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ABSTRACT

Wireless power transfer (WPT) technology provides galvanic isolation for improved
safety and also provides reliability by eliminating the need for dedicated
connectors/adapters that can get damaged due to frequent usage. For these reasons, it has
become popular in medical implant charging and electric vehicle (EV) charging. Beyond
these niche applications, due to aesthetic features and convenience provided by the cord-
free environment, it is rapidly becoming an attractive charging solution for various
portable electronics as well as household appliances.

However, currently available WPT technology demonstrates several shortcomings and
various challenges due to allowed receiver position variation with respect to transmitter
position. For consumers, major shortcomings and challenges include lower power
transmission efficiency compared to hard-connected charging method and limited
receiver positioning flexibility. For the industry, major shortcomings and challenges
include increased cost of implementation and increased complexity in design and
control.

In order to promote adoption of WPT technology, it is important to provide good
power transmission efficiency and to improve receiver positioning flexibility while
reducing complexity in design and control of resonant converters. Also, it is important to
minimize the component count to reduce the cost of implementation.

In this research, novel optimal design methods have been developed for resonant

converters employing two popular resonant tank topologies: series-series (SS) resonant



tank and series-parallel (SP) resonant tank. Also, a novel control method for SS resonant
converter employing a symmetrical inductive coupler has been developed. These methods
reduce complexity in analysis, design, and control. Using these methods, receiver
positioning flexibility can be improved without a large component count while minimizing
design complexity. Various simulation results and experimental results are presented to
show that these methods allow achieving an optimal compromise between power
transmission efficiency and power delivery robustness against variations in resonant tank

parameters occurring due to magnetic coupling variation.
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CHAPTER 1
INTRODUCTION

1.1 BASIC OVERVIEW OF WIRELESS POWER TRANSFER

In magnetically-coupled wireless chargers, electric power is transmitted across a
magnetic coupler via magnetic field coupling. Unlike transformers, a magnetic coupler
can have a large air-gap distance and misalignment between its primary-side coil
(transmitter coil, Tx) and secondary-side coil (receiver coil, Rx). An example of a
magnetic coupler is shown in Figure 1.1. The figure shows a symmetrical implementation
of Tx and Rx in which they have the same physical geometry. It should be mentioned that
a magnetic coupler can also be implemented asymmetrically with different geometric

shapes and different turns ratio for Tx and Rx.

N =22 turns
25 AWG

~35.33cm

:EQ.53mm

~10.54mm

Figure 1.1: A magnetic coupler example consisting of two flat planar cores with 1:1 turns
ratio.



Due to non-ideal magnetic coupling (k) caused by a large air-gap and misalignment
between Tx and Rx, large leakage fluxes are generated. Effects of leakage fluxes are
modeled with so called leakage inductances. Ideal (perfect) coupling refers to
the condition of & = 1, whereas non-ideal (imperfect) coupling refers to the condition of 0
<k <1. As can be seen inside the dashed red box in Figure 1.2, a magnetic coupler for 0
< k <1 can be represented as a T-equivalent model consisting of primary-side leakage
inductance (L.;), magnetizing inductance (L), and secondary-side leakage inductance
referred to the primary side (Le;' = n%L.,). For the T-equivalent model, magnetic coupling
coefficient, k, is determined by Equation 1, where Lg; represents primary-side self-
inductance and Lg,’ represents secondary-side self-inductance referred to the primary
side.

The T-equivalent model may or may not contain winding resistance and core
equivalent resistance accounting for core loss, depending on significance of their effects
in desired analysis.

A magnetic coupler is driven by a switching converter, and the magnetic coupler
together with one or more resonant capacitors forms the so-called resonant tank. The
purpose of constructing a resonant tank is to compensate for leakage inductances, L., and
Le,', so that their impedances are effectively shorted out (zero) by resonant capacitors at
resonant frequency. This resonant compensation minimizes losses in a resonant tank to
deliver an appropriate power at maximized efficiency. More details on resonant tank
characteristics will be provided in Chapter 3. Also, theory of resonant converters is
explained in more detail later in the background section. For now, it should be mentioned

that a DC-DC resonant converter performs DC to AC conversion, and then AC voltage



excites a resonant tank consisting of inductance(s) and capacitance(s). Due to this AC

excitation, magnetic field is induced in Tx. AC voltage and current waveforms are then

induced in Rx via magnetic coupling. In a receiver, these AC waveforms are converted

back to DC by the use of either passive rectification or active rectification. These

rectified waveforms are then fed into a low pass filter to filter out undesirable high

frequency signals. After the low pass filter stage, the transmitted power is used to charge

a battery or to power up an electronic load. This process is shown in Figure 1.2, which

provides a simplified overview of resonant converter operation. As Figure 1.2 shows, in

wireless charging, the DC to AC conversion generates AC signals to excite a resonant

tank whose inductances come from the T-equivalent model of a magnetic coupler,

although additional inductor(s) are sometimes implemented.
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There are different possible resonant capacitor arrangements for creating various
resonant tank topologies. Two popular resonant tank topologies, series-series (SS)
resonant tank and series-parallel (SP) resonant tank, are shown in Figure 1.3- Note: Each
topology contains the T-equivalent model of the magnetic coupler, and the secondary-
side parameters are referred to the primary side. Examples of these topologies in wide

range of applications can be found in [1], [6], [8]-[9], [24], [34]-[35] and [37].

In Figure 1.3, the resonant tank input is AC voltage Vi, which is created by the
primary-side switch network performing DC to AC conversion. The resonant tank output
is represented as an effective resistive load, R.’, referred to the primary side, which
models the secondary-side rectification network and the battery load under nominal
charging condition. The subscripts, ss and gsp, are added to distinguish between the
expressions for R.' in SS and SP resonant tank topologies: R.ss’ for SS resonant tank and
Resp’ for SP resonant tank. Primary-side resonant capacitance is denoted as C,;, and

secondary-side resonant capacitance referred to the primary side is denoted as C,’.

Resonant Topology Parameters Referred
to the Primary Side

. C1 Le1 n- Le2
|Le1 - io’ C
|‘—> _ G
Series-series —|_ C2 = n2
(SS) > Ress’ : 8
Resonant Tank vi (Il § Vo Riss = n? (F) Rioad

C1  Let Le;" = nL
iLer 8 E Le2' o e2 ] e2
- = 1+ | w8
Series-parallel _— n2
(SP) 1 RasP

Wi Lm =

— g 'U'D' , T[2
Resonant Tank Co' Rigp = n? ) Rioad

Figure 1.3: Series-series (SS) and series-parallel (SP) resonant tanks with secondary-side
parameters referred to primary side.



In this research, detailed analysis is performed for voltage gain ||Gy(jo)||, current gain
IGi(jo)||, and circulating current gain ||Gjim(jo)|| of the two resonant tank topologies.
Angular frequency o is in rad/s and defined as 2xf, where frequency f'is in Hz. Voltage
gain ||Gy(jo)|| is defined as the magnitude of the ratio Vo’ to V; in the frequency domain.
Current gain ||Gj(jo)|| is defined as the magnitude of the ratio of ip’ to i in the
frequency domain. Circulating current gain ||Gj m(jo)|| is defined as the magnitude of the

ratio of iy, to ir¢; in the frequency domain.

For the two resonant tank topologies, voltage gain evaluates power transmission
characteristics. In the SS resonant tank, current gain and circulating current gain evaluate
coil-to-coil power efficiency. On the other hand, in the SP resonant tank, current gain
evaluates the resonant tank's power efficiency while circulating current gain evaluates
coil-to-coil power efficiency. This is because current gain of the SP resonant tank is
affected also by one additional circulating current path through C,’ unlike the SS

resonant tank — See Figure 1.3.

As mentioned previously, the coupler can be implemented either asymmetrically or
symmetrically. Due to this fact, there are two main types of resonant tank that the SS
resonant tank and SP resonant tank can belong to. One is asymmetrically-implemented
resonant tank (ART) type, and the other is symmetrically-implemented resonant tank
(SRT) type. In ART type, the primary leakage (L.;) and the secondary leakage referred to
the primary side (L' = n?L,) can be largely different, thus they are not related simply by
the coupler turns ratio, n. In SRT type, L¢; and Le,' are equal to each other. Thus, in SRT

type, relative inductance condition is always Lg; = Ls,', whereas, in ART type, it can be



Ls; > Lsy', Ls; = Lgy', or Lg; < Lg,". Consequently, analytical complexity is higher for

ART type.

These two main resonant tank types can be further divided based on the range of £.
ART type can be divided into tightly-coupled ART (TART) type or loosely-coupled ART
(LART) type. Also, SRT type can be either tightly-coupled SRT (TSRT) type or loosely-
coupled SRT (LSRT) type. In this research, the term, ‘tightly-coupled’, refers to & > 0.6
approximately, whereas the term, ‘loosely-coupled’, corresponds to k& < 0.35

approximately.

1.2 MOTIVATION AND RESEARCH OBJECTIVES

Wireless charging provides increased safety and convenience by applying galvanic
isolation and by eliminating the need for frequently-used dedicated connectors/adapters.
For these reasons, it has been utilized in medical implant charging [1]-[5] and electric
vehicle (EV) charging [6]-[9]. Recently, wireless charging has become an attractive
charging solution also for electronic household appliances and various portable
electronics [10]-[13] such as cellular phones [14]-[16] and laptops [17]-[18]. This is
because wireless charging can also provide aesthetically-pleasing cord-free environment
that improves spatial utilization. However, current wireless charging technology

demonstrates several shortcomings.

From the consumer’s perspective, the shortcomings include limited receiver
positioning flexibility and lower power transmission efficiency compared to wire-
connected charging. From the industry’s perspective, they include increased cost due to a

large component count and increased complexity in design and control.



In order to promote adoption of wireless power transfer technology, it is crucial to
provide good efficiency in both tightly-coupled systems and loosely-coupled systems
while reducing the complexity in design optimization and control of resonant converters.
Furthermore, minimization of component count to reduce the cost of implementation is

highly desirable.

However, there exist various challenges due to the fact that significant variations can
occur in k and R.'. Variation in k is caused by the misalignment and air-gap changes
between Tx and Rx - See Figure 1.1. This variation changes the inductances (L.j, Le',
and L,,) and thus causes resonant frequencies to shift. Variation in R.' can occur passively
and/or actively. Passive variation in R’ occurs due to battery state of charge variation or
due to different electronic loads. Active variation in R.’ occurs due to various
rectification (AC to DC conversion) techniques. Both types of variation (k variation and
R¢’ variation) causes resonant peaks to change in voltage gain, current gain, and/or
circulating current gain. These resonant peak changes can be described in terms of quality
factor, Q. Expressions for Q depend on resonant tank topologies and author. In this
research, Q describes relationship between resonant elements and effective resistive load,
R.". Therefore, Q in this research is a load-dependent quantity. Different mathematical
expressions for Q are used later in this dissertation. For now, it should be noted that Q
variation can be imposed by changing R.'. In summary, resonance characteristics of a
resonant tank can vary significantly in wireless power transfer applications.

