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Power Boosting of Strongly Coupled Wireless Power Transfer Systems by
Aligning 1%'/3" Harmonic Frequencies With Splitting Frequencies

Bowang Zhang”, Youhao Hu

Abstract—This letter proposes a novel power-boosting strategy
for strongly coupled wireless power transfer system by aligning
the first and third harmonic frequencies of the inverter switching
node voltage with the lower and upper splitting frequencies, respec-
tively. Within the parity-time symmetric region, the output power
at splitting frequencies significantly exceeds that at the natural
resonant frequency. Additionally, when the coupling coefficient
k is larger than 0.8, the output power can be further enhanced
by superimposing the first and third harmonic voltages of the
inverter, all while maintaining high efficiency. Finally, experimental
results demonstrate that the proposed strategy achieves an output
power of 609.2 W, 124.32 times greater than that of 4.9 W at
the natural resonant frequency. And the efficiency by using the
proposed strategy is 87.04 %, which is comparable to the efficiency
of 89.91% by operating at the natural resonant frequency.

Index Terms—Parity-time (PT) symmetric, power-boosting,
splitting frequency, strongly coupled, voltage superposition.

1. INTRODUCTION

N ROTARY applications, a noncontact sliding system utiliz-
I ing strongly coupled wireless power transfer (WPT) technol-
ogy eliminates mechanical wear and provides electrical isolation
for efficient power transmission [1]. However, the proximity
of the transmitter and receiver in the rotating slider results in
low power output at the natural resonant frequency, limiting
high-power transmission capabilities [2]. Precise model based
on differential equations for strongly coupled WPT systems
with LCC-LCC compensation compared with first harmonic
approximation (FHA) is proposed in [3]. However, the cur-
rent distortion and third harmonic near a coupling coefficient
of 0.889 lead to reduced efficiency and higher coil current
ratings. SN [4] and LCL-N [5] topologies are proposed for
creating a more compact and lightweight receiver by elim-
inating the receiver-side compensation. Nevertheless, issues
such as low output power and significant current distortion
persist.
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Fig. 2. Equivalent circuit of the PT-symmetric WPT system.

The WPT system will enter the parity-time (PT)-symmetric
region when the mutual inductance is larger than the critical cou-
pling condition [6], [7]. Although the output power capability
under PT condition has improved compared to its performance
at natural resonant frequency, it remains limited [8]. Strong cou-
pling system accompanies high harmonic currents, and thus the
output power will deviate from the theoretical value estimated
by FHA, making it difficult for implementing the precise output
power control. Thus, the low output power of PT-symmetric
WPT systems remains a pressing issue that significantly restricts
practical applications.

This letter attempts to solve this issue by presenting a power
boosting strategy for the PT-symmetric WPT system, the key
is to align first/third harmonics frequencies of square voltage
with the lower and upper splitting frequencies, respectively.
This alignment creates two virtual channels for the simultaneous
transfer of energy from both first and third harmonics. In Fig. 1,
the applicable scope is when k exceeds 0.8. Compared to the
superimposed output mode of first/third harmonics utilizing
natural resonance, the proposed method significantly enhances
the peak power while maintaining transmission efficiency.

II. PRINCIPLE OF THE POWER BOOSTING STRATEGY
A. First Harmonic Approximation (FHA)-Based Model

The input source in the SS compensated PT-symmetric WPT
system can be equivalent to a negative resistance -R y, as depicted
in Fig. 2. By using the FHA model and considering the first


https://orcid.org/0009-0009-5350-2112
https://orcid.org/0000-0003-0320-452X
https://orcid.org/0000-0002-4911-0070
https://orcid.org/0000-0001-8308-6169
mailto:bzhang794@connect.hkustgz.edu.cn
mailto:yhu543@connect.hkust-gz.edu.penalty -@M cn
mailto:yhu543@connect.hkust-gz.edu.penalty -@M cn
mailto:wk.hu@connect.ust.hk
mailto:weihan@hkust-gz.edu.cn
https://doi.org/10.1109/TPEL.2025.3544291

