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ABSTRACT Wireless power transfer technology is widely studied for applications related to recharging of
the batteries of electric vehicles, but also finds applications in air, marine and medical sectors. A common
feature of the different implementations of the wireless power transfer is a transmitting coil supplied by
a two-leg high-frequency inverter. Different modulation techniques have been proposed for the generation
of the switching commands of the inverter, aimed at enhancing the output voltage control or the overall
system efficiency. In any case, only one control variable is in charge of generating the commands for both
the legs of the inverter. This paper proposes two modulation techniques that use two independent control
variables to control the two inverter legs. No relation is imposed between the control variables and, for
any possible combination of them, the switching behavior of the inverter and the harmonic content of the
generated voltage are analyzed. It is then recognized that some combinations of the control variables, which
define the inverter control strategies, achieve better efficiency performance, especially when operating in
low power conditions, than the conventional phase shift technique, usually applied in the wireless power
transfer systems. This feature makes the proposed approach particularly suitable for both static and dynamic
wireless power transfer systems, where coupling conditions and load may vary over a wide operating range
so that different presented control strategies can be profitably applied. The presented modulation techniques
are implemented in a prototypal system and experimented under different operating conditions. Consistently
with the theoretical analysis, experiments demonstrated that the proposed modulation techniques enable an
even distribution of the switching voltage solicitations between the two legs of the inverter and achieve
higher efficiency. With respect to the conventional phase shift modulation technique, depending on the used
modulation technique and the considered power range, the improvement of the overall system efficiency was
as high as 10% whilst the improvement of the inverter efficiency reached 20%.

INDEX TERMS Harmonic analysis, pulse width modulation, voltage source inverters, wireless power
transfer.

I. INTRODUCTION The core of the inductive WPT technology, the only applied

Wireless Power Transfer (WPT) technology is a promising
solution to free the user of an electric vehicle from the hassle
of having to fiddle with plugs and cables when the vehicle’s
battery needs to be recharged [1]. The same technology,
applied to running vehicles, could solve the concerns aris-
ing from the long recharge time of the batteries, their size,
weight and cost, and the availability of recharging stations
[2]. In addition to land vehicles, the WPT technology also
finds application in the air [3], [4], marine [5], and medical
sectors [6].
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to the battery charging of electric vehicles, is a pair of coupled
coils, with the transmitting coil supplied by a two-legs high
frequency inverter (HFI). The frequency of the supply voltage
and current of WPT systems (WPTSs) is much higher than
those of other widespread applications of static power con-
verters, such as motor driving or electric power generation
or distribution. Indeed, the rules specify that the transmitting
coil of an inductive WPTS should be supplied at a fre-
quency around 85 kHz [7]. The rules, however, do not specify
which kind of modulation should be adopted. In WPTS,
the conventional pulse width modulation is not applied
because its adoption would require switching the HFI at very
high frequency, thus increasing its losses. Instead, different
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FIGURE 1. Schematic of the transmitting section of a WPT system.

techniques are used to maintain the switching frequency of
the HFI equal to the transmitting coil supply frequency [8].
Among these techniques, the phase shift technique (PST)
is widely adopted due to its simple implementation and its
ability to generate an alternating voltage in ideal conditions.
To maintain the zero-voltage switching (ZVS) in a wider
range of operation, other techniques such as asymmetrical
clamped mode [9] can be used, but at the cost of generating
a voltage with a direct component. The direct component
is avoided if the pulse density modulation is used [10], but
it causes large oscillations of the output current amplitude.
These oscillations are mitigated in the enhanced pulse density
modulation [11]. The latter two techniques, as well as [12]
and [13], do not allow for continuous control of the output
voltage as they are based on an on-off application of the
switching commands during a whole power supply period.
Consequently, the required output voltage is obtained as the
average voltage over several supply periods, whereas the PST
and the asymmetrical clamped mode, which operate on the
duty cycle of the generated waveforms, allow for applying
the required voltage within a single period.

The manipulation of a single variable to control both legs
of the HFI is a characteristic feature of many modulation
techniques used in WPT. Some proposals to use two control
variables have been made [14], [15], but they consider an
HFI with two outputs, so from this point of view there is
no fundamental difference from the conventional PST. Other
approaches, based on PST, are applied to WPTSs where the
receiver section is equipped with an active rectifier [16], [17].

This paper presents two modulation techniques derived
from the PST, whose performance is considered as a ref-
erence, and which are capable of performing a continuous
regulation of the generated voltage, and, moreover, are char-
acterized by the feature of manipulating two control variables,
one for each leg of the HFI. Exploiting two degrees of free-
dom instead of only one, the proposed modulation techniques
offer higher flexibility than the PST. For example, one of them
can reproduce the same waveforms generated by the PST,
but with a better distribution of the solicitations among the
switches, and allows increasing significantly the efficiency of
the HFI when it operates at low power by commutating only
the switches of one HFI leg. The other technique is optimized
for the low power operations and the switching at half of
the nominal frequency. At even lower power levels, both the
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proposed techniques can operate by switching only one leg of
the HFI to further increase its efficiency and, consequently,
the efficiency of the overall WPTS.

The paper analyzes in detail the performance of the two
modulation techniques from the point of view of the solic-
itations sustained by the commutating switches and of the
harmonic content of the generated voltages. The proposed
modulation techniques have been implemented in the exper-
imental WPTS described in [18]. Some experimental tests
have been performed on the prototype to confirm the feasi-
bility of the two modulation techniques and to compare their
efficiency performance during the power transfer operations.

Section II of the paper briefly presents the proposed
techniques and the PST, used as a reference. Section III
describes the conventional PST, analyzes the commutation
of the switches and the harmonic contents of the generated
voltage. Section IV analyzes the first of the proposed tech-
niques. It is demonstrated that the commutations happen in
the same way as in PST but with an even distribution of the
solicitations among the two HFI legs. The harmonic content
of the generated voltage is analyzed as a function of the two
control variables, i.e. the two duty cycles, and represented
with the help of maps. Section V analyzes in the same way
the second of the proposed techniques. Section VI explains
how the HFI control algorithm could take advantage of the
two degrees of freedom offered by proposed techniques.
Some examples are given that show how different strategies
can be implemented to replicate the same behavior of the
PST but with a better sharing of the voltage solicitations
and higher efficiency. Section VII reports the experimental
results obtained from a prototypal WPTS and compares the
performance of the control strategies that use the proposed
modulation techniques with the performance of the PST.
Section VIII gives a hint about a possible management of
the different strategies in order to maintain the maximum
efficiency of the HFI in any working condition. Section IX
concludes the paper.

