IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 10, OCTOBER 2025

15905

Analysis and Design of Multichannel
High-Frequency Wireless Power Transfer System
Based on Load Impedance Compression

Zhan Sun
Yueshi Guan

Abstract—Miniaturization is one of the main trends in the de-
velopment of power supplies. High frequency helps to improve the
flexibility of the magnetic field space of wireless power transfer
technology, making it more suitable for multiload application sce-
narios. However, it will also increase the sensitivity of the system,
causing mutual coupling problems in multiload designs. To this end,
this article proposes a load impedance compression mechanism
for wired/wireless dual-load applications, adding an impedance
conversion network to adjust the branch impedance value. From
the perspective of impedance trajectory, the influence of the change
in coupling coefficient is compressed, the complex and intertwined
trajectory curves between multiple loads are decoupled, and the
independence of load power is restored. Meanwhile, based on
the traditional secondary side design method, a coil and rectifier
impedance trajectory constraint model under variable coupling
coefficient is further proposed. Finally, the influence of different
power amplifier output filtering conditions on the load branch is
analyzed, and the overall design process is given.

Index Terms—Impedance trajectory, load impedance com
pression, multiload applications, wireless power transfer (WPT).

1. INTRODUCTION

IRELESS power transfer (WPT) has become a research

hotspot due to its high efficiency and convenience.
Especially in multiload applications (such as, smart homes,
industrial production, and medical equipment), WPT technol-
ogy has opened up new ways to meet the simultaneous power
supply requirements of different devices. Certainly, the different
energy requirements and efficiency quotas of different loads
also bring difficulties to the design of multiload systems, which
is one of the main problems to be solved. To achieve high
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insulation charging of gate drivers in multilevel converters and
enhance long-distance power transmission capabilities, a WPT
system consisting of multiple wireless repeater unit structures
was proposed, which can achieve independent power control
and constant voltage output of multiple loads. Among them,
each wireless repeater unit is composed of bipolar coils and
placed vertically to eliminate the influence of cross-coupling [1].
Further, based on this article, an asymmetric coil structure was
proposed to obtain equal load voltage distribution [2]. The LCC
structure was also used to obtain load-independent current [3].
Moreover, it is feasible to use load coils to power multiple loads.
This three-coil structure is easy to transmit power to multiple
loads and has the advantages of compact structure and control-
lable power flow. In [4], uncoupled and coupled load coils were
studied, and the equivalent reflected resistance was introduced
to mathematically decouple the double load transmission model
of the coupled load coil.

Another common method of wireless power supply for mul-
tiple loads is to use multifrequency technology. In [5], multiple
half-bridge inverters share the same input power supply, gen-
erate multiple switching frequencies, drive synchronously and
superimpose on the transmitter resonant circuit. The resonant
frequency of the transmitter/receiver can be modulated in ad-
jacent operating frequency regions to achieve efficient power
distribution for multiple loads. Similarly, in [6], a dual-frequency
multirelay dual-load WPT system with a shared input power
supply was proposed to power online monitoring equipment of
high-voltage transmission lines. At the receiving end, a parallel
LC filter was used to reduce the cross-interference of nontarget
frequencies to achieve selective power allocation (this method,
i.e., adding an LC network, to suppress eddy current losses was
also demonstrated in [7]). Modeling was performed based on
the quadratic eigenvalues to optimize the operating frequency
and obtain constant current output performance. Multifrequency
energy can also be generated by a single inverter through
multifrequency programmed pulse width modulation combined
with harmonic elimination [8], thus achieving better tradeoffs in
system size, complexity, power transfer capability, output regu-
lation, etc. Furthermore, in order to improve the system power
density, a three-phase high-frequency inverter with a triangular
transmission circuit was proposed in [9]. By setting an equivalent
transmission resonant circuit, three modes of single-frequency
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transmission, concurrent frequency transmission and additional
frequency transmission can be performed. Different resonant
energies are transmitted to multiple loads, saving a large number
of power devices. Similarly, in [10], a single-stage transmit-
ter is formed by integrating a totem pole rectifier operating
in discontinuous conduction mode and a full-bridge inverter
with asymmetric voltage compensation control. This reduces
the number of switching devices and is suitable for multiload
wireless charging applications in consumer electronics. In [11],
to meet both Qi and AirFuel standards, a high-power density
dual-band transmitter and reconfigurable rectifier were proposed
to adapt to the different charging requirements of the load.

