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Major Goals: The objective of this research is to broaden the bandwidth of the resonance-based wireless power
transmission (WPT) systems while maintaining their power transmission efficiency (PTE). High Q resonators are
widely used in near field WPT systems since they effectively improve the transmission efficiency over distance.
Such systems therefore have a limited operating bandwidth; hence, the conventional WPT systems are intolerant to
frequency misalignment and coupling factor variation.

We will address the challenges discussed above by employing specific type of nonlinear resonant circuits, known
as Duffing nonlinear resonators, for the first time in the design of position-independent WPT circuits. The proposed,
position-independent WPT circuits automatically compensate for the coupling factor variation between the
transmitter and the receiver without varying the operating frequency or utilizing any active feedback/control circuits.
This technique provides the only solution for designing position-independent WPT systems that does not require
either frequency tracking or use of tunable matching circuitry. By design, coupled nonlinear resonators are
expected to be capable of adapting their resonance frequencies and matching conditions according to a voltage
level change across the nonlinear device caused by coupling factor variation between the transmit and receive
coils. Thus, incorporation of nonlinear resonant circuits in this technique allows the WPT circuit to track the
maximum achievable PTE at a fixed frequency over a range of coupling factors. The proposed technique holds
clear advantages over current approaches by providing a low cost, low complexity, and highly reliable solution for
position-insensitive WPT design.

Accomplishments: As a proof of concept, a prototype position insensitive WPT circuit employing a nonlinear
resonator has been designed, fabricated and tested. This new design addresses a major challenge in WPT
systems, which is their strong sensitivity to the coupling factor variation between the transmit and receive coils. The
circuit operation relies on harnessing the unique properties of a specific class of nonlinear resonant circuits to
design position-insensitive WPT systems that maintain a high power transfer efficiency over a a large variation of
coupling factor without tuning the source’s operating frequency or employing tunable matching networks, as well as
any active feedback/control circuitry. A nonlinear-resonant-based WPT circuit capable of transmitting 60 W at 2.25
MHz is designed and fabricated. The circuit maintains a high PTE of 86% over a transmission distance variation of
20 cm. Furthermore, transmit power and PTE are maintained over a large lateral misalignment up to £50% of the
coil diameter, and angular misalignment up to £75°. The new design approach enhances the performance of WPT
systems by significantly extending the range of coupling factors over which both load power and high PTE are
maintained. Please see the uploaded information for details.
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The First Realization of a Nonlinear Electrical Resonance Circuit based on Duffing
Nonlinear Differential Equation

The working principle of the position-insensitive WPT circuit is based on the operation of a specific
class of nonlinear resonators. The proposed nonlinear resonator circuits are described by a differential
equation known as the Duffing equation. The Duffing equation, created by Georg Duffing in 1918, has
been used to characterize mechanical resonance/oscillations with a nonlinear restoring force. The basic
form of the Duffing equation is usually written as (1):

¥ 4 2yx + wix + ex3 = Fcos(wt) (1)

where x is displacement, y is the damping coefficient, w, is the resonance/oscillation frequency, € is the
third order nonlinearity coefficient, and Fcos(wt) is the excitation with the amplitude F and angular
frequency w. The steady state solution of (1) can be approximated as x(w, t) = A cos(wt — 0), where “A”
represents the amplitude, and 8 represents the phase difference relative to the excitation signal.

The nonlinear resonators described by the Duffing equation demonstrate several important and
unique properties. The properties of Duffing equation have been investigated in a number of fields
including mathematics, physics, and mechanical engineering. For example, the hysteresis of a Duffing-
type mechanical resonator was studied to address the amplitude-bandwidth limitations in mechanical
systems. The first electrical representation of the Duffing-type nonlinear electrical resonator has been
developed by the PI’s group to enhance the bandwidth of High-Q resonance circuits.

The basic series nonlinear electrical resonator is comprised ]
of an inductor, a resistor, and a nonlinear capacitor C. The B AN pyd
nonlinear capacitor has a symmetric C-V relationship, i.e. & g \ /
C(vc) = C(—vc), which can be either bell-shaped (Fig. 1 (a)) or |
well-shaped (Fig. 1 (b)). The time domain dynamic equation Votage Votage
describing the behavior of the nonlinear series RLC resonant ) (b)

circuit can be obtained by applying the Kirchhoff voltage law
(KVL) and with the use of i = dq / dt: Fig. 1. (a) Symmetrical bell-shaped C-V curve,

and (h) svmmetrical well-chaned C-V

d daz
ve(t) + R=IE+ L= = (¢) (2)

where v4(t) = Vscos(wgt) is the excitation voltage, v.(t) is the voltage across the nonlinear capacitor,
and q.(t) is the amount of charge stored in the nonlinear capacitor. In order to express the voltage across
the nonlinear capacitor in terms of charge q., the law of conservation of charge is applied. Consequently,
v, can be expressed in terms of g, using inverse Taylor expansion as:

1 1
vcza_1QC+a_3qg (3)

where a; = ¢, is the inverse of the linear coefficient and has a unit of C/V, and a3 = —cc;?! is the
inverse of the nonlinear coefficient with a unit of C3/V. In general, a; and a5 can be calculated from the
capacitance-voltage relationship for any nonlinear capacitor. Higher order terms are neglected for
simplicity. Substituting (3) into (2) results in:

AL D SO e gy
e+ 2 + 7 qc + 78 = Zcos(wt) (@)

Equation (4) has the same form as the Duffing equation described in (1). The equation can be solved
using the method of multiple scales, and the steady-state frequency response can be written as a
sinusoidal function as q.(t) = Q. cos(wt — 8) where Q. represents the amplitude of the stored charge



in the nonlinear capacitor, and 8 represents the phase difference relative to the excitation signal. both
the linear term, (1/La,)Q,., and the nonlinear term, (1/La3)Q. contribute to the restoring force. The
resonance frequency of the resonator, w,, in the presence of nonlinear restoring term can be written as:

€e<0 e=0 €>0
(5) ot S
Equation (6) implies that the resonance frequency w, depends on E‘
the capacitor charge (Q.), which is function of the voltage (v.). The
circuit’s amplitude-frequency relationship of (5) can be expressed in
the frequency domain as: Frequency
392
(0)20c +2 ()0 + (Li ¥ Li) o =% @ ?
Linear Duffing
where Q. = Q.e /% is the phasor form of q.(t). Substituting O into N T
(7) yields: g
£
302 2 2 2 )
Q? <Li +it- w2> +(feto) =(3) 7)
Frequency
Based on (7), if the amplitude (V%) and the frequency (w), of the
excitation are given, the amplitude of (Q.) can be determined using (b)
(8). Subsequently, the capacitor voltage (v.) can be calculated using Fig. 2. The amplitude-frequency response
(4). Fig. 5(a) shows the typical amplitude response of nonlinear of: (a) a single resonator with

resonators. In Fig. 2(a), the peak of the nonlinear resonator’s different nonlinearity coefficient (c),

frequency response is tilted towards one side, which results in an increased bandwidth as compared to a
linear resonator having a similar quality factor. The tilt direction of the amplitude-frequency response is
dependent on €. Positive € causes the curve to tilt to the right (hardening systems), and a negative €
causes the curve to tilt to the left (softening systems). A nonlinear capacitor with a bell-shaped C-V curve
shown in Fig. 4(a) has a positive nonlinear term a3. Resonators using such a nonlinear capacitor will have
a frequency response tilted to the right as shown in Fig. 5(b). The tilting characteristic results in a three-
root region. It can be proven that the medium solution points (represented by the dashed line) in this
region are unstable, while the upper and lower points are stable and called equilibrium points [36]. As a
result, the steady state solution of such a system converges to one of the two equilibrium solutions
depending on the initial conditions. It should be that in forced excitation of such circuit, if the circuit is
excited at the high-amplitude equilibrium point, resonance amplitude will remain on the upper curve.
In order to achieve the maximum PTE of a coupled nonlinear resonant-based WPT system, the operating
frequency is designed at the frequency of the highest resonance amplitude.

Based on (7), the resonance frequency of a nonlinear resonator is a function of the voltage amplitude
across the nonlinear capacitor. Since the voltage amplitudes across the nonlinear capacitors in coupled
nonlinear resonant circuits depend on the coupling factor, the resonance frequencies of the nonlinear
resonators will be adjusted automatically based on the coupling factor. This self-adjustment characteristic
is utilized to design position-insensitive WPT systems.

The coupled nonlinear resonators investigated here allow for the position-insensitive WPT systems
that provide self-tracking of the maximum PTE. This technique is the only solution for designing position-
insensitive WPT systems in which the operating frequency remains fixed. Preliminary CAD circuit



simulations and experiments based on the proposed coupled nonlinear resonant circuits employing a
single nonlinear device at the receiver have already been performed, indicating that a significant
performance improvement can be achieved by employing the proposed circuits.

Investigation of the coupled Duffing Nonlinear Resonators’ Dynamics

The analysis performed for a single resonator in section (3) can be extended to the inductively or
capacitively coupled nonlinear resonant circuits using two nonlinear devices. The analysis of the coupled
nonlinear resonant circuits is subject of our study within this proposal. As an example, for the series-series
inductively-coupled WPT circuit shown in Fig. 3, the KVL equations of both loops can be expressed as
follows:

. dig (t diy(t
i1(ORy + v (t) + Ly l;—i) + My, l;—i) = 1% cos(wt) (8) '
N
. diy(t diq(t W L
iz ()R + vep (£) + Ly 22 4 M, 18 = ¢ (9) T [

where the mutual coupling between the coils is My, = M,; = M,
which is related to both the self-inductance as well as the coupling
factor k; M = k. /LgLy,.