Consequently, analysis, design, and control can become complex.



The parameter variations affect power transmission characteristics, efficiency, and
control model complexity. More specifically, the following general remarks, a through d,

can be made regarding various affected quantities in wireless charging applications.

a. Maximizing power transmission robustness against k variation is desirable
for minimizing losses in an additional converter and/or regulator
implemented in either the transmitter-side or receiver-side of a resonant
converter. In some cases, high robustness in power transmission
characteristics can even eliminate the need for an additional converter
and/or regulator, which maximizes the overall system efficiency. It can
also significantly decrease the complexity in deriving frequency-
dependent models for controlling power transmission. Note: Power
transmission robustness is maximized when voltage gain robustness is
maximized.

b. Power efficiency in a resonant tank is maximized ideally when its leakage
inductances are fully compensated by resonant capacitor(s) to produce
effective short-circuited (zero) impedance. In a desired range of £
variation, maintaining compensation of leakage inductances provides
sufficient power delivery without significant losses in a magnetic coupler.
Therefore, there needs to be a control method that allows tracking and
achieving the compensation of leakage inductances under £ variation.

c. Satisfying a through b above leads to increased receiver positioning

flexibility.



d. There is a trade-off between coil-to-coil power efficiency and robustness
in power delivery: high coil-to-coil efficiency of a resonant tank may be
achieved at the cost of low power delivery robustness against k variation.
This means that, under the condition that expected losses in an additional
converter and/or linear voltage regulator are higher than expected losses in
a resonant tank, it is better to increase power delivery robustness, because
overall charging system efficiency can be increased by minimizing the
losses in or the need for an additional converter and/or linear voltage

regulator.

To achieve good overall efficiency and robustness in power transmission, to improve

receiver positioning flexibility, and to reduce implementation complexity, this

dissertation presents the following novel accomplishments in order.

NOVEL ACCOMPLISHMENT 1:

To obtain a novel optimal design method for SS resonant tank of SRT type by
performing detailed analysis on frequency-domain characteristics of SS resonant

tank of SRT type.

NOVEL ACCOMPLISHMENT 2:

To obtain a novel control method that enables unity gain frequency tracking
(UGFT) in a SS resonant converter of SRT type under k variation without the

need for digital communication between transmitter and receiver.



¢ NOVEL ACCOMPLISHMENT 3:

Based on detailed analysis of general frequency-domain characteristics of SS and
SP resonant tank topologies, derive gemeral analytical equations in design-
oriented form for determining various notable quantities in SS and SP resonant
tank topologies. By using these equations, perform analytical comparative study
on SS and SP resonant tank topologies for deciding which of the two topologies is
desirable for a certain application. Also, obtain novel computer-aided optimal
design methods, so that the two topologies of LART type can be designed for
optimal performance for a desired nominal load under & variation.

1.3 RESEARCH SIGNIFICANCE

In novel accomplishment 1, frequency-domain characteristics of SS resonant tank of
SRT type are analyzed in detailed to evaluate changes in the characteristics caused by &
and Q variations. Based on the analysis, a novel design method is developed. The design
method allows rapid calculation of the resonant tank parameters for achieving peak
voltage gain of choice. As will be shown, unlike conventional design methods, it is a
more self-contained method in which the cost of design process can be significantly
reduced. By allowing rapid calculation of the resonant tank parameters, it also provides
convenient evaluation of expected resonance characteristics for SS resonant tank of SRT
type. Consequently, design iterations can be performed without high complexity and

time-consuming efforts that conventional design methods require.

In novel accomplishment 2, a novel UGFT control method is developed for SS
resonant tank of SRT type. This method does not require communication between a

transmitter and a receiver in tracking and achieving the resonant frequency of highest
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power efficiency (unity voltage gain frequency, fp). Therefore, this control method can
improve both power efficiency and receiver positioning flexibility in SS resonant
converter of SRT type. By minimizing the need for various components in currently
available wireless charging systems for portable electronics, this control method also

reduces system complexity and cost of implementation.

In novel accomplishment 3, detailed analysis on general frequency-domain
characteristics of SS and SP resonant tank topologies is performed. By deriving various
general analytical equations, SS and SP resonant tank topologies of both SRT and ART
types can be analyzed. Assuming loosely-coupled condition, equations for approximating
desirable resonant frequencies under k variation are derived. Using these frequency
approximations, various design equations are derived. All of the analytical equations and
design equations are derived in design-oriented forms consisting only of physically-
meaningful quantities that allow convenient analysis and optimal designs of the two
popular resonant tank topologies. Also, these equations allow determining and evaluating
various important frequency-domain quantities such as peak voltage gain, load-
independent voltage gain, load-independent current gain, multiple resonant frequencies
exhibiting notable features, desirable boundary for operating frequency (w;) range,
voltage gain at ws, current gain at w, circulating current at ws, and how these quantities
change depending on magnetic coupling coefficient (k) and load (R.’). Therefore, easier
understanding of design and efficiency tradeoffs can be accomplished by using these
equations. By using the design equations, novel computer-aided optimal design methods
for loosely-coupled SS resonant tank and loosely-coupled SP resonant tank are developed

to avoid time-consuming development process and to minimize costs caused by extensive
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experimental evaluation and iterative practical redesigns. These design methods allow
rapid and convenient evaluation of effects of variations in £ and load-dependent quality
factor. Optimal load-dependent quality factor values can then be determined without high
complexity for a desired nominal load. By achieving optimal load-dependent quality
factors, power transmission robustness against & variation can be maximized without
significantly reduced coil-to-coil power efficiency. Also, an analytical comparative study

is performed to show which of the two topologies is desirable for a certain application.

Overall, these novel accomplishments contribute to improving both overall power
efficiency and receiver positioning flexibility, while reducing system complexity and cost

of design process in inductive wireless charging systems.

1.4 BACKGROUND ON RESONANT CONVERTERS

Unlike pulse width modulated (PWM) converters, resonant converters contain a
resonant L-C network (resonant tank) that produces sinusoidal or quasi-sinusoidal voltage

and current waveforms during a switching period.

To increase the power density, switched-mode power converters can be operated at
high switching frequencies so as to reduce the sizes of magnetic components. However
for a PWM converter performing hard switching transitions, high switching frequency

operation can increase the switching loss significantly leading to poor power efficiency.

A major advantage of resonant converters is the reduced switching loss through the
use of soft switching techniques known as zero voltage switching (ZVS) and zero current
switching (ZCS). In ZVS and ZCS, the turn-on transitions and/or turn-off transitions of
semiconductor switches can occur approximately at zero crossings of the waveforms

produced by a resonant converter. Therefore, reduced switching loss can be achieved in a
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resonant converter, so that it can operate at switching frequencies higher than in
comparable PWM converters. Another advantage of resonant converters is that ZVS can
reduce the electromagnetic interference (EMI) by significantly reducing high frequency

noise at switching transitions.

However, there exists a major disadvantage of resonant converters: it is difficult to
optimize the resonant elements in terms of efficiency for wide input and output ranges.
Also, optimization becomes even more difficult when there are variations in & such as in

wireless power transfer applications.

In this section, the fundamental theory on resonant converters is explained: the
fundamental theory includes sinusoidal analysis, ZVS mechanism, and ZCS mechanisms.
A simple DC-DC series LC resonant converter in Figure 1.4 is used as an example to
explain the theory. Furthermore, various types (switching frequency (fs) modulation,
phase-shift method, and PWM method) for controlling the voltage gain and load current

are described.

ig(t) Jir(t)| lo

+ Q1 Q3
Vds1(t) 1 1 z= =
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T hET .
is(t) ir(t)

£ M | | Y -
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Figure 1.4: DC-DC series LC resonant converter.

1.4.1 SINUSOIDAL ANALYSIS OF RESONANT CONVERTERS
In Figure 1.4, actively controlled switches, Q1-Q4, convert a DC source voltage, Vg,
to a square wave voltage, vs(t), oscillating at the switching frequency, fs. In most cases,

the frequency of vg(t) is close to the resonant frequency, fo, generating the quasi-
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sinusoidal waveforms in the resonant tank. If the resonant tank has response at other
harmonics of vg(t) that are negligible compared to response at the fundamental frequency
(fs = fo), then the voltage and current waveforms of the resonant tank can be
approximated by their fundamental frequency components. Thus, the resonant tank acts
as a fundamental frequency pass filter. Applying the fundamental frequency
approximation in the analysis, vg(t) can be realized as shown in Figure 1.5. This figure
shows the square wave voltage, vs(t), which is what the input voltage of the resonant
tank actually is. Due to the filtering effect, the sinusoidal wave voltage, vs(t), is what the
impedance of the resonant tank responds to. Using Fourier series, the square wave

voltage, vg(t), is represented by Equation 2. Since the resonant frequency, fo, is close to
the fundamental frequency, fs = :’—;, the fundamental component of vg(t) applied to the

input of the resonant tank can be expressed as Equation 3. The quasi-sinusoidal resonant
tank input current, is(t), is then expressed as Equation 4 - Note: The phase shift, ¢, is

present in is(t) when fs and fo are not exactly equal to each other.

Figure 1.6 shows the source current, ig(t), and resonant tank input current, is(t),
waveforms: ig(t) and is(t) are equal for one half of the switching cycle, but they are
opposite in polarity for the other half. This can be easily understood by visualizing ig(t)
as a phase-shifted full-wave rectified version of is(t) hence ig(t) having some negative
polarity portion for ¢ duration. The average value of ig(t) is then determined by
Equation 5.

As can be seen from Figure 1.5 and Figure 1.6, is(t) is shown to lag vs(t) by the phase
shift of @g. This lagging occurs because the analysis performed here is based on above-

resonant frequency operation: fs is above but near fo. With the series LC configuration,
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the resonant tank introduces an inductive impedance to vy for fs > fo (above-resonance
operation). On the other hand, if fs is below fp, then is(t) is leads vgs(t) by a certain phase:
with the series L-C configuration, the resonant tank introduces a capacitive impedance to
vs(t) for fs < fo (below-resonance operation). The magnitude of phase shift increases as f
is moved farther away from fy. It should be noted that is(t) waveform is then quasi-
sinusoidal: is(t) is sinusoidal only if fs is exactly equal to fo so that the resonant tank
introduces a resistive impedance to vg(t) causing no phase shift between is(t) and vg(t) .
The portion consisting of the diode bridge rectifier, output low pass filter, and load
resistor is shown Figure 1.7. The series LC resonant tank’s output voltage (vi(t)), its
fundamental component (v;(t)), and output current (ir(t)) waveforms are shown in Figure
1.8.

