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Abstract— Subharmonic control (SHC) is an excellent method
for wireless charging system because it is easy to achieve full-load
range soft switching and unity power factor. However, in existing
works, SHC is only applied to the system with primary series com-
pensation topology, which has the drawbacks of low degrees of de-
sign freedom, high sensitivity to misalignments and no open-circuit
protection. To overcome these issues, in this article, systematic
synthesis of primary high-order compensation topology (PHCT)
for WPT is identified in terms of general T-branch structure.
Afterward, the applicability of PHCT to SHC is explored by gaining
insight into their filter characteristics. It reveals that when SHC is
applied, four kinds of PHCTSs are superior over other candidates in
performance because the unity power factor and soft switching can
be achieved without limitation on pulse distribution. Then, six kinds
of PHCTs exhibit a moderate performance as they may nullify the
strengths of SHC under some specific pulse distributions. The rest
of PHCTs are not applicable to SHC no matter what the pulse
distribution. Finally, the experimental results on prototype with
jointly applying SHC and PHCT are examined.

Index Terms—Band-pass characteristics, primary high-order
compensation topology (PHCT), subharmonic control (SHC),
wireless charging system.
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1. INTRODUCTION

NDUCTIVE power transfer (WPT) technology [1], [2], [3],

[4], [5] is able to deliver energy freely from power source
to load through magnetic coupling without physical contact,
realizing electrical isolation. Because of its inherent merits of
safety, convenience and flexibility, WPT technology has gained
in popularity for biomedical implants [2], electrified power trains
[3], consumer electronics [5] and so on. Applying WPT to
electric vehicles (EVs) is one of the most promising scenarios,
it provides an easy way for charging EVs and extends the
driving range. To enhance the efficiency of primary inverter
and reduce electromagnetic interference in WPT systems, it is
essential to realize zero voltage switching (ZVS) operation [4].
Also, the inherent protection characteristic is desired in case of
the accidental open-circuit or the absence of EVs during the
charging process [6].

In terms of power regulation, numerous control methods are
reported to achieve battery charging for EVs [7], [8], [9], [10],
[11]. Pulse width modulation including phase-shift (PS) control
[7] and asymmetrical voltage cancellation [8] are adopted to
regulate output power or voltage, but hard-switching on power
devices cannot be avoided [4]. Although this problem can be
solved by variable frequency (VF) control, high reactive power
losses occur at light load [9]. As a compromise, VF plus PS hy-
brid control is used to achieve full-load range ZVS and improved
power factor, but it comes at a cost of complicated current phase
measurement [10], [11]. To address the above problems, a kind
of “intermittent operation” method in a broad sense has been
put forward. The so-called “intermittent operation” is based on
controlling the ratio of a power-transfer interval of time with
respect to a nonpower-transfer interval of time, such as burst
mode [12], pulse density modulation (PDM) [13], [14], [15]
and ON-OFF keying [16], [17]. The soft switching of PDM WPT
system discussed in [13] depends on coupling coefficients and
load conditions. In [14], an improved PDM is put forward by
optimizing the distribution of switch sequences to reduce the
current fluctuation of primary inverter. However, regarding to
this “intermittent operation” method, the energy injected into
resonant network is discrete and severe output voltage ripples is
inevitable.

Fortunately, subhormonic control (SHC) [4], [18], [19], [20]
is newly proposed to obtain full-load range ZVS and low output
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Fig. 1.  Circuit diagram of WPT system applying PHCT and SHC.
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Fig. 2. Typical waveforms of SHC.

voltage ripples. It has been proven in [18] that the efficiency
of WPT system with SHC can be improved by up to 5.68% as
compared with its counterpart applying PS control. In [19], an
optimal pulse arrangement algorithm for SHC is proposed to
suppress the output voltage ripples. Experimental results show
that the peak-to-peak voltage ripples is reduced to 2% and the
efficiency improvement of SHC occurs under light load which
is up to 17.8% than PS control. However, in existing works, the
implementation of such control is mainly based on the primary
series compensation topology (PSCT). That is because PSCT
exhibits an excellent band-pass characteristic, which is also
the prerequisite of SHC. However, as indicated in [15], PSCT
has some shortcomings: the first one is low design freedom
of coupling coils and the second is high sensitivity to coil
misalignments. This means that the system may be destroyed
by large current and power flowing through primary coil when
the accidental open-circuit or the absence of EVs occur during
the charging process. To overcome the shortcomings, primary
high-order compensation topology (PHCT) is explored in the
literature. An inductor-capacitor-capacitor (LCC) topology and
a series-parallel (SP) topology are reported in [21] and [22],
respectively. A family of high-order compensation topologies
are analyzed to achieve load-independent voltage and current
characteristics [23], [24]. Apparently, PHCTs provides more
design freedom and can make the output voltage and/or current
controllability.

