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Position-Insensitive Wireless Power Transfer
Based on Nonlinear Resonant Circuits
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Abstract— Near-field resonant-based wireless power transfer
(WPT) technology has a significant impact in many applications
ranging from charging of biomedical implants to electric vehicles.
The design of robust WPT systems is challenging due to its
position-dependent power transfer efficiency (PTE). In this paper,
a new approach is presented to address WPT’s strong sensitivity
to the coupling factor variation between the transmit and receive
coils. The introduced technique relies on harnessing the unique
properties of a specific class of nonlinear resonant circuits to
design position-insensitive WPT systems that maintain a high PTE
lover large transmission distances and misalignments 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.

Index Terms— Frequency splitting, near-field wireless power
transfer, power transfer efficiency, position-insensitive, passive
nonlinear resonators, and self-adaptive circuits.

I. INTRODUCTION

EAR-FIELD wireless power transfer (WPT) is an

emerging technology that enables seamless, contactless
electrical power transmission from microwatts to kilowatts
power levels [1]-[3]. Near-field WPT technology utilizes time-
varying electromagnetic (EM) fields to transfer energy between
a charging pad (the transmitter) and a pick-up pad (the receiver)
attached to an electronic device or a battery, either through
magnetic field coupling (inductive WPT) [4]-[6] or electric
field coupling (capacitive WPT) [7]-[9]. WPT technology has
attracted much interest as it can deliver power conveniently
without using power cords while maintaining the same
performance as plug-in charging. Some applications that
significantly benefit from wireless power transfer include the
powering of biomedical implants, consumer electronics, robots,
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Fig. 1. Typical block diagram of an inductively coupled WPT system.

drones, and electric vehicles (EVs) [10]. Furthermore, WPT
technology is expected to play an important role in the area of
autonomous electric vehicles.

The block diagram of a typical magnetic resonance WPT
system is shown in Fig. 1. In such a system, the power source
drives the transmit coil, while the secondary coil in the receiver
captures the transmitted magnetic fields. Subsequently, the
received RF energy is converted to direct current (dc) via a
rectifier and regulated using a power management unit before it
is delivered to a load, often a rechargeable battery.

In order to achieve high power transfer efficiency (PTE) at
considerable transmission range in an inductively coupled WPT
system, resonance based WPT circuits have been proposed
since non-resonant inductive WPT is highly inefficient [11]. In
such circuits, resonators with high loaded quality factors (Q) are
utilized. An important figure of merit in such systems, namely
PTE which is defined as

PTE = Py/Pqy,s (D

where P, is the power delivered to the load, and P, s is the
power available from the source. This definition for PTE
considers both the source and the load matching, where P,,, 5 is
the maximum power that the source can provide under matched
condition. Therefore, if the PTE is maintained as a function of
the coupling factor, the output power delivered to the load also
remains constant.

The strong dependence of the PTE in resonant-based WPT
systems to the coupling factor between the transmit and receive
coils is depicted in Fig. 2. The coupling factor is inversely
proportional to the distance between the transmit and receive
coils and the lateral/angular misalignment too [12]. At the
optimum transmission distance, the transmit and receive coils
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Fig. 2. PTE vs. operating frequency and coupling factor presenting the
frequency splitting phenomenon for the conventional linear WPT systems.

are critically coupled and the load impedance is matched to the
source impedance in order to satisfy the maximum power
transfer condition. Hence, PTE is maximized when the resonant
coils are critically coupled at the desired operating frequency.
If the distance between the two coils is increased, the coupling
factor decreases below the critical coupling value (the under-
coupled region). In this region, the optimum frequency of
operation remains the same, yet the PTE drops exponentially,
as shown in Fig. 2. Conversely, at shorter distances, as the
coupling factor increases above the critical coupling factor (the
over-coupled region), a phenomenon known as frequency split
occurs [13]. In this case, a high PTE can still be achieved but at
two different frequencies away from the original operating
frequency. Therefore, resonant-based inductively coupled WPT
systems are prone to a significant PTE degradation as coupling
factor varies.

In the real world, it is difficult to accurately control the
distance and alignment between the transmitter and receiver in
most WPT applications. For example, in electric vehicle
charging, the driver has to park directly over the charging pad
at an exact position due to the intolerance of WPT systems to
misalignment. Although ground-viewing cameras and other
parking assist systems have been proposed to help the driver to
accurately park over the charging pad (e.g. the BMW 530e
iPerformance wireless charging system, 2018), such systems
are complex, costly, and not infallible. Moreover, different
classes of EVs require customized charging pad design due to
varying tire sizes and ground clearance. In dynamic charging
scenarios, power is transferred to EV while driving over an
array of transmitters, it is essential to maintain high PTE as the
vehicle travels over the charging pads. Another example is the
biomedical applications, where a high degree of reliability is
important and the WPT performance must be maintained
regardless of any misalignment between the transmit and
receive coils. Additionally, in practical systems, the resonance
frequencies of the resonators are affected due to environmental
conditions, coupling to the nearby objects and component
aging, hence degrading WPT power transmission efficiency.
Therefore, practical WPT systems must be tolerant to coupling
factor variation.

