and by settingω atω0. In the graphs, the values of the reactive elements range from –10% to
+10% of their designed values. For the sake of completeness, Figure 4 plots the graph of efficiency for
the reactive elements set at the designed values and forω varying in the range 81.38 kHz ÷ 90 kHz.
The selectedω range follows that set by SAE (Society of Automotive Engineers) RP (Recommended
Practice) J2954 for IPTSs projected to charge the battery of EVs. In all graphs, the x-axis is normalized
to the design value of the relevant quantity. Inspection of Figure 3 reveals that the impact of LR and CR

variations, plotted respectively with the red dashed line and the blue solid line, is nearly the same and
reduces the efficiency of more than 1% in the worst case. Instead, the LT and CT variations, plotted
respectively with the horizontal magenta and green dotted lines, do not have any effect on the efficiency.
The last outcome is a consequence of (8), where only the real part of

.
ZT appears in the expression of

the efficiency. Regarding the impact of the ω variations on the efficiency, Figure 4 reveals that the
efficiency decreases of about 0.5% at the ends of the spanned ω range and gets its maximum for a
ωnorm value a little bigger than 1, in agreement with (16).



Electronics 2020, 9, 527 7 of 16

Figure 4. Efficiency under IPTS non-ideal resonant operation due to variation of the supply
angular frequency.

Resonance operation can be enforced by tuning the supply frequency but the IPTS ideally resonant
operation cannot be reached because, in general, the resonance frequencies of the two stages do not
deviate of an equal value. By accounting of the IPTS quantities that can be practically sensed, two
tuning methods are envisaged. The first method tunes the supply frequency to make resonant the
impedance seen from the inverter output and is hereafter termed as transmitting side resonance (TSR)
method. The second one tunes the supply frequency to make resonant the receiving stage, i.e., it setsω
atωR, and is hereafter termed as the receiving side resonance (RSR) method.

4.1. TSR Method

The condition to achieve TSR is defined as C1) in Section 3. By (11), the requirement of having vS,1

in phase to iT is equivalent to
=m

[ .
ZT +

.
Zref

]
= 0 (17)

where =m[·] is the operator that returns the imaginary part of its argument. By (6) and (7), relation (17)
is rewritten in the following polynomial form:

P(u) ≡ A3u3 + A2u2 + A1u + A0 = 0 (18)

whereω2 had been replaced with u and coefficients A3, A2, A1 and A0 are
A3 = CTLRC2

R

(
LTLR −M2

)
A2 = −2LTCTLRCR − L2

RC2
R + LTCTC2

R(rR + RL)
2 + CTCRM2

A1 = LTCT + 2LRCR −C2
R(rR + RL)

2

A0 = −1

. (19)

Polynomial P(u) is of third degree and all its coefficients are real. Consequently, P(u) has at least
one real solution u1. Being A3 > 0 and A0 < 0, u1 is positive and a supply angular frequency, denoted
withωTSR,1 =

√
u1, exists that forces iT in phase to vS,1. Moreover, P(u) has other two solutions that

if real and positive, give rise to two additional supply angular frequencies that forces iT in phase to
vS,1, originating the phenomenon known as bifurcation. On the chance that ωT = ωR, paper [25] has
set forth the constraints by which the other two solutions are real and positive. Instead, for ωT , ωR,
the constraints can be found by the Descartes rule of signs. The rule states that if a polynomial has
real coefficients and they are sorted by the descending order of the exponent, the number of the real
and positive roots is either equal to the number of sign changes between consecutive coefficients or is
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lower than it by an even number. For P(u) in (18), the other two solutions can exist only if A2 < 0 and
A1 > 0. Constraint A1 > 0 requires that

RL < RL,B1 ,

√
2LR

CR
+

LTCT

C2
R

− rR (20)

while constraint A2 < 0 requires that

RL < RL,B2 ,

√
2LR

CR
+

L2
R

LTCT
−

M2

LTCR
− rR. (21)

Fulfillment of the constraints is a necessary but not sufficient condition to have bifurcation.
However, it can be asserted that i) at low power, i.e., for high values of RL, IPTS is likely free from
bifurcation, and ii) as the power increases, IPTS could be subjected to bifurcation.