Because of the synchronous rectification performed by the diode bridge rectifier, the
effective resistive load, Re, is applied to the output of the resonant tank as indicated in

Figure 1.7. In order to determine Re, v, is first represented as Equation 6, and its
fundamental component, v;q(), is then represented as Equation 7. The output current of

the resonant tank, ir(t), is expressed as Equation 8. Then, the output current through the
load resistor, lo, which is filtered by the low pass capacitive filter, Cy, is equal to the
average value of the full-wave rectified current of ir(t), [ir(t)|, which is shown by Equation
9. Finally, effective resistive load R, is derived as Equation 10.

Based on Equations 2 through 10, the steady-state equivalent model of the series LC
resonant converter is shown as Figure 1.9. The ratio of load voltage (Vo) to source
voltage (Vg), M, is determined by Equation 11. Substituting Equation 10 into Equation

11 yields the relationship, M =|Gv(j,)

. In reality, the voltage gain relationship is
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M =~ ||Gv(ja)s)

, because there are some losses. This relationship shows that the output

voltage of resonant converters depends on the voltage gain transfer function of the

resonant tank and can be controlled by modulating the switching frequency, fs.

T

T s
Va—+ B

Vs

N g

Figure 1.5: Square wave resonant tank input voltage, vs(t), and its fundamental frequency
component, vs(t).

4 1. :
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2 S is()
Ps

Figure 1.6: Source current, ig(t), and resonant tank input current, is(t).
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Figure 1.7: Diode bridge rectifier with low pass filter and load resistor.

—Vo

Figure 1.8: Waveforms of the series LC resonant tank’s output voltage vi(t), its
fundamental component v;(t), and resonant tank output current ir(t).
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Figure 1.9: Steady-state equivalent model of series LC resonant converter.
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1.4.2 ZERO VOLTAGE SWITCHING (ZVS)

ZVS is a type of soft switching mechanism that reduces the switching loss by having
switching transitions of semiconductor devices at zero crossings of applied voltage
waveforms. For example, in converters containing MOSFETs with built-in anti-parallel
body diodes or external diodes, ZVS reduces the switching loss caused by diode reverse
recovery and inherent output capacitance of a MOSFET.

ZVS can occur where the voltage across a MOSFET becomes zero before the resonant
tank current becomes zero, and before the transistor turns on. Therefore in above-
resonance operation of the series LC resonant converter in Figure 1.4 , the MOSFETs in
Q1-Q4 can turn on softly with ZVS, leading to the reduced turn-on switching losses.

Figure 1.10 shows the series LC resonant tank’s input voltage (vs(t)) and input current
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(is(t)) under ZVS. As can be seen from this figure, the soft turn-on transition occurs when
ig(t) crosses zero at t1, at which point, vg(t) is in its positive half while ig(t) is making the
polarity transition from negative to positive. In Figure 1.10, initially, ig(t) is negative
while vg(t) is positive, and the body-diodes of MOSFETs, Q1 and Q4, are conducting.
When ig(t) is at its zero crossing, t1, the MOSFETs, Q1 and Q4, turn on softly with ZVS,
because during the transition, the voltages across Q1 and Q4 are zero while the current
going through Q1 and Q4 are sinusoidally changing. This ZVS operation is more evident
in Figure 1.11 which shows the voltage, vds1(t), across Q1 and the current, ig(t), through
it.

The transistor turn-off in Figure 1.11 is a hard switching transition similar to what
transistors of PWM converters exhibit. ZVS can be achieved also for turn-off transitions
by introducing an appropriate dead time (DT), during which all of Q1-Q4 are turned off.
During this DT after the square wave resonant tank input voltage crosses zero, the
remaining charge indicated by the area under the sinusoidal current curve are exchanged
by the parallel capacitors of the transistors. After the capacitors are fully charged at the
supply voltage, the anti-parallel diodes clamp at this voltage as seen in Figure 1.11 and
these diodes allow conduction of free-wheeling diode current to circulate into the parallel
capacitors, thus introducing commutation intervals. During the commutation intervals,
the transistor voltages change softly due to charging and discharging of their parallel
capacitors. When this happens, both the rising and falling edges of the transistor voltage

are smooth as in Figure 1.12 rather than rapid vertical edges.
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Figure 1.10: ZVS during turn-on transitions of MOSFETs in series LC resonant converter
of Figure 1.4 in above-resonance operation.
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Figure 1.11: MOSFET Q1 voltage and current of series LC resonant converter in above-
resonance operation for ZVS.
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Figure 1.12: Introduction of commutation interval, X, where charging and discharging of
parallel capacitors of transistors occur for soft transistor voltage transitions.
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1.4.3 ZERO CURRENT SWITCHING (ZCS)

As mentioned previously, when the series LC resonant converter in Figure 1.4 is
operated at fs < fo (below-resonance operation), the series LC resonant tank has a
capacitive input impedance. In this case, is(t) leads vg(t) as shown in Figure 1.13. Then,
the transistor current crosses zero before the transistor voltage becomes zero, thus

achieving ZCS. Figure 1.14 shows this phenomenon using the v4(t) and ig5(t) of Q1.

N\
Vsi(t) :
Vg T
i Vs(t)
|
|
|
|
|
|
T
|
|
|
|
|
|
}
-Vg i
|
is(t)y. |
|
|
|
|
|
|
|
|
|
|
|
Conducting a
Devices: Q4
Hard Soft Hard Soft
turn-on turn-off  turn-on turn-off
of Q1 ofQ1  of Q2 of Q2

and Q4 andQ4 and Q3 and Q3

Figure 1.13: ZCS during turn-on transitions of MOSFETs in series LC resonant converter
of Figure 1.4 in above-resonance operation.
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Figure 1.14: MOSFET Q1 voltage and current of series LC resonant converter in below-
resonance operation for ZCS.

1.4.4 CONTROL OF OUTPUT POWER DELIVERY VIA SWITCHING FREQUENCY MODULATION

As briefly described previously, the voltage gain of a resonant converter depends on
switching frequency. The series LC resonant tank in Figure 1.4 exhibit the voltage gain
transfer function of Equation 12. This equation shows that the highest voltage gain
possible for the series LC resonant tank is unity at the resonant frequency, f, = (20—; As
the switching frequency, fs, moves away from fo, the voltage gain decreases. This is
expected because the impedances of L and C cancel each other when fs = fo, causing the

resonant tank input voltage to be applied directly across R.. So, the limitation of the
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series LC resonant tank is that it can operate only for a voltage step-down conversion
(buck mode).

However when the inductor is replaced with a magnetic coupler, the highest voltage
gain available, ||Gvl||max, can exceed unity for boost mode operation even when the turns
ratio of unity is applied for primary coil and secondary coil. This is possible due to the
parallel path introduced by a magnetizing inductance, L,,. Detailed analysis is performed
in later chapters clearly showing this property among other important frequency-domain
characteristics. For now, it should be noted that the output voltage of a resonant tank can

be controlled by varying the transistor switching frequency, fs.

(65 Ic
0.0, ,where o =L and 0 = VC i, Equation (12)
" o) * JLc < Re
[ge )
Qea)a a)()

1.4.5 CONTROL OF OUTPUT POWER DELIVERY VIA PULSE WIDTH MODULATION

G(jo) =

In DC-DC resonant converters, using fully-controllable switches for active
rectification rather than using a diode-bridge rectifier allows flexible control of the load
current. It also reduces the diode conduction loss. In low power applications, the forward
diode voltage drop and diode current can cause a significant efficiency loss; therefore
fully-controllable switches should be used as synchronous rectifiers rather than diodes.

Implementation of fully-controllable switches on both sides of a magnetic coupler
produces a bidirectional DC-DC resonant converter in which power delivery can be
controlled by methods other than the switching frequency modulation technique. One of
the methods is pulse width modulation (PWM) technique that varies the duration in
which switches are turned on. An example of PWM technique is explained using the

quantities indicated in the fully-controllable full-bridge rectifier of Figure 1.15.
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In the PWM technique, the duty cycle of a resonant tank’s output voltage, Vr(t), can
be controlled as shown in Figure 1.16. The load current, lo, is then represented as
Equation 13, which shows that Io can be changed by varying the duty cycle - Note: the
change in the parameter, n, represents the duty cycle variation (on-off time variations of
the secondary-side switches).

It should be noted that the PWM technique can be performed also on the primary side,
varying the on-off time of the primary-side switches. The maximum power delivery
occurs when the duty cycle is 50 % as can be seen from Equation 13: the parameter, n,
has to be a very high number (mathematically, infinity), causing both the negative portion
and positive portion of i(t) to be half of switching period, Ts. Therefore, any deviation
from 50% in duty cycle condition (on-off time variation) results in decreasing the output

power (load current, lo) only, providing a limited control capability.

lir (V)|

lo
D7
- 4 +
as a7
Jﬁ "t I Vo
w08 pe O g
- %P .
% Q6 g
\\‘

Figure 1.15: Fully-controllable full-bridge rectifier.
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Figure 1.16: PWM technique for controlling resonant tank output power via active on-
time variation of the switches in the secondary-side full-bridge rectifier.

Ts Ts
T 210

Ts
lo = (lir(®)]) = Tis Ji2 mir(®)dt + fﬁir_? —ir(t)dtl = ——-cos (27”)
n 2 n

Where i7(t) = Ly SIN(WGL) covieriieiecieeeeeeeeeeeeeee e Equation (13)

1.4.6 CONTROL OF OUTPUT POWER DELIVERY VIA PHASE SHIFT METHOD

Another method of controlling the power delivery can be achieved with the
requirement of using fully-controllable switches both on the primary side and secondary
side. The method is called phase shift method and applies either an inductive phase shift
or a capacitive phase shift to decrease the load current.

When an inductive phase shift is applied actively, Vr(t) waveform leads ir(t)

waveform as in Figure 1.17. The load current is then expressed as Equation 14, which
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shows that the load current can be controlled by varying the phase shift, t,-Note: the
maximum power delivery occurs when t, = 0.

When a capacitive phase shift is applied actively, Vr(t) waveform lags ir(t) waveform

as in Figure 1.18. The load current is then controlled again by controlling the phase shift,

In summary, besides the switching frequency (fs) modulation technique, the PWM
technique and/or the phase shift technique can be used to control the power delivery (load
current, lo). It is shown in Figure 1.16 through Figure 1.18 that these two methods
introduce actively controlled effective load condition to a resonant tank. It will be shown
later in Chapter 4 that both the PWM technique and the phase shift technique are
undesirable in terms of control complexity and efficiency. On the other hand, fs

modulation technique is desirable.

ir(t
Ir1

Vr(t I
Vo
< Ti Ts t
te 2
-Vo
Conducting |5}~ D5and D8 Q6 D6 and D7 Q5
. d d
Devices: an an and
}QS Q7 Q8
Hard Soft Hard Soft Hard Soft
Turn  Turn Turn  Turn Turn  Turn
On  Off On  Off On Off

Figure 1.17: Phase-shift control to apply inductive effective load.
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Io = (li-(O]) =

" cos(ty), where i,(t) = I, sin(wst)
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Figure 1.18: Phase-shift control to apply capacitive effective load.