Then, based on multifrequency operation, the multiphase
structure of the transmitting coil can further enhance the mis-
alignment tolerance [12]. At the same time, combined with the
phase shift control method, stable output power can be achieved
to meet the load misalignment requirements. Furthermore, it is
worth noting that when multiple coils work under over-coupling
conditions, frequency bifurcation will occur, thereby reducing
the transfer efficiency. To address this problem, in [13], a
method for simultaneous power transfer of multiple loads using
frequency bifurcation was proposed, combined with automatic
power flow control to estimate the load current, thereby facili-
tating the selection of load coils. From the control perspective,
for multiload systems, in [14], directional energy transfer and
rotational energy transfer methods were compared, and guidance
on selecting the transfer method in different scenarios was given.
In [15], a time-division multiplexing method is used to charge
multiple loads, and the power allocation ratio of each load
corresponds to the charging time ratio. From an application
perspective, in [16], a transmitting coil based on direct and
quadrature rotating magnetic fields was proposed to construct
a six-degree-of-freedom omnidirectional wireless power supply
environment, which is suitable for multiload Internet of Things
systems. Interestingly, wireless multiload technology can also
be used to achieve high-voltage and high-isolation power supply
[17]. It adopted a double-sided LCC compensation topology, and
multiple receiving ends were rectified separately and connected
in series to generate high-voltage output. In order to obtain
high power density, the inductive components were stacked and
integrated. Decoupling and voltage balancing were achieved
through compensation parameter design.

High frequency and miniaturization are among the main-
stream trends in the development of power supplies nowadays
[18]. However, this also makes the design of high-frequency
multiload systems more difficult than traditional low-frequency
systems [19], [20]. Especially after entering the industrial scien-
tific and medical frequency band, such as 6.78 MHz, 13.56 MHz,
etc. This is because at this time the system is no longer purely
resistive conduction [21], [22] and needs to be comprehensively
considered from the perspective of impedance compression [23],
[24]. In [25], a 6.78 MHz scalable multireceiver WPT system
was introduced, using the rectifier shunt capacitance and power
amplifier (PA) output current as optimization parameters. Effi-
cient power transfer to multiple loads was achieved within the
expected cross-coupling range. Then another method to solve the
high-frequency multiload cross-coupling was introduced in [26].
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That s, from the perspective of circuit derivation, the decoupling
effect is restored by adding the optimal load reactance, while
retaining the consistency of the important external characteris-
tics of the system. Multiple loads can freely join or leave, so
the system needs to have the ability of automatic control and
adaptive power allocation. To this end, a control method based
on mathematical theory was adopted to transform the charging
problem into a generalized Stackelberg game. By searching
for Lagrange multipliers, the generalized Nash equilibrium be-
tween receivers was achieved [27]. Certainly, to simplify the
complexity of the control algorithm, time division multiplexing
is still feasible. Combined with the maximum efficiency point
tracking, the overall efficiency of the system can be improved
[28]. Another simplification, introduced in [29], built a single
receiver model to replace the actual multiload case. Moreover,
the unique balancing feature of high-frequency WPT can also
be used in multibattery charging voltage balancing [30].

For the application of tightly coupled high-frequency wired
branches, a system design method for a current-driven class
E circuit was proposed [31]. Through theoretical analysis and
numerical derivation, the phase of the input impedance and the
stress of the diode are optimized to achieve the quasi-resistive
characteristics of the input impedance, and hysteresis control is
used to regulate the output voltage. In [32], a high-frequency
system composed of a class @, inverter, a fully resonant class
E rectifier, and a T-type matching network was studied. An
accurate time-domain model is established, and a T-type net-
work with the ability of inductance-resistance transformation is
designed to ensure the soft-switching characteristics. In [33],
high-frequency synchronous rectification control and parameter
design methods were introduced. The soft switching of the
MOSFET is achieved by adjusting the equivalent impedance, and
a self-oscillating resonant gate drive scheme is proposed to
reduce the losses. Moreover, based on the principle of zero phase
difference, a matching network for a very high frequency (VHF)
converter was designed, and a shared external drive circuit
was proposed in [34]. The inverter and the rectifier are driven
by the same oscillation signal to increase the duty cycle and
reduce the conduction loss, which has the advantages of simple
structure and accurate timing. In [35], from the perspective of
the magnetic core design, by utilizing the characteristic of zero
leakage inductance of the inner winding of the nested toroidal
air-core transformer, the effect of zero phase difference is also
achieved, the synchronous rectification control is simplified, and
efficient synchronous rectification is realized at the megahertz
level. The efficiency is increased by 6.8% compared with that of
the traditional PCB transformer. Similarly, an MEMS toroidal
air-core inductor embedded in silicon was developed [36]. By
removing the silicon core, the quality factor and the operating
frequency are improved. Experiments show that it has better
performance in the VHF band, and the efficiency improvement
is verified in a class E converter. In [37], an optimal duty
cycle-assisted pulse frequency modulation control strategy was
proposed. By dynamically calculating the optimal duty cycle at
the switching frequency, zero voltage switching is ensured and
the reverse conduction loss is minimized. This method models
the rectifier as a reactance element controlled by frequency.
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After simplifying the resonant network, the voltage at the switch-
ing node and the output power are derived. Combining on/off
modulation, the load range is expanded. Experiments show that
compared with the traditional frequency modulation control, the
power loss is reduced by 35.9% at 40% load, while maintaining
a continuous power flow and low output ripple. In [38], for
bendable devices, a megahertz low-profile converter based on an
air-core inductor was designed. A mathematical model and an
inductance calculation method for the bendable planar spiral coil
in different bending states are established. The T-type matching
network is optimized to achieve a weakly inductive equivalent
input impedance, ensuring the soft-switching characteristics and
high efficiency within the full bending range. The system effi-
ciency is increased by 4% compared with the traditional method.
A resonant push-pull dc converter was developed [39].