If the WPT system can take advantage of the respective
strength of PHCT and SHC, the overall performance would be
improved significantly. However, there are strict requirements
on PHCT when applying SHC because SHC exhibits a wide
spectrum distribution and a narrow band-pass characteristic for
WPT system is necessary. Thus, exploring the possibility of
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PHCT applying SHC is imperative, which has not been carried
out yet.

To fill the technical gap mentioned above, in this article, the
synthesis and analysis of PHCT are investigated in terms of a
general T-branch structure. In all, 29 PHCTs are classified into
four types, which are able to provide load-independent output
and inherent open-circuit protection. Afterward, the possibility
of PHCT applying SHC is further identified by gaining insight
into the filter characteristic of WPT system. Among the newly
derived PHCTS, it reveals that when SHC is used, four kinds of
PHCTs are superior over other candidates in performance be-
cause the unity power factor and soft switching can be achieved
without limitation on pulse distribution. Second, six kinds of
PHCTs exhibit a moderate performance since they may nullify
the strengths of SHC with some specific pulse distributions. This
phenomenon is caused by the steep band of PHCT. The rest
of PHCTs, including the popular LCC [21], SP [22], and CLC
topologies [27], etc., are not practicable to SHC no matter what
the pulse distribution is. The major contribution of this article
is first exploring the interrelation of PHCT and SHC when they
are jointly applied in a WPT system. A systematic synthesis and
classification of PHCTs are also provided to guide the engineers
and researchers for topology selection and design.

II. ANALYSIS OF SHC

In this section, operation principle and typical waveforms of
SHC is presented. Also, the spectrum analysis is provided to
illustrate its harmonic distribution. To make the receiver more
compact, single-capacitor compensation is employed. Fig. 1
shows the diagram of WPT system applying PHCT and SHC,
which can take advantage of their respective strengths. Thus, the
overall performance of WPT system is greatly improved.

A. Operation Principle

The basic principle of SHC is to adjust the numbers of
different frequency pulses of inverter to change the equivalent
voltage gain. Detailed explanation and analysis on SHC can be
given in [18], [19], and [20]. For the ease of understanding,
taking f; and f3 pulses as an example, the typical waveforms
are shown in Fig. 2, where fi = 3f3, the pulse numbers of f;
and f3 are, respectively, N1 and N3. T, = 1/f,, = 1/f; is resonant
period, and Ty = (N1T, + 3N3T,)/2 is the SHC period. The
output voltage and current of inverter are denoted as v, and i p,
respectively. Vi, is the input dc voltage.

According to superposition theorem, the resonant current i,
is generated by two excitation voltages, i.e., V451 and v,p3 with
f1 pulses and f3 pulses, as shown in Fig. 1. As pointed in [4],
the prerequisite of SHC is a narrow band-pass characteristic of
the WPT system. Thus, only v,;; and the third-order harmonic
of v,p3 contribute to resonant current i,;. The amplitude of the
fundamental component of v, denoted as V5, is calculated
as

Ny + N3 4Vin

Vipy = ot 13 ZVin
P T N, ¥3N; 7

ey
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Fig. 3. Normalized voltage ratio § against different N1 and N3.

Taking 4V;,/7 as reference voltage, the normalized voltage
ratio ¢ is given as

5— N1+ N3
Ny +3N3~
According to (2), the normalized voltage ratio with different

Ny and Nj is shown Fig. 3. It can be found that § increases as

N7 increases when N3 is constant. However, when NV is fixed,
0 decreases as N3 increases.

2

B. Spectrum Components

As indicated before, the prerequisite of SHC is a narrow
band-pass characteristic of the WPT system, dominating the
suitability of PHCTs. To better evaluate the performance of
PHCTs in Section III, the spectrum components of inverter
voltage v, should be identified firstly. The harmonic concept is
based on Fourier analysis whose motivation is to reconstruct the
nonsinusoidal periodical waveshape by a series of sinusoidal
components [25]. As shown in Fig. 2, v,(t) is a continuous
periodical signal with period of T and it satisfies Dirichlet
condition. Consequently, it can be represented by a Fourier series
of

o0

Vap (1) = Z X (nwp) e™ot 3)

n=-—oo

where wy = 27/T) is called fundamental frequency, and X(nwg)
is the Fourier coefficient at the nth harmonic.