1.5 THEORY OF OPERATION OF SS RESONANT CONVERTER OF SRT TYPE

Equation (14)

The purpose of this section is to describe the ideal operation of a SS resonant

converter of SRT type in wireless charging applications. Figure 1.19 shows a DC-DC

full-bridge-to-full-bridge SS resonant converter of SRT type. For the sake of simple

discussion, 1:1 turns ratio is also applied for coupler winding condition. This means that

Lei = Le» = Le2', and consequently leakage inductance compensation is achieved by Cr: C,

= C, = ;. The winding resistances and core loss resistance model are not included in the

T-equivalent model.
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Figure 1.19: DC-DC bidirectional full-bridge SS resonant converter of SRT type.

1.5.1 THEORETICAL WAVEFORMS UNDER IDEAL SWITCHING TRANSITIONS ON PRIMARY
SIDE

In Figure 1.20, various waveforms of the SS resonant converter in Figure 1.19 are
shown to describe the nominal, ideal converter operation for each switching interval.
Constant input and resistive load conditions are assumed with a DC input voltage source
and load resistor. The nominal, ideal operation is when the switching frequency (fs) is

equal to the unity gain resonant frequency, fo (Equation 15).

At fs = fo, the impedances of Cr-L.; and Cr-L.; branches are effectively shorted as
mentioned before. The SS resonant tank can then be represented by the simplified
equivalent model in Figure 1.21. Therefore, the resonant tank driving-square wave
voltage, Vy(t), is directly applied across L,, causing the circulating current, ip,(t) to be
triangular rather than sinusoidal. Consequently, the voltage gain of the SS resonant tank
is unity regardless of the effective resistive load (R.') while the circulating current is

reduced leading to higher coupler efficiency.

It should be noted that in Figure 1.20, itci(t) is shown to lag Vu; by t,, meaning that
the SS resonant tank is behaving as an inductive impedance applied to the primary-side

full-bridge, and therefore the converter is assumed to be operating under the above-
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resonance (ZVS) condition. Figure 1.22 shows the equivalent circuit in each of the six

different stages, t, through t, indicated Figure 1.20, of the SS resonant converter.

For each of the six different stages depicted in Figure 1.22, the following can be

observed:

Short amount of time before the beginning of t = t,~, at the point near
when iLm(t) is at the lowest value, the capacitors across the MOSFETs,
Q1 and Q4, start being discharged, whereas at this point, the capacitors
across the MOSFETs, Q2 and Q3, start being charged. Eventually at
t =t, , CQIl and CQ4 become fully discharged (Vdsl(t) = Vds4(t) = 0),
whereas CQ2 and CQ3 become fully charged (Vds2(t) = Vds3(t) = Vg).
Then, the MOSFETs, Q1 and Q4, are turned on at this point with ZVS.
Until t = t,, CQ1 and CQ4 remain fully discharged while CQ2 and CQ3

remain fully charged.

. During t, <t <t., which is the commutation interval, all of the MOSFETs

are turned off, and the discharging of CQ2 and CQ3 occur while CQ1 and

CQ4 are being charged.

. Att=t, CQ2 and CQ3 are fully discharged, whereas CQ1 and CQ4 are

fully charged. All MOSFETs remain turned off during t. <t < tg, and
conduction of the body-diodes, D2 and D3, of the MOSFETs, Q2 and Q3,

occurs while the circulating current, ipm(t), is flowing through them.

. At t =t,, which is when i1, (t) is at its lowest value, the capacitors across

the MOSFETs, Q1 and Q4, start being discharged, whereas at this point,

the capacitors across the MOSFETs, Q2 and Q3, start being charged.
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Eventually at t = t¢ = t,~, CQI and CQ4 become fully discharged (vsi(t)
~ vgsa(t) = 0), whereas CQ2 and CQ3 become fully charged (vgs(t) =
vas3(t) = Vg). Then at t = t;, the MOSFETs, Q1 and Q4, are turned on at
this point with ZVS transitions.
5. And, the cycle repeats.
For the secondary-side full-bridge being either passively uncontrolled or actively
controlled for synchronous rectification, the bridge operations in the switching stage

intervals are the mirror image of the primary-side operations.

Vgs1(t)

Vgs4(t) i
Vgs2(t),
Vgs3(t)
Vds1(t) Vg

ds4(t)
vds2(t) Yo

ds3(t)

VHA(t), Vg _ —

VHl(t) - Vdsl(t) - Vds3 (0= VdsZ Ohs Vd.v4 Q)
o v I 1
iLm(t iLimp If f= = ,
TN P B = ol aadoie
r ~_ then
i Let(ff iLetp tm V,,(O=V, (0
k= . _ _
/ \ ’ i ()= LmjVLm (t)dt= Lm[VH] (t)dt
_/ \ﬂ// iLe2p
i Le2(t
\ / \ t
\_//
-iLe2p \
@ to tctd tetftg T

Figure 1.20: The full-bridge SS resonant converter's waveforms at unity voltage gain
frequency.
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Equation (15)
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Figure 1.21: Simplified equivalent model of the SS resonant converter in Figure 1.19 at fs
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Figure 1.22: Equivalent circuits of the SS resonant converter for six different intervals (t,
through t, indicated in Figure 1.20) in one switching cycle.

1.6 OUTLINE

Chapter 1 provides the basic overview of wireless charging operation, motivation and

research objective, research significance, and background theory on resonant converters.

Chapter 2 describes an experimental setup for implementing different types of
resonant tank. Also, this chapter briefly summarizes the works in [19]: It shows a
resonant converter test-bed implemented for performance evaluation, and provides a
summary of experimental results of the test-bed employing SS resonant tank of SRT type.
The experimental results were collected under varied switching frequency (fs) or varied

load, R.’ (equivalently, varied load-dependent quality factor).
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In Chapter 3, a literature review on resonant tank design methods is provided to
describe conventional design methods and their shortcomings. A novel optimal design
method for SS resonant tank of SRT type is presented to overcome these shortcomings.
The magnitude of voltage gain transfer function, ||Gy(jo)||, of SS resonant tank of SRT
type is analyzed to extract various resonant frequencies. Through detailed study of
voltage gain characteristics, various notable features of the resonant tank are described. A
novel optimal design method is developed. The performance of the design method in
terms of accuracy and precision is evaluated in simulation by comparing it with
mathematically accurate solutions from a conventional parametric simulation-based
method. The simulation results confirm the validity of the proposed design method. The

design method is further validated using experimental results.

In Chapter 4, literature reviews on resonant converter control methods and on state of
the art regarding wireless charging of portable electronics are provided to describe
various shortcomings and undesirable features that the currently available wireless
chargers exhibit. In order to avoid these shortcomings and undesirable features, this
chapter presents a novel unity gain frequency tracking (UGFT) control method for SS
resonant converter of SRT type. Without communication between transmitter and
receiver, this control method allows tracking and achieving the resonant frequency of
unity voltage gain, so that compensation of leakage inductances can be obtained under k&
variation. Therefore, the UGFT control method improves receiver positioning flexibility
and reduces component count by maintaining good power transmission efficiency under k&
variation without communication ICs. The control method requires various desirable

characteristics of SS resonant tank of SRT type to be achieved through an appropriate
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design process following a set of design criteria. Therefore, various desirable
characteristics are explained, and design criteria for achieving these characteristics are
provided. A SS resonant converter of SRT type employing the control method is

constructed following the criteria and validated in both simulation and experiment.

In Chapter 5, detailed general analysis on frequency-domain characteristics of SS and
SP resonant tank topologies is performed to derive general analytical equations that allow
determining and evaluating various notable characteristics. These general equations are
in design-oriented form consisting only of physically-meaningful quantities. Using these
equations, optimal design methods for SS and SP resonant tanks of LART type are
developed to enable maximization of power delivery robustness against k variation
without the cost of significantly reduced coil-to-coil efficiency. An analytical
comparative study on the two resonant tank topologies is performed in this chapter as

well.

Chapter 6 provides conclusion, list of publications, and future work.
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CHAPTER 2
SUMMARY DESCRIPTION OF EXPERIMENTAL EVALUATION BOARD

2.1 DESCRIPTION OF EVALUATION BOARD

The purpose of Section 2.1 is to provide a brief description of the evaluation board
shown in Figure 2.1, which has been used in various experiments in this research. In this
section, each of the power stages on the evaluation board is described. The board was
designed for the target switching frequency (fs) range of approximately 100 kHz < fs <
600 kHz. The power stage components consider the power level <20 W with the current

level < 3A and voltage level < 15V.

Functional diagrams for the power stage components of SS and SP resonant converters
are shown in Figure 2.2. The components in this figure can be implemented flexibly on
the evaluation board. Furthermore, each of the primary-side and secondary-side switch
networks can be changed between the half-bridge configuration and the full-bridge
configuration. As an example, Figure 2.1 shows the implementation of a SS resonant tank
of SRT type with the full-bridge configuration for both primary-side and secondary-side

switch networks.
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Figure 2.1: Evaluation board implementing a SS resonant tank of SRT type containing
the symmetrical pot core coupler as an example.
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Figure 2.2: Power stage component diagrams DC-DC SS and SP resonant converters.
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2.1.1 HALF-BRIDGE CONFIGURATION VS. FULL-BRIDGE (HBRG) CONFIGURATION

This section briefly demonstrates the difference between operation with the half-
bridge configuration and operation with the full-bridge configuration. Figure 2.3 and
Figure 2.4 show the half-bridge configuration and full-bridge configuration respectively.
Various theoretical waveforms in the primary side (transmitter side) are shown in the

figures to show the difference in operation.

With the half-bridge configuration, the input voltage of the resonant tank, VHI(t), is a
square wave oscillating between 0 and supply voltage, Vg. The DC component of Vh1(t),
Vhl DC(t) = Vz—g, is filtered out by the series resonant capacitor, Cr, on the primary side.
The AC component, Vhl AC(t), applied to the resonant tank is the square wave

o Vg Vg
oscillating between — > and °E

With the full-bridge configuration, the input voltage of the resonant tank, VHI(t), is

the square wave oscillating between -Vg and Vg without the presence of any DC

component.

Therefore if the same bridge output power is desired, the half-bridge input voltage
needs to be twice as high as the full-bridge input voltage, provided that fs, duty cycle, and

resonant tank parameters are identical for both half-bridge and full-bridge configurations.
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Figure 2.3: Half-bridge LCLC resonant converter's primary-side waveforms.

7

VH1(t) ~
Vg
ig(t) Vg )
E% i D3
. vas1() iLea(t) A /-
Q1 Q3 iLe(t) Cr 1:1 Cr
ol ) - NG
b2 D4 |+ +
. n VHA1(t) VH2(t) 'a(t)
Q2 Q4 B _ N
t

Figure 2.4: Full-bridge LCLC resonant converter's primary-side waveforms.

2.1.2 MOSFETS IN THE SWITCH NETWORKS

Each of half-bridge MOSFET drivers on the evaluation board generates gate-source
voltage (Vgs) of 10V. Based on this condition and room temperature (25°C) condition,

Table 2.1 lists some of the maximum or typical ratings of the MOSFETs.