Several methods have been reported to improve the
performance of near-field WPT systems [14]-[28]. It has been

proposed in [16] to track one of the bifurcated modes (even and
odd modes) in the over-coupled region by adjusting the source
frequency in order to maintain high PTE. However, the
frequency tracking range of this method is limited by the
regulations of the Federal Communications Commission (FCC)
regarding the allowable bands allocated for the WPT, mainly
the Industrial, Scientific, and Medical (ISM) bands [17].
Therefore, this method cannot fully track the coupling factor
variation within the entire over-coupled region. In addition,
tunable matching circuits and switchable capacitor arrays [18]—
[21] are proposed. However, the optimum impedance for
maximum PTE varies drastically over distance, potentially
making the impedance matching range unreasonable (high
impedance matching range results in higher losses) and limiting
the effective transmission distance [15]. Techniques of
adjusting the coupling between multiple resonant loops [22]—
[24], utilizing non-identical resonant coils [25], and using
antiparallel resonant loops [26] are also introduced.
Nevertheless, the extension of the transmission range provided
by those techniques is limited due to the weak coupling factor.
Thus-far, most of the approaches reported in the literature
require sensing circuits and employ active feedback/control
circuitry to adjust the circuit optimum operating point at each
coupling factor. Therefore, these approaches are generally
complex, increase systems’ cost and size, and consume some
overhead power for their operation. In [27], an alternative
method is proposed where the RF power source is replaced by
a parity—time symmetric circuit incorporating a nonlinear gain
saturation element. However, the circuit’s operating frequency
varies as a function of the coupling factor, resembling the same
drawback of the frequency tuning method. On the other hand,
[28] proposes the combination between the electric and
magnetic coupling to suppress the frequency splitting
phenomenon. However, the variation in the power delivered to
the load is significant and the structure of the proposed
resonators is complex.

In this paper, a novel, self-adaptive nonlinear resonant based
WPT circuits are introduced to maintain high PTE as the
coupling factor varies within the over-coupled region by
suppressing the frequency splitting phenomenon. The presented
technique automatically adjusts the resonance frequencies of
the coupled nonlinear resonators at each coupling factor
between the transmit and receive coils without the need to
adjust the source frequency, utilize active feedback/control
circuits, or employ tunable impedance matching networks. The
presented self-adaptive mechanism is accomplished by utilizing
off-the-shelf passive nonlinear devices in the design of the WPT
and energy harvesting circuits [29]-[33]. This work is
distinguishable from [33] by presenting a general discussion of
the duffing-type resonant circuits’ properties, the working
principle of the proposed position-insensitive WPT circuit, the
nonlinear WPT circuit’s modeling and analysis as well as the
measurement setup and the experimental results of a 60 W WPT
circuit prototype. The circuit employs a nonlinear resonant
circuit at the receiver and exhibits a near-constant PTE of
approximately 86% over a +£10 cm transmission distance
variation from the desired transmission range.
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The paper is organized as follows: the theoretical background
and properties of the Duffing-type nonlinear resonant circuits
are discussed in Section II. The principle of operation and
analysis for the position-insensitive nonlinear resonant-based
WPT circuits are described in Section III. The implementation
and measurement results are presented in Section IV.

II. THEORY AND PROPERTIES OF ELECTRICAL NONLINEAR
RESONANT CIRCUITS

The principle of operation for the position- insensitive WPT
circuits relies on the behavior of a specific class of nonlinear
resonant circuits known as Duffing resonators. In this section
the unique characteristics of the forced harmonic oscillation of
a nonlinear resonator described by a nonlinear differential
equation referred to as Duffing Equation are discussed. The
Duffing equation is used to characterize the mechanical
resonances/oscillations with a nonlinear restoring force [34].
The basic form of the Duffing equation is given by,

i+ 2yx + w? x + ex3 = Fcos(wt) )

where x is the displacement, y is the damping coefficient, w,, is
the oscillation frequency, € is the third order nonlinearity
coefficient, and Fcos(wt) is the excitation force. The steady
state solution of (2) can be approximated as x(w,t) =
X cos(wt — 60), where X represents the amplitude, and 6
represents the phase shift relative to the excitation signal [35].
The nonlinear resonators described by the Duffing equation
demonstrate several important and unique properties that have
been investigated in a number of fields including mathematics,
physics, and mechanical engineering. The electrical
representation of the Duffing-type nonlinear electrical
resonator has been developed for the first time in [32] for
wireless power harvesting applications to enhance the
bandwidth of High-Q resonant circuits.