To satisfy system oscillation frequency invariance, Ny = N1+
3N3 should be even. Due to the fact that a complete control
period Ty includes several resonant cycles, the spectrum of v,
contains both subharmonics and interharmonics [18], [28]. As a
consequence, the harmonics positions can be given by

fi= (1i‘7) @n—1)fj=12... N—1 (4
Ny

To push the harmonics far away from f,. and filter them with
the band-pass characteristics of WPT system, sigma-delta (3-A)
modulation is widely used, which can be referred in [4] and
[19]. Since the amplitude of harmonics is related to the hybrid
pulse sequence and pulse numbers Ny and N3, it is impossible to
derive the analytical expression. For the convenience of Fourier
analysis, discrete Fourier transform (DFT) could be applied [25].
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Fig. 4. DFT results of v, with Ny = 7, N3 = 3 by using MATLAB.
Fig. 5. Circuit diagram of PHCT with T-structure configuration.

As an example, Fig. 4 shows the DFT results of v, with Ny =7,
N3 = 3 by using MATLAB. It can be observed that the spectrum
components are consistent with the theoretical prediction in (4).
If the spectrum components of voltage v,; are determined, it is
helpful to evaluate the performance of PHCT combining SHC
and this will be analyzed in the following section.

III. SYNTHESIS AND DERIVATION OF PHCTS

Before exploring the combination of PHCT and SHC, the
possible PHCTs should be identified. Most importantly, the
candidates of PHCT should avoid the drawbacks of PSCT, i.e.,
low degree of design freedom, no open-circuit protection and
high sensitivity to misalignments. Based on these objectives, the
synthesis procedure of PHCT starts with the general T-branch
structure. The search is restricted to a maximum of two reactive
elements in each branch since more reactive elements increase
the size, weight, and cost of system and complicate the analysis
and design.

A. Topology Synthesis

Generally, voltage-fed inverter is widely employed in WPT
systems and thereby PHCT can be configured by a T-branch
structure, as shown in Fig. 5. Each branch has an impedance Z;
(i=1, 2, 3), and the corresponding branch current is ;. L, is the
primary coil inductance, and M is the mutual inductance. Z;,, is
the input impedance. To maximize the transfer efficiency, it is
preferred to fully compensate the secondary coil at the resonant
frequency f,.. Therefore, the loading effect of the secondary on
the primary circuit can be presented by a reflected impedance
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Circuit diagram of type I PHCT candidates.

Fig. 6.

Zy, which is pure resistive as
2772
wiM
Zy = —
Rac

where R, is the equivalent ac load [4] and w, = 27f,.
Then, the WPT system shown in Fig. 5 can be described as

(&)

7. -7z + Z2(7»)(Zg(7»)+ijLp+Zf)
m(r) - 1(T) ZQ(T)+Z3(7-)+jerp+Z‘f

Vab(r) 2(r)

Zin(ry L2y +Z3)yHijwrLp+Zy

(6)

I3y =

where the subscript ““(,y” represents the corresponding variables
at the resonant frequency f;.

In addition to the band-pass characteristic of PHCT, there are
some objectives that should be fulfilled to promote the overall
performance of WPT system. The first one is the unity power
factor operation, which aims to minimize the voltage-ampere
rating of power supply and devices. The second one is the
load-independent output voltage, which is able to reduce the
regulation complexity. The third one is the inherent protection
in case of the accidental open-circuit or the absence of receiver.
This means the input impedance should be infinite when the
coupling tends to zero. Combing these requirements and (6), it
is easy to get

Im (Zin(r)) =0
2y T 2o =0 =21y =
Zin(r) | 250 = 00

_ZQ(T) = ZS(T) +.jerp~

(N

The symbol Im returns the imaginary part of the variables.
From (7), it can be observed that all branch reactance should be
equal. Note that the reactance of Z3 branch includes the reactance
of L,. if Z; branch and Z, branch are inductive (or capacitive),
Z3 should be capacitive (or inductive). Placing reactive elements
(inductors and capacitors) in place of Z; in Fig. 5, consistent with
the definition of PHCT and simultaneously satisfying the con-
dition expressed in (7), a family of PHCTSs can be synthesized.
Please note that Z; is constrained to be composed of a maximum
of two reactive elements to restrict the maximum number of
reactive elements in a network to six. Also, Z; can be considered
to be composed of more reactive elements to further explore
higher order topologies, if desired.