These MOSFETs were chosen to make a good compromise between on-resistance
(Rgs on) and expected switching speed (thus to make a good compromise between

conduction losses and switching losses). Under ZVS and ZCS conditions, expected
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switching losses are very small compared to the conduction losses, therefore the trench
gate MOSFETs were selected for low Rgs on 0f 4 mQ typical. The MOSFETs can tolerate

the desired fs range of 100 kHz-600 kHz for portable electronics charging applications.

TABLE 2.1 MAXIMUM OR TYPICAL RATINGS OF TRENCH GATE SILICONE MOSFET FROM

VISHAY
Manufacturer/Part Name Vishay/Si4160DY
Drain-Source Voltage, Vds 30V pnax
Gate-Source Voltage, Vgs +20V pax
Drain-Source On-Resistance, Ry on 4mQ typical at Vgs = 10V and Id = 15A
Total Gate Charge, Qg 36nC typical at Vds = 15V and Id = 10A
Continuous Drain Current, Id 25.4A.x at Vgs = 10V
Turn-on Delay Time 10ns typical
Rise Time 9ns typical
Turn-off Delay Time 25ns typical
Fall Time 9ns typical
Body Diode Specifications
Continuous Drain-Source Current, Is 5. 1A
Pulse Diode Forward Current, Ism 70A .« for Pulse Width < 300 and Duty Cycle < 2%
Diode Forward Voltage Drop, Vsd 0.73V typical for Is = 3A
Reverse Recovery Time, trr 19ns typical
Reverse Recovery Fall Time, ta 10ns typical
Reverse Recovery Rise Time, tb 9ns typical

2.1.3 HiGH SPEED, HALF-BRIDGE MOSFET DRIVER

There are four high speed, half-bridge drivers implemented on the evaluation board,
supplied by a 10 V supply voltage, V44. The drivers are MAX15019 from Maxim. They
are independently controlled and appropriate for high switching frequency operations.
There are two types for MAX15019, CMOS and TTL. Although the CMOS type
desirably offers less turn-on and turn-off propagation delays (typically about 3 - 6 ns less)
compared to the TTL type, the input logic-high and logic-low voltage levels are not
appropriate for the condition of 3.3 V as the peak of PWM signals from TI F28335

control card in Figure 2.1: for the CMOS type, the input logic-low is 3.3 V while the
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input logic-high is 6.7 V for V¢ = 10 V. This means that the control card generating 3.3
V peak for PWM signals cannot turn on and off the MOSFETs using the CMOS type
drivers. Therefore, the TTL type is used on the evaluation board. Table 2.2 shows a brief
list of ratings for MAX15019 (TTL) driver. As can be seen from this table, the
propagation delay matching is very good. The TTL type still offers the very low and

well-matched propagation delays, and low rise and fall times.

TABLE 2.2 RATINGS OF HALF-BRIDGE DRIVER, MAX15019A (TTL), FROM MAXIM

Manufacturer/Part Name Maxim/MAX15019A (TTL)
Operating Supply Voltage, Vdd 12.6V pax
Input Logic-High, Vih 2V min
Input Logic-Low, Vil 0.8V ax
Rise Time, tr Sns typical
Fall Time, tf Sns typical
Turn-On Propagation Delay, td_on 36ns typical
Turn-Off Propagation Delay, td_off 36ns typical
Delay Matching between Ins typical
High-side on/off and Low-side off/on
Built-in Internal Bootstrap Diode Specifications
Forward Voltage Drop, Vf 0.9V typical
Turn-On and Turn-Off Time 40ns typical

2.1.4 TEXAS INSTRUMENTS’ TMS320F28335 CONTROL CARD

The converter control is performed with a F28335 control card from Texas
Instruments. Table 2.3 lists some of the specifications of interest for the control card. The
control card has more than enough PWM modules for driving the eight MOSFETSs on the
evaluation board. Also, it should be noted that it provides the floating point unit for easier
math operation and also has the capture modules called, "Ecap". Later in Chapter 4, it is

shown that an Ecap module is used in experimental validation of the novel UGFT control
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method. Both CPU bandwidth of 150MHz and ADC conversion time of 80ns are

appropriate for the desired fs range.

TABLE 2.3 BRIEF SPECIFICATIONS OF F28335 CONTROL CARD FROM TEXAS INSTRUMENTS

TMS320F28332
Floating Point Unit? Yes
CPU Bandwidth Frequency (MHz) 150
RAM (kB) 68
Flash (kB) 512
EMIF 32/16-Bit
DMA (Channels) 6-Ch DMA
PWM (Channels) 18
Number of Capture Module (Ecap) 6
ADC (Channels and Bit Size) 16-Ch 12-Bit
ADC Conversion Time (ns) 80
Timers 3 32-Bit CPU,1 WD
Number of GPIOs 88

In summary, Section 2.1 serves as a brief reference for providing information on the
main stage of the experimental set-up. The next section provides a brief summary of

experimental performance evaluation.

2.2 EVALUATION OF EXPERIMENTAL SET-UP

The SS resonant converter of SRT type in Figure 1.19 was implemented in Pspice
simulation and also in experiment. In experiment, the converter contains the symmetrical
pot core coupler in Figure 2.1. The SS resonant tank exhibits fp = 500 kHz. Experimental
testing under various operating conditions was already performed in [19], which contains
detailed data from both simulations and experiments. In this section, a summary of
simulation data and experimental data is provided to demonstrate good performance of

the experimental set-up and to show various experimental waveforms matching the
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theoretical waveforms discussed in Section 1.5. In particular, the waveforms of the

voltages and currents indicated in Figure 2.5 were measured.

iLe1(t)

Inductive Coupler with
Turns Ratio of 1:1

Figure 2.5: Equivalent mode of Figure 1.19 with the measured voltages and currents
indicated.

2.2.1 SIMULATION WAVEFORMS AND EXPERIMENTAL WAVEFORMS

While the secondary-side switch network was performing passive diode rectification,
the quantities indicated in Figure 2.5 are measured both in Pspice simulation and

experiment.

In Figure 2.6 and Figure 2.7, the quantities were measured while the converter was
operating at fg = 250 kHz < fp = 500 kHz. The resonant converter was designed to
perform ZVS around 500 kHz, and therefore hard switching transitions are observed in

Figure 2.6 and Figure 2.7. High distortion and switching noises are exhibited.

In Figure 2.8 and Figure 2.9, the quantities were measured while the converter was
operating at fg = 500 kHz = fy. ZVS transitions are observed, and therefore very clean
waveforms were obtained. The circulating current, i y(t), through the magnetizing
inductance (L,,) is triangular as expected from the previous theoretical discussion on

Figure 1.20.
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As can be seen from Figure 2.6 through Figure 2.9, the simulation waveforms and the
experimental waveforms match very well, indicating that the experimental set-up

performs as desired.
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Figure 2.6: Simulation (left) and experimental (right) results for resonant tank input
voltage [VHI1(t)], primary (tank input) current [iLel(t)], output voltage [VH2(t)], and
secondary current [iLe2(t)] for fs = 250kHz.
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Figure 2.7: Simulation (left) and experimental (right) waveforms of primary current (top),
magnetizing inductance current (middle), and secondary current (bottom) for fs =
250kH:z.
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Figure 2.8: Simulation (left) and experimental (right) results for resonant tank input

voltage [VHI1(t)], primary (tank input) current [iLel(t)], output voltage [VH2(t)], and
secondary current [iLe2(t)] for R.' = 8.1 Q.
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Figure 2.9: Simulation (left) and experimental (right) waveforms of primary (tank input)

current [iLel(t)], circulating current through L, [iILm(t)], and secondary current [1Le2(t)]
for R.' = 8.1 Q.

2.2.2 EFFICIENCY PERFORMANCE
This section discusses how power transmission efficiency of the SS resonant converter
depends on switching frequency and load (Q). Later in this dissertation, mathematical

expressions for load-dependent quality factor (Q) will be defined separately for SS and
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SP resonant tank topologies. For now, it should be mentioned that the mathematical
expressions for load-dependent quality factor are directly proportional to effective
resistive load, R.’, and therefore changes in this quality factor can be imposed by varying
R.’. Figure 2.10 shows the power efficiency (1) data obtained experimentally at varied fg
while the secondary-side full-bridge is performing the passive diode rectification. As
expected from the theoretical discussion, operating at the unity gain frequency, fo =
500kHz, maximizes n due to ZVS and compensation of leakage inductances. In Figure
2.11, the experimental 1 of the converter is shown for varied R.'. The secondary-side full-
bridge was performing active synchronous rectification with ZCS. The maximum n of
87.2% was obtained at Pout =12.5W. This indicates that efficiency characteristics depend

on load-dependent quality factor.
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Figure 2.10: Experimental efficiency data for varied switching frequency.
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Figure 2.11: Experimental efficiency data plot for the SS resonant converter with active
synchronous rectification (ZCS) under varied load condition.
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CHAPTER 3

OPTIMAL DESIGN METHOD FOR SS RESONANT TANK OF SRT TYPE TO ALLOW
RAPID AND CONVENIENT CALCULATION OF PARAMETERS

3.1 INTRODUCTION

In the previous chapter, it is shown that the power transmission efficiency is a Q-
dependent quantity. Designing a resonant tank to exhibit an optimal Q is important for a
resonant tank to exhibit several desirable features, which are explained later in this

chapter.

An optimal Q condition depends on the intended applications. For example, an
optimal value for Q can be the value that maximizes a resonant tank's robustness in
voltage and current gains against frequency tracking error and against variations in &k and
R¢’. As explained more in detail later in this chapter, such robustness maximization may
be available at the cost of reduced coil-to-coil efficiency. Under the condition of very
small or no variations in resonant tank parameters, an optimal Q should be selected to
maximize the coil-to-coil efficiency. However in wireless charging applications,
significant variations in resonant tank parameters can occur, and therefore maximization

of robustness can provide several advantages.

One of these advantages is that the overall efficiency of an entire wireless charging
system can be optimized. This is because, although coil-to-coil efficiency of a coupler is
decreased, high robustness can significantly reduce losses in or eliminate the need for an

additional converter and/or linear voltage regulator. Therefore, higher power density,
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improved overall power efficiency, and lower cost of implementation can be achieved.
Other advantages include increase in receiver positioning flexibility and significantly
reduced control complexity, which can further increase power density and further reduce

cost of implementation.

There are conventional design methods used for LLC resonant tank of SRT type that
applies only a single series capacitance to the primary side of a transformer or a magnetic
coupler. These methods allow determining LLC resonant tank parameters needed for
achieving a desirable Q for a specified nominal R.’. Similar methods can be developed
for designing the SS resonant tank topology of SRT type to obtain a desirable Q.
However, as discussed in the next section, these conventional methods have several
shortcomings and undesirable requirements. To overcome various shortcomings of
conventional resonant tank design methods, detailed frequency-domain analysis is
performed, and then a novel optimal design method for the SS resonant tank of SRT type

is developed in this chapter.