The basic schematic of a magnetically coupled nonlinear
resonant-based WPT circuit described in this paper is shown in
Fig. 3(a). The resonant circuit in the transmitter (primary
circuit) is linear and driven by a sinusoidal voltage source
vs(t) = V; cos(wst), while the secondary resonator at the
receiver side is nonlinear. In order to study the overall circuit
behavior, an equivalent nonlinear RLC series resonant circuit
with the same characteristics can be developed by referring the
transmitter circuit to the receiver side as shown in Fig. 3(b). The
basic series nonlinear electrical resonator is comprised of an
inductor, a resistor, and a nonlinear capacitor, C(v). The
resonant circuit is driven by a sinusoidal voltage source
v (t) =V, cos(wgt). The C-V relationship of the nonlinear
capacitor is symmetric (even function of voltage), i.e. C(v;) =
C(—v¢), which can be either bell-shaped (Fig. 3(c)) or well-
shaped (Fig. 3(d)). In general, a nonlinear inductor can also be
used to provide the required nonlinearity. In this case, the
nonlinear inductor’s inductance must be an even function of the
current.

The time domain dynamic equation describing the behavior
of the nonlinear series RLC resonant circuit can be obtained by
applying the Kirchhoff voltage law (KVL) and with the use of

o

k G R L

L,

<P
it 1
e

Capacitance
Capacitance

0 0
Voltage Voltage

(© (d)

Fig. 3. (a) Nonlinear resonant-based inductively coupled WPT circuit, (b)
equivalent single nonlinear series resonance circuit, (¢) symmetrical bell-
shaped C-V curve, and (d) symmetrical well-shaped C-V curve.

i =dq/dt:

d d?
vc(t)+R%+LTZ”=vs(t) (3)

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 fundamental relationship between the voltage,
current, and charge of the for a nonlinear capacitor is applied as
follows,

dg. =Cdv, +v.dC @)

Thus, the total amount of stored charge during one cycle can
be calculated by:

qg.= [Cdv.+ [v.dC = f(C+vC:—UCC) dv.  (5)

The symmetric bell-shape C-V response of the nonlinear
capacitor is approximately expressed by a polynomial of order
n with even order terms assuming weak nonlinearity,

C =c, + V2 + 02 + g0l + -+ + cuul (6)

The odd order coefficients can be negligible since the device
is bilateral symmetric. This assumption was motivated by desire
to express the differential equation governing the WPT circuit
in the form of Duffing equation.

The voltage across the capacitor can be approximated with a
truncated Taylor series, and by substituting (6) into (5), q. can
be written as:

Ge = J I+ Dewl dve = TET cwlt ()

Since g, is an odd function of v, the even order terms in the
Taylor expansion of (7) vanish. Consequently, v, can be
expressed in terms of q., while neglecting terms higher than the
third order for simplicity, using the inverse Taylor expansion,

1 1
Vc=a_1QC+a_3q§ (¥

where a; = ¢, is the inverse of the linear coefficient and has a
unit of C/V, and a; = —cfc;? is the inverse of the nonlinear
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Fig. 4. The amplitude-frequency response of: (a) a single resonator with
different nonlinearity coefficient (€), (b) Duffing resonator (red and blue
arrows show the hysteresis loop and jump phenomenon).

coefficient with a unit of C3/V. In general, a; and a3 can be
calculated from the capacitance-voltage relationship for any
nonlinear capacitor. Substituting (8) into (3) results in:

1 3

Vs
e =7pcos (@) )

. | R 1

qc+ 1 qc + E qc +

Equation (9) has the same form as the Duffing equation

described in (2). 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 follows:

qc(t) = Q. cos(wt — 0) (10)

where Q. represents the amplitude of the stored charge in the
nonlinear capacitor, and 6 represents the phase difference
relative to the excitation signal. Both the linear term,
(1/La,)q,, and the nonlinear term, (1/Las)q2, contribute to
the restoring force. Therefore, an equivalent linear capacitance
Cery can be defined to quantify the restoring force contributed
by the 3rd order nonlinear term,

T/2 1 T/2 1
vl G el Nl L (11)
From (11), C.¢f can be derived as:
Cop = 3%32 (12)
4¢C

Hence, the resonance frequency of the resonator, w,, in the
presence of nonlinear restoring term can be written as:

Amplitude

Vi Excitation Voltage V2

Fig. 5. The resonance amplitude versus excitation amplitude response.

1(1 1
wO = -1—+ =
L \aq Ceff

Equation (13) implies that the resonance frequency, w,,
depends on the nonlinear capacitor charge amount (Q,), which
is function of the voltage (v.). The circuit’s amplitude-
frequency relationship of (9) can be expressed in the frequency
domain as,

()*Qc +5 (00 + (it )0 =% (14)
where
Q¢ = Que® (15)

is the phasor form of q.(t). Substituting (12) and (15) into (14)

yields,
o) +ate) = ()

After determining the amplitude of Q., the magnitude of
current flowing in the nonlinear resonator is determined by,

I'=jwQc amn

Hence, the average power delivered to the resistive load can
be calculated as follows,

Q? <i+ﬁ— (16)

Laq Laz

1
Pavg = ElllzR

(18)

Based on (16), the resonance amplitude (Q,) as a function of
the excitation frequency (frequency response) and the
excitation magnitude (force response) can be determined. The
multiple solutions of the resonance amplitude that satisfy (16)
either at different frequencies (Fig. 4) or excitation amplitudes
(Fig. 5) are calculated numerically and plotted using Matlab for
an arbitrary nonlinear resonant circuit parameters, assuming
weak nonlinearity. The goal of this section is to briefly discuss
the behavior of the Duffing-type resonant circuits. This
behavior is exploited in explaining the working principle of the
proposed nonlinear-resonant-based WPT circuits. Therefore,
the analytical details are not provided while referring to [34] for
more details.