To make a methodical synthesis, in this article, we defined
four types of PHCTs in terms of the configuration of reactive
elements.

1) Type I: Only single capacitor or inductor exists in Z;, as
shown in Fig. 6. Please note that if the Z3 block in Fig. 4
is replaced by an LC series network, the compensation
inductor can be merged into L,, forming a lower order net-
work. In circuit theory, capacitors cannot in parallel with
square-wave voltage source otherwise large current spikes

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 7, JULY 2023

° Ll C% C1 C3 o Ll
G Ly Ly L,
© | ® % o

Fig. 7.

Circuit diagram of type II PHCT candidates.

Fig. 8.

2)

3)

Circuit diagram of type III PHCT candidates.

will flow during the switching transitions. For example, if
the inductor L; in Type I-1 is replaced by a capacitor,
a voltage source capacitor loop will be formed and this
case s strictly forbidden. Besides, the constraint expressed
in (7) also remove some candidates. For instance, if the
capacitor Cs in types -3 is omitted, it is allowed in term
of circuit theory. However, this would make Z; branch be
capacitive while Zs branch be inductive, which is against
(7). In all, three type I PHCT candidates are obtained.
Obviously, type I-1, type 1-2, and type I-3 PHCTs are
widely explored in the literature, which are also named
as LC [26], LCC [10], [15] and CLC topologies [27],
respectively.

Type II: At least one LC series network exists in Z;, but
without LC parallel network, as illustrated in Fig. 7. Taking
all abovementioned constraints into consideration, eight
type I PHCT candidates are finally developed.

Type 11I: At least one LC parallel network exists in Z;,
but without LC series network, as shown in Fig. 8. In
this case, the inductor Ls in type III-3 cannot be merged
into L,, directly because L,, is coupled with the secondary
coil and thereby a controlled voltage source exists in Z3
branch. In a similar way, seven type-III PHCT candidates
are identified.



WANG et al.: SYNTHESIS AND ANALYSIS OF PRIMARY HIGH-ORDER COMPENSATION TOPOLOGIES 9177
TABLE I
DESIGN CONDITIONS OF PHCTS
Type I-1 Type 1-2 Type I-3
aifr=1, apr=1, pra=1, 3
A=y art1/f=y orty=1/Bs
Type II-1 Type II-2 Type 1I-3 Type 11-4
a1+1/ﬁ2=1/ﬁ1 a1+a2=1/ﬁ1 (11+a2=1/ﬂz 1/ﬁ1+1/ﬂz=a2
ﬁl/ﬂzzl/ﬂ3 ﬁazzl/ﬂ3 a1+1/ﬁ3:y l/ﬁl + yzl/ﬂ3
Type II-5 Type 1I-6 Type II-7 Type II-8
arta=1/p1+1/p, ota=1/p, ota=1/p\+1/p, o t1/p=1/p
1/,81+V:al+1/53 a2+y:1/,82 a2+y=1/ﬁ2 l/ﬂz"')/:()
Type III-1 Type III-2 Type III-3 Type 11I-4
al/a2+l=a1ﬂ1 az/a1+1:a2ﬂ2 az/al+1:a2ﬂ2 alliﬁtg;il’;l
o ty=1/f3 or+1/f5=y o=y AT i
*06353
Type I1I-5 Type 111-6 Type 111I-7
/ot 1=0of afr=1, wpr=l,
1+as/(y—ay) 1+as/(y—ay) 1+ay/(oaty) -
. R . =a3f3 =33 =a3fs
Fig. 9. Circuit diagram of type IV PHCT candidates.
Type IV-1 Type IV-2 Type IV-3 Type IV-4
_ 1+(12/((11* 1+a1/(a2*1/ﬂ2) _
artoa=lpllfy |00 Lo a+1/B=1/8,
4) Type IV: At least one hybrid network, i.e., one LC series 1+as/(y~ 1tas/(y-aunt I+as/(y+ox— Itas/(y-1/p.)
network and one LC parallel network, exists in Z;, as artl/B) =osps V) =oofss V) =oofss =asfs
shown in Fig. 9. Due to the increased order of PHCT, Type IV-5 Type IV-6 Type IV-7 Type IV-8
there may be more degree of freedom in branch impedance arta=1/p }ﬁffﬁ; V/Jiz]:/ ) arta=1/f 1+ai/(02-1/5)
configuration. As an example, the Z; and Z3 branches in IHas/(y+ao) /2 1B I+as/(y-on) ~ah
. . .. =033 =osffs =033 yHlpi=a
type IV-1 (and 2, 3, 10, 11) can be inductive (or capacitive)
. .. . . Type IV-9 Type IV-10 Type IV-11
and Z, branch is capacitive (or inductive). Such two cases o
also exist in type II-5 topology. For the convenience of I+au/(a2-1/2) 1 //ﬁ)zzazl/fz I+ou/(oa—1/f2)
identification, when Z; branch in PHCT is inductive, we =0 ar+1/p; =af -
. . .. yta=1/p> =p+1/8 yroo=1/p+1/p;
refer to it as type IV-1A, otherwise, it is called as Type B
IV-1B. This definition is also available to other similar
TABLE II
PHCTs, s'uch.as type II-5A and type II-5B, 'et(.:. X ELECTRICAL SPECIFICATIONS OF THE WPT SYSTEM
The PHCTs in Figs. 6-9 possess the characteristics of unity
power factor, inherent open-circuit protection and load- inde- Value
pendent output only if the condition expressed in (7) is satisfied. Symbols T 12 | Typell-s | Typelll-2 | Type IV-10
When the system operates at resonant frequency, the reactance 1. o, s 1. 433,433, 1,02, 433,433,
of Z; bran.ch and Z, bre}nch can be equivalent to an inductor Lg Bupofs | —1,034 | 03,019,034 | — 6,033 | 03,123,034
or a capacitor Cg, that is y 396 396 396 396
1 Lgand Cg 30 uH and 84.4 nF
| Z1r| = |Z2y| = wpLg = o Ch ) Mand L, 0-28 uH and 127.4 uH
! fiand C, 100 kHz and 19.9 nF
For simplicity, the following terms are defined: Normalized Vieand R, 100V and 10-100 Q