Il. PROPOSED COMMUTATION TECHNIQUES

The transmitting section of a WPTS has the simplified
scheme sketched in Fig. 1. The dc side of the HFI is sup-
plied by the constant V4. T voltage. On its turn, the HFI
supplies the set formed by the transmitting coil, denoted by its
self-inductance LT, and the resonant compensation network,
which in this case has a series topology and consists of the
capacitor Ct. In order to avoid short circuits of the HFI
legs, the commutations of T; and T3 entail complementary
commutations of Ty and T4. The latter ones lead or lag the
commutations of the switches T and T3 to implement the
dead time.

A. PHASE SHIFT TECHNIQUE

Usually, the HFI is controlled using the PST. It is imple-
mented by commanding the two legs of the HFI in order to
generate two square-wave voltages vao and vgo with 50%
duty cycle and with the same frequency fn as the required
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FIGURE 2. Waveforms obtained with the PST.
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supply voltage vap. The amplitude Vap ¢ of the 1% har-
monic of vap is controlled by adjusting the phase shift ¢
between the phase voltages vao and vpo. The phase shift
is the only control variable of the PST and is symmetrically
shared by leading vao and lagging vpo, so that the phase
¢aB.iN of the 15 harmonic of v is unaffected by ¢.

The actual waveforms of vag, VB0, and vap are drawn in
Fig. 2, where wy and T denote the supply angular frequency
and the relevant supply period.

B. ANTI-PHASE TECHNIQUE

The first different approach to the generation of vap proposed
in this paper consists of commanding the HFI to obtain two
phase voltages vap and vpp with a fixed phase and variable
duty cycle. This solution, which can be considered somewhat
dual to the PST, originates the waveforms reported in Fig. 3.
The figure shows that the 1%t harmonics of vao and v are
in phase opposition to each other. For this reason, this modu-
lation technique is denoted as anti-phase technique (anti-PT).
The control variables used in the anti-PT are §5 and g, i.e.
the duty cycles of the command signals of the upper switches
T and T3 of the legs A and B of the HFIL.

C. IN-PHASE TECHNIQUE

Like the anti-PT, the second modulation technique proposed
in this paper commands the HFI to obtain phase voltages with
a fixed phase and variable duty cycle. However, as defined by
its denomination, the in-phase technique (in-PT) imposes that
the 1% harmonics of voltages vao and vgo are in phase each
to the other instead of being in phase opposition. Also in this
case, the two control variables are the duty cycles §5 and &p.
As shown in Fig. 4, the voltage vap exhibits two pulses during
each supply period. Both of them are positive if §5 > Jg,
otherwise they are negative.

lIIl. PHASE SHIFT TECHNIQUE ANALYSIS

Figure 5, obtained from inspection of Fig. 2, highlights
the commutation instants of the upper switches T| and Tj3.
Because of the dead times, the lower switch T4 is switched
on after switching off T3, the lower switch T, is switched off
before switching on T, T4 is switched off before switching
on T3, and T, is switched on after switching off T;. In the
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FIGURE 3. Waveforms obtained with the anti-PT.
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FIGURE 4. Waveforms obtained with the in-PT.

following analysis, no hypotheses are made about the wave-
form of the current it, other than that it is positive when
the commutations denoted as Tj on and T3 on occur, and
negative in correspondence with the other two commutations.
In order to simplify the drawing, a nearly sinusoidal current
has been represented in Fig. 5.

A. COMMUTATIONS

Depending on the sign of the supply current i, the switches
and the freewheeling diodes exhibit different behaviors dur-
ing the dead times. With the help of Figs. 1 and 5, it can be
recognized that when T3 is switched off, the negative current
it starts flowing through the freewheeling diode Dy, thus the
voltage across T4 is very low when it is switched on after
the expiration of the dead time so that a ZVS commutation
happens, as is reported in the top-right cell of Tab. 1. The
following commutation is relevant to the pair Ty, Ta. T is
switched off while it is positive and the current starts flowing
through the diode D; before T is switched on. In this case
T is switched on while the voltage across it is about equal to
Ve, T and, hence, it is subjected to higher solicitation than Tj.
For this reason, this commutation is marked as a high voltage
switching (HVS) in Fig. 5 and in the bottom-left cell of Tab.
1. The subsequent switching on of T3 occurs with a positive
it while D3 is already conducting, and hence it is a ZVS
commutation. The last commutation of T is followed by the
switching on of T, while it is negative and D is conducting.
Hence, it is a HVS commutation because it happens while the
voltage across the switch T» is high.

VOLUME 14, 2026
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FIGURE 5. Commutation of the upper switches with PST.

TABLE 1. Switching on voltages with PST.

T, T, T T,
ir<0 ZNVS HVS HVS ZVS
ir>0 HVS ZVS ZNS HVS

If the sign of the current were opposite to that shown in
Fig. 5, the commutations would occur according to the cells
highlighted in grey in Table 1. However, being the WPT
systems designed to charge the battery, usually the sign of
it complies with Fig. 5.

According to Table 1, the leg A of the HFI, formed by the
switches T and Ty, is subjected to higher solicitations than
the right leg, formed by T3 and T4. This difference could
lead to an uneven distribution of the faults of the HFI and
necessitate oversizing one pair of switches with respect to the
other.

B. HARMONIC CONTENT

The supply voltage vap expressed in terms of its Fourier
series is

vag (1)
_aofN+Zoo 2 N+ 27 ;
== 1 | @nfcos T n nf SIT T n ,
(D
with the Fourier coefficients a,pn and bpey defined as

s 2 T2 2
Anfy = & / vag (1) cos (Tnt)dt )

T /) 1
2 T/2
T

(>

2
gy vap (1) sin (Tnnt)dt. 3)

)

More conveniently, the Fourier series of vaop can be written
in the form

aof, 00 %4
vap () = =5+ D Angysin (7m + soan), @)

where the magnitude and the phase are derived from (1)-(3)

according to
Anfy = any® + bupy® (5)

Onfy £ atan (anﬂ) . 6)
bupy
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FIGURE 6. Commutation of the upper switches with anti-PT.

Application of (2) and (3) to the waveform reported in
Fig. 2 gives the Fourier coefficients

2 1
Apfy = ;Vdcz [cos (nm) sin (nmdpst) — sin (nwdpst)] (7)
bpsy =0, (3)

where the duty cycle psT, given by

Spst = ¢ C))
n

has been defined to make it easier to compare with the results
reported in the next Sections.

According to (5) and (6), the magnitude Anmn of the nth
harmonic results equal to the absolute value of apy whilst
the initial phase of the n harmonic is 77/2 or -7/2 according
to the sign of a,gy. The magnitude of the 1%* harmonic of vap
is given by the well-known expression

4 4
Ay = ;Vdcsin (wépst) = ;Vdcsin (%) (10)

and its phase is -7 /2.

From (7) and (8) it is easily derived that the odd harmonics
have amplitudes that decrease with n whilst all the even har-
monics, including also the direct component, have amplitudes
equal to zero.