Fig. 4(a) shows the typical frequency response of a nonlinear
duffing resonator. The peak of the resonator’s frequency
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Fig. 6. PTE vs. frequency and coupling factor (k), showing the optimum
operating frequency at different coupling factors.

response is tilted to the right or left, resulting 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). Since the nonlinear
capacitor with a bell-shaped C-V curve shown in Fig. 3(a) has
a positive nonlinear term, a;, resonators utilizing such a
nonlinear capacitors will have a frequency response that is
tilted to the right (higher frequency). The tilting characteristic
results in a three-root region as shown in Fig. 4(b). The region
where there are three different solutions is called the bistable
interval. The coexisting solutions forms the hysteresis where
the trajectories initiated from different initial conditions can be
attracted to different solutions. The stability of each solution
can also be examined as illustrated in [34]. 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 [34]. As a result, the steady
state solution of such a system converges to one of the two
equilibrium solutions depending on the initial conditions.
Moreover, the peak of the amplitude-frequency response can be
predicted analytically [34]. In forced excitation of such
resonators, like in WPT circuit described here, the source
frequency is chosen to be at the same frequency of the highest
resonance amplitude (denoted as f, in Fig. 4(b)) allowing the
maximum power to be delivered to the load.

The resonance response amplitude as a function of the
excitation amplitude (V;) at the desired source frequency is
depicted in Fig. 5. As can be seen, when V; increases quasi-
statically from V; = 0, the resonance amplitude increases
gradually and moves on the lower equilibrium branch. When I
reaches V,, a jump-up in the response to the upper equilibrium
branch is occurred. If V; is decreased, a jump-down occurs at
V; = V,. In particular, there are three coexisting solutions for
Vi <V, <V, (the solid and dashed lines correspond to stable
and unstable branches, respectively). The unique force-
response characteristic of Duffing nonlinear resonators is very
important in understanding the working principle of the
proposed position-insensitive WPT circuits described in this
paper. Generally, two resonators are coupled in a WPT system
to transfer the power from the source to the load. As the
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Fig. 7. Multiple plots of the PTE vs. frequency and coupling factor (k),
associated with the adjusted resonance frequencies at different coupling
factors.

coupling factor between the transmit and receive coils is varied,
the amount of energy coupled to the receiver varies
correspondingly. This can be modeled by an equivalent
excitation source at the receiver side having a variable
excitation amplitude (V;'(k)) which is a function of the coupling
between the transmitter and receiver. By employing a nonlinear
resonator at the receiver side, the resonance amplitude can be
maintained at its peak value regardless of the variation in the
amplitude of the equivalent excitation source at the receiver due
to the hysteretic response shown in Fig. 5. Hence, high PTE
values can be maintained as the coupling factor varies without
tuning the operating frequency.

III. PRINCIPLE OF OPERATION, ANALYSIS, AND DESIGN OF
NONLINEAR RESONANT-BASED WPT CIRCUITS

The self-adaptive behavior of the nonlinear circuits described
provide a novel solution to extend the transmission range of
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nonlinear resonant-based WPT circuits.

WPT systems over which the maximum PTE is maintained
without varying the source frequency or employing any active
feedback and control circuits. They provide a simple technique
that allows a significant reduction in the sensitivity of WPT
circuits to the variation of the coupling factor in real world
operating conditions. In this section, the analysis, mathematical
modeling, dynamical behavior, and the design methodology of
the proposed nonlinear resonant-based WPT circuits are
discussed.

Nonlinear resonant circuits are capable of adjusting their
resonance frequencies based on the voltage amplitude across
the nonlinear capacitors as can be seen from (13). 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 exploited to design the position-
insensitive WPT circuit.

In this section, an arbitrary series-series WPT circuit, shown
in Fig. 3, has been designed and simulated using the Advanced
Design System (ADS) | Keysight simulator to generate the
results shown in Fig. 6, 7, and 8. The scale of the frequency axis
is normalized to the natural resonance frequency of the
resonators, f,, to generalize the discussion. The same simulation
results and performance can be obtained for all different WPT
circuit topologies at any operating frequency or power level
based on the WPT application.