Comparison of (20) with (14) reveals that RL,th is always lower than RL,B1 while it is lower than
RL,B2 only if

1− k2 LTCT

LRCR
> 0 (22)

where k is the coupling coefficient of the coupler. Because of the low values taken by k in IPTSs,
inequality (22) is verified unless the difference between the designed and actual values of the reactive
elements gets very high.

Improvement in the efficiency attained with the TSR method has been examined for the prototypal
IPTS by taking as supply angular frequency the central solution of (18) whenever bifurcation is detected.
The results are plotted in Figure 5 with the same conventions as used in Figure 3. Inspection of the
figure outlines that the graphs relevant to the pair LT, CT are nearly superimposed such as in Figure 3,
but now the same happens also for the pair LR, CR. Moreover, the graphs show that efficiency is near
to that of IPTS under ideally resonant operation, or even higher when either LR or CR goes below their
designed values. Instead, a small reduction of the efficiency happens when the loss of resonance is
caused by variations of LT or CT.

Figure 5. Efficiency improvement by TSR method.

4.2. RSR Method

The condition to achieve RSR is defined as C2) in Section 3. By (5), the requirement of having vR

in phase to iR is equivalent to
=m

[ .
ZR

]
= 0. (23)
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Differently from the TSR method, relation (23) leads to an equation that has always one and only
one positive solution, given by

ωRSR = ωR =
1

√
LRCR

. (24)

Improvement in the efficiency attained with this tuning method is plotted in Figure 6. The graphs
underline that the improvement is like the TSR method when LR and CR go lower than the designed
values, and even better when they go higher. As (24) is not affected by LT and CT, the efficiency remains
constant despite the variations of these reactive elements.

Figure 6. Efficiency improvement by RSR method.

5. Phase Control System

Implementation of either of the two methods calls for a phase control system that, acting on the
IPTS supply frequency, drives to zero the phase between vS,1 and iT, for the TSR method, and the
phase between vR and iR, for the RSR method. Regarding the implementation of the latter method, it is
worth noting that vR cannot be transduced directly from the terminals of the receiving coil because the
voltage between them is comprehensive of the voltage drop across LR. However, being vR related to
iT by

VR = −jωMIT, (25)

the RSR method is implemented equally well by forcing iT to lead iR of π/2.

5.1. Phase Control

The cumulative block diagram of the phase control system for the two methods is shown in
Figure 7. In the diagram, the solid-line paths and the variables with no brackets pertain to the block
diagram of both TSR and RSR methods. Instead, variables within curly brackets are relevant to the
TSR method while those within the square ones to the RSR method.

Figure 7. Block diagram of the phase control system.

Phase error θerr in the diagram is the difference of phase angle reference θref to the actual value
θact of the controlled phase angle. For the TSR method, θref is equal to zero and θact is the phase angle
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θiT,vS between iT and vS; for the RSR method, θref is equal to –π/2 and θact is the phase angle θiT,iR

between iT and iR. The phase regulator manipulates θerr and generates reference ωref of the IPTS
supply angular frequency, which is impressed by the inverter. To protect the phase control system
from large errors, phase error θerr is clamped at [-30◦, 30◦] before being entered into the regulator.

5.2. Phase Regulator

Specifications for the phase control system are zero phase error at steady state and a reasonably
damped behavior. At steady state, the phase relation between the transduced signals depends only
on the actual value of ω; hence, the phase regulator must execute an integral action on θerr for it to
reach zero.