IV. ANTI-PHASE TECHNIQUE ANALYSIS

When the anti-PT is used, the commutations represented in
Fig. 5 change into those sketched in Fig. 6, obtained from
Fig. 3. Also in this case, the drawing has been simplified by
considering a nearly sinusoidal waveform for the current it.

A. COMMUTATIONS

By the same considerations reported in Subsection III-A,
it can be found that the HVS and ZVS commutations happen
as it is shown in Fig. 6 and reported in the cells with the white
background of Table 2. If the sign of it were opposite to that
shown in Fig. 6, the commutations would occur according to
the marks in the table cells with the gray background. With
the help of Table 2, and remembering that the switching off
of T and T3 entails a switching on of T and Ty, it can be
concluded that now for each leg of the HFI one commutation
occurs with a low voltage applied across the switch, whilst
the other occurs with a high voltage. Thus, the commutation
solicitations are evenly shared among the HFI legs.
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TABLE 2. Switching on voltages with anti-PT.

T, T, T; T,
ir<0 ZNS HVS HVS ZNS
ir>0 HVS ZNVS ZVS HVS

B. HARMONIC CONTENT

The harmonic content of the supply voltage generated by
the anti-P technique is analyzed by applying (2) and (3)
to the waveform reported in Fig. 3. The obtained Fourier
coefficients are

2 1
Qpfy = ;Vdcz [cos (nm) sin (nmds) — sin (nwdp)] (11)
by, = 0. (12)

The initial phase of the n'™ harmonic is /2 or -7/2 accord-
ing to the sign of apeN.

The zero-order coefficient agpy, i.€., twice the direct com-
ponent of vag, is

aofy = 2V4e (84 — 8B) . (13)

Comparison of (11) and (12) with (7) and (8) shows that if
da = 6B = dpsT, the anti-PT generates the same harmonics,
and hence the same vag waveform, as the PST.

However, the condition of having §5 = dp is not compul-
sory. Instead, the anti-PT allows the use any combination of
34 and 6B, provided that the relations

0<és<1,0<ép<1 (14)

are fulfilled.

When 65 # 4, according to (13), vap encompasses a
direct component. Even when PST is applied, it is possi-
ble that vag encompasses a direct component due to the
non-ideal operation of the HFI or of its control systems.
Some considerations about its effects are given in the next
Subsection.

By (5), (11), and (12), the magnitude Ay of the 1%
harmonic of vap results in

2
Ay = ;Vdc |sin (wéa) + sin (wdB)| . (15)

It is mapped as a function of §o and dp in Fig. 7. The
maximum of AN is 4/ Ve, T, like in PST, and is reached
at the point A1(1/2, 1/2), where g = 1/2 and §5 = 1/2. The
corresponding value of ajfn is —4/m- Ve, and the initial
phase of the 1% harmonic is -7/2. The figure shows that on
its borders, where only one of the HFI legs is switched, the
15 harmonic of vag is not equal to zero. In particular, the
four points B1(1/2, 0), B2(0, 1/2), B3(1/2,1), and B4(1,1/2)
exist where it reaches the amplitude 2/7 Vg T, i.€., half of the
maximum amplitude reached at the point Aj.

The magnitude of the 3" harmonic is mapped in Fig. 8.
It shows that some combinations (8, ég) exist that nullify
the magnitude of the 3™ harmonic even if the corresponding
magnitude of the 15" harmonic is not null.
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FIGURE 7. Magnitude A,z of the 15tharmonic of vag obtained with the
anti-PT as a function of §, and §g.

The condition by which the magnitude of an odd harmonic
is zero is derived from (11) in the form

sin (nwép) = —sin (nmwdp) , (16)
whose solutions are

2% + 1
L&D e (17)
n

2k
dp = —5A+7,33=5A

From (17) it follows that it is possible to nullify the 1%
harmonic only if the pair (84, 8g) is equal to one of the pairs
(0,0), (1,1), derived from the first of (17) withk =0 and k =
1, or (0,1), (1,0), derived from the second of (17) with k =
0 and k = —1. This condition is confirmed by Fig. 7, which
shows that Ajgn is equal to O only in the corners O1(0, 0),
0,(0, 1), O3(1, 1), and O4(1, 0) of the square map where the
pair (84, 6p) satisfies (14).

Differently from the 1%t harmonic, infinite pairs of 4 and
g satisfying (17) can be found to nullify the odd harmonics of
higher order. As an example, the 3™ harmonic is nullified in
the same pairs found for the first one, this time obtained with
k=0,k=3,k=1,and k = -2, or if one of the following
conditions is matched:

ép = =6 +2 ép = —§ +4
=0+ 3. dp=-dt7
1 1
ép=24 —, Sg=2084— —. 18
B A+3 B=01—3 (18)

The first and the second conditions are solutions of the first
of (17) with k = 1 and k = 2 whilst the third and the fourth
are obtained solving the second of (17) withk=0and k =-1.
The solutions listed above correspond to the corners of Fig. 8
and to the four straight lines mapped with the dark blue.

Being the dark blue lines the loci where the sign of a3
changes, they also correspond to the (54, 6g) pairs where the
phase of the 3" harmonic changes from -7/2 to 77/2 and vice
versa.

Considering the even harmonics, (16) changes into

sin (nmwds) = sin (nmdp) , (19)
which gives

2%+ 1
+ 8D e (20)
n

2k
5B:8A+7,SB:_5A
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anti-PT as a function of 54 and §g.

Besides the solutions at the corners of the square, from (20)
the following solutions are obtained:

83=3A,33=—3A+%,63=—5A+%. 21

The first of them comes from the first of (20) with k = 0,
whilst the second and the third come from the second of (20)
with k = 0 and k = —1. They correspond to the dark blue
straight lines of Fig. 9, which maps the magnitude of the 2"
harmonic of vag.

The figure shows that two points C1(1/4, 3/4) and C»(3/4,
1/4) exist where the 2" harmonic of vap reaches the maxi-
mum value 2/m- Vg T, i.e., one half of the maximum value
reached by the 1% harmonic of vag. On the borders of the
map the amplitude of the 2" harmonic of vap is different
from zero and reaches its maximum value 1/7- Vg T in the
eight points located at distance 1/4 from the corners of the
map

In general, the critical pairs (54, 6g) where the maximum
amplitude of the n™ harmonic could occur are found by
solving the equations

Oanfy 1 ka

i/ —)| ) =0=>8=—+ —,kn€Z
N :D>cos (nmédy) = 4 o + . A
Oangy 1 kp
TN = = — 4+ = Z.
335 O:D> cos (nmdp) = 0= 6p o + . kg €

(22)

In setting the values of ks and kg, the conditions (14) must
be fulfilled. As an example, Tab. 3 lists some combinations of
n, ka and kg that fulfill both (22) and (14) and the correspond-
ing values of §5 and §p.