A. Principle of Operation

In order to visualize the operation of the proposed nonlinear
resonant-based WPT circuit, the 3D plot of the PTE versus the
frequency and the coupling factor (k), shown in Fig. 2, is plotted
in 2D as shown in Fig. 6 (represented by the V-shaped curves).
This figure shows the behavior of a conventional WPT circuit
designed to operate at a critical coupling factor (k.) operating
at an arbitrary operating frequency, f,. The principle of
operation of conventional frequency tracking approach that
relies on adjusting the operating frequency at each coupling
factor is also shown in Fig. 6. The operating frequency is
adjusted to track the optimum frequency (either odd or even
modes) within the over-coupled region in order to maintain the
maximum power transfer efficiency as the coupling factor

Cp ; k
¥ X
Rs, +vp - d
X LP
Vin
=
(@
Cp ; k
—¥ X
R +v,,— o O
Xy LP
Vin
=
(b)

Fig. 9. Circuit schematics of the nonlinear resonant-based WPT (a) Series-
Series topology, and (b) Series-Parallel topology.

varies.

On the contrary, the nonlinear resonant WPT circuits
presented in this paper allow the circuit to maintain both the
maximum power transfer and transfer efficiency at a fixed
operating frequency as the coupling factor between the
transmitter and the receiver is varied. The principle of operation
for the position-insensitive WPT circuit is shown in Fig. 7.
Multiple snapshots for shifted versions of the original V-shaped
curve (shown in Fig. 6) at different coupling factors are plotted
to demonstrate the operation of the nonlinear WPT circuits. The
nonlinear WPT circuit’s operation is visualized by 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 can
be achieved by tuning the values of the capacitors at each
coupling factor.

This is achieved by utilizing a nonlinear resonant circuit
which is capable of adjusting its resonance frequency
automatically at each coupling factor since the voltage level
across the nonlinear capacitor is a function of the coupling
factor. A capacitor with a 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 response of the original linear WPT
circuit. This self-adaptation mechanism is general as both the
even and odd modes can be tracked based on the type of the
device nonlinearity. Furthermore, PTE of the nonlinear
resonant-based WPT circuit is simulated versus the frequency
and coupling factor as shown in Fig. 8. The linear capacitors in
the conventional WPT circuit are replaced with anti-series
connected varactors to demonstrate the performance of the
proposed nonlinear-resonant-based WPT circuit. As can be
seen, the frequency splitting phenomena due to non-optimal
matching is suppressed. At the desired operating frequency (f,),
the simulated WPT system provides a constant PTE over a wide
range of coupling factors, as represented by the region inside
dashed box.
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series-parallel topology.

The enhancement of the nonlinear resonance WPT circuit’s
tolerance to coupling factor variation can also be understood by
representing the nonlinear resonator’s operation as a negative
feedback. When the distance between the two coils is reduced,
the coupling factor increases and the voltages across the
nonlinear capacitors decreases due to the non-optimal
matching. Therefore, the equivalent average capacitance (C,zf)
increases. According to (13), the resonance frequency, w,
decreases which results in shifting of the V-shaped curve (Fig.
7) to a lower frequency allowing the maximum efficiency point
to be tracked at the same desired frequency.

B. System Description and State-Space Modeling

The circuit schematics for series-series (SS) and series-
parallel (SP) topologies of a resonant-based WPT circuit are
shown in Fig. 9(a) and Fig. 9(b), respectively. The circuits’
parameters are designed in order to provide resonant periodic
waveforms of state variables namely, inductors’ currents and
capacitors’ voltages. Application of the Kirchhoff’s voltage law
to the SS circuit topology shown in Fig. 9(a) results in:

i,Rs + v, + L, diy,/dt — M dig/dt = vy,
iR, + v + Ly dig/dt — M di,,/dt = 0

(19)
(20)

where i, [, Us and v, are the state variables of the resonant-
based WPT circuit that stand for the inductor currents and the
capacitors’ voltages in the primary and secondary sides,
respectively. Ly, Lg, Cp, and Cs are respectively the inductances
and capacitances in the primary and secondary sides. Ry and R;
are the source and load resistances, respectively.

Thus, the system state equations which describe the
instantaneous nonlinear dynamics can be obtained from (19),
(20), and using the time domain voltage-current relationship for
capacitors [36]. The state equations are given by:

v, = i,/C, 1)
Ug = is/Cs (22)
U, = [Lsvi — Lsv, — Mvg — LeRsip,—MRyis] /A (23)

Iy = [Mvy — Mv, — L,vs — MRsi, — LyRyig| /A (24)

where A = LiLp — M? = LiLp(1 — k?).
Similarly, the system state equations for SP topology can be
expressed by:

(25)
(26)

vy = ip/Cy

Vs = i3/ Cs — vs/CsR,

Uy = [Lsvin — Lsv, — Mvs — LRl /A (27)

ly = [Mvy, — Mv, — L,v; — MRi,|/A (28)