By (4), (6) and (7), the phase relations between iT and vs,1 at very high and very low supply
angular frequency are 

VS,1

IT

∣∣∣∣∣
ω→∞

� jωLT

(
1− M2

LTLR

)
⇒ lim
ω→∞

θiT,vS = −π2

VS,1

IT

∣∣∣∣∣
ω→0

� 1
jωCT

⇒ lim
ω→0

θiT,vS = π
2

. (26)

By (4), (6) and (25), the phase relations between iT and iR under the same situations are
IR

IT

∣∣∣∣∣
ω→∞

� − M
LR
⇒ lim
ω→∞

θiT,iR = −π

IR

IT

∣∣∣∣∣
ω→0

� 1
ω2MCR

⇒ lim
ω→0

θiT,iR = 0
. (27)

For the TSR method, when (18) has only one solution, θiT,vS decreases with ω and the gain of the
phase regulator must be negative; if bifurcation occurs, an interval ofω exists where θiT,vS increases
withω and the gain of the phase regulator must be positive. It follows that the phase regulator must be
able to recognize the correct sign for its gain. For the RSR method, this problem does not exist because
θiT,iR is always a decreasing function ofω and the gain of the phase regulator must be negative.

To comply with the issues of the TSR method, a phase regulator has been synthesized, committed
with the task of checking at the beginning of each sampling period if the actual absolute value of the
phase error is smaller or greater than that one in the previous sampling period. In the first case, the
sign of the gain is maintained while in the second case it is changed before updatingωref.

6. Experimental Results

6.1. Experimental Setup

A setup of the phase control system has been arranged according to the TSR method and
implemented in the development kit CY8CKIT-059 hosting a programmable system on chip PSoC
5 LC [26], both of Cypress Semiconductor. The setup has been used to tune the supply frequency
of the prototypal IPTS pictured in Figure 8. The coupler of the setup is formed by two equal coils
that are enclosed in the red plates at the rightmost side of Figure 8. The coils have been designed
according to the procedure reported in [27] and have the structure shown in Figure 9. The inverter is
built up with a Wolfspeed CCS050M12CM2 SiC MOSFET module [28] and the load is built up with an
adjustable resistor emulating a battery with nominal power of 560 W. The PSoC generates the signals
to command the inverter switches and a signal proportional to phase error θerr through an embedded
analog-to-digital converter. Quantities vS and iT, and the signal proportional to θerr are acquired by a
Tektronix TDS 5034 digital oscilloscope.
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Figure 8. Phase control system setup and prototypal IPTS.

Figure 9. Coil without protective cover.

6.2. Test Results

The phase control system has been subjected to several tests with different IPTS loads and
initial supply frequencies to assess its capabilities in reaching the tuning conditions. In the tests, the
magnitude of the inverter output voltage has been kept fixed while its frequency has been changed as
dictated by the phase control system. Below, two tests carried out with values of RL equal to 5.6 Ω and
45 Ω are documented; these RL values are significant in evaluating the tuning capabilities of the phase
control system as the former value does not give rise to any bifurcation while the latter one does it.

The actual values of the reactive elements of the prototypal IPTS have been measured with an
Instek LCR meter model LCR-819 and the resulting values are reported in Table 2, together with the
coils distance and the RL values in (14), (20) and (21). By substituting these values in the first of (4) and
(7), phase θiT,vS between iT and vS and ratio (28) have been plotted as a function ofωnorm respectively
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in the upper half and the lower half of Figure 10. Solid and dashed lines in the figure refer respectively
to RL equal to 5.6 Ω and 45 Ω. ∣∣∣IT

∣∣∣∣∣∣VS,1
∣∣∣ = 1∣∣∣∣ .

ZT +
.
Zref

∣∣∣∣ (28)

Table 2. IPTS parameter actual values.

Parameter Transmitting Side Receiving Side

Actual value Actual value

Coil inductance 122 µH 119 µH

Resonant capacitance 30.8 nF 30.8 nF

Series resistance 0.7 Ω 0.7 Ω

Mutual inductance 29.5 µH

Coil distance 0.14 m

Symbol Value

RL from (14) RL,th 87.2 Ω

RL from (22) RL,B1 107.4 Ω

RL from (23) RL,B2 105.4 Ω

Figure 10. Phase angle θiT,vS (up) and ratio
∣∣∣IT

∣∣∣/∣∣∣VS,1
∣∣∣ (down) vs. ωnorm for RL = 5.6 Ω (blue solid line)

and RL = 45 Ω (red dashed line).