In order to distinguish between the maxima and the saddle
points of ApN, the sign of the second order partial derivative
of (11) with respect to 5 and of the discriminant of the
Hessian of (11) must be computed in the critical pairs (84,
o) found by (22).

The second order derivative in the critical pairs results

0 Zaan

T
75,2 = —2V .. rnwcos (nw) sin (E‘f‘kAﬂ) . (23)
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TABLE 3. Conditions for maxima, minima, and saddle points of a .

n ka ks da OB anti-P | in-P
1 0 0 12 1/2 min saddle
2 0 0 1/4 1/4 saddle | saddle
2 0 1 1/4 3/4 max max
2 1 0 3/4 1/4 min min
2 1 1 3/4 3/4 saddle | saddle
3 0 0 1/6 1/6 min saddle
3 0 1 1/6 1/2 saddle max
3 0 2 1/6 5/6 min saddle
3 1 0 12 1/6 saddle min
3 1 1 172 1/2 max saddle
3 1 2 12 5/6 saddle min
3 2 0 5/6 1/6 min saddle
3 2 1 5/6 1/2 saddle max
3 2 2 5/6 5/6 min saddle

whilst the discriminant of the Hessian matrix is

A= —4V36,Tn27t200s (n7r) sin (%+kAn) sin (%—I—kgn)
24)

If A >0and Bzaan / 3842 < 0, the critical pair lays on a
maximum of ann, whereas if A > 0 and 82aan / 9842 > 0,
the critical pair lays on a minimum of aygy. In both these cases
the critical pair (64, ) corresponds to a maximum of ApN.
On the contrary, if A < 0 the critical pair lies on a saddle
point of aneN.

Considering the expressions (23) and (24), and different
combinations of n, ka, and kg, Tab. 4 concerning the nature
of the critical pairs is obtained. With its help, the penultimate
column of Tab. 3 has been filled. It should be noted that the
saddle points of apN lie on the intersections of the lines where
Apn = 0, clearly visible in Figs. 8 and 9.

From the previous analysis, it can be concluded that the
anti-PT can be used to reproduce the same behavior as
the PST, but with a more evenly distributed solicitation of
the power switches that constitute the HFI. Moreover, since
anti-PT has two degrees of freedom instead of only one,
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TABLE 4. Critical pairs for the anti-P and the in-P techniques.

n ka ks max min saddle
even even even X
even even odd X
even odd even X
even odd odd X
odd even even X
odd even odd X
odd odd even X
odd odd odd X

it exhibits some additional features that could be profitably
exploited.

C. VOLTAGE DIRECT COMPONENT

Depending on the actual topology of the compensation net-
work connected to the transmitting coil, the direct component
of vap could cause the flow of a direct current in the trans-
mitting coil. This current component will not give rise to any
power transfer but, instead, it will increase the Joule losses
in the transmitting coil and in the power switches of the HFI.
Moreover, it could lead to the saturation of the ferrite core of
the transmitting coil, thus causing a decrease in the coupling
coefficient of the coil pair.

In the series compensation, used in the scheme of Fig. 1, the
capacitor that constitutes the compensation network inher-
ently avoids the circulation of any direct current component.
Similarly, the CLC compensation [19], shown in Fig. 10a,
requires a capacitor C; to be connected in series with the
HFI output, therefore it also intrinsically blocks the flow
of the direct current component. In the LLC compensation
topology [20], [21], shown in Fig. 10b, there is no capacitor
connected directly to the HFI output, however the overall
action of C; and C, prevents direct current from flow-
ing through the transmitting coil Lt and the filter coil L;.
The same topology can be found also when the switched
capacitance technology is exploited [22]. If other compen-
sation topologies are selected, such as the LCL topology,
the capacitor is inserted at the HFI output as an additional
component [23] specifically to block the direct component
of it, as shown in Fig. 10c. In CLC and LCC topologies it
is possible that by design, or because of load or coupling
coefficient variations, the reactance of Lt plus the reactance
reflected from the receiving section of the WPTS resonates
with the reactance of C, at the frequency of one of the
harmonics of vap. This condition, however, would not impair
the blocking effect of C; on the direct component of it
because the resonance cannot happen at frequency equal to
Zero.

Following from these considerations, in the subsequent
analysis the effects of the direct components of vap will be
disregarded.
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FIGURE 10. a) CLC topology, b) LCC topology, c) LCL topology with
blocking capacitor.

TABLE 5. Switching on voltages with in-PT (Fig. 11a).

T, T, T; T,
ir<0 ZVS HVS HVS ZVS
ir>0 HVS ZVS ZVS HVS

V. IN-PHASE TECHNIQUE ANALYSIS

Use of the in-PT entails that the commutations of the upper
switches happen according to Fig. 11a or Fig. 11b. In both
the figures, a nearly sinusoidal waveform has been considered
for it.

A. COMMUTATIONS

Fig. 11a is relevant to the condition by which the current
it changes its sign while vap is positive. The marks ZVS
and HVS highlight that during the supply period each leg
of the HFI turns on one switch while the applied voltage is
high and the other switch while the applied voltage is low.
Thus, it can be concluded that the in-PT evenly shares the
solicitation between the HFI legs, as it is shown by the cells of
Table 5 with a white background. With different values of 5
and dp the pulses of vap could lie completely in the interval
where it is positive, as shown in Fig. 11b, in this case, the
commutations happen according to the cell of Table 6 with a
white background.

If the sign of iT were opposite to that shown in Fig. 11,
the cells with the gray background of Tables 5 and 6 must be
considered. In any case, the ZVS and HVS commutations are
evenly shared between the two legs of the HFI.

The next Subsection will show that the in-PT allows nul-
lifying the 1% harmonic of vap while at the same time
generating a 2" harmonic. Hence, it is worth analyzing the
commutations under the hypothesis that ig has a frequency
corresponding to that of the 27 harmonic of vapg, i.e. twice
the switching frequency. This condition is represented in
Fig. 12. Also in this case, the HVS and ZVS commutations
are evenly shared. As an example, in the situation sketched in
Fig. 12, commutations happen according to the second row
of Table 5.
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FIGURE 11. Commutation of the upper switches with in-PT considering iy
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FIGURE 12. Commutation of the upper switches with in-PT considering iy
having twice the frequency of vg.

TABLE 6. Switching on voltages with in-PT (Fig. 11b).

T, T, Ts Ty
it<0 ZVS HVS HVS ZVS
it>0 HVS ZVS ZVS HVS

B. HARMONIC CONTENT
The Fourier coefficients of vag for the in-PT are

2 1
Qnfyy = ;Vdc’T ;cos (nm) [sin (nmda) — sin (ndp)] (25)

2 1
bupy = ;VdC,T ;sin (nm) [sin (nda) — sin (nwdp)]. (26)

Fig. 11 shows that vap has a direct component, indeed, the
coefficient agsy maintains the same expression as in (13). The
considerations reported in Section III.C regarding the direct
component of vap hold also for the in-PT.