switching frequency f,, = fIf,; Ratio of inductances «; = L;/Lg
and v = L,/Lg; ratio of capacitances /3; = C;/Cg. The compen-
sation inductors L; and capacitors C; (i = 1, 2, 3) are shown in
Figs. 6-9. Table I summarizes the design conditions in terms of
the relationship among the values of reactive elements (i.e., o,
B, and 7). For example, «1 in type I-1 topology represents the
ratio of Ly and Lg, and 35 in type I-1 topology represents the
ratio of Cy and Cpg, and so on.

B. Combination of PHCT and SHC

To identify the practicability of PHCT when applying SHC,
the band-pass characteristic of WPT system should be studied.
In following analysis, several assumptions serve as premises for

a fair comparison: resonant network is lossless, switch compo-
nents are ideal and the parameters of secondary side and the
mutual inductance for all PHCTs are same.

Input admittances of PHCTs are derived for the analysis of
filter characteristics. Due to the limited space of this article,
the band-pass characteristics of only four representative PHCTSs
are explored in detail. Table II gives the specifications of WPT
system with different PHCTs.

According to the analysis in Section II-B, the harmonic of
excitation voltage versus different § (with 3-A modulation) are
shown in Fig. 10. As indicated in (2), 6 can be derived from
N; and Ns. In Fig. 10, the colors of markers represent different
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Fig. 11. Normalized input admittance of WPT systems with different PHCTs.

(a) Type I-2. (b) Type II-5. (c) Type I1I-2. (d) Type IV-10.

combinations of Ny and N3, where N1, N3 C{23, 57, 11, 13}.
It can be found that the amplitudes of high-order harmonics
are quite small no matter what ¢ is. However, apart from the
fundamental component at f;- (100 kHz), low-order harmonics
possess relatively large amplitudes. Thus, this frequency band,
in particular below 70 kHz, should be paid more attention when
evaluating the band-pass characteristics of PHCT.