Both topologies can be expressed by an equation of the form
x(t) = Ax(t) + u(t), where

x(0) =[50 v(® O LO] (29)
u(®)=[0 0 Lg/A M/A]T.vm(t) (30)
0 0 L 0
C[)
0 0 0 Ci
Ay =
¥ |-L, -M -LR -MR, (D
A A A A
-M -L, -MR -L,R
L A A A A
0 0 i 0
Cp
& T
A = st s
R YR (32)
A A A
M - L, -MR 0
L A A A i

The parameters of the matrix A for both SS and SP circuit
topologies are functions of the primary and secondary
components. Thus, the equations that describe the dependence
of the nonlinear devices (either capacitive or inductive) on the
system’s states can be evaluated and substituted into the matrix
A. The solution for x(t) starting from an initial time instant and
an initial state, x,, can be expressed by using Euler’s method to
approximate the differential equations by discrete difference
equations is given:

x(t+1) = U+ A At)x(t) + u(t). At (33)

where [ is the identity matrix. In this paper, we study the effect
of employing a nonlinear capacitor at the secondary side,
Cs(vg), upon the circuit’s performance of the series-parallel

topology.

C. Synthesizing the C-V Relationship for the Secondary
Nonlinear Capacitor

Since the nonlinear device is employed at the receiver side,
an equivalent single nonlinear resonant circuit is realized at the
receiver circuit in order to simplify the determination of the
required nonlinearity while reducing the simulation time. The
primary and secondary inductors are assumed to be equal, L, =
Lg = L. The linear series resonant circuit at the primary side is
reflected to the receiver side after the secondary inductor as
shown in Fig. 10 by calculating the Thevenin Equivalent circuit
as follows:

—-w2CpLk

Vi = ——a oy,
th ™ (1-w2LCp)+jwCpRs

(34
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Fig. 11. Simulated transient response of the voltage across a 5kQ load
resistance in the proposed nonlinear resonant-based WPT circuit at k=0.22.
(The source available power is 60 W)

~w2CpLRs+jwL(1-w2LCy(1-k?))
(1-w?LCp)+jwCpRs

Zp = (35)

Therefore, the real and imaginary parts of the Thevenin
impedance can be expressed as:

w*CZM?R
RelZ,p} = L 36
elZen) (1—w2ch)2+w2c§Rs2 (36)
3 2 2 _
Im{Zy) = wL — w3CpM?(w?LCp—1) (37)

(1—w2ch)2+w2c§R§

The resonance frequency of the primary resonator is
designed to be the same as operating frequency, w,, =

1/,/LC, = w. Accordingly, (34), (36), and (37) expressions
can be reduced to:

Ven (@ = @) = jkQuVin (38)
RelZi(w = 0,)} = = Q2 k2R, (39)
Im{Z, (0 = w,)} = WL (40)

where Qp, = wLy, /R is the loaded quality factor of the primary
resonator. It can be seen that V;, is function of the coupling
factor. The state-space modeling of the single equivalent
resonant circuit hence can be evaluated as:

s _1/Cs( s)R 1/Cs( s) s 0
[11]5] - [ —1/1;, l —Q?kaZS/L] [Z] +§[le] Vin (41)

Finally, the power delivered to the load and the
corresponding overall PTE can be calculated as
Poye = VSZ/ZRI (42)
VZ/2R
PTE = Poue/Pay = 1 ngls (43)

Using (41) and (43), the C-V relationship of the nonlinear
capacitor (C(vg)) can be synthesized such that high PTE is
maintained across the required coupling factor range. A search

algorithm is utilized to optimize the design parameters for
different types of nonlinear capacitors. For example, the anti-
series varactor diodes’ C-V equation can be given by:

Cjo Cjo 44
(1_%>y [l (1_%)y 44)

where Cjo is the zero-bias junction capacitance, Vj; is the
junction voltage across first diode, V}, is the junction voltage
across the second diode where vj; + vj, = vs, V); is the built-
in potential, and y is the grading coefficient. Thus, the design
parameters are Cjo, V; and Y. Alternatively, the nonlinear
capacitor can be expressed by the following polynomial form:

C = CO + C1V + CzVZ + C3V3 (45)

where Cy, Cy, C,, and C; are the optimization parameters. Using
the aforementioned system analysis, the time domain transient
and steady-state waveforms and the FFT spectra of the output
power delivered to the load can be numerically simulated using
Matlab. Fig. 11(a) shows the simulated transient response of the
nonlinear WPT circuit, using the aforementioned analysis. A
very small amount of overshooting is observed in the transient
response which does not affect the operation of the circuit.

Based on the analysis provided in this section, the design
methodology can be summarized in three steps. The first step is
to design a linear WPT circuit to fulfil the required WPT circuit
specifications in terms of operating frequency, targeted power
level, desired transmission range, and load value. The second
step is to determine the optimum nonlinearity required to
maintain the PTE over the desired range of coupling factor
values. This is achieved through optimization tools in circuit
simulators. Finally, the third step is to synthesize the required
nonlinearity using through different combination of the
available commercial nonlinear devices that can provide the
proper nonlinearity while handling the targeted power levels. In
the following section, the implementation and measurement
results for the position-insensitive WPT circuit prototype is
discussed in details”.