Following from (5) and (6), the magnitude and the phase
of the n'™ harmonic are

1
Anfy = ;Vdc,T_ |sin (néa) — sin (nmdp)|, 27
n
cos (nm) T
= at, — | == —nm. 28
nfy aan[sin(nn)] 2 " (28)

The magnitude of the even harmonics is equal to that one
obtained with the anti-PT, and hence the map of the amplitude
Aopn is the same as in Fig. 9. For the odd harmonics, the
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FIGURE 13. Magnitude Ay of the 15tharmonic of v,g obtained with the
in-PT as a function ofs, and 3g.

sign of the first addendum on the right-hand side of (27) is
positive instead of negative. This difference entails that any
harmonic, whether even or odd, can be nullified by imposing
the condition (20).

In particular, the 15 harmonic has zero magnitude if one of
the two following conditions, obtained from (20) setting k =
0, holds

8 =04,0p = —84 + 1. (29)

This result is confirmed by Fig. 13, which shows the map
of Aj¢n. The maximum of A ¢y is reached when sin(785) =
1 and sin(7r8g) = 0 or when sin(;téa) = 0 and sin(7dg) =
—1. Its value is 2/ V4 1, i.€., one half of the maximum 18t
harmonic magnitude reached with the anti-PT.

For the 3' harmonic, from (20) the following relations are
obtained for 5o and Jg.

1 2
dp = éa, 5B=—5A+§, 83=5A+§
5 2
dp=-a+1, dp=-ba+, dp=d8—3. (30

3 3

They are confirmed by the map plotted in Fig. 14.

Analysis of the second of (20) shows that for any odd n
exists a k such that §g = -§o+1 is a solution of (19). Hence,
imposing this relation between 54 and 8p, it is possible to
obtain a supply voltage vap that is formed only by the even
harmonics and that, according to Fig. 9, reaches the maximum
of Aoy at points Cy and Cs.

Following from (27), the maxima of Ay occur in corre-
spondence with the maxima and the minima of

1
Auty = ;Vdc,T; [sin (nwda) — sin (nmwép)] . 31D

Like for the anti-PT, the critical pairs where the partial
derivatives of Ay are equal to zero are given by (22). The
second order derivative computed in the critical pairs results

aZAan
3842
whereas the discriminant of the Hessian matrix is given by

= —2V e rnmsin (%—i—k,ﬂt) , (32)

A= —4V56’Tn27r2sin (%—i—kAn) sin (%—i—klgn) . (33)
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TABLE 7. Conditions for maxima, minima, and saddle points of ;‘NFN-

ka ks max min saddle
even even X
even odd X

odd even X

odd odd X

Differently from (23) and (24), neither of them is a function of
n and, consequently, the nature of the critical points depends
only on ku and kg, according to Tab. 7. The rules listed in
Tab. 7 have been applied to the critical pairs of Aan forn =
1,2, and 3 to determine their behavior, listed in the rightmost
column of Tab. 1.

VI. CONTROL STRATEGIES

The performances of the proposed modulation techniques
have been tested and compared with those of the PST from the
point of view of the voltage and current waveforms and of the
HFI efficiency. In order to exploit the two degrees of freedom
offered by the anti-PT and the in-PT, simple control strategies
that involve only horizontal, vertical or diagonal paths on the
(8a, 6B) maps are considered, leaving the optimization of the
paths to a subsequent work.

The strategies are divided into two groups, depending
whether the HFI switching frequency is set to fy, with the
1% harmonic of vap giving the useful voltage component,
or to fx/2, with the useful component of vap being its 27
harmonic. All the strategies follow paths that start with zero
output voltage and end with the maximum amplitude of
useful output voltage. Only two of the considered strategies
allow reaching the maximum harmonic amplitude Ay =
4/m- Vgc 1 at the point A and both of them exploit the 15t
harmonic of vop. Adopting the other strategies, the maximum
amplitude of the useful harmonic reaches 2/ V. T or 1/m-
Ve, 1, nevertheless, these strategies are worth considering
because they enable achieving higher efficiency operations
of the WPTS.

Thanks to the symmetry of the maps reported in Figs. 7,
8,9, 13, and 14, any of the strategies described below can be
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implemented using different paths with symmetrical starting
and ending points. In the following discussion, only some of
the paths are considered because the derivation of the others
is straightforward.

A. STRATEGIES WITH SWITCHING FREQUENCY EQUAL TO
Fn

When the switching frequency is equal to the resonant fre-
quency fy of the coil-capacitor series, the useful component
of the supply voltage generated by the HFI corresponds to its
15 harmonic. Consequently, in order to reach the maximum
amplitude 4/7- Vg4 1 of the supply voltage, it is necessary to
use the anti-PT. Instead, if a supply voltage with an amplitude
less than or equal to is required 2/7- Vqc T, it is also possible
to use the in-PT, according to the map in Fig. 13.

1) STRATEGY 1 (ANTI-PT)

As shown in the previous Sections, the maximum 1% har-
monic amplitude of 4/m- Vy. T can be reached only by the
anti-PT operating at point A;. According to the map of Fig. 7,
the required voltage interval from O to 4/w- Vg. 1 can be
covered by setting the initial value of the (5a, o) pair to
the point O1(0, 0), and then moving along the diagonal path
o = da till reaching the center of the map in Aj(1/2, 1/2).
This is the same path followed when the conventional PST
is implemented. According to Figs. 8 and 9, along this path
the amplitude of the 2" harmonic of vap is always equal to
zero whereas the 3" harmonic reaches its maximum value of
4/37- Vqc,1 in the two points D1(1/6, 1/6) and Aj.

2) STRATEGY 2 (ANTI-PT)

The anti-PT allows reaching the central point A following
a different path that starts at the point O»(0, 1) of the map
in Fig. 7 and is defined by the relation ég = 1-54. Strategy
2 follows this path and reaches A passing through the point
C1(1/4,3/4) of Fig. 9, where the 2" harmonic reaches its
maximum amplitude.

3) STRATEGY 3 (ANTI-PT)

In order to increase the efficiency of the system, the anti-PT
can be used following paths that require the switching of only
one leg of the HFI. These paths correspond to the borders of
the maps. For example, from the starting point O; of Fig. 7,
the vertical path that reaches the point B{(0, 1/2) can be
followed maintaining §5 = 0 and increasing dg from 0 to 0.5.
At the point B the 1% harmonic of vap has amplitude 2/7-
Ve, 1. In order to further increase the voltage, it is necessary
to enable the switching of the other HFI leg to follow the
horizontal path from B to Aj.

