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Oscillation Frequency Manipulation in Autonomous WPT Systems With
Series—Series Compensation

Yingjun Fei
Shijun Zhao

Abstract—The autonomous wireless power transfer (WPT) sys-
tem with series—series compensation has the advantage of the
output power being approximately independent of variations in
the coupling coefficient and load within the bifurcation region.
However, the system encounters the issue of nonuniqueness in
steady-state oscillation frequency, influenced by factors, such as
varying system parameters, unpredictable external disturbances,
and initial conditions. To overcome this issue, this letter proposes
a relay-switching technique for manipulating the oscillation fre-
quencies of autonomous WPT systems. This technique utilizes an
adjustable relay threshold to dynamically modify the phase rela-
tionship between the input voltage and current, guiding the system
to operate at the desired oscillation frequency. Complementary to
the relay-switching technique, a gain-shaping strategy is presented
to enhance the current gain at the target frequency, thereby in-
creasing the possibility of convergence to that frequency. Finally,
an experimental setup is built to verify the effectiveness of the
proposed method. A video demonstrating the switching of different
steady-state oscillation frequencies is attached to this letter.

Index Terms—Autonomous wireless power transfer (WPT)
system, gain-shaping, oscillation frequency, relay-switching.

I. INTRODUCTION

UTONOMOUS wireless power transfer (WPT) sys-
A tems [1] have received a lot of attention recently, especially
with the proposal of parity-time (PT) symmetric systems and the
discovery of their excellent properties of output voltage approxi-
mately independent of the coupling coefficient and load [2], [3],
[4]. An autonomous WPT system can refer to a WPT system
that relies on state variables (such as inductance current and
capacitance voltage) and its own internal laws to independently
maintain stable operation without external interference. The
PT symmetric WPT system can be implemented at the circuit
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level by constructing an autonomous system in which the input
voltage is in phase with the current. However, autonomous WPT
systems often exhibit bifurcation phenomena and have multiple
steady-state oscillation frequencies in the bifurcation region,
making it difficult to predict and manipulate the operating state
of the system.

In [5], the authors used the stroboscopic mapping method to
establish a dynamic model of an autonomous WPT system, and
reveal that the autonomous LCL-S WPT system has four steady-
state operating points. However, the method for switching be-
tween steady-state points is not provided. The introduction of the
concept of PT symmetry into the WPT system comprehensively
reveals the excellent steady-state characteristics of autonomous
systems from the perspective of quantum mechanics [2], but
this may be insufficient to characterize the dynamic behavior
of the system. In [6] and [7], an autonomous pulse frequency
modulation scheme is proposed for output power regulation
of the autonomous WPT system, but insightful investigation
into the bifurcation and multistable solution phenomena is still
missing. In short, there is still a lack of corresponding means to
achieve free switching between steady-state solutions.

To fill this gap, this letter proposes an autonomous WPT sys-
tem with two techniques, i.e., relay-switching and gain-shaping,
for oscillation frequency manipulation. The relay-switching
technique is the process of adjusting the threshold to change
the phase angle between the input current and input voltage,
guiding the system to switch among different frequencies at
will. The gain-shaping technique is employed to enhance the
possibility of system convergence at the target frequency. For
example, when the system is desired to work in the inductive
region of the low-frequency range, we can reshape the current
gain curve so that the current gain near the low-frequency band is
greater than that in the high-frequency band, thereby achieving
simultaneous operation of the system in a low-frequency and
weak inductive state.

II. PROPOSED WPT SYSTEM WITH RELAY SWITCH

An autonomous WPT system with series—series (SS) com-
pensation exhibits typical bifurcation behavior known as forked
bifurcation. Within this bifurcation region, there are two steady-
state oscillation frequencies [4]. The following discussion will
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Fig. 1. Circuit diagram of an autonomous WPT system with SS compensation.

provide a detailed introduction to the relay-switching strategy
for the SS topology, followed by an explanation of how to utilize
this strategy to switch between the two steady-state solutions.

Fig. 1 shows the circuit diagram of an autonomous WPT
system with SS compensation. L;, and Lg represent the self-
inductances of the primary and secondary coils, respectively. M
represents mutual inductance. r}, and rg represent the equivalent
series resistances of the coupled coils. C}, and Cs represent
compensation capacitors. Ry, represents the load resistance. V.
represents the dc power source. Q1—Q, represent the switches
of the full bridge inverter. D1—Dy4 represent the diodes of the
full bridge rectifier. ¢, (¢) and is(¢) represent the current flowing
through the primary and secondary coils, respectively. u(¢)
and u(t) represent the voltage of the compensating capacitors.
ur,(t) represents the voltage of the filtering capacitor. This
WPT system works autonomously where the drive signal of the
inverter is generated based on the detection of .