Its design does not require multiresonant tuning and can pro-
vide a constant current within a wide output voltage range during
unregulated operation. A normalized design criterion is estab-
lished based on the steady-state analytical solution, and it has the
characteristic of fast transient response, simplifying the design
process of the converter. In [40], coupled inductors were intro-
duced into a class-E parallel resonant inverter. By optimizing the
turns ratio, the maximum power is increased while maintaining
aduty cycle of 0.5 and soft switching. Equivalent circuit analysis
shows that in the load resistance range of 40:1, the voltage stress
variation of this design is less than 15%, and the secondary
circuit compensation design is simplified. In [41], an integrated
class-®5 converter was proposed. By utilizing the branching
phenomenon of the impedance matching network of the isolation
transformer, the additional LC branch of the traditional class-®»
converter is omitted. A quasi-square wave voltage waveform is
realized through multiharmonic tuning (fundamental frequency,
second and third harmonics), reducing the circuit complexity,
and a mathematical model is established to analyze the fre-
quency response in the branching state. In [42], an innovative
integration method for high-frequency air-core transformers was
proposed. The transformer is directly embedded in a multilayer
PCB. The structure is optimized through finite element analysis,
reducing the floor area by 46% and the parasitic inductance
by 64%. This design ensures that the magnetic field of the
internal transformer does not interfere with the top-layer com-
ponents, and at the same time, a highly consistent manufac-
turing process is achieved, significantly improving the power
density.

In this article, a study is conducted on the high-frequency
6.78 MHz wired/wireless dual-load system. Here, the wired
load branch provides stable power transmission for devices with
relatively fixed positions, and the wireless load branch allows the
load devices to move freely within a certain range, improving
the charging convenience of users, as shown in Fig. 1. The load
impedance compression principle is innovatively proposed to
simplify the design difficulty of the high-frequency system.

This rest of this article is organized as follows. In Section II,
the design difficulties of traditional high-frequency systems fac-
ing multiple loads are introduced. In Section III, the principle of
the proposed load impedance compression is given. Section IV
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Fig. 1. Technology application. (a) Wired/wireless dual load high frequency

6.78 MHz system. (b) Application schematic.

Fig. 2.

High frequency class-D circuit. (a) Drive circuit. (b) Power circuit.

analyzes the PA design. Section V is the experimental verifi-
cation. Section VI discusses the expansion of future research.
Finally, Section VII concludes this article.

II. ANALYSIS OF THE STRUCTURE OF TRADITIONAL
MULTILOAD HIGH-FREQUENCY WPT SYSTEM

Regarding the selection of high-frequency PA, the common
ones include bridge structure and resonant class-E circuit. The
bridge structure is relatively robust, but it corresponds to high
harmonic content. At the same time, the floating drive causes
pulse current in the drive circuit due to the high-frequency para-
sitic inductance, which will cause the peak of the drive signal, as
shown in Fig. 2(a). The power circuit will also cause oscillation
on the rising edge due to the line inductance, as shown in
Fig. 2(b). Therefore, this article selects the Class-E circuit, which
is more efficient, more commonly used but more sensitive, as
the PA. After entering the industrial scientific medical band, the
rectifier input voltage and current no longer present a zero-phase
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efficiency optimization.

angle, as shown in Fig. 3. Due to the increased proportion of
the parasitic capacitance effect, the input current exceeds the
voltage at this time. The rectifier exhibits a capacitive impedance
characteristic that varies nonlinearly with power [43]

4R [cos (20) + 1]

Firee por = (1 + tan?0) 72 cos 6’
4R [cos (20) + 1] tan 6
X = — 1
rec-FBR (1 + tan@) 72 cos 0 M
0— 4RQ); 2