3.2 LITERATURE REVIEW ON CONVENTIONAL DESIGN METHODS

Conventional design methods have been based on either 1) parametric simulations in
the frequency domain with various combinations of resonant tank parameters or 2)
mathematical analysis of waveforms of a resonant tank in the time domain when the
switching frequency is at the frequency of peak voltage gain, ||Gvy|max- Various
shortcomings of these conventional design methods are discussed in Section 3.2.1 and

Section 3.2.2.
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3.2.1 PARAMETRIC SIMULATION-BASED RESONANT TANK DESIGN METHODS

Deriving physically-meaningful design equations is difficult and becomes more
complex when multiple resonant frequencies are involved, because mathematical
expressions for design equations can become very heavy in number of terms. Therefore,
parametric simulations are commonly used to derive combinations of resonant tank
parameters that are necessary for achieving a desired peak voltage gain, ||Gv|max,
condition. Conventional parametric simulation-based methods are described in [20] and

[21].

These design methods commonly begin by plotting ||Gyv(jo)|| of a resonant tank with
various combinations of k£ and Q. As previously mentioned, mathematical expressions for
Q depend on authors and resonant tank topologies. These design methods involve

performing three-dimensional analysis on two dimensional graphical representation

containing Q, k (or k;, = ]L—m), and ||Gv||max as the axes. Figure 3.1 shows the examples

from [20] and [21] used in LLC resonant tank design procedures. The numbers indicated

for each curve (1.3, 1.6, 2, 2.5, and 3) in Figure 3.1 (b) represent ||Gy]|max values, and L,
is used to represent k; = ]L—m For example, choosing L, = ]L—m ~ 5and Q = 0.15 achieves

l|Gv|lmax = 3 in the LLC resonant tank.

Although these conventional parametric simulation-based design methods can
determine exact resonant parameters required for achieving a desired ||Gy|lmax (Q)
condition, such parametric simulations can become a trial-and-error process that requires
many sets of simulations to be performed, and can consequently become very tedious.

Also, there exist inevitable sources of error in experimental implementation of a resonant

49



tank. The sources of error include component tolerances, coupler winding resistances,
capacitor ESRs, and error in constructing a coupler to exhibit desired inductances. Since
they may noticeably affect the resonance characteristics, it may be of questionable value

to perform such time-consuming efforts to determine exact solutions.

Furthermore, although parametric simulation-based design methods can greatly
enhance design processes for resonant tanks that exhibit complex analytical equations
with a large number of variables, it is highly desirable if convenient analytical equations
in physically-meaningful form can be derived and used for approximation of design

parameters.

In summary, a major shortcoming of conventional parametric simulation-based design
methods is that they lack in terms of providing analytical closed-form equations in
design-oriented form that provide good approximation for intuitive understanding of

various tradeoffs and effects of variation in each design parameter value.

ool Y
e
0.85 1i \
a*sL \
\[\
085
£ \; \)u
= [ - P
i 0.55 |~\ <
B 0.45 i— - 7.5
- Le
0.35 5, \‘-"""-- .
1 : £
K | A -
U‘l \ i = !
25 + —
5 l 2 I \_...__“&
0.1 - — 2 .
: . N 51
I - L 4 . L ! oo 3 H 7 ] 113 15 17 1920
1. o4 (LX) nx 1 1 1.4
Q Ln

Figure 3.1: Portions of peak voltage gain curves, used (a) in reference [20] and (b) in
reference [21], showing relationship among k; = LL—’" (or coupling coefficient, k), Q, and

peak voltage gain values in ZVS range (above peak resonance range).
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3.2.2 DESIGN APPROACH BASED ON ANALYTICAL SOLUTIONS DERIVED USING TIME-
DOMAIN ANALYSIS

In [22], analytical solutions for determining the peak voltage gain of LLC resonant
tank are derived to propose a design method based on a peak voltage gain equation.
Based on waveforms for input current, magnetizing inductance current, and resonant
capacitor voltage in LLC resonant tank when fs is at the resonant frequency of ||Gv]|max
reference [22] derives analytical equations for calculating ||Gy|lmax and resonant

frequency at which ||Gy/||max Occurs.

The waveforms are analyzed in two different time intervals denoted as t; and t,.
During t;, the magnetizing inductance current increases from zero to its highest value,
and intersects the resonant tank input current waveform at the highest value. During t,,
the magnetizing inductance current starts to decrease from its highest value to zero.
Expressions for t; and t, are derived as Equation 16 and Equation 17 respectively. Also,
expressions for ||Gy|lmax and resonant frequency of ||Gy||max are derived as Equation 18
and Equation 19 respectively. As can be seen, the design equations are very
computationally heavy, and no closed-form solutions are determined. Since these
equations are not in physically-meaningful forms, this method still requires a number of
parametric simulations to plot multiple sets of ||Gy(jw)|| for various values for resonant

capacitance (C;), resonant inductance (L,), magnetizing inductance (L;,), and load (Ry).

In summary, this method also has the major disadvantage of failing to provide
analytical equations in physically-meaningful forms that can be used directly in a design
process and can give quick and clear insights into effects of design parameter changes on

resonance characteristics.
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In the next section, a novel optimal design method for SS resonant tank topology of
SRT type is presented. This method provides design equations having simple, physically-
meaningful expressions, and therefore allows rapid calculation of resonant tank

parameters needed for achieving a desired peak voltage gain condition.

g " . 1 1 ."': | _r];_
n-Ry 1 G (1 —cos{wyry) {Ey o ) A4 }_”

Cr sinf e,y m

L ltan~" e
T an | 1 (L. ¢ - 'I .
"-"Il - :,.:-I'-r.',- I::"E V Cr sinfo] ) cos{ osr )4 L_.'

.............................. Equation (16)
| o 1
= 7 tan ! = Lu/Cr
1 ( 1 L o
v/ Leglr — [ A —L—coslw,f )+ 1] J )
[ VIeg \Im V T sinfat) SRS B Equation (17)
Gﬂgﬂt - :::,” == ] _I'{_Lr::r” : 1;;.”
r N 1 l.' a r n
in n {'ll'_:ﬁlr,- T sinfaery | ] } .
.................................................. Equation (18)
Ve = (c-::rsim.,-rj Joos(aia) — 1,“.-' -f_‘—}sm(m.n | cosi i)
— 1 .. o )
1— L, L F.mﬂ.m.-.q | coslamia)
where, ” ( (-lr:".,l' T, snor, _|) ) + '..."Ift"ffl L sim{ et )
1
.-r-,nm't:mr'rl S
0] e Equation (19)

3.3 FREQUENCY-DOMAIN CHARACTERISTICS OF SS RESONANT TANK OF SRT TYPE

In order to clearly understand the purpose of the conventional design methods and
proposed novel design method, it is important to understand the frequency-domain
characteristics of the SS resonant tank of SRT type whose simplified equivalent model is

shown in Figure 3.2.

This section explains various notable features that the design methods are used to

achieve. Let us consider the parametric simulation plot in Figure 3.3 for voltage gain
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magnitude, ||Gv(jo)||, versus frequency of the SS resonant tank of SRT type. As
mentioned previously, R.' variation corresponds to Q variation, which changes the peak
voltage gain available, ||Gy||max, in a resonant tank. It can be seen from Figure 3.3 that
there are three distinguishable resonant frequencies: fl, f2, and f3. As R.' increases (as
|IGv]||max and Q get higher), the resonant peaks at fl and f3 become no longer visible, and

a single peak at f2 appears.

In this section, both a general expression and a simplified expression of voltage gain
transfer function, ||Gy(jo)||, are used to determine the resonant frequencies along with
another resonant frequency that is not visible in Figure 3.3. Also, this section explains
meanings of the resonant frequencies and provides self-explanatory circuit-based names

for them.

For the general expression, no assumptions regarding the symmetry and turns ratio of
coupler are made. Whereas in the simplified expression, symmetrical core geometry and
1:1 turns ratio are assumed so that L, = L¢; = Ley" and C = C; = C,". ESRs of resonant

capacitors and winding resistances of coupler are assumed to be negligible.

Cc1 Le1 n:1 Le2' c2'
+- i +
SS
Resonant V2"
Tank V1

Figure 3.2: Equivalent model for SS resonant tank of SRT type.
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Figure 3.3: ||Gy(jo)|| of SS resonant tank of SRT type for varied R.'(Q).

3.3.1 DERIVATION OF RESONANT FREQUENCIES FROM GENERAL EXPRESSION OF VOLTAGE
GAIN TRANSFER FUNCTION

A general expression of the voltage gain magnitude, ||Gy(jo)||, of the SS resonant tank
is shown as Equation 20. The denominator can be represented in two different forms as
Equation 21 and Equation 22. From these equations, it is clear that four resonant

frequencies can be derived as Equation 23 through Equation 26.

. ‘ ~jo' C,C,'LmRe ‘
lGv(jw) =

H:a)4C1 C,'(Le,(Le,'+Lm)+ Le,' Lm) — o (C,(Le, + Lm) +C," (Le,"+Lm)) + 1} - j[a)Cz "Re' (0 C,(Le, + Lm) — 1)}‘
......................................................................................................................... Equation (20)
2 2 ' ' Lele 2 ' ' . ' ' 2
o C (Le +Lm) o C.'| Le, +m —-1|-o C'(Le,"+Lm)+1- joC 'Re' (@ C (Le +Lm)-1)
1
......................................................................................................................... Equation (21)
2 2 Le 'Lm 2 2
o C,'(Le,'+Lm) @ C|| Le, +—2——|-1|-o C (Le, + Lm)+1- joC.'Re'(w C (Le +Lm)—1)
Lez '+Lm 1 1 2 1 1
......................................................................................................................... Equation (22)
_ 1 _ L, Equation (23)
frip= =
27/C (Le, +Le,'|| Lm) Le 'Lm
2z |C | Le +—2
Wt Le'+Lm
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3.3.2 DERIVATION OF RESONANT FREQUENCIES FROM SIMPLIFIED EXPRESSION OF
VOLTAGE GAIN TRANSFER FUNCTION

A similar derivation process is performed for the special case of L, = Lo; = Lo," and
C=C; =C,. A simplified expression for the magnitude of the voltage gain transfer
function, ||Gy'(jo)]||, is given as Equation 27. From the denominator, three resonant
frequencies can be derived as Equation 28 through Equation 30. For L, = Loy = Le, and
C = C; = G/, all of the resonant frequencies including the ones from the previous section
can be categorized in four different resonant frequency sets as in Table 3.1. Normalizing
the resonant frequency sets with respect to frequency f, results in the relationship shown
in Figure 3.4. In this figure, & is the coupling coefficient defined as Equation 31- Note:

Equation 1 is a general expression for & and is identical to Equation 31 for a symmetrical

coupler with 1:1 turns ratio, because k; = LeL:Zm =k, and Lg; = L. + L, = Lg,. From

this point on, Lg refers to Lg; = Lg».