We propose a relay-switching technique for generating the
input voltage u;,, instead of the conventional zero-crossing
detection. The relay-switching strategy is described in Fig. 2(a),
in which w;, is determined by the current state ¢,, with the
switching times of the MOSFETs determined by « -ipy, and
—a - ipm. Fig. 2(b) and (c), respectively, illustrates the waveform
relationships of input voltage and current for & > 0 and a < 0.
It can be seen that adjusting the threshold o can change the
phase between the input voltage and current. The mathematical
expression for wuy, is presented in (1), where N represents the
intersection, and U represents the union. Here, o € [—1, 1] rep-
resents the threshold of the relay and iy, represents the peak
value of 7,,. Note that there is a half-cycle delay in comput-
ing ipm because it requires the values of 4, in the previous
half cycle. Under the premise of first harmonic approxima-
tion, when o > 0, the system operates in the capacitive zone,
when a < 0, the system operates in the inductive zone, and
when o = 0, the system operates in the zero-phase-angle (ZPA)
state.

Next, the amplitude frequency characteristics of the system
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Fig. 2. Relay-switching strategy flowchart and the relationship of input volt-
age and current under this strategy. (a) Relay-switching strategy flowchart.
(b) Relationship between input voltage and current for o > 0. (c) Relationship
between input voltage and current for o < 0.

circuit by their first harmonics, the system input impedance
obtained through ac impedance analysis is

W2M? (rs + Req)
2
(rs + Req)2 + (st - %CE)

Zin =Tp +

1 w2 M? (wLS — ﬁ)
j Ly— — — °
tr|w wCs

(rs + Req)2 + (wLS — ﬁ)Q

will be used to explain how this method achieves switching 2)
between stable points. By approximating the variables in the ~where Roq = 8Ry, /7.
) Vae  {ip > aipm Ndip/dt > 0} U {ip, > —aipm Ndip/dt <0} "
Uin =
—Vie {ip < aipm Ndip/dt >0} U {ip < —aipm Ndip/dt < 0}
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TABLE I
SYSTEM PARAMETERS

Ly, Ls M Tps Ts Cr Cp
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Ry, Ve fo Cs /
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Fig. 3. Amplitude and frequency responses of the system. Top: Input current

to voltage amplitude ratio. Bottom: Phase difference between the input current
and voltage.

For clarity of exposition, let us denote the gain and phase of
~1
in as

{G(w) =23
- 3)
plw) = £ (Z}).
The relationship between threshold «vin Fig. 2 and phase angle
pis
“)
The parameters listed in Table I are brought into (2) and (3)
to compute the frequency response of the system and C}, =
1/(w3Ly), Cs = 1/(wiLs), as shown in Fig. 3. The relation-
ship between the frequencies and phase angles marked in the
Fig. 3 is

= arcsin(a).

%90(27”0) =0, f= fin, for

e@nf) =0, f = fo, f1, fo
o1 = 927 fin), w2 = (27 for).

&)

When ¢ € [p1, 2] and f € [fiL, fou], the system operates
in a multimodal region, where there may be multiple steady-
state solutions having the same input impedance angle and it
is hard to say which solution the system will converge to. At
the ZPA frequencies fo = 99.3 kHz, f; = 84.99 kHz, and f, =
125.30 kHz, we have G(f1) =~ G(f2) > G(fo), and f1 and f,
are stable solutions, while fj is an unstable solution [4]. That
is to say, when the autonomous system is desired to operate in
ZPA state, the oscillation frequency can either be f; or f5. The
switching between two frequencies is achieved by adjusting the
control variable « to transition the working state of the system
from a single-modal region to a multimodal region. If the system
is expected to operate on f1, the initial value of « can be taken
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as a value greater than sin(ps) and gradually decrease to 0.
Conversely, if the system is expected to operate on fo, the initial
value of «v can be taken as a value less than sin(¢) and then
gradually increase to 0.

IITI. OSCILLATION FREQUENCY MANIPULATION

In this section, two methods for oscillation frequency manip-
ulation will be presented: one is the aforementioned threshold
control method, and its rationale will be explained in more details
in the first section, while the other is the more powerful gain
shaping method that is to be presented in the second section.