8918 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 7, JULY 2025

harmonic voltages (Vy, and V) and currents (Iy, and Iy;) on BN Natural Resonant Frequency Splitting Frequency
both sides, the system equation can be derived in (1), where w,
k, Ly, Ls, Ry, R, C,, C, are the operating frequency, coupling
coefficient, coil inductances and internal resistances as well as
the compensated capacitors on the primary and secondary sides.
Then the resonant frequency wy is wy = \/17

M+](w_j) jwky /22

RL+R

:
5

sceoseos
Ll SR I 7 -8

Jwk gt jw <300
I.f P E 60 E}1 0 Nk,
X =0. (1) 40 & g5 R
Iy £ 20 g100 B
=) oL = 5% g = (
To calculate the non-zero solution of frequency w, the real 20 //6/;@‘0 20\4?\ //0/67}](6.2 0
and imaginary parts of coefficient matrix determinant in (1) can R o0y 08%0 ) R 601 0877 4
be obtained as (b) ©

(CBy+Rp)(Rs+Rr) w— wg +w2k2 =0
LpLewd w ) Fig. 3. Output characteristics with different coupling coefficients and load

w2 RN-+R R.+R : resistances. (a) Output power (0<R,<60). (b) Transfer efficiency (0<R,<60).
(w - 70) ( szo L+ ijoL) =0 (c) Operating frequency (0<R7,<60).
By solving (2), the zero-phase-angle (ZPA) operating fre- TABLE I
quency wzpa can be calculated by KEY PARAMETERS OF THE PT-SYMMETRIC WPT SYSTEM
wo (k < kC) Item Value Item Value
W(zpPA) = 2 \/ﬁ Ly/Ls 275 uH Viin 80V

wo\/2 Qv Ty M (ke <k < 1) RJR, 0.191Q k 0-1

(3) C,y/Cs 12.75 nF Ry 0-50 Q

where Qs = R“"erﬁ is the quality factor of the secondary coil,

02 — Qi the critical coupling coefficient. negative resistance -R y in this region can be given by
The ke d1v1des the WPT system into two regions: the ex- Ry — Wak?L,Ls R 8
act PT-symmetric region (k.<k<1) and broken PT-symmetric TN T R .+ R, P ®)

(0<k<k,) region, which have different characteristics.

Then th t rati be obtained b bmitti 8
1) Exact PT-Symmetric Region: based on (2), when the ZPA en the current ratio can be obtained by submitting (8)

. . . into (1)
operating frequency wyzpa is not equal to wy, the negative
resistance -Ry in this region can be calculated as In g _ — % _; Rr + Ry
L, IN_ts wLgk
—Ry = _f(RL + Rs) — Rp. 4) (w=wo)
By submitting (4) into (1) ths tio of ts on both sid A+ B )
y submitting (4) into (1), the ratio of currents on both sides = —F
can be given by wok\/LpLs
I T T Within this region, the output power Py.; and transfer effi-
PT-fs _ |ZPT=hs ) _ /2P (5) ciency ny_sat the resonant frequency w can be obtained as
Ipr_gp Ipt_gp Ly V2, RuwlkiL L,
The output power P p7_y and transfer efficiency 7 p7_r within Py_jp=1 2N7 R = in L0 ’ 5 (10)
this region can be obtained as [Ry(Rr + Rs) + wik?Ly L
Ppr_y=Ipr R NN = Rywih”LyLs . 3D
Ve R, Ry(Rr + Ry)* + (Ry + Ry)wgk?L, L,
— m (6)
i’s’ (Rr + Rs)?>+ 2R, (R + Rs) + %ZR% B. Analysis of the Output Characteristics
Ry As derived from (6) and (10), the output power curves under
npr—f = RL+R.+ LR (7)) the variation of both coupling coefficient and load resistance
s T L,

within the exact PT region (in red) and the broken PT region

According to (5), (6), and (7), the current ratio, output power  (in black) are plotted in Fig. 3(a) based on the key parameters
and efficiency are independent of the coupling coefficient k. in Table I. It is evident that an increase in coupling coefficient
2) Broken PT-Symmetry Region: there is only one solutionwg  significantly diminishes the output power capability at the natu-
(natural resonant frequency) for the ZPA operation. The ral resonant frequency. While operating at splitting frequencies
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Fig. 4. Output power and transfer efficiency curves with different Ry, versus
coupling coefficient.

results in substantially higher output power compared to opera-
tion at the natural resonant frequency.