IV. NONLINEAR WPT CIRCUIT IMPLEMENTATION AND
EXPERIMENTAL RESULTS

As a proof of concept, a WPT circuit employing a nonlinear
resonator in the receiver side has been designed and
implemented. The WPT primary circuit is capable of
transmitting 60 W to a resistive load of 2.5 kQ in the secondary
circuit at 2.25 MHz. Initially, a 60 W conventional linear WPT
reference circuit has been designed. The value of the load
resistance was chosen based on the targeted critical coupling
factor (k. = 0.14) corresponding to a 25 cm transmission
distance between the two coils used in this setup. Recalling that,
k. =1/,/Q,Qs [4], where @, = w,Ly/Rsource is the loaded
quality factor of the primary series resonant circuit and Qg =
Ripaa/woLs is the loaded quality factor of the secondary
parallel resonance circuit. Knowing the values of
k¢, Qpy Qs, Ly, L, Rsoyrce, and g, the load value has been
determined to be 2.5 kQ. A real RF load resistor was used
during the measurements while the light bulb with equivalent



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 9

Waveform
Across Load

25 k-

N
o

Distance (cm)
S o
)

(6]
-

o

‘ | —3i v
02 03 _ 04 {05
Coupling Factor

©

©
=

Fig. 12. Implemented series-parallel topology of the position-insensitive WPT
circuit: (a) circuit schematic, (b) experiment setup, and (c) measured coupling
factor between the transmit and receive coils versus the transmission distance
and the angular misalignment.

resistance, shown in Fig. 12(b), was used for the performance’s
demonstration purposes only [38]. While the load resistance
value might seem very large, the proposed technique is generic
and can be applied to design any WPT circuit with particular
specifications including the load value. The circuit topology
(i.e. the type of resonance, series or parallel) is decided based
on the equivalent load impedance of the rechargeable battery.
The prototype was mounted on ball bearing sliders to allow
for a smooth movement of the receiving coil with respect to the
transmitting coil. It is noteworthy to point out that the circuit’s
power level and frequency can be scaled up and down to
address the required specifications for different applications or
to comply with a standard. In this experiment, series-parallel
topology is utilized and the circuit schematic as well as the
experiment setup employing a 2.5 kQ load, are shown in Fig.
12(a) and 12(b), respectively. A signal generator is used to feed
the transmitter’s linear power amplifier (PA) and the output of
the PA is then connected to the transmit circuit through a 1:1
balun. The available power from the power amplifier is 60 W
(the maximum power level that PA can provide to a perfectly

1000
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500
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-600 -400 -200 0 200 400 600

DC Bias (V)
Fig. 13. Measured C-V response of the optimized combination of the
nonlinear capacitors.

1ADLE 1
COMPONENT SPECIFICATIONS FOR THE IMPLEMENTED WPT CIRCUIT

Component Specification

Transmit and Receive Coils

Inductance 15 uH
Outer Diameter 40 cm
Inner Diameter 25 cm
Pitch 1 cm

Number of turns 5

Primary Capacitor 350 pF

Shunt combination of:

1. Anti-series connection of SiC
STPSC20H12-Y 1.2kV Schottky diodes
2. Series & parallel combinations of
high-voltage nonlinear X7R ceramic
capacitors (equivalent DC capacitance =
200 pF)

Secondary Capacitor

Load Resistor 2.5kQ

matched load at that frequency). A typical class-A RF power
amplifier with an efficiency of ~30% is utilized in the
experiment. The efficiency of the PA is not included in the
reported PTE of the proposed WPT circuit. On the receiver side,
the receive coil is connected in parallel with the passive
nonlinear capacitor and the load resistor. The load resistor value
is determined based on the loaded quality factor of the
resonators required to satisfy the critical coupling factor. Both
the transmit and receive coils have 5 turns with inner diameter
of 25 cm, outer diameter of 40 cm, a pitch of 1 cm. Table I
summarizes the component specifications for the implemented
WPT circuit.

The measured coupling factor values as function of: (1) the
transmission distance and (2) the angle between the transmit
and receive coils at 20 cm transmission distance, are shown in
Fig. 12(c). Based on [37], the coupling factor is proportional to
cos(@), where a is the angle between the normal vectors to the
coils’ planes. Afterwards, the design procedure discussed in
Section III is followed to synthesize the required nonlinearity at
the receiver side such that a high PTE is maintained within the
operating range. The C-V curve of the optimized nonlinear
device is measured and shown in Fig. 13. This nonlinearity is
realized using a combination of an anti-series connected SiC
STPSC20H12-Y 1.2kV Schottky diodes in shunt with a
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misalignment offset between the transmit and receive coils.

combination of several high-voltage, low-loss nonlinear
ceramic capacitors of Class II (X7R) which exhibit strong
voltage dependent capacitance behavior when driven with high
voltage swings [39].