A. Oscillation Frequency Manipulation Via Threshold Control

The autonomous system shown in Fig. 1 and the control
strategy shown in Fig. 2 can be considered as a piecewise linear
switching system, which has four modes as follows: Mode 1:
Q1, Q4 ONand Dy, D4 ON; Mode 2: Q, Q4 ON and D5, D3 ON;
Mode 3: Q2, Q3 ON and D4, D3 ON; Mode 4: Q2, Q3 ONand D1,
D, ON. The switching of the modes depends on the state 7;, and
1s. The complexity of the system lies in the unpredictable value
of iy, during the dynamic process, which makes it impossible
to predict the switching order and time between various modes.
Therefore, the next step is mainly to verify the effectiveness of
relay-switching strategy on oscillation frequency manipulation
through numerical calculations. The operating conditions of
each mode are as follows:

Ip = Qlpm N Ip = —Qlpm N

Mode1: { di,/dt >0N pU < dip/dt <0N
is >0 is >0
Ip > Qlpm N Ip > —Qlpm N
Mode 2 : ¢ di,/dt > 0N U ¢ dip/dt < 0N
is <0 is <0
Iy < —Qlpy N 1y < Qlpy N
Mode 3: { dip,/dt <0N  pU ¢ dip/dt >0N
15 <0 15 <0
Ip < —Qlpy N iy < Qlpy N
Mode 4 : { di,/dt < 0N U < dip/dt>0nN
is >0 s >0

The autonomous system continuously switches between these
four modes through the operating and switching conditions of
the modes. Fig. 4 shows the dynamic response of the system at
different thresholds, using the parameters listed in Table I. The
ZPA frequency of autonomous oscillation in the simulation is
slightly deviated from the calculation in the previous section
due to the influence of higher harmonics [5]. The conserva-
tive switching strategy for the steady solution mentioned in
the previous section allows the system to gradually transition
from the single-modal to the multimodal region. However, it is
found in the simulation that the system tends to operate in the
low-frequency band when the initial value of « is greater than 0,
and conversely the system tends to operate in the high-frequency
band. Thus, the switching of the steady state solution does not
have to be strictly from single-modal region to multimodal re-
gion. When a switches from 0 to —0.2, the oscillation frequency
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Fig. 5. Frequency responses by detuning the secondary resonator. Top: Input

current to voltage amplitude ratio. Bottom: Phase difference between the input

Fig.4. Oscillation frequency manipulation by adjusting the threshold of relay.
Top: Input voltage and current. Middle: Oscillation frequency. Bottom: Load
voltage.

jumps from 84.90 to 125.91 kHz. When « switches back from
—0.2 to 0, the system is still in the high-frequency band. This
shows there are at least two oscillation frequencies for the system
when a = 0, and also that the final oscillation frequency may
be different under different initial conditions.

The phenomenon of oscillation frequency hopping can be
roughly explained from the amplitude gain curve of the system.
When ¢ € [¢1,0], as can be seen from the top part of Fig. 3, the
amplitude gain in the high-frequency band [ f2, fop] is generally
larger than that in the low-frequency band [f1, f1u], so the self-
excitation mechanism tends to magnify the high-frequency com-
ponents of ¢, which makes the oscillation frequency converge
to the high-frequency band. On the contrary, when ¢ € [0, 2],
the low-frequency components of i, become dominant and
the oscillation frequency converges to the low-frequency band
[fiL, fi]-

It should be noted that the relay-switching strategy used
to manipulate the oscillation frequency exhibits hysteresis, as
evidenced in Fig. 4, where the change of o from —0.2 to 0 does not
significantly affect the oscillation frequency. This indicates the
existence of an attraction region where the oscillation frequency
remains stable despite changes in «. This is a favorable feature
as it enhances frequency stability against potential disturbances
in o In the next section, we show that the proposed gain shaping
method can significantly expand this region of attraction.

B. Forcing Low Oscillation Frequency With Zero-Voltage
Switch (ZVS)

In practical applications, it is necessary to make the system
operate at a weakly inductive state to achieve ZVS. However,
there exist two inductive regions and the oscillation frequency
sometimes falls into the high-frequency band. In this case, the
switching and ac losses of the system increase, and it may also
violate the permitted range of operation. To address this issue,
we propose a gain shaping method to reshape the gain curve
to ensure a weakly inductive state of the system in the low-
frequency range.

current and voltage.
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Fig. 6. Convergence to unique oscillation frequency insensitive to threshold

variation by detuning the secondary resonator (Cs = 28.9 nF). Top: Input
voltage and current. Middle: Oscillation frequency. Bottom: Load voltage.