Additionally, within the PT-symmetric region, decreasing
load R, gradually increases the output power until a maximum
value is reached. By comparing Fig. 3(b) with Fig. 3(a), it can
be observed that whether the system operates within the exact or
broken PT-symmetric regions, achieving the maximum output
power inevitably decreasing the efficiency. And Fig. 3(c) clearly
shows that the operating frequency is constant and changeable
in the broken and exact PT regions, respectively. Besides, the
coupling coefficient at the boundary between the two regions is
denoted as k., which is not a constant but will vary with the Ry,.

As illustrated in Fig. 4, the curves of output power and
transfer efficiency for the WPT system across the full coupling
coefficient range (k = O~1) under varying loads are presented.
The solid lines represent the operation at the natural resonant
frequency, while the dashed lines indicate operation at the
splitting frequency. According to (3), different loads correspond
to distinct critical coupling coefficients k.. It is evident that
working at natural resonant frequency, the output power and
transfer efficiency of the WPT system exhibit mutual constraints.
Although the transfer efficiency remains high within the strong
coupling interval, the output power is significantly low, leading
to poor utilization of bus voltage. Even with a reduction in Ry,
the bus voltage utilization remains poor. Conversely, when the
system operates at the splitting frequency and as k>k .., the output
power markedly increases and becomes independent of the
coupling coefficient, while maintaining high transfer efficiency.
This advantageous characteristic offers a potential solution to
the issue of weak output power capacity in strongly coupled
WPT systems.

Within the exact PT-symmetry region, the preset resonant
frequency will be split indicating that the frequency splitting
phenomenon occurs. As load resistance R, decreases, the cou-
pling coefficient k. also diminishes, indicating an expansion of
the PT-symmetry region. For a given WPT system, the boundary
of its PT-symmetry region will vary with the load resistance
Ry. In addition, the critical coupling coefficient k. should be
characterized not only by the coupling coefficient k, but also by
the load conditions Ry,.
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Fig. 5. (a) Voltage transfer ratio versus operating frequency (k = 0.8007).
(b) Operating frequency versus k under different Ry,.

C. Input-to-Output Voltage Transfer Ratio G .,) Versus the
Operating Frequency

The G,y (w) can be expressed in (12), where Z, and Z; are
impedances of primary and secondary networks, respectively,

G _ wky/L,L.Ry
v(w) = Z,Z,4w?k2L, L,
_ 1
Zy = jwlLy, + Foc; T R,

Zs:jWLs‘i'ﬁ"'Rs"'RL

12)

As shown in Fig. 5(a), the frequencies of constant-voltage

(CV) points wy = \/% and wy, = ﬁ can be obtained by

solving %ﬁ’i‘“) = 0, which means the proposed system can
work at the R -independent point [9].

Based on (3), two ZPA splitting frequencies wpp_ gy and
w pr.r, within the PT-symmetric region can be obtained as

(2-Q32)  +4(k2—1)
2(1-k2)

2-Q5%+
WPT-H = wo\/

2-Q;°%—
wWpr-L = wo\/

Hence, the frequency splitting curve can be plotted in Fig. 5(b)
when the Ry, is reduced from 150 to 20 2. The decrease of
Ry causes a leftward shift of the frequency splitting curve,
approaching the CV points w and w, in Fig. 5(b). Based on (4)
and (5), the G, (.,) when the system is in the exact PT-symmetric
region can be derived in (14), which is approximately equal to 1,
corresponding to the frequency points wpr_p and wpr_f, with
the k-independent characteristic

(13)
(2-Q:2) +4(k*-1)
2(1—k2)

Vprys IprysRp \/Tp Rr ~1

Verpp  Ipr-ppRy Ls (R, +R)+R,
(14)
However, it is important to note that CV points wz and wy, do
not satisfy the ZPA condition. Hence, rather than operating at the
CV points wy or wy, slightly shifting the operating frequency
to the wpp.g or wpp.r, could meet the ZPA condition and the
same voltage transfer ratio without compromising the transfer

efficiency.
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D. Aligning the First/Third Harmonic Frequencies With the
Lower and Upper Splitting Frequencies