4) STRATEGY 4 (IN-PT AND ANTI-PT)

Fig. 13 shows that the in-PT generates a 15! harmonic com-
ponent that reaches its maximum value of 2/7- Vg 1 at point
B;. Thus, a possible strategy consists of moving from O; to
B; commanding the HFI according to the in-PT, and then
increasing the generated voltage up to 4/ - V¢ T by enabling
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the anti-PT and moving along the paths B1-A1, as described
dealing with Strategy 3.

B. STRATEGIES WITH SWITCHING FREQUENCY EQUAL TO
Fn/2

Reducing the switching frequency of the HFI is another viable
and effective approach to decreasing its switching losses
and to increasing its efficiency. Indeed, the in-PT has been
conceived specifically to operate at half of the nominal supply
frequency. On the other side, Fig. 9 shows that even anti-PT
generates a voltage component at the second harmonic which
can be used to supply the transmitting coil if the switching
frequency is set at fn/2.

1) STRATEGY 5 (IN-PT)

In order to take advantage of the lower switching losses
assured by the in-PT, Strategy 5 follows a path that starts
from the point O, of Fig. 8, where Apny = 0 and then moves
according to relation §g = 1-84 to the point C, where Axen =
2/m- Ve, 1. This is the same path followed in Strategy 2, but
now the in-PT is enabled and the HFI operates at fN/2 so that
the useful component of vap is its 2" harmonic instead of
the first one.

2) STRATEGY 6 (ANTI-PT)

The map of Fig. 9 applies for anti-PT as well. Hence, Strategy
5 can be applied operating the HFI with the anti-PT, setting
the switching frequency to fn/2 along the path O,-C;. This
approach provides the advantage of implementing only one
commutation technique, operated at the switching frequency
fx or fN/2, according to the required output voltage. The
disadvantage is the generation of a voltage that encompasses
an unwanted 1% harmonic component along the path 0,-Cy,
thus increasing the resonant capacitor solicitations.

3) STRATEGY 7 (IN-PT)

As was done in Strategy 3, the HFI losses are reduced by
switching only one of its legs. According to Fig. 9, this can
be done by enabling the in-PT and moving from point O, to
E((1/4, 1) maintaining ég = 1. The maximum 2™ harmonic
amplitude reached in E; is 1/w- V4c T, i.e., one half of the
voltage reached at point Cj. Then, in order to reach the
maximum voltage available with the in-PT, it is possible to
move from E; to C; along the vertical path 65 = 1/4.

4) STRATEGY 8 (ANTI-PT)
Strategy 8 follows the same path as Strategy 7, but it is
implemented using the anti-PT instead of the in-PT.

VII. EXPERIMENTAL RESULTS

Experimental tests have been carried out on the experimen-
tal setup described in [18] and whose parameters are given
in Tab.8. The prototype is equipped with an HFI made of
SiC MOSFETs and has series-series compensation at both
the transmitting and the receiving section. At the receiving
section, the series of the coil and of the resonating capacitor is
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TABLE 8. Parameters of the prototypal WPT system.

Transmitting coil self-inductance Lr 120 uH

Receiving coil self-inductance Lr 120 uH
Transmitting section resonant capacitor | Cr 30 nF
Receiving section resonant capacitor Cr 30 nF
Transmitting coil parasitic resistance Rr 0.5Q
Receiving coil parasitic resistance Rr 05Q
Coil mutual inductance M 30 uH

Nominal frequency N 85 kHz
Equivalent load Rieq 5.6Q

connected to the input of a diode rectifier. The dc bus voltage
at the output of the rectifier is manipulated by a buck chopper
that supplies the load.

The implementation of the two proposed modulation tech-
niques and their use with the different control strategies only
required a partial rewrite of the interrupt service routine
executed by the microcontroller that generates the command
signals for the HFI. Instead, no modifications to the hardware
of the prototypal WPTS were necessary.

The waveforms relevant to the coil currents it and ig, and
to the HFI voltages vao and vgo have been acquired using
a Tektronix TDS5034 oscilloscope equipped with voltage
and current probes. The vao and vpo samples have been
processed in the Matlab environment to compute the corre-
sponding values of vap. The efficiency measurements have
been performed by a Yokogawa WT1800 wattmeter.

The waveform samples and the efficiency measurements
are plotted in the figures shown in the following Subsections.

A. WAVEFORM ANALYSIS
The first tests were focused on checking the actual waveforms
of the voltages and currents obtained by implementing the
two modulation strategies.

Fig. 15 reports the waveform of the two phase voltages
vao and vpo, of the supply voltage vap and of the cur-
rent it obtained with the conventional PST and dpst ~
0.4. The dc bus voltage Vgc, 1 has been set to only about
8V in order to highlight commutation phenomenon. Fig 16
reports the waveform of the same quantities obtained using
the anti-PT with §4 = §g &~ 0.4 and the same dc bus voltage.
As expected, the waveforms of vap obtained with the two
commutation techniques are quite similar and, consequently,
the current waveforms are similar as well.

Instead, because of the different commutation techniques,
the waveforms of the phase voltages vao and vpp are com-
pletely different. Focusing the attention on the commutations,
it can be easily recognized that in Fig. 15 both the commu-
tation of vap exhibits sharp edges and a rectangular-shaped
overvoltage in correspondence to the dead times. On the
other hand, both the edges of vgp are quite smoother. The
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FIGURE 15. HFI phase voltages and output voltage and current
waveforms obtained with the PST.
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FIGURE 16. HFI phase voltages and output voltage and current
waveforms obtained with the anti-PT.
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FIGURE 17. HFI phase and output voltages and coil currents waveforms
obtained with the in-PT operating at fy/2.

waveforms of Fig. 16 show that with the anti-PT both vao
and vpo have one sharp edge and one smooth edge with a
more even share of the solicitation between the HFI legs.
The behavior of the WPTS when the in-PT is enabled
is represented by Fig. 17. It is worth noting that the time
scale of Fig. 17 is twice that of Figs. 15 and 16 because the
switching frequency is now set to 42.5 kHz instead of 85 kHz.
Nevertheless, according to the in-PT operation, the voltage
vaB oscillates at 85 kHz and, having set §4 ~ 3/4 and 6 ~
174, it has a duty cycle of about 50%. Being the working
point of the HFI about in C;, according to Figs. 8 and 13,
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FIGURE 18. HFI phase and output voltages and coil currents waveforms
obtained with the anti-PT operating at fy /2.

the 2 harmonic component of vagp, i.e. its component at
85 kHz, has an amplitude of about 2/7 - V4 T, whereas its 1%
harmonic component, i.e. the component at 42.5 kHz, is about
zero. Consequently, the current it in the transmitting coil is
nearly perfectly sinusoidal, and the same condition holds for
the current iR in the receiving coil.