Gain shaping can be realized by detuning the primary or
secondary resonator. In this letter, we tune the secondary com-
pensation capacitor. Fig. 5 shows the frequency responses of the
system under different Cs. Clearly, the gain in the low-frequency
band is enlarged as Cs decreases, while the gain in the high-
frequency band is attenuated at the same time. This makes the
oscillation characteristics of the system mainly dominated by the
low-frequency band, i.e., the shadowed area in Fig. 5, thereby
increasing the probability of converging to the low-frequency
band. The dynamic response of the system during threshold
variation is shown in Fig. 6. The threshold range corresponding
to the low-frequency band has been expanded to —0.4, which
is sufficient to ensure that the system oscillation frequency is
stable as well as to allow the system to operate simultaneously
in a low-frequency and weakly inductive state to obtain ZVS
conditions.

C. Discussion

Relay-switching strategy can enable the system to operate
within the desired frequency band. However, due to the unpre-
dictable nature of i,y during dynamic processes, establishing a
mathematical model to analyze the system’s nonlinear dynamic
behavior poses a challenge. Moreover, while gain is the primary
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Fig. 7. Experimental setup.
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Fig. 8.  Waveforms of inverter voltage, current, and output voltage under

different thresholds (Cs = 31.9 nF). (a) « =0.2. (b) « =0. (¢) a = —0.2.
(d)a=0.

factor influencing the convergence of the oscillation frequency,
components, such as the rectifier and dc bus capacitance might
also affect the system’s stability. Future research will concen-
trate on developing mathematical models and investigating the
influence of nonlinear elements on the stability of autonomous
WPT systems.

IV. EXPERIMENTAL VERFICATION

Fig. 7 shows the experimental setup (the parameters are listed
in Table I), where an analog to digital converter AD9226, with
a sampling rate of 65 Msps, is used to sample the input current,
while a field programmable gate array EPACE10E22C8N is used
as the controller. The coupler parameters are measured through
the IM3536 LCR bridge. The high-frequency noise of current
sampling is filtered out through a low-pass digital filter.

Fig. 8 shows the steady-state voltage and current waveforms
of the system at different thresholds. The error between the oscil-
lation frequency of the experiment and the simulation frequency
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Fig. 10. System waveform after gain curve shaping with Cs = 28.9 nF.
(a) a = 0. (b) a = —0.2.

is mainly caused by the error of the resonant capacitor and the
losses of the switching devices. In Fig. 8(a), the system is in the
capacitive region and in a hard switching state, with significant
switching noise. In Fig. 8(b) and (c), the system is in a ZPA state.
When « is switched from 0.2 to —0.2, the system crosses from
the capacitive region to the inductive region. It is worth noting
that when « is switched from 0 to —0.2, the system jumps from
the low-frequency band to the high-frequency band. As shown
in Fig. 9(a), a notable dynamic process of oscillation frequency
switching is captured when « switched from —0.05 to —0.1.
When « is switched from —0.2 to 0, the system is still in the
high-frequency band. The notable dynamic process of the transi-
tion from the low-frequency band to the high-frequency band is
shown in Fig. 9(b), with a switching operation for a from 0.05 to
0.1. The experiment confirms that the autonomous WPT system
has multiple steady-state solutions in the multimodal region,
and can be switched between different steady-state points by
adjusting the threshold. Moreover, it seems that the transferred
power and dc/dc efficiency at 84.6 kHz are, respectively, 20.8 W
and 81.6%, and both outperform that at 125.6 kHz (19.2W
and 81.1%). Despite fy is unstable in an autonomous state, the
system can be transitioned from a closed-loop to an open-loop to
operate at fj. Anefficiency of 82.1% was noted at f, =99.3 kHz
under open-loop conditions.

Fig. 10 shows the results of the system after shaping the gain
curve. The oscillation is in the low-frequency band irrespective
to the variation of «, eliminating the phenomenon of frequency
hopping and being designed within the standard range specified
for WPT.



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 1, JANUARY 2024

V. CONCLUSION

This letter proposes an autonomous WPT system with re-
lay switch. By adjusting the threshold, free switching between
multiple steady-state solutions can be achieved. Furthermore,
by reshaping the gain curve of the input current, the system
can operate in a low-frequency weakly inductive state. Future
work will aim to provide more theoretical analysis and practical
insights into the nonlinear dynamic behavior of the proposed
system.
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