As illustrated in (15), the full-bridge inverter generates the
square wave voltage V,, which encompasses the first, third, and
other odd harmonics by using the Fourier series expansion. And
the energy contained in harmonics decreases as the harmonic
order increases

1 1
Vin=Vfin+ §V3fin+gvsfin+~~-~ (15)

Within the exact PT-symmetric region and when k< = 0.8,
only one splitting frequency can be used to enhance the output
power. When k>0.8, the first and third harmonics of Vg, can
be tuned to align the lower wpp_;, and upper wpp._g splitting
frequencies to further augment the output power capability
as shown in Fig. 7. Thus, the wpp.; and wpr g meet the
relationship in (16). It should be noted that the two splitting fre-
quencies possess the capability of transferring the same output
power, indicating that the final output power of the system is the
superposition of the power of first and third harmonics of the V,,

WpT-H = 3WPT—L- (16)

To satisfy the (16), the corresponding coupling coefficient k
for various load resistances R, can be calculated as

9
ks = \/1 - 7052 Q:2)%

Given the condition wpp.g = 3wpp.r,, in accordance with
(17), the relationship between Ry, and k; is illustrated in Fig. 6.
When either Ry, or k of the system exceeds 0.8, system design
can be conducted using the table lookup method, or it can serve
as the control target for closed-loop control based on Fig. 6.
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Fig. 8. Output power. (a) Working at the resonant frequency in the broken PT
region. (b) Working at the splitting frequency in the exact PT region.

Remark 1: The effective region of the proposed method is
k = 0.8-1 for the following analysis. In Fig. 5(b), as Ry,
decreases, the frequency splitting curves converge gradually.
Compared to Fig. 5(a), at the same k, the ZPA splitting fre-
quencies approaches CV points. This characteristic is shown
in the operating frequency selection strategy in Fig. 7. Where
the CV working point frequencies wy and wy, (in black curve)
satisfying the threefold relationship at the same k is the critical
interval, as derived from (18). When R, increases, k needs to
increase properly to meet the threefold relationship of wpp_ i
and w PH-L-

Therefore, based on the proposed method, there are two design

schemes.

1) For contactless slipring systems, due to spatial constrains,
a very short transmission distance is typically required
to eliminate contact friction. When the system operates
stably with minimal variations in its operational state, R,
can be considered approximately constant. According to
the method presented in this letter, the value of k can be
selected within the range of 0.8 to 1.

2) For wireless In-wheel motor drive system, k depends on
the vehicle’s design, and the equivalent impedance R, of
motor changes with different operating conditions. When
the coupling coefficient k exceeds 0.8, dc—dc converter can
be added on the secondary side to adjust the equivalent
load R, and meet the design goals. This is a closed-loop
system designed to control the equivalent resistance. After
determining the parameter k, the target equivalent resis-
tance value is referenced from Fig. 6. By adjusting the duty
cycle of dc—dc converter, the system can automatically
optimize and track the desired operating point

3
wir = 3wr, — fik:%+k=0.8. (18)

In the broken PT region, by applying the voltage superposition
theorem along with the voltage transfer ratio Gy (.,) from (12),
the output power Pp_; working at the resonant frequency by
combining the first and third harmonics can be derived by (19).
Then the output power P ._y, can be plotted in Fig. 8(a) with Ry,
changing from 20 to 100 §2

[va (wo) sz ]2

+ I:%G’U’U(SUJO)‘/{H] :
Ry, '

Ry,

19)

Py 1=
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Experimental setup of the
PT-symmetric WPT system

Fig. 9. Experimental setup of the PT-symmetric WPT system.
TABLE II
EXPERIMENT PARAMETERS
Item Value Item Value
Ly/Ls 305.6/304.9uH | Vi 80V
Ry/Rs 0.82/0.83 Q k 0.8-1
Cy/Cs 12.75 nF RL 0-50Q

In the exact PT region, the first harmonic is set to match
the lower splitting frequency. Using the superposition theorem,
output power P pp_1, can be derived as (20). Comparison reveals
that output power significantly increases under PT compared to
natural resonance in Fig. 8(b). To further enhance output power,
k can be chosen according to (17) for a specific resistance R,
causing the third harmonic frequency to align with the upper
splitting frequency. Thus, output power Pp7._;, can be derived
in (21), which Gy 3w PT-1) = Guu(w PT-H) 1s €qual to 1 based
on (14). Both the first and third harmonics can be fully utilized
to enhance the output power by 11.11% in Fig. 8(b)