The resonant frequency sets have important roles in describing voltage gain patterns
under load (R.”) and coupling coefficient (k) variations. In the next section, the resonant

frequency sets are evaluated to explain their roles.

w3C%LyRe’
wCRe/ (w2C(Le+Lm)—1)+j[(w2C(Le+2Ly)—1)(w2CLe—1)]

NGV (O = | |, Equation (27)
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1, ! o e Equation (28)

2z JC(Le+ Lm) 27CL,

1 1 .
£ = e e e re e e rre e s aaeeeanes Equation (29)
° 2xJCLe 2rCL,(1-k)
f = e Equation (30)
" 27 C(Le+2Lm)
Lm .
= Equation (31
Le+Lm q S
TABLE 3.1 EQUATIONS FOR FREQUENCIES OF INTEREST
Frequency Corresponding Frequency in Resonant Frequency for
Set Figure 3.3 Ll =Ll and C: C, = G,
fa f1 1
274 C(Le+ 2Lm)
fi f2 1
27\ C(Le+ Lm)
fo f3 !
27\ CLe
1 Not Visible 1
2 C[Le + LeLmj
Le+Lm
A /, f;
L L L L
| >

I
fn f=falvk o 1 _ o |1tk
e STt 1-k

Figure 3.4: Normalization of resonant frequency sets.

Note: The figure is just to show the location of frequency sets with the respect to each
other and also is not in scale, because the scale varies depending on resonant parameters.
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3.3.3 EVALUATION OF RESONANT FREQUENCIES

A. Evaluation of fp

As mentioned previously, resonant frequency fo is the load-independent unity gain
frequency at which the leakage inductances are compensated to maximize the resonant
tank efficiency. It can be easily verified that substituting the /o equation (Equation 29) into
Equation 27 results in load-independent unity voltage gain, that is ||Gv'(j2ntfo)|| = 1
regardless of load (R') variation. A self-explanatory name for fy can be then unity gain
frequency (or short-circuited leakage resonant frequency to be general). In Figure 3.3,
there exist two load-independent unity gain frequencies, fl1 and f3. In order to determine

ipm (o)

iLe1(jw)

which of these corresponds to fp, the circulating current gain, ||Gj ., (jo)|| = , of

the SS resonant tank of SRT type is plotted for varied R.' along with the voltage gain
magnitude, ||Gy'(jo)|| (Equation 27), in Figure 3.5. As can be seen from this figure, the
circulating current through the magnetizing inductance (iLm) at fl decreases as R¢'
increases, whereas iLm at f3 increases as R.' increases. It should noted that based on the
equivalent model of the SS resonant tank in Figure 1.21, the circulating current through

the magnetizing inductance (iLm) at fg = fp increases as R.' increases. Therefore, {3

corresponds to fo.
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Figure 3.5: Circulating current gain magnitude ||GiLm(jo)|| (top) and voltage gain
magnitude ||Gy'(jo)|| (bottom) of the SS resonant tank of SRT type.

B. Evaluation of fn

By substituting Equation 30 into Equation 27, it can be easily shown that voltage gain
is unity also at f, regardless of R.' variation, that is ||Gv'(j27f,)|| = 1. Thus, {1 corresponds
to f,. Derivation of Equation 30 is shown graphically through the Norton-Thevenin
equivalent circuit transformations shown in Figure 3.6. Thus, a self-explanatory name for

fn 18 short-circuited load resonant frequency.

When £, is designed to be much lower than fp, as in the bottom plot of Figure 3.7, the
voltage gain as a function of frequency varies in an approximately linear fashion around
frequency fo. The accuracy of linear approximation and frequency range in which the
linear approximation model is applicable increase as f, is farther away from fp. It is clear
from the f,, and fp equations that, as coupling coefficient, &, decreases, frequencies f, and
fo get closer to each other. Therefore, in order for a linear model to work appropriately
for a wide range of k variations, a value for the unity gain frequency, fo, needs to be
selected as large as possible in the design process for the SS resonant tank. By using a

linear approximation around fo, it will be shown in Chapter 4 that a control model can be
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derived for tracking and achieving the unity gain frequency without communication
between the transmitter and receiver under an allowed range of k variation. Furthermore,
it will be explained later in Chapter 5 that selecting as high as possible a value for fp is
desirable for optimal design of SS resonant tank topology in general for achieving other

desirable features as well.
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Figure 3.6: Equivalent circuit transformation for graphical derivation of equation for f;,.
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Figure 3.7: Effects of selecting a larger value for fp in a design process.

Note: x-axis (frequency-axis) is in linear scale.

59



C. Evaluation of f;,

In Figure 3.8, let us consider ||Gy'(jo)|| curves having [|Gy||max = 1.5. Under this
condition, a well-defined single resonant peak appears. As this well-defined single peak
increases (as ||Gv||max increases above 1.5), the frequency of ||Gy|lmax very rapidly
(exponentially) approaches frequency f2. Also, the voltage gain is monotonically
decreasing for frequencies above 2. The single peak behavior becomes more clear as Re'
increases further (as Q increases further). When R.' is increased to a very high value, the
secondary side of the resonant tank is effectively open-circuited, and the equivalent
circuit model can be approximated by Figure 3.9. It is clear that the resonant frequency of
the equivalent model in Figure 3.9 is determined by f;. Therefore, frequency {2
corresponds to f;, which is the open-circuited load resonant frequency. It is explained
later in Section 3.4 that this frequency along with f are very important for developing the

novel optimal design method.
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Figure 3.8:Parametric simulation results for ||Gy'(jo)|| for varied R¢".

Note: x-axis (frequency-axis) is in linear scale.

60



C Le
I_fm

V1 Lm

Figure 3.9: Approximated equivaient model of SS topology when R.' (thus, Q) is high
enough for ||Gy||max to be well above unity.

D. Evaluation of £,

Frequency f, is of limited importance for the SS resonant tank, but it is important for
SP resonant tank topology. As will be explained more in detail in Chapter 5, the f,
equation in Table 3.1 determines the short-circuited load resonant frequency of SP
resonant tank. At this frequency, load-independent voltage gain occurs for the SP

resonant tank, as shown by Figure 3.10.

It should be mentioned that as the ratio of C,' to C; gets higher (as the ratio, ];T—p, gets

higher), the equivalent model of the SS resonant tank becomes more like the LLC
resonant tank topology (containing only a single series capacitor on the primary side).
This is because a very large value of C,’ has a very low impedance compared to C,. In
this case, the frequency of load-independent voltage gain does not necessarily correspond
to the voltage gain of one. This frequency, which is again the highest efficiency point, is
shown as f, in Figure 3.11. Therefore, f, is where the load-independent voltage gain
occurs also for the LLC resonant tank topology.

As a summary, Table 3.2 lists the resonant frequency sets with their self-explanatory

names.
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Figure 3.10: ||Gy(jo)|| of the SP topology for varied ratio of C,' to C;.

. IGv(jw)|| of the SS Topology When C2'/C1 = 10

20 A
A |

0.0 -
Figure 3.11: ||Gy'(jw)|| of the SS topology when C,' = 10*C;.

TABLE 3.2 SUMMARY OF RESONANT FREQUENCIES

Frequency Set Corresponding Self-explanatory Name
Frequency in based on Equivalent Circuit Model
Figure 3.3

£ f1 Short-circuited load resonant frequency

fi f2 Open-circuited load resonant frequency

fo f3 Short-circuited leakage resonant frequency

f Not Visible Short-circuited load resonant frequency of LLC and

SP resonant tank topologies
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3.3.4 NOTABLE FREQUENCY-DOMAIN CHARACTERISTICS

Various notable frequency-domain characteristics of the SS resonant tank of SRT type
are described in this section. Figure 3.12 shows again the voltage gain characteristics of
SS resonant tank of SRT type for varied effective load, R' (thus varied Q). This figure
also shows the frequency-dependent trends of power delivery and resonant tank
efficiency.

In Figure 3.13, voltage gain curves are plotted for varied k. Figure 3.13 (a) shows the
voltage gain characteristics when the single peak behavior is maintained for all of the &
variation, whereas Figure 3.13 (b) shows the voltage gain characteristics when multiple

resonant peaks are exhibited as k varies. Resonant frequency fp, in Figure 3.13

represents the unity gain frequency of SS resonant tank under a certain & condition. It
should be noted that achieving ||Gvy|lmax > 1.5 for the highest k£ in a desired range of &
guarantees the single resonant peak behavior for the entire & range, because ||Gvy|max
decreases as k increases.

From Figure 3.12 and Figure 3.13, it can be concluded that a well-defined single
voltage gain peak (achieved by obtaining ||Gv||max > 1.5) places the frequency of highest
efficiency (unity voltage gain frequency, fo) above resonance. The frequency range above
a resonant peak in voltage gain provides inductive impedance to the input terminal of SS
resonant tank. As explained in Chapter 2, inductive input impedance is required for ZVS

operation. Therefore, this frequency range is called ZVS range.

As can be seen from Figure 3.12, the peak output current level is located near f; while
the peak efficiency is at fo when ||Gy||max > 1.5. On the other hand, when it is ||Gy||max <

1.0, both the output current level and efficiency are maximum at fo. Due to this fact, a
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longer range of frequency in ZVS range is obtained and can be used for controlling the
voltage gain (power delivery) via switching frequency (fs) modulation. The condition of a
well-defined single voltage gain peak can reduce voltage gain sensitivity to switching
frequency error (thus, unity gain frequency tracking error). Furthermore under this

condition, as can be seen from Figure 3.13, the danger of f,  falling into the below-

resonance region under k variation can be avoided.

Also, under the single voltage gain peak condition, Figure 3.12 and Figure 3.13 show
that voltage gain characteristics can become robust against & and load (Q) variations,
indicating that power delivery can become robust as well. Complexity in deriving a linear
model for load voltage control around fp, is significantly reduced. This is shown by Figure
3.7 as well as the control range indicated in Figure 3.12: the voltage gain as a function of

frequency varies in an approximately linear fashion around frequency fo.

However, it must be noted that achieving high Q is not desirable for maximizing the
power efficiency in a SS resonant tank. The effects of high Q on power efficiency can be
understood by considering that a high value of Q is obtained due to a high value of R.” —
Note: Q and R’ are directly proportional to each other. With a high value of R.’, the
circulating current i, 1s high even if unity voltage gain operation is performed — See
Figure 1.21. Therefore, achieving high Q comes at the cost of reduced coil-to-coil power
efficiency of a magnetic coupler. Achieving an appropriate value of Q is required for an

optimal tradeoff between robust voltage gain and high coil-to-coil efficiency.
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Figure 3.12: Voltage gain ||Gy(jo)|| curves for varied R¢' showing also the frequency-
dependent trends of output current level (power delivery) and efficiency.
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Figure 3.13: Voltage gain of SS resonant tank at various k, when the single resonant peak
behavior is achieved (a) and is not achieved (b).