ARQ; + 21V, Jw

where Q) is the junction charge stored at the diode junction cap.
Riec_ rBR and X,.. ppRr represent the real and imaginary input
impedance of the full-bridge rectifier. R and V,, correspond to the
rectifier output load and voltage, respectively. In low-frequency
systems, the load-independent characteristics of LCC/S or bi-
lateral LCC derived by the classic fundamental analysis method
will change in high-frequency systems. Therefore, in this article,
the trajectory analysis will be conducted from the perspective of
impedance compression, which is more accurate. Fig. 4 shows
the impedance trajectory changes of the single wired load system
and the wired/wireless dual load system under the traditional
impedance compression design. Fig. 5 shows the output perfor-
mance of the class-E PA used in the analysis of Fig. 4. The yellow
area is the high-efficiency impedance range of the PA, where the
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load-pull scan is performed with the PA output impedance Z,,,.
As the red line points, the PA efficiency increases as it moves
toward the center. The purple curve is the PA power output
contour line, and as the green arrow points, the power output
gradually decreases. Then, for the case of a single wired load,
the load resistance R, presents a capacitive input impedance
Zyoc through the rectifier, as shown in Fig. 4(a). Obviously,
Zrec 18 not in the high efficiency range of the PA. Therefore,
an impedance compression network (IMN) is added to convert
Zyec t0 Zy,. This satisfies the high efficiency operation of the PA
while adjusting and guarantying the power level required by the
system. However, when the number of loads begins to increase,
as shown in Fig. 4(b), the impedance trajectory begins to become
complicated. Similarly, loads Ry,; and R,5 (purple triangles) are
capacitive after passing through the rectifier. The wireless branch
needs to be able to move freely, so Z,.._1 (cyan circle) is coupled
by the coil to obtain the reflected impedance Z,.¢ ; (red triangle)
under the change of the coupling coefficient. It can be seen
that the impedance variation range of Z..¢ ; is relatively wide.
This will cause the synthetic impedance Zpyn (green circle)
to vary widely. Then, under the same impedance compression
design, Z,, may not be able to maintain efficient operation.
Certainly, some dynamic IMN [44], [45], [46], [47] can be used
to reoptimize the impedance trajectory to ensure that Z,, falls
into the high-efficiency range, as shown in Fig. 4(c). However, it
will increase the complexity of the system. More importantly, the
impedance trajectory of the system is still relatively chaotic, the
power distribution of each load cannot be accurately obtained.
There is power coupling between loads, and the independent
characteristics of each load are not achieved. In this way, the
requirements of load scalability cannot be further met.

III. ANALYSIS AND DESIGN OF LOAD IMPEDANCE
COMPRESSION MECHANISM

To address the problem of chaotic impedance trajectories of
multiple loads under traditional impedance compression design,

15909

HAS
V
mg
DC IMN  f— ] A |
X1 X1 Constant AC AL Do
Ve _ﬁ voltage @:
| X13 ~  source ol é\g
...................... o
A / |
# Rop
AT
DC
Fig. 6. Intermediate constant voltage AC bus structure.

]

°

@)

(@}
—

(o]

Narrowing the

) Load Compression
impedance range

« ZIMN

icN HAC
X1y X5 . |
# RoF
X6 |
Simplify impedance — DC
compression < —
difficulty ) .
R IMN [ DC
i Constant AC X, Xy u |
i voltage F}L Ve
! source X3 |
...................... | e
~

Fig. 7. Load impedance compression concept.

this article proposes a load impedance compression mechanism.
The initial idea is to construct an intermediate constant voltage
ac bus and distribute the complex impedance trajectory design
into two parts to solve it, as shown in Fig. 6. In this way,
compared with the PA directly outputting power that is difficult
to determine, it is actually easier for the load to estimate the
power obtained through the secondary bus. Therefore, in order
to make PA output constant voltage, it is necessary to greatly
compress the synthetic impedance Zpyn, so as to facilitate the
impedance trajectory design of Zp. After all, the impedance
compression capability of static IMN is limited. Then, the design
idea of load impedance compression is naturally born, as shown
in Fig. 7. That is, by connecting the load branch reflection
impedance Z,.r 1 and Z,¢f o in parallel, the synthetic impedance
Zivn can be reduced. Generally, the reflected impedance of the
wireless load branch is affected by the change of the coupling
coefficient, and the variation range of Z,.¢ ; is relatively wide.
Therefore, adding an impedance conversion network (ICN) to
the wired branch can not only adjust the reflected impedance
Z.cf 2, but also be used to achieve fixed power transmission
of the wired branch. Fig. 8 shows the post-stage circuit struc-
ture used in this article. The full-wave rectifier is selected
because it is more commonly used and can provide better real
impedance.
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Then, the next step is to derive the formula. First, the rectifier
input impedance is equal to:
Zre(:71 - Rre<371 + jXrec71 (3)
Zrec_2 = Rrec_2 + jXrec_Q

where R,.. and X;.. represent the real and imaginary
components of the full-wave rectifier input impedance,
respectively, [22]

R — 2sin (¢rec + 27D)

ol {sin (brec + 2mD) — Sin Prec

+27(1 — D) cOS ¢rec

COS Prec — COS (@rec + 2 D)
4 sin (e + 27D)

€082 (Prec + 2 D) — €OS 2rec
tan (¢rec + 27D)

_ 2sin (Pree+27D)
7wC,.

“

Kiee = {cos Grec +27(1— D) sin ¢rec

B SN Qrec _ cos (frec + 27D)
tan (@rec + 27 D) 2
27T(1 — D) + sin ¢rec COS (ybrec
2sin (Prec + 2mD)
1 1 ™
= — | ——-=(1-D)?
wR [471' 2( )

&)
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27(1 — D) cos (prec + 2 D) — Sin rec
47 8in (¢rec + 27D)
7(1 — D) sin(27D) + sin?(7D)
(1 — D) cos(2nD) + sin(w D) cos(mD)
Here, D is the duty cycle of the diode, and ¢, is the initial

phase. In simple terms, it can also be considered as a nonlinear
changing function of load, power and parallel capacitance

{Rrec = fl(P7 CrvR) (8)
KXiee = fQ(Pa CT7R) .