The output power delivered to a real 2.5 kQ resistive load is
measured as a function of the transmission distance (D) and
lateral misalignment. The PTE is defined as the ratio of the load
power to the PA output available power. Therefore, the
impedance mismatch at the PA output port is taken into account
when calculating PTE. However, the power efficiency of the
PA itself is not included in the measured PTE values. The
measured received power is approximately 51 W with max
variation of 3 W over a distance variation from 5 cm to 25 cm.
The simulation results (dashed lines) in comparison with the
measurement results (solid lines) of the PTE versus
transmission distance for both the nonlinear WPT circuit (black
lines) and the corresponding linear WPT circuit, using the same
experimental setup, (red lines) are shown in Fig. 14(a). The

measured results show a good agreement with the simulation
results especially at low coupling factor values. However, there
is a slight discrepancy between them at high coupling factor
values (transmission distance range between 5 cm and 10 cm).
This is expected to be due to the discrepancy between the
measured and modeled C-V curves of the nonlinear devices in
addition to the inaccurate modeling of the circuit losses as a
function of the temperature and the large signal across the
nonlinear devices. These effects can be mitigated by careful
optimization for the circuit setup in the simulation environment.
More careful modeling optimization would result in a better
agreement between the simulation and measurement results.

As depicted in Fig. 14(a), a maximum PTE of 86% in the
conventional linear WPT circuit is measured at transfer distance
of 25 cm (corresponding to the critical coupling factor for this
setup) and decreases as distance varies in both directions
(towards and away from the source). At the same time, not only
the nonlinear WPT circuit achieves the same peak PTE of 86%,
it maintains the high PTE over distance variation of AD = +10
measured from the center operating transfer distance (D =
15 cm). Compared to a conventional WPT circuit using the
same experimental setup, the high-efficient operating
transmission range, defined with a PTE higher than 80%,
extends by 200%, and the efficiency at the shortest transmission
distance (5 cm) improves by about 2.6 times.

The proposed position-insensitive WPT circuit compensates
for the effect of the coupling factor variation on the PTE within
a specific range based on the circuit nonlinearity. The value of
the coupling factor is highly dependent on the relative position
between the transmit and receive coils in terms of the vertical
transmission distance, lateral misalignment, and angular
misalignment. Therefore, the tolerable range of coupling factor
translates into an efficient 3D charging zone for a wireless
charger where the high PTE and the targeted power level are
maintained independent on the position and orientation of the
device. In this paper, the implemented WPT circuit tolerates a
variation in the coupling factor value between 0.14 and 0.47, as
shown in Fig. 12(c).

Motivated by that, the robustness of the nonlinear WPT
circuit as a function of the lateral and angular misalignments
between the transmit and receive coils are tested. Fig 14(b)
shows the measured PTE as a function the lateral misalignment,
normalized to the diameter of the coil measured at the center
operating distance (D = 15 cm), and the angular misalignment
in degrees measured at a transmission distance of 20 cm. The
peak PTE is maintained when lateral misalignment is increased
up to +/- 20 cm (£50% of the coil diameter). Moreover, the
circuit maintains the same peak PTE when varying the angle
between the transmit and receive coils up to +75°. The
tolerable ranges of the lateral and angular misalignments map
to the same coupling factor range that can be tolerated by the
circuit’s nonlinearity. Furthermore, both ranges are function of
the transmission distance between the centers of the coils since
it affects the overall value of the coupling factor as well.

The jump-down that appears in the PTE curve at the critical
coupling distance is imposed by the hysteresis characteristic of
the nonlinear resonators. It can be proved that there is no valid
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solution for high PTE to exist at the operating frequency within
the under-coupled region. For nonlinear WPT circuits, the
critical coupling distance defines the upper boundary of the
efficient transmission range which is designed based on the
required system specifications.

The robust nonlinear resonant-based WPT circuit introduced
in this paper promises the 3-dimentional positioning freedom in
WPT systems allowing efficient wireless power transfer,
without requiring precision positioning or alignment over the
charging pad. The presented technique is applicable to a broad
range of operating conditions including operating distances,
frequencies, or power ranges. Therefore, WPT circuits based on
nonlinear resonance can have a significant impact on the
performance of WPT systems operating in real world
environments.

V. CONCLUSION

This paper presents a novel technique using nonlinear passive
devices to design position insensitive WPT circuits which
maintain their performance independent of the coupling factor
between the transmit and receive coils. The position insensitive
WPT circuit introduced here is entirely passive, simple and
highly reliable as it does not require any active feedback control
circuits, source frequency tuning, tunable matching networks,
and controllers. A 60 W WPT circuit prototype designed based
on such technique is implemented and its performance is
measured. The circuit exhibits a near-constant efficiency of
approximately 80% operating at 2.25 MHz over: (1) distance
variation, 4D, of up to +/- 10 cm from the center operating
transfer distance (D, = 15 cm), (2) lateral misalignment of up
to £50% of the coils’ diameter at the center operating distance,
and (3) angular misalignment of up to +75°.
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