[va(wPT,L)V;n]z [%va(?)pr,L)V;n]Q
+

Ppr_1 =
PT—-L RL RL
‘/in2 [%GUU(P’WPT L)wn]Q
" Ry - 20
Rp Ry (20)
2
P = V‘_nQ + [%G”U(Wp'zuy)vin]
PT—-L RL RL
OVt Vet 10VR? on
- RL RL N 9RL '

Additionally, in the exact PT region, the efficiency of split-
ting frequencies w pp.r/wpH.r/wpH. p+w pg.r(first/third/first
+ third) remains constant and equivalent based on (7).

III. EXPERIMENTAL VERIFICATION

The experimental platform is built in Fig. 9, and the key
parameters considering the influence of ferrites can be listed
in Table II. R, and k are set to 10 2 and 0.8007 based on
(17). In Fig. 10, the voltage (V,, and V,) and current (I,, and
I,) waveforms of wireless link can be obtained under three
typical cases, namely, setting the inverter working frequency
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operates in different scenarios.

TABLE III
EXPERIMENT RESULTS

Frequency Output power Efficiency
Case-1 79.1 kHz 49 W 89.91%
Case-2 173.9 kHz 560.7 W 87.62%
Case-3(proposed) 57.8 kHz 609.2 W 87.04%

to the natural resonant frequency of 79.1 kHz (case 1), and
to the upper/lower splitting frequency of 173.9 kHz (case 2)/
57.8 kHz (case 3). The experiment results are presented in
Table III. In case 1, the serious distortion of I, and I, is
attributed to the substantial increase of G,,(3wq). In case 2,
by adopting upper splitting frequency, V,, and I, are equal to V,
and I, respectively, which is crucial for the applications of dc
Transformer. In case 3, the current I}, becomes a saddle wave
pattern indicating the full utilization of both the first and third
harmonics.

Remark 2: The method proposed in this letter enables the re-
alization of ZVS. As illustrated in Fig. 5, upon the strongly cou-
pled WPT system entering the exact PT-symmetric region, the
system exhibits three ZPA frequency points, corresponding to
the natural resonant frequency and the lower and upper splitting
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Fig. 11.  Verification of ZVS operation.

frequencies, respectively. More significantly, after the superposi-
tion of the lower and upper splitting frequencies components, the
circuit remains in the ZPA state as per the superposition theorem
and case 3 illustrated in Fig. 10 of the experimental results. The
condition for achieving ZVS in the MOSFET-based full-bridge
converter is totally discharging the switch equivalent output ca-
pacitance C,gs during the deadtime ¢, before the corresponding
switch turns on. To achieve ZVS, it is necessary to increase
the frequency further based on ZPA operation to introduce an
inductive reactive power component. Additionally, the critical

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 7, JULY 2025

condition for ZVS is influenced by the deadtime 7,. A deadtime
that is too short will fail to achieve ZVS, while a deadtime
that is too long can lead to conduction loss of body diode.
Consequently, according to (22), it is essential to accurately
calculate the deadtime 7 at the critical condition of ZVS.

ta va
/ ipdt’ > Cossdv = Q7zvsmin- (22)
0 0

The ZVS boundary condition (Qzvsmin) of the system with
parameters k = 0.8007, R, = 10 €2, and r; = 238 ns is calculated
using (22). The experimental results are presented in Fig. 11.
When Qzvs exceeds Qzvsmin, the conduction loss will increase
due to the body diode of the switching transistor. Therefore, pre-
cise calculation of the deadtime is crucial for further enhancing
system efficiency.

IV. CONCLUSION

In this letter, a novel power-boosting strategy is proposed to
solve the issue of low output power of the PT-symmetric WPT
system. When k exceeds 0.8, first/third harmonics frequencies
of square voltage are aligned with the lower and upper splitting
frequencies, respectively. Experimental results show that the
proposed strategy achieves the output power of 609.2 W and
transfer efficiency of 87.04%, which is a huge improvement
compared to 4.9 W and 89.91% at the natural resonant frequency.
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