(6)

(7

tan ¢rec = -

For the wireless branch, it is necessary to compensate the
reactive component of the secondary side as much as possible
to improve the coil efficiency, that is

Imag {ZSI} = jwLlyy + + j Xiec1 = 0. )

]wc’l‘ﬂ?

However, as described in (8), when the output power of
the wireless branch changes, its corresponding X,¢. 1 will also
change. Therefore, the above formula cannot guarantee that
the secondary side is fully compensated under all coupling
coefficients. The primary side compensation has no effect and
can perform traditional full compensation

1

Jet +]wctm

0. (10)
At this time, the reflected impedance Z,¢ 1 is

Zvet 1 = jwlin + —= + 11
JwCi,
wZM?
T el 7ot 3 Xrec 1 + Tra + Rrec 1
(1)

Then, the coil efficiency can be expressed as

In traditional methods, only the efficiency analysis of the coil
in the fully resonant state is usually considered. In this case, the
coil efficiency can be simplified to

o o WQMQRraLl
nCOILSlmp W2M2(RI‘8C71 + rrm) + rtm<Rrec71 + rr:z:)2 .
(13)
Then, the efficiency peak is derived
o2 + wW2M?2ryy Trn
e (14)

At this time, the real impedance of the rectifier corresponding
to the peak value of the coil efficiency is

y | WEM?r.,
=\ Trz” + 77' .
tx

Equation (15) is often used as the basis for the design of
wireless branch rectifier parameters. At the maximum power
point, the real part of the rectifier input impedance is set equal to
Rxrec_1. However, in this article, since the wireless branch can-
not be fully compensated in all misalignment situations, a new

*
Rrec71

15)
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design method is required from the perspective of impedance
trajectory. Likewise, the load-pull function of the advanced de-
sign system software is used. Here, the rectifier input impedance
Z,cc_1 1s used as the base to depict the high efficiency impedance
range of the coil under different coupling coefficients (k), as
shown in Fig. 9.

From (12) shown at the bottom of this page to (14), it can be
seen that the increase in mutual inductance (M) helps to improve
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the efficiency of the coil. Therefore, the minimum coupling
coefficient is first selected for full compensation, and the rectifier
parallel capacitor is designed to achieve the coil’s maximum
efficiency under this coupling coefficient. Then, by analyzing
and calculating the Z,.. ; value under different coupling coef-
ficients, the pink diamond impedance trajectory in Fig. 9 can
be obtained. Finally, the Z... 1 trajectory is compared to see
whether it is within the high efficiency range of the coil under
different coupling coefficients, so as to further adjust the rectifier
parallel capacitance C, value. Therefore, the selection of C, is
relatively flexible for wireless branches.

Then for the wired load branch, the design idea is mainly
to reduce the reflected impedance Z..; o through ICN. First,
according to Kirchhoff’s voltage/current law (see Fig. 10)

Uqb ]wcb1 + Jwlin 1_jWL.b1 0
Ugh = ]wa1 jwCia + JWLW ‘/;ec_2
Viec 2 - 0 Rrec_Q + jXrec_Q 0
[ I -
Irec72 (16)
L 1

Here, u,; is the sinusoidal voltage source generated by PA
through IMN. Further derivation

T — Jwlpi*uap
rec_2 — Xrec2 I ) Rrec 2
G+W_ rec_2wWLlp1+jwlpt Rrec 2+chb1
7 a+ mréflz —Xrec2wLp1+jwlpi Rrec_ 2+]:°C°bf
ref 2= TR 2+ ) Xrec 2t jwChitjwlse+ 5565 7wa2

w?Cho Ly +w?Cho Lpo+w?Cry Lpy —w* Lyy Lpa Cpy Cro—1
w2Cp1Ch2

a =
7)

At this time, let the resonant element satisfy the following
equation:

1

5wCh + ijbl =0 18
jwCho JwLip2 JArec_2 JwCo1
Then, the simplified result can be obtained
Zref_2 = w%
2051 Rrec,Z (19)

7”2 22 .
U, pw Cbl Ryrec 2

POF: )

When the u,;, stable voltage is generated, the wired load
power P, will be kept constant, thereby further maintaining the
invariance of Z,.. o2 [see (8)]. Based on this, (18) and (19) are
guaranteed to be established, which is actually a state interlock-
ing process. Fig. 11 shows the changes in the input impedance

(Rrec71 + T’r‘x)

Teoil = )
Tta (Rrec_l + {rrz) + Ta (WLTZL’ -

X

wCl'm + Xrec_1)2 + w2M? (Rrec_l + T’r‘az)

2772 Re { WM }
w M Rrec71 . Re {Zrecfl} Jwlret 5567 C —+Zrec 1t Tra (12)
chc_l + Ty Re {Zrcc_l} + Trg Re { ‘*’2]”2 } + T
JWLliet satre +Zrec 1+ *
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Zrec_2 and reflected impedance Z,..¢ o of the wired branch recti-
fier under different C,. and ICN resonance values. It can be seen
that the reflected impedance eliminates the reactive component
and can move left and right on the zero imaginary impedance
horizontal axis, which has strong parameter flexibility. In order
to reduce the variation range of the synthetic impedance Zyyn, it
is necessary to make Z,.¢ 2 approach to the left on the horizontal
axis. But on the other hand, the value of Z,.; » should not be too
small, which will increase the branch current /; 5 and generate
additional losses. Ignoring the internal resistance of the line,
Zivn 18 equal to

ZIMN
w2 M?