Fig. 3 Circuit schematic of coupled

. . . . . . nonlinear series resonant circuits.
The governing coupled Duffing nonlinear differential equations

describing the circuit operation can be obtained as follows:
41 + k12G2 + 2y14; + w(z),1Q1 + €, = F cos(Qt) (10)

G2 + k2141 + 2y24; + w,z,,zqz +6q3 =0 (11)
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The coupling term of the coupled electrical nonlinear resonators appears as the coefficient of the
second derivative terms. The formulation of coupled nonlinear

differential equations depends on the circuit topology (SS, SP, PS, 0.5 100
or PP, where “S” denotes series resonance and “P” denotes parallel g oa l
resonance and the first letter is associated with the transmitter 2 %3

while the second letter is associated with the receiver) and the 2 ‘
placement of the nonlinear devices (a single nonlinear device at the a) k=0.08 I
transmitter or receiver, or two nonlinear devices at both the Bpre‘fusen!w‘fw:,s 8
transmitter and receiver). Therefore, there are twelve circuit

configurations which will be considered when analyzing the

coupled nonlinear resonant circuits. Within this research project, a

mathematical solution for the above system of equations will be

obtained in order to study the dynamics of WPT systems utilizing

such nonlinear resonators. Studying the dynamics of the system will

provide a complete understanding of the expected response for

such systems and their optimization for WPT applications.

Principle of Operation for the Proposed Position-Insensitive WPT
Circuits

Coupling Factor

(c) k=0.21"
N

(36) Azuaiony3 Jaysuel) samog
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In order to visualize
the operation of the
nonlinear resonant-based
WPT circuit behavior, the
plot of the PTE versus the
frequency and the coupling
factor (k), is plotted in 2D in
Fig. 4 (represented by the ” Fred By (i
V-shaped curve). This figure
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Fig. 5. Multiple plots of the PTE wvs.

. Fig. 4. PTE vs. frequency and coupling factor frequency and coupling factor (k),
shows the behavior of a (k), showing the optimum operating associated with the adjusted resonance
conventional WPT circuit frequency at different coupling factors. frequencies at different coupling

factors.

designed to operate at a
critical coupling factor (k.) of 0.08 and f, = 6.78 MHz. The principle of operation of conventional
frequency tracking approaches that rely on adjusting the operating frequency is also shown in Fig. 4. The
frequency is adjusted to track the optimum frequency (either odd or even mode) within the over-coupled
region to maintain the high power transfer efficiency as the coupling factor varies.

The nonlinear resonant WPT circuits studied under this project allow the circuit to maintain the
maximum power level and transfer efficiency at a fixed operating frequency as the coupling factor varies.
The principle of operation for the position-insensitive WPT circuit is shown in Fig. 5. Multiple snapshots
for shifted versions of the original V-shaped curve (shown in Fig. 4) at different coupling factors are plotted
to demonstrate the operation of the nonlinear WPT circuits. The nonlinear WPT circuit’s operation relies
on sliding the position of the original V-shaped curve to lower or higher frequencies at each coupling
factor such that a solution for maximum PTE exists at the same operating frequency. This mechanism is
accomplished by utilizing nonlinear resonant circuits which are capable of adjusting their resonance
frequencies automatically. Bell-shaped nonlinearity is utilized in this example, resulting in shifting the V-
shaped curves to lower frequencies. Therefore, the WPT circuit effectively “tracks” the odd mode
frequency of the original WPT circuit. The approach presented here is general and can also track the even
or odd mode frequency branch based on the type of the nonlinearity.



Experimental Verification:

As a proof of concept, a prototype of a series-parallel inductive nonlinear WPT circuit employing a
nonlinear resonator at the receiver side has been implemented. The experimental setup along with the
prototype is shown in Fig. 6. A signal generator is used to feed a power amplifier (PA). The available power
from the power amplifier is 60 W (the maximum power level that PA can provide under perfect matched
condition). The receiving coil is connected in parallel with the nonlinear capacitor and the load. In this
experiment, a pair of anti-series connected SiC Schottky diodes are utilized to obtain the

required nonlinearity. A light bulb with an
equivalent load resistance of 2.5 kQ is utilized as a
load. Both the transmit and receive coils have 5
turns with outer diameters of 40 cm. Table |
summarizes the component specifications for the
nonlinear WPT circuit.

The output power delivered to the load is
measured as a function of transmission distance
(D). The measured peak output power is 56 Watts
with a PTE of 93.3%. The measured PTE versus
distance D for the prototype circuit is shown in Fig.
7 in comparison with to the PTE of a conventional
linear WPT. The linear WPT circuit, provides the
maximum PTE at a transmission distance of 17.5
cm. As expected, the PTE for the linear WPT drops
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Fig. 7. Measured PTE vs.
vertical distance variation.

()

significantly as distance D is shifted away from its optimum point. The nonlinear WPT circuit not only
achieves the same peak PTE of 94%, but also it maintains a high PTE over a distance variation of AD=%+12.5
cm, indicating that the proposed nonlinear WPT circuits significantly extend the effective charging zones

of wireless power transfer systems.