The normalized input admittance of WPT systems with type
1-2, type II-5, type III-2, and type IV-10 PHCTs are shown in
Fig. 11. By definition, the frequency range, i.e., the bandwidth
BW, corresponds to a frequency value where |Z, | drops by 3
dB. It can be observed from Fig. 11(a) that BW1_5 is quite large
and | Z;,'| at low frequency is several times higher than that at
fr» especially when R, is large. Regarding to type II-5 PHCT, as
shown in Fig. 11(b), the bandwidth BWy;_5 is narrowed down
and | Z; ! | attenuates rapidly in low frequency band. This means
type II-5 PHCT exhibits a good band-pass characteristic. As
for type I1I-2 PHCT in Fig. 11(c), the |Z,,!| curve is divergent
with the decrease of frequency and it doesn’t exhibit a band-
pass characteristic. Regarding to type IV-10 PHCT, BWiy_1p
is comparatively narrow, as shown in Fig. 11(d). However,
another steep band with high amplitude occurs around 35 kHz,
as shown in the circled region. That is to say, if a large harmonic
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Fig. 12.  Simulation results of WPT system with different PHCTSs, where § =
7/11,i.e., Ny =5and N3 =2.

component of excitation voltage just locates near this frequency
point, the inverter current may suffer from distortion, which in
turn ruins ZVS operation.

Usually, the total harmonic distortion (THD) is defined as a
distortion of the harmonics compared to the harmonic that is
of interest (useful harmonic) [29], [30]. Here, the THD value is
used to evaluate the distortion of inverter current. Moreover, a
fluctuation factor A is introduced to evaluate the oscillation of
inverter current. The THD and A values are expressed as

Iab,h ,)» _ Iab,pp (9)

THD =
Iab,fr Ii

where 1,3 5, is the sum of root-mean-square (rms) values of the
inverter harmonic currents, /43 7 is the rms value with only f.
component; /4 5,y 18 the peak-to-peak value of inverter current,
and [j, is the input dc current. Larger THD and A mean larger
distortion and oscillation of inverter current and vice versa.

To further verify the theoretical analysis, simulation results
of the WPT system with different PHCTs are given, as shown
in Fig. 12, where N; = 5 and N3 = 2. It can be observed that,
with the same output power, inverter currents of type I-2 and
type III-2 PHCTs suffer from severe distortion and ZVS is lost,
where THDy 2 = 105.7%, A1.2 = 25.5, THD11.2 = 361.7% and
Ar.2 = 23.4. On the contrary, the inverter currents of type II-5
and type I'V-10 PHCT are almost sinusoidal and ZVS is always
achieved, where THDH_5 = 12.2%, )\II-S = 69, THDIV-IO =
18.5% and A1yv_19 = 8.3. Obviously, the index of THD and A of
type II-5 and type IV-10 PHCTs are much smaller than that of
Type 1-2 and Type I1I-2 PHCTs.

To investigate the influence of steep band in Fig. 11(d), an
excitation voltage with a large harmonic component in the steep
band (N1 = 3 and N3 = 1) is applied to type II-5 and type IV-10
PHCTs, respectively, as shown in Fig. 13. Regarding to type
IV-10 PHCT in Fig. 13(a), it can be seen that ZVS is lost and the
inverter current suffers from severe distortion, where THDv_1¢
= 219.1%, A1r.5 = 18.8. On the contrary, for type II-5 PHCT
in Fig. 13(b), ZVS operation is ensured and inverter current is
almost sinusoidal with unity input power factor, where THD1_5
=16.7%, A11.5 = 6.0. That is because the harmonic components
of inverter current locating in the steep band is comparatively
high in terms of type IV-10 PHCT, as indicated by the fast Fourier
transform results.
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Fig. 13.  Simulation results of WPT system with 6 = 2/3,i.e., Ny = 3 and N3

= 1. (a) Type IV-10 PHCT. (b) Type II-5 PHCT.

TABLE III
COMPATIBILITY BETWEEN PHCT AND SHC

Limitations PHCTs Performance
Without limitation on 11, 11-2, I1-5, IV-5 Best
pulse distribution
leltatl.OIl on some V-1, IV-2, IV-4,
specific pulse Moderate
. V-6, 1V-10, IV-11
distribution
1-1, 1-2, 1-3, 11-3, 11-4,
. 1I-6, 11-7, 11-8, 1I1-1,
i(’t aﬂ‘::‘z::isnfzz 111-2, I11-3, [11-4, 1115, Worst
v pu . 111-6, 1117, IV-3, IV-7,
V-8, IV-9