B (U4MQC§1RreC72 +JOJL7‘I + jwérm

+ jXrecJ + RreCJ .
(20)

Fig. 12 shows the final impedance trajectory change of the
wireless/wired dual-load high-frequency system and its corre-
sponding impedance parameters. It can be seen that the wide
reflection impedance Z,.¢ 1 caused by the coupling change
achieves a very small change range of Zy under the impedance
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compression of the appropriate Z..r 2. The real part of Zpvn
changes by only 7.25 (). The three impedance trajectories are
basically maintained near the zero imaginary impedance hori-
zontal axis, reducing the reactive loss of the system.

IV. ANALYSIS AND DESIGN OF PA OUTPUT CONSTANT AC
VOLTAGE SOURCE

The extreme compression of Zpyn will greatly reduce the
design difficulty of IMN and facilitate the impedance trajectory
planning of Z,,. IMN is placed after the classic class-E PA to
play the role of impedance compression. According to Fig. 13,
the PA output impedance Z,, is further derived

T =

Zni X3+ Zani X1 — X712 X713 — X1 X2 — X711 X703
ZmaN + j X2 + j X3 '

(21)

At this point, the three parameter degrees of freedom (X;-
X73) of IMN need to be adjusted. While making the Z,,
impedance trajectory fall into the PA’s high-efficiency range, its
power transfer direction should satisfy the relationship between
constant voltage output and load. That is, as the load increases,
the power obtained should decrease, so as to keep the voltage
constant.

Under such constraints, Fig. 14 shows the trajectory of Z,,.
The real impedance changes very little, and the imaginary part
needs to satisfy

Zing X+ Zing Xr1—=Xoro X3 — X1 Xro—X71 Xrs
df {Imag ( Zn+iXr2+j XT3

dM

> 0. (22)

Furthermore, it is worth noting that the output filtering effect
of the PA will also affect the performance of the u;, as shown in
Fig. 15. It can be seen that as the filtering capability is improved,
the sinusoidal degree of u,; becomes higher, and the asymmetry
problem of the wired load branch becomes smaller. For the
wireless load branch, due to the further filtering of the coupling
coil matching, there is no voltage asymmetry in this branch.
Certainly, the filtering network also needs to consider the power
supply volume and loss. After several simulations and trade-offs,
a relatively suitable set of parameter values can be obtained.
Under this tradeoff, u 4 is not a completely sinusoidal waveform
(after all, the filter network cannot be ideal), but in fact it does
not affect the proposed impedance trajectory design method and
system output performance. The overall process of the proposed
design approach is summarized, as shown in Fig. 16.

V. EXPERIMENTAL VERIFICATION

To verify the correctness of the proposed theory, an experi-
mental prototype was built, as shown in Fig. 17. Two electronic
loads were used to simulate the R, and R, of the system
respectively. Fig. 18 shows the overall circuit structure of the
dual-load branch high-frequency system. In Table I, the specific
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Fig. 12. Impedance trajectory changes of wireless/wired dual-load high-frequency system.
TABLE I
DUAL-LOAD WPT SYSTEM CIRCUIT PARAMETERS
Lr Cs Co Lr L Cr Cor Lot Cr2 Ly Cix LooLix | Feche Crx Cr Crr Lo Ro Ror
Value 15 200 130 5.08 0.7 2 918.4 0.6 918.4 0.868 86.78 6.35 0.575 109.5 130 250 15 20 13.33
Unit pH pF pF pH pH nF pF pH pF pH pF pH Q pF pF pF uH Q Q

6.78MHz Class-E

»—O Impedance Matching Network

Or

Power
Lr | Impedance Compression Network
Co Ly *
+)\ L | »
Vin C_) —Ci II_M\T\( 1% »
Pl X X g
QJ: = /| iz
1 i p) . X : ™ Ugb
< A K B
Fig. 13.  PA outputs constant voltage source uqp.
High efficiency
parameter values of each component are given. Here, the PA Constant voltage output

filter network (Lg) can also be integrated with X7; (L71) in
the IMN to further reduce the device size. For high-frequency
systems, the actual circuit production and debugging should be =50
more cautious than low-frequency kHz systems. For example, ) . )

. . . . . Fig. 14.  Z,, impedance trajectory design.
during the drawing of the hardware circuit board, great attention
should be paid to avoid the two different networks from being

directly opposite to each other, so as to avoid the generation of level. At the same time, since most high-frequency systems use
additional parasitic capacitance. After all, the normal capaci- hollow coils to make resonant inductors, the inductors should
tance value used in high-frequency systems is already at the pF  be processed in the direction of orthogonal magnetic fields, and
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Fig. 16. Design flow chart of the proposed method.

sufficient distance should be left to avoid unnecessary coupling
between inductor components. For parameter determination, it
is necessary to combine a high-precision and high-bandwidth
impedance network analyzer to perform multiple measurements
and take the average value to reduce device errors. Finally, it is
necessary to re-correct each parameter according to different

PA output performance and wired branch rectifier voltage simulation waveform under different series filtering conditions.