3.4 NOVEL OPTIMAL DESIGN METHOD FOR THE SS RESONANT TANK OF SRT TYPE

3.4.1 DERIVATION OF DESIGN-ORIENTED EQUATION FOR PEAK VOLTAGE GAIN
APPROXIMATION

Previously, Figure 3.8 and Figure 3.12 show that voltage gain at f; is a Q-dependent
quantity. Therefore, it is a designable quantity, meaning that by achieving a value of Q
for a specified nominal R.’, it is possible to obtain desired voltage gain characteristics.
By substituting Equation 28 into Equation 27, voltage gain at f;, ||Gv'(j2nf)||, is derived

in design-oriented form as shown by Equation 32.
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This equation can then be used as a starting point in a design process to determine the
parameters of SS resonant tank of SRT type required for achieving either double voltage
gain peak condition or single voltage gain peak condition. It can also be used for a
parametric simulation-based design method similar to the conventional methods

described previously.

For example, if a designer intends to achieve dual voltage gain peaks, the condition is
IIGv'G2nf)|| < 1.5. Otherwise, achieving a single voltage gain peak requires that
IGv'(G2nf;)|| = 1.5 — See Figure 3.8. It should be noted that when ||Gv'(j2nf2)|| = 1.5,
||Gv]||max > 1.5. Also, it should be noted that ||Gy||lmax increases as k decreases, as can be
seen from Equation 32. Therefore, if Equation 32 is used to achieve ||Gy'(j2nf)|| > 1.5 at
the highest expected value of k in a k variation range, the condition of single voltage gain

peak is obtained for the entire range of £.

As can be seen from Figure 3.3 and Figure 3.8, when the single peak behavior is
achieved, the frequency of ||Gy|lmax 18 very close to f;, and approaches closer to f;
exponentially as ||Gy|lmax 1ncreases. Thus, the f; equation in Table 3.1 is a good
approximation for the resonant frequency of ||Gy||max When a well-defined single peak is
obtained in voltage gain. Thus, Equation 32 also provides good approximation for

||GV||max-

I, 1 .
Gy G2nf)ll =Q (1 + T TR Equation (32)

c L k
whereQ = R, [—and k, =2 =—
Lsk Le  1-k
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3.4.2 PROPOSED DESIGN EQUATION FOR RESONANT CAPACITANCE

The resonance capacitance can be determined by substituting %:,/kL +1 into
L

Equation 32. It can be concluded from Table 3.1 that2zf,L, = . Using the

274f,C

) C Lm k 1 ) ) )
equations, Q = R, [— , k; == =— and f, = ——, Equation 33 is derived as
! » Q e JLsk > LT Ly T 1-k’ fo amyic’ 4

the design equation for the resonant capacitors. This equation is in terms of the design
parameters from Equation 32 and frequency fp, thus it accounts for both the unity voltage
gain at fp and ||Gy/||lmax near f;, under a desired nominal value for R’ and expected value

for k.

Ok, Equation (33)

3.4.3 SUMMARY OF CRITERIA ON Q (||Gv||max) SELECTION

In wireless charging applications, design specifications call for desired ranges of R¢'
and k; rather than fixed values. Then, if ensuring the single peak behavior is desired for
the entire ranges of R.' and ki, ||Gv(j2nfz)|| = 1.5 can be achieved using the lowest value
R.' and highest value of k. This is because ||Gv||lmax and Q increase as R¢' increases but
decreases as ki increases (see Equation 32). It should be noted that increasing Q causes
the circulating current gain ||GiLm(j27fo)|| to increase. This results in increased core loss
and conduction losses on the primary side. Also, as Q increases, the phase shift between
voltage V1 and current ire; gets closer to 90 degrees at fo, thus lowering the conduction
loss in the primary-side switches but undesirably increasing the reactive energy.
Therefore, selecting a large value for ||Gy||lmax Should be avoided. However, as explained

previously, increasing Q has several benefits such as ZVS range extension, lower
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efficiency sensitivity to frequency variation, and increased power delivery robustness

against k and R.' variations.

Due to these tradeoffs, selecting a desirable Q (thus, appropriate ||Gy|lmax) for

optimization needs to take into account the following parameters:

. Rys on Of all switches being used

J Resonant capacitors' ESRs

. Winding resistances of coupler

o Expected ranges of k and R.' variations

o Desired fo

o Effects on efficiency due to ||Gy(jo)||'s sensitivity to fs variation around fo
Later in Chapter 5, design procedures for determining optimal boundaries of load-

dependent quality factor will be discussed.

3.4.4 EXAMPLE DESIGN PROCEDURE

This section describes an example design procedure to demonstrate how to use the
proposed design equations. This example design will show that by using the design
equations, a designer can decide which of the two coupler geometries is desirable for
optimization of a wireless charging system by achieving the single voltage gain resonant

peak condition for a desired nominal load, R'.

Typically, a design process for resonant tank begins with performing finite element
simulations (FES) to optimize coupler geometry. Performing FES provides a coupler's T-
equivalent model parameters (thus, k) with good accuracy. For example, Figure 3.14
shows FES inductance value extraction of an inductor made of flat spiral coil on a ferrite
disk core. For a faster simulation time, mesh analysis and tolerance are set up so that

maximum error of 5 % is tolerated for the inductance extraction. The experimental
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construction of the same inductor and network analyzer's impedance measurement are

shown in this figure as well. As can be seen, FES shows that the inductance value is

20.14 pH, while the experimental parameter extraction shows the inductance value of

approximately 20.77 puH. Therefore, the percent error in inductance calculation is only

about 3 %.
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Figure 3.14: FES simulation and experimental characterization of a flat spiral inductor on

a ferrite disk core.
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Considering a case in which a designer has several coupler geometries under
evaluation, their T-equivalent model parameters can be extracted along with & in FES.
For example, let us consider two possible geometries in Figure 3.15. Both of the
geometries shown have 6 winding turns. A symmetrical coupler with both sides
containing either of these two geometries can be constructed. Two possible symmetrical

coupler geometries, Geo A and Geo B, are shown in Figure 3.16.

40 (mmy

Figure 3.15: Two selected geometries for a coupler: ferrite pot core (left) and disk core
(right).

0 15 3(cm)

a 15 3(em)

Geo A Geo B

Figure 3.16: Two possible symmetrical coupler geometries, Geo A and Geo B.

Under the same condition of zero misalignment and 5 mm air gap between each
coupler side, performing FES determines expected values of k for these two magnetic

couplers. With maximum error tolerance set to 1 %, Geo A is simulated to extract the T-
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equivalent model parameters (Lg;, Ls;', and L, of Equation 1) in Figure 3.17 (a). In

Figure 3.17 (b), coupling coefficient, k = L,/Ls; = Ly,/Ls,' for the symmetrical coupler, is

extracted. According to Figure 3.17 (a), Ls; = 2.7345 pH and Lg;' = 2.7248 pH,

generating Lg; = Lg,' with less than 0.4 % error. The magnetizing inductance, L, is

approximately 1.3628 pH. Thus, coupling coefficient k =

Lm

1’L51L52

is approximately

0.499. This agrees with the & extraction in Figure 3.17 (b) as shown.
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Figure 3.17: FES simulation of Geo A to extract its T-equivalent model parameters and k.
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In Figure 3.18, FES simulations are performed for Geo B to extract the T-equivalent
model parameters and k. Figure 3.18 (a) shows that Lg; = 2.3604 pH and Lg,' = 2.3614
puH, generating Lg; = Lg,' with less than 0.05 % error. The magnetizing inductance L,, is
approximately 1.2861 pH. Figure 3.18 (a) and Figure 3.18 (b) agree that the coupling

coefficient, &, is approximately 0.545.

So in summary, Geo A has Lg: Lg; = Lgy'= 2.73 puH and L,, = 1.36 uH with k£ = 0.50.

Geo B has Lg: Lg; = Lg;'= 2.36 uH and L, = 1.29 pH with £ = 0.55.
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Figure 3.18: FES simulation of Geo B to extract its T-equivalent model parameters and k.

Based on evaluation of magnetic coupling (k) alone, Geo B would be selected since it

demonstrates the better coupling. However, an optimal design calls for good robustness

72



in various quantities (e.g. ||Gy(jo)||) and minimization of control complexity as well. It
was shown that achieving the single voltage gain peak condition is desirable for
maximization of robustness and minimization of control complexity, which can be better
for maximizing efficiency and power density of an overall system.

Assuming that the wireless charging system's nominal output of 5V and 2A are

) ) .. ) ) 8
desired, Rjoaq = 2.5 Q: the effective resistive load, R, is approximately Re" = Rjgaq =~

2.026 Q. In order to achieve the single voltage gain peak condition, |Gv(j2nfL)||
(Equation 32) has to be greater than or equal to 1.5. As mentioned previously, too high
values of ||Gy||lmax (Q) should be avoided so that coil-to-coil efficiency is not significantly
decreased. Therefore, by choosing ||Gv(j2nf)|| = 1.5 as the design target and substituting
it into Equation 32 along with each of the corresponding coupling coefficients, one finds
that Geo A requires Q = 1.061 while Geo B requires Q = 1.112. Assuming that the
desired operating frequency is 200 kHz, and substituting it into Equation 33, one finds
that C = 462.2 nF is needed for desirable leakage compensation in Geo A while C =

591.8 nF is needed in Geo B.

For Geo A, substituting the resonant capacitance value, Ls, k and R.' into the Q
expression in Equation 32, one finds that the achievable Q, that can satisfy the desired R.'
condition and desired operating frequency condition, is Q = 1.179. This is 11.12 % higher

than Q = 1.061.

For Geo B, performing the same procedures, one finds that Q = 1.368, which is 23.02

% higher than the desired, Q = 1.112.
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At this point, a resonant tank designer has three choices to decrease the Q values as
close as possible to be the desired values. One is to change the coupler geometries
slightly (thus slightly increasing Ls values). Another is to decrease the resonant
capacitance values slightly (thus slightly increasing the operating frequency above 200

kHz). The remaining choice is to do both these.

Without design modification and also without operating frequency adjustment, a SS
resonant tank of SRT type employing Geo A is simulated in Pspice for its voltage gain,
||IGv(jo)||, and circulating current gain, ||Girm(jo)||. Also, a SS resonant tank of SRT type
employing Geo B is simulated in Pspice for its ||Gy(jo)|| and ||GiLm(jo)||. In Figure 3.19,
the top two plots are obtained for the SS resonant tank of SRT type employing Geo A

while the bottom two plots are obtained for that employing Geo B.

' With Geo A
{GvGal m()

1.0 -~ \\
- N
0.0 —
lIGin(jo)l —1
| Lt ™~ (200.056, 764.121m)>
10— - { >Z I
05 200kHz
IGvGo)l With Geo B S T8
/K/‘r\/ 1 ( T —
\
1.0 — | R 200056, 099967 >
00! L
[|Gim(je)| —
| —D) e
0.5 R
: 200kHz

\ Frequency (kHz) in Linear