In terms of the performance of WPT system when applying
SHC, the aforementioned 29 PHCTS can be classified into three
groups, as given in Table III. The first group PHCTs exhibit out-
standing applicability to SHC in spite of the pulse distributions.
That is to say, if the WPT system adopts one of these PHCTs
and SHC simultaneously, the advantages of full-load range ZVS,
unity input power factor, inherent open-circuit protection and
high design freedom can be achieved. In terms of the second
group PHCTs, a steep band exists below the resonant frequency,
which may incur the potential risk of current distortion. If
one of these PHCTs and SHC are jointly applied in the WPT
system, ZV'S operation and unity power factor may be lost under
some specific pulse distribution because of the adverse effect of
steep band. However, if the harmonic components of excitation
voltage keep away from the steep band, the WPT system still
exhibits high overall performance, possessing all the advantages
mentioned in the first group PHCTs. Regarding to the third group
PHCTs, if one of these PHCTs and SHC are jointly applied in
the WPT system, severe current distortion cannot be avoided
no matter what the pulse distribution. That is because the WPT
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Fig. 14.  DFT results of the excitation voltage with different N1 and N3.

system applying one of these PHCTs did not have a narrow
band-pass characteristic, resulting in large amounts of harmonic
currents in the resonant networks.

C. Discussions

In this article, we firstly explore the interrelation of PHCT and
SHC when they are jointly applied in a WPT system. Moreover,
there are still some issues that worthy of further study.

1) Regarding to SHC in existing works, it is only applied in
primary side for power regulation. Actually, it can be also
used in secondary side to serve the active rectifier. For
this scenario, the phase synchronization of dual-side drive
signals should be paid much attention.

2) Interms of the secondary group PHCTs in Table III, there
is not only a unique combination of Ny and N3, which may
resultin a poor performance of WPT system. For example,
in Fig. 13, type IV-10 PHCT suffers from severe current
distortion under the case N1 = 3 and N3 = 1. Actually,
the case when N; = 3 and N3 = 2 also results in a poor
performance of type IV-10 PHCT. That is mainly because
both cases exhibit a relatively large harmonic component
of excitation voltage in the steep band, as shown in Fig. 14.
The rest of possible combinations can be obtained by using
the mathematical software (for instance, MATLAB).

IV. EXPERIMENTAL VERIFICATIONS

To further test the overall performance of different PHCTs
in WPT system when applying SHC, an experiment prototype
with 100 V input and 250 W output, as shown in Fig. 15, is
built. The electrical parameters of the WPT system are given in
Table IV. The outer diameter of transmitter and receiver coils
are both 400 mm and the air gap is 100 mm.

Fig. 16 shows steady-state waveforms of the prototype with
N; = 5 and N3 = 2 when applying type I-2, type II-5, type
III-2, and type IV-10 PHCTs, respectively. In Fig. 16(a), the
load resistance is 10 2 with full load output power. As can
be seen, inverter currents with type I-2 and type III-2 PHCTs
suffer from severe distortion and ZVS cannot be achieved. The
corresponding THD and A indexes are measured as THD; o =
117.3%, Ao = 22.4 and THDy11.0 = 377.1%, Arre = 26.4,
which are in accordance with simulation results. For type II-5
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Fig. 15.  Photo of experiment prototype.
TABLE IV
EXPERIMENTAL PARAMETERS OF THE WPT SYSTEM
Symbols Value
Type I-2 | TypeII-5 | Type IlI-2 | Type IV-10
Inductance, L, 303 uH | 129.7 uH 30.3 uH 129.7 uH
Inductance, L, - 129.7 uH 6.2 uH 139.7 pH
Inductance, L - - - -
Capacitance, C, - 25.1 nF - 25.1 nF
Capacitance, C; 84.5 nF 15.8 nF 507.2 nF 102.4 nF
Capacitance, Cs 28.6 nF 28.6 nF 27.8 nF 28.6 nF
Self-inductance, L, | 118.5uH | 118.5uH | 118.5uH 118.5 uH
Lgand Cg 30 uH and 84.4 nF
M and L 0—28 puH and 128.6 uH
frand G 100 kHz and 19.8 nF

and type IV-10 PHCTs, ZVS is achieved and inverter current is
almost sinusoidal with unity input power factor, where THD1;_5
= 10.8%, A11.5 = 5.7 and THD1y 10 = 20.7%, Ary-10 = 7.2.