Auxi liary

power supp

' Wireless branch
rectifier unit

Fig. 17.  Experimental prototype.

circuit boards and actual welding components in combination
with circuit simulation to obtain results close to the theory.
Then in terms of experimental results, when the mutual induc-
tance changes from 1.157 to 1.796 pH, the wired branch load
always outputs 30 W and maintains the voltage at about 20V, as
shownin Figs. 19(c)-21(c). Although there is a certain asymme-
try of the rectifier waveform, itis still within an acceptable range.
From a certain perspective, this is also one of the unique oper-
ating states of such a wired/wireless dual-load high-frequency
system. As for the wireless load branch, as analyzed above, due
to the secondary filtering effect of the coil matching, the rectifier
waveform of this part is not affected by harmonics and maintains
good symmetry. As the mutual inductance decreases, its power
output capacity gradually increases. Fig. 19 corresponds to the
situation where the system has an overall output of 33.87 W, and
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Fig. 20. When the mutual inductance is 1.48 uH, the power output is 36.28 W (a) PA and coil current. (b) Wireless branch rectification waveform and output

voltage. (c) Wired branch rectification waveform and output voltage.

the overall efficiency of the system is 85.8% at this time. Fig. 20
corresponds to the situation where the system has an overall
output of 36.28 W, and the overall efficiency of the system is
88.5% at this time. Fig. 21 corresponds to the situation where

the system has an overall output of 40.93 W, and the overall effi-
ciency of the system is 87.3% at this time. Such ideal efficiency
maintenance is mainly due to the load compression principle that
reduces the numerical variation range of the synthetic impedance
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Fig.22. System transient waveform when coupling coefficient changes.

Zivn, thereby achieving high-efficiency operation of the PA. As
shown in Figs. 19(a)-21(a), it can be seen that under different
coil coupling conditions, the PA maintains a relatively good soft
switching condition. Before the driving waveform reaches the
threshold voltage of the gallium nitride switch, the drain-source
voltage of the PA has almost dropped to O voltage. In addition,
by observing the primary and secondary currents of the coil, it
can be found that it exhibits a good sinusoidal characteristic,
which means that the sinusoidal nature of the intermediate bus
voltage is also relatively good. The secondary current leads the
primary current by nearly 90 degrees, which also proves that the
compensation network plays a corresponding role.

Fig. 22 shows the changes in the system’s resonant state and
external characteristics when the coupling coefficient suddenly
decreases. It can be seen that as the position of the wireless
branch changes suddenly twice, its output voltage increases
accordingly, and the power also increases. The output voltage
and power of the wired branch remain unchanged, which is
consistent with the theoretical analysis. During the two abrupt
change processes, it can be observed that there is no overshoot
phenomenon in both the internal and external characteristics
of the system, indicating that the system has good stability. In
addition, due to the relatively low change in the current value of
the switching tube and the small amplitude, the ON-resistance

When the mutual inductance is 1.157 uH, the power output is 40.93 W. (a) PA and coil current. (b) Wireless branch rectification waveform and output
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Fig. 24.  The system loss distribution.

of the switching tube is also relatively stable, which further
ensures the stable characteristics of the system. Fig. 23 shows
the changes in the system’s input and output power as well as the
efficiency with the mutual inductance. Fig. 24 corresponds to
the distribution of the system losses when the total output power
is 36.28 W. The loss of ICN only accounts for about 0.776% of
the output power of the wired branch, which has little impact
on the gain of this branch. The losses are mainly concentrated
in the traditional PA and the traditional rectifier part. Therefore,
it is necessary to further propose a new type of high-efficiency
low-voltage stress topology for replacement in the follow-up.

VI. DISCUSSION AND FUTURE RESEARCH

In real situations, fluctuations in the load are inevitable.
Therefore, the impact of this situation on the system will be
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Analysis of the system impedance trajectory and functional characteristics under the condition of load and coupling coefficient fluctuations for the

dual-channel output. (a) R,r=13.33 ©2, R,=20 Q2. (b) R,r=16.5 Q, R,=25 €2, (¢) R, =20 2, R,=30 Q2.
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discussed. Here, three cases are simulated and compared: R,
=1333Q, R, =20 Q; R,rp = 165 Q, R, = 25 Q; and R, F

= 2092, R, = 30 Q. The changes in the impedance trajectory
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Fig. 28. Load impedance compression of the vertical power supply system.

of the overall system and the impact on the functional output
(uqp and ZVS) are set to analyze, as shown in Fig. 25. It can
be seen with the change of the load, the impedance values
of the respective reflected impedances Z..f 1 and Z,.; o have
changed. However, the changing rule of the impedance trajectory