Maintaining the same switching frequency of 42.5 kHz and
the same values for § and &g but enabling the anti-PT instead
of the in-PT, the voltage and current waveforms change into
those reported in Fig. 18. The HFI is working at point Cy,
like in the previous test, but, according to Figs. 7 and 9 and
by (15), now the 1% harmonic component of vag has an
amplitude of 2./2/- Vgc, v while the amplitude of the ond
harmonic is still 2/ - V¢ 1. In these conditions, the current it
is no longer sinusoidal. However, its 15" harmonic component
is effectively attenuated by the compensation network. The
combined action of the compensation network connected to
the receiving coil makes the current ig sinusoidal despite the
harmonic content of it.

B. EFFICIENCY ANALYSIS

The efficiency analysis has been performed by programming
in the firmware of the HFI the selected modulation technique
and the relation between ép and 84, thus imposing the path
to be followed, and then manually increasing 4 step by step
leaving to the firmware the computation of the corresponding
dp. For each pair (84, 6B) the efficiency nin, of the HFI, the
total efficiency 1y of the whole WPTS, and the power Pr,
transmitted to the load have been acquired by the wattmeter.

The relation niyy-PL relevant to the strategies 1 and 2 is
reported in the top half of Fig. 19. As a comparison, the
efficiency obtained implementing the PST is also reported in
the figure. In all the three cases, Pp. reached the maximum
value of 130 W, which is defined as Py, i.e., the maximum
power of the system.

The bottom half of Fig. 19 plots the differences between
ninv achieved with the strategies 1 and 2 and the PST. The
figure shows that Strategy 1, i.e. the anti-PT operating at
fy along the path O1-Aj, has nearly the same efficiency
performance as the PST, being its efficiency not more than
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FIGURE 19. Efficiency of the HFI vs. transferred power with Strategy
1 and Strategy 2 (top). HFI efficiency difference between Strategy 1,
Strategy 2, and PST (bottom).
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FIGURE 20. Efficiency of the WPTS vs. transferred power with Strategy
1 and Strategy 2 (top). WPTS efficiency difference between Strategy 1,
Strategy 2, and PST (bottom).

0.2% lower than PST. This is not unexpected because the two
commutation techniques generate the same voltage wave-
forms along the path. On the other hand, Strategy 2, which
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FIGURE 21. Efficiency of the HFI vs. transferred power with Strategy
3 and Strategy 4 (top). HFI efficiency difference between Strategy 4 and
Strategy 3 and between Strategy 3& 4 and PST(bottom).

reaches the point A; moving from O; and passing through
Cj, obtains an HFI efficiency more than 0.5% higher than
the PST even if the generated voltage encompasses a 2"
harmonic component in the low-power region. These results
are confirmed considering the overall efficiency 1, plotted
in Figs. 20 top and bottom. Due to the losses of the coil
coupling and of the rectifier, ny is obviously lower than
Ninv, but in any case, Strategy 1 exhibits the nearly the same
performance as the PST whilst Strategy 2 performs slightly
better, especially in the low power region.

Strategies 3 and 4 exploit the vertical path O1-B; on the
left edge of the maps to reach the output voltage 2/7- Vg T,
with a corresponding power equal to Py/4. Despite this power
limitation, the two strategies are worth considering because
along this path only one leg of the HFI is switched and,
consequently, its switching losses are halved. The top half of
Fig. 21 confirms this condition and shows that along the path
O;-B; the obtained efficiency is more than 5% higher than
that one of the PST, reported in the figure as a comparison.
As shown on the left side of the bottom half of Fig. 21, the
efficiency difference between Strategy 4 and Strategy 3 along
the path O1-Bj is less than 0.25% even if Strategy 3 uses
the anti-PT and Strategy 4 the in-PT. To further increase the
output power, both Strategy 3 and Strategy 4 use the anti-PT
along the path B1-A and hence they control the HFI in the
same way. The left side of the bottom half of Fig. 21 shows
that in this condition the efficiency of PST is up to 0.4%
higher than that achieved by Strategy 3 and Strategy 4. The

21717



IEEE Access

M. Bertoluzzo et al.: Two Modulation Techniques for WPT Systems

Mot (%)

—St. 3, anti-PT, fy

.St 4, in-PT, fy
—St. 384, anti-PT, fy
= PST,
55
20 40 60 80 100 120
PL (W)
0.5
— Not(St. 4)-Ne(St. 3)
= ~Miot(St. 384)-Niet(PST)
'
\
W
S 4
3’ 1
s 0
)
\k \Il‘\ l\\
e ]
R O
-0.5
0 20 40 60 80 100 120
P (W)

FIGURE 22. Efficiency of the WPTS vs. transferred power with Strategy
3 and Strategy 4 (top). WPTS efficiency difference between Strategy 4 and
Strategy 3 and between Strategy 3&4 and PST(bottom).

corresponding efficiency of the whole WPTS is shown in
Fig. 22. The comments relevant to i,y hold also with regard
to Nyt With the difference that the efficiency gain with respect
to the PST is reduced to about 3% because of the losses in the
coil coupling and in the rectifier.

Strategies 5 and 6 reduce the HFI switching losses by
halving the switching frequency instead of using only one leg
of the HFL. As shown in Section IV-B, the maximum 1% har-
monic amplitude of vap is equal to 2/ - V4. 1. Consequently,
also in this case the power transmitted to the load is limited
to 1/4 Py1. However, as shown in Fig. 23, in this low power
region the obtained efficiency is up to 15% higher than that
of PST, with the anti-PT performing slightly better than the
in-PT. Fig. 24 confirms that Strategies 5 and 6 outperform
PST also from the perspective of the total efficiency, with an
efficiency gain up to 10%.

When the required load power is very low, it is possible to
enable Strategy 7 or Strategy 8. Beside operating at fN/2, both
of them initially follow the path O,-E; along the border of the
maps and hence only one leg of the HFI is switched so that the
losses are further reduced. Fig. 25 shows that in this first part
of the path, Strategy 7 outperforms Strategy 8 and maintains
a nearly constant efficiency. In the second part of the path,
from E| to Cy, Strategy 8 performs better than Strategy 7 but
the difference is very small. In this low power interval, both
strategies attain an HFI efficiency more than 22% higher than
the PST. The advantage with respect to PST is maintained also
when the total efficiency is considered, but in this case, it is
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reduced to about 15%. Moreover, along the path Oz-E1, ny is
nearly the same for both Strategy 7 and Strategy 8. In the load
power range between 1/16 Py and 1/4 Py, both strategies
perform slightly worse than Strategy 5 and Strategy 6 but,
in any case, much better than the PST, as it can be confirmed
by comparing Fig. 25 with Fig. 23 and Fig. 26 with Fig. 24.

C. DC BUS VOLTAGE EFFECTS

As shown in Figs. 15-18, the currents it and iR, flowing in
the transmitting and in the receiving coils, respectively, are
substantially sinusoidal, therefore an approximate analysis
of the effects of the variation of the HFI dc bus volt-
age Ve can be carried out by considering only their 1%
harmonics.