In the test with RL = 5.6 Ω, the initial supply frequency is set at 89 kHz, i.e., at ωnorm = 1.049,
and the corresponding waveforms of vS and iT are plotted in the upper half of Figure 11. Processing
of the waveforms has resulted in a value of θiT,v equal to 27.5◦. The waveforms of vS and iT at the
completion of the tuning process are plotted in the lower half of Figure 11, and the resultant values
of ωnorm and θiT,vS are 0.997 and 7.7◦, respectively. Comparison of the graphs in the two halves of
Figure 10 shows that the magnitude of iT is lower after tuning, although vs,1 is kept constant. This
outcome is substantiated by the solid-line graph in the lower half of Figure 11, which highlights a
decrease of

∣∣∣IT
∣∣∣/∣∣∣VS,1

∣∣∣ forωnorm moving leftward from the initial value of 1.049.
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Figure 11. Inverter output voltage (blue line) and current (red line) before (up) and after (down) tuning
with RL = 5.6 Ω.

The behavior of iT during the tuning process is plotted in the upper half of Figure 12. The solid
blue graph, made of more than 4000 supply periods, does not permit to appreciate the waveform of
iT, but confirms that its magnitude decreases about exponentially during the tuning process. The
lower half of Figure 12 plots the signal proportional to θerr. Its behavior shows that the tuning process
exhibits a small overshoot and reaches the steady state in about 25 ms.

Figure 12. Transmitting coil current (up) and phase error (down) during tuning with RL = 5.6 Ω.

The test, repeated with RL = 45 Ω, has led to the graphs in Figures 13 and 14. Now the initial
values for ωnorm and θiT,vS are respectively 1.048 and −65.5◦ while, after completion of the tuning
process, they are 0.956 and –5.6◦. The graphs show that the magnitude of iT increases after tuning;
again, this outcome is substantiated by the dashed-line graph of

∣∣∣IT
∣∣∣/∣∣∣VS,1

∣∣∣ in the lower half of Figure 9,
which highlights an increase of

∣∣∣IT
∣∣∣/∣∣∣VS,1

∣∣∣ for ωnorm moving leftward from the initial value of 1.049.
Here, the steady state is reached in about 25 ms without any overshoot.
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Figure 13. Inverter output voltage (blue line) and current (red line) before (up) and after (down) tuning
with RL = 45 Ω.

Figure 14. Transmitting coil current (up) and phase error (down) during tuning with RL = 45 Ω.

The experimental results demonstrate that the TSR method works correctly both with and without
bifurcation occurrence and is effective in reducing the phase error between iT and vS substantially,
even if not exactly to zero. The residual error can be ascribed, at least partially, to the fact that the
imposed supply frequency is a submultiple of the clock frequency of PSoC, which does not guarantee
the accurate application of the requested frequency.

7. Conclusions

The paper has dealt with the tuning of the supply frequency of IPTSs to improve their efficiency
in presence of drifts or tolerances of the reactive elements. After reviewing the impact on the efficiency
of the loss of resonance, two methods of tuning the IPTS supply frequency have been examined
that impose the resonance condition on either the impedance seen by the transmitting side (TSR) or
the receiving side impedance (RSR). Examination of the methods has revealed the occurrence of the
bifurcation phenomenon in the TSR method. A phase control system that takes over of the tuning
process for both methods has been developed. Implementation of the phase control system in a setup
intended to tune the supply frequency of a prototypal IPTS according to the TSR method has been
illustrated, together with the countermeasures adopted to face up the bifurcation phenomenon. Finally,
the results of experimental tests have been reported to illustrate the tuning capabilities of the method.
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