15918

Z ref wl

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 10, OCTOBER 2025

50

<

Ryq=13.33Q, Ry1;=20Q
k1=0.148~0.296
Ryi:=209Q, kr=0.157

V.
ZIMN' e wa et v

Rywi=13.33Q, Ry;1=20Q
k1=0.148~0.296
Rw12=209, k2=0. 189

ef_wi

Rywi=13.33Q, Ry1;=20Q -250j
k1=0.148~0.296

RW12=2SQ, k2=0. 173

-50j -50j -50
2 1 2.0
ek
Ac----A---. ke KUK 15
<3 g9 * << ke ke
S .k S - S i
=4 A . PSS =4 L. Z1.0
£y B R Y § o-l x o --1-9 2 A
2 S . Soop | T &
& e &_3 . & A- - Uy, i i
e . e £-05
) 2 & & .
1 e -1.0
) [ ] H _ 1 1 -1 o
08 10 12 14 16 18 20 38 10 12 14 16 18 20 18 10 12 14 16 18 20

Mutual inductancel (pH)
(@

Fig. 29.

Mutual inductancel (uH)
(®)

Mutual inductancel (uH)
©

Analysis of the system impedance trajectory and functional characteristics under the condition of load and coupling coefficient fluctuations for the

multichannel output. (a) Ry12=20 2, k2=0.157. (b) Ry12=20 £2, k2=0.189. (c) Ry12=25 Q, ko=0.173.

is consistent, and the load impedance compression technology
proposed in this article is still valid. The synthesized impedance
Zmun has still been compressed. Z,, is obtained through the
same impedance matching network. Although the position of
the impedance trajectory of Z,,, has changed, it is still within the
high-efficiency operating range of the PA, and the ZVS is not
affected. In addition, Fig. 25 shows the waveforms of the virtual
voltage source u,;, under three different load conditions. It can be
seen the load change has a very small impact on the amplitude
of u,y, so the circuit analysis of the subsequent system based
on u,; can basically be considered unaffected. In summary, the
proposed design method can cope with the situation where the
load and the coupling coefficient change simultaneously.

In the future, the number of loads of this system will be
further expanded, and the core goal is to build a high-frequency
vertical power supply system as shown in Fig. 26. To fully
utilize the miniaturization and impedance characteristics of
the high-frequency system, the high-frequency vertical power
supply system will still be designed entirely using a 6.78 MHz
circuit to maintain the integrated effect. Fig. 27 describes the
circuit structure of the system, and the wired load branch will
also be improved to an isolated design. By making full use of
the unique impedance characteristics between each branch, a
virtual busbar can be ingeniously constructed to simplify the
design difficulty of the system, as shown in Fig. 28.

To verify the expandable characteristics of the vertical power
supply system, simulations and analyses of the three-channel
load output situation have been conducted, including one wired

load and two wireless load situations, as shown in Fig. 29. The
number of load branches has increased, changing from two to
three. The coupling coefficient of wireless branch 1 has changed,
and both the load and coupling coefficient of wireless branch 2
have changed. Here, the parameters of the wired branch and the
wireless branch 1 are the same as those in the previous text.
The rectification and compensation parameters of the wireless
branch 2 are the same as those of the wireless branch 1. The load
impedance compression technology proposed in this article can
still be used. Z,, is still within the high-efficiency impedance
range of the PA, and ZVS can be achieved. In addition, the
impact on the original wired branch and wireless branch 1 after
adding the second wireless branch is specifically analyzed. The
output voltage V,r of the wired branch, the output voltage V,
of wireless branch 1, and the virtual voltage u,; are selected
as the analysis objects, and the error values of each variable
after adding wireless branch 2 are calculated. The calculation is
carried out by subtracting the original value from the value after
adding wireless branch 2 and then dividing by the original value.
Judging from the results in Fig. 29, the numerical deviation is
very small, and the most severe case only fluctuates by 4.28%.
That means, although a wireless branch has been added and both
the load and coupling coefficient of this branch have changed,
the impact on the previous two branches is minimal. This further
illustrates that the technology proposed in this article can be
applied to the situation where the load and coupling coefficient
fluctuate simultaneously, and it also supports the extended ap-
plication of more branches.
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Furthermore, through the principle of the equivalent voltage
source, combined with the selection of different rectifier types
and functions, each branch can be endowed with a unique
external characteristic output, as shown in Fig. 30. In addition,
to support the hot-swappable function of the load, that is, the
multimode selection of independent energy channel operation
and the operation of any number of energy channels, it is neces-
sary to further study the multiplexing and integration technology
of the segmented impedance matching network. By integrating
variable capacitors, capacitor matrices, coupled inductors, etc.,
a high-power density and low-complexity multimode IMN will
be designed to meet the multimode operation requirements of
the vertical power supply system, as shown in Fig. 31.

VII. CONCLUSION

In this article, an innovative design is developed for
high-frequency wired/wireless dual-load applications. A load
impedance compression principle and an intermediate voltage
bus construction mechanism are proposed, which transforms the
complex and mutually coupled multitrajectory model into a clear
two-level system for solution. The feasibility of the theory is
verified through experiments.
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