In Fig. 16(b), load resistance is 50 €2 with 20% load power.
Compared with the heavy load condition in Fig. 8(a), it can be
seen that the distortion of inverter currents for all four PHCTs
becomes larger. However, ZVS operation are still maintained in
type II-5 and type IV-10 PHCTs while lost in type I-2 and type
III-2 PHCTs. The corresponding THD and A indexes are mea-
sured as THDy.5 = 123.5%, Ao = 19.8; THDq11.0 = 416.7%,
)»111_2 = 201, THDH_5 = 136%, )»11_5 =5.5and THDIV-lO =
19.7%, Aiv-.10 = 8.5. To summarize, the THD and A indexes
under light load conditions is larger than that under heavy load
conditions, which are consistent with the theoretical analysis in
Fig. 11.

Fig. 17 shows the steady-state waveforms of the prototype
applying different PHCTs under full load condition. The pulse
numbers are N1 = 3 and N3 = 1. For the system applying type
II-5 PHCT in Fig. 17(a), ZVS is achieved with unity input power
factor. However, when type IV-10 PHCT is applied with the
same pulse numbers, ZVS is lost and inverter current suffers
from severe distortion. The THD and A indexes are measured
as THDH_5 = 8.6%, )\.1_2 = 6.2 and THDIV-IO = 223.7%, )\.111_2
= 23.8. Comparing Figs. 16 and 17, it can be deduced that the
performance of Type IV-10 PHCT highly depends on the pulse
distribution of SHC. That is to say, if the harmonic components
of v,1, (determined by the pulse distribution) keep away from
the steep band, the WPT system applying type IV-10 PHCT still
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Fig. 16.  Steady-state waveforms of the prototype with Ny = 5 and N3 =2
when applying different PHCTs. (a) Full load condition. (b) 20% load condition.
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Fig. 17.  Steady-state waveforms of the prototype with Ny = 3 and N3 =1
when applying different PHCTSs under full load condition. (a) Type II-5 PHCT.
(b) Type IV-10 PHCT.

exhibits high overall performance. Otherwise, primary inverter
current suffers from severe distortion and ZVS operation is
ruined as well.

To verify the inherent open-circuit protection characteristic
of PHCT, as an example, the dynamic waveforms of the WPT
system applying type II-5 PHCT are shown in Fig. 18 when
the receiver moves out of the operating region (M is close to
zero). Apparently, inverter current decrease gradually because
of the increased input impedance when the distance between
the coils increases. It is evident that the proposed system can
work safely when the accidental open-circuit or the absence of
receiver occur.
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M decreases gradually

Fig. 18. Dynamic waveforms of WPT system applying type II-5 PHCT.
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Fig. 19. Measured efficiency of SHC controlled WPT system with applying
different PHCTs.

Fig. 19 shows the measured efficiency of SHC controlled
WPT system applying different PHCTs, where M = 25 pH
and 6 = 7/11. It can be seen that the efficiencies of type II-5
and type IV-10 PHCTs are similar, and much higher than that
of type I-2 and Type III-2 PHCTs. That mainly benefits from
the ZVS operation and unity power factor. In addition, the
overall efficiency can be improved by optimizing the circuit
parameters of PHCT. For example, in terms of type II-5 PHCT,
a larger L; leads to a smaller BW, which helps to suppress the
current distortion and reduce the conduction losses. However,
larger inductance means a larger equivalent series resistance of
inductor, which in turn increase the conduction losses. In other
words, there is a tradeoff when selecting the inductance of L;.
Similarly, the others passive components (including Lo, Cy, Co,
and Cs) in type II-5 PHCT also have influences on the overall
efficiency. Therefore, the parameter optimization in terms of
different PHCTSs is a promising work, which will be analyzed in
future works.

V. CONCLUSION

In this article, a systematic synthesis of PHCT is studied in
terms of general T-branch structure to overcome the drawbacks
of PSCT, such as low degrees of design freedom, high sensitivity
to misalignments and no open-circuit protection. Based on these
newly derived PHCTs, their applicability to SHC is explored
by gaining insight into the filter characteristics. It is found
that four kinds of PHCTs are superior over other candidates
in performance because unity power factor and soft switching
can be achieved without the limitation on pulse distribution.
However, six kinds of PHCTs may nullify the strengths of SHC
due to the adverse effects of steep band. That is to say, if the
harmonic components of v,; locate near the steep band, severe
current distortion occurs without ZVS and unity power factor.
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Otherwise, they can still exhibit superior performance like the
first four kind of PHCTS. The rest of PHCTS are not applicable
to SHC no matter what the pulse distribution is.
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