With series-series compensation, at the supply frequency,
the total impedances of the two coil-capacitor pairs are ideally
equal to zero. Hence, in the transmitting section of the WPTS,
there is no 1% harmonic voltage drop across the coil-capacitor
series and the 1% harmonic of the HFI output voltage vap
balances the voltage induced by ir across the transmitting
coil. The remaining harmonic components of vap are applied
across the series capacitor. Symmetrically, in the receiving
section of the WPTS, the voltage induced across the receiving
coil by it practically coincides with the 1%t harmonic compo-
nent of the voltage across the rectifier input, whose amplitude
is proportional to the rectifier dc bus voltage V4c r.
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FIGURE 25. Efficiency of the HFI vs. transferred power with Strategy
7 and Strategy 8.
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FIGURE 26. Efficiency of the HFI vs. transferred power with Strategy
7 and Strategy 8.

From these two conditions it follows that the variations of
vap mainly influence the amplitude of ir whilst the amplitude
of it is mainly influenced by V4. r. Hence, under the hypoth-
esis of 1) increasing Vqc T, 2) maintaining V4c r unchanged,
and 3) maintaining §5 and §g unchanged, the amplitude of ir
will increase proportionally to V4 T, the amplitude of it will
not change, and vap will increase proportionally to Vqc T.

The efficiency i,y and 1 can be expressed by the general
equation

Pou
Paut+Psw+Pcund.

In the case of the HFI, P, is the power at its output and
Psw and Popq are its switching and conduction losses.

The switching losses, which are approximately propor-
tional to Vgc 1 [24], follow the increase of V. T and the
same happens to Py if 55 and §g do not change. Instead, the
conduction losses, proportional to the square of the amplitude
of it, do not increase provided that V4. r is unchanged.
Hence, the numerator of (35) increases proportionally to
Ve, T Whilst, because of Popg, the denominator increases less
than proportionally, resulting in an increase of 7jpy.

If (35) refers to not, Pout is the power Pr, supplied to the
load, Pgy is the sum of the switching losses of the static
converters, and Pcong is the sum of the losses that depend
on the square of the current amplitudes, i.e. the conduction

n= (34)
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losses of the static converters and of the coils’ windings and
the losses of the coils’ cores. In this case, P.ong increases with
Ve, T because of its effect on ir. The overall effect on 7
cannot be easily assessed because it depends on the relative
increase of P.opg With respect to Poy and Py, .

VIIl. CONTROL ALGORITHM FRAMEWORK

The modulation techniques and their implementation in the
control strategies described in the previous Subsections must
be placed in a broader framework that includes the whole
control algorithm involved in the management of the WPTS.
The one proposed in [25] can be used as a reference, relating
to a bidirectional WPTS used to charge and discharge the
battery of an electric vehicle. In this paper only the charging
action will be considered.

The WPTS used for the experimental tests detailed in
Section V and the one described in [25] are endowed with
series-series compensation. As explained in Subsection VII-
C, this compensation topology entails that the HFI output
voltage vap acts directly on the receiver coil current, which
in turn charges the capacitor Cpcr that sustains the dc bus
voltage of the receiving section of the WPTS.

According to [25], the controller of the receiving coil
current (RCCC) computes the reference vap rer for the HFI
output voltage processing the receiving coil current refer-
ence and feedback. The current reference is generated by the
maximum dc voltage regulator (MDCVR) that maintains the
voltage across Cpcr above a maximum threshold. Finally,
the current that charges the battery is limited to the value
computed by the minimum dc voltage regulator (nDCVR)
that prevents the voltage across Cpcr from decreasing below
a minimum threshold.

The interaction between the MDCVR and the mDCVR
ensures that even if the RCCC fails to impose the secondary
coil current, leading to a consequent decrease of the Cpcr
voltage, the battery charging current is automatically lim-
ited or even nullified in order to avoid excessive capacitor
discharge. As soon as the Cpcr voltage rises again, the
battery charging restarts automatically. In this context, the
modulation techniques proposed in this paper actuate at the
HFI output the voltage reference computed by the RCCC.

As highlighted in Section VI, the different control strate-
gies that can be implemented using the two proposed
modulation techniques differ in the maximum voltage they
can generate. It is therefore reasonable that the criterion for
activating one strategy or the other depends on the value of
VAB,ref- As an example, the flowchart shown in Fig. 27 can
be followed.

In the flowchart, the blocks “Enable Strategy xx” repre-
sent the operation of disabling one running strategy to enable
another. This operation requires reconfiguring microproces-
sor peripheral that commands the HFI and generally cannot
be performed while the HFI is running. Hence, each strategy
change must be performed in five steps: a) gradually decrease
the generated voltage to 0, b) disable the HFI, c) change the
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FIGURE 27. Flow chart for the activation of the most suitable control
strategy.

microprocessor configuration, d) enable the HFI, e) gradually
increase the generated voltage to the required value.

The entire sequence of operations can be completed in a
few seconds, so it does not affect the overall battery charging
time. Furthermore, considering the interaction between the
RCCC, the MDCVR, and the mDCVR algorithms described
above, strategy change does not even require modifications to
the overall control system to handle the temporary interrup-
tion in power transfer.

IX. CONCLUSION
The paper proposed two commutation techniques suitable for
the HFI dedicated to supplying the transmitting section of
a WPTS. Unlike the PST, the two techniques evenly share
the solicitation between the two legs of the HFI and use two
control variables to define the output voltage. The harmonic
content of the generated voltage has been analyzed as a
function of the control variables and some of the obtained
results have been represented in the form of maps. Inspection
of the maps led to the realization that it is possible to generate
the required supply voltage operating the HFI at half of the
resonant frequency or commanding only one of its legs, thus
significantly increasing its efficiency. The tests carried out on
a prototype WPTS confirmed the expected performance of
both the proposed modulation techniques from the perspec-
tive of the supply voltage commutation and HFI efficiency.
Indeed, it has been demonstrated that both using the
anti-PT and the in-PT, in a switching period each of the legs
of the HFI is subject to one HVS and one ZVS commutation,
instead, using the PST, one leg sustains two HVS commuta-
tions whilst the other leg is subject to two ZVS commutations.
By applying Strategy 2, based on the anti-PT operating at
N, over the whole 0-Py; power range it is possible to obtain a
small increase of the overall efficiency ranging from 0.2% to
0.8%. Using Strategy 5 or Strategy 6, which operate at fN/2,
the increase of the overall efficiency results between 4% to
10% in the power range 0-Py1/4. When the transferred power
is lower than Py;/16, the overall efficiency can be increased
of about 15% operating the HFI at fnN/2 and switching only
one of its legs, according to Strategy 7 or Strategy 8.

21720

To conclude the paper, a viable approach for the implemen-
tation of an overall control algorithm has been provided in the
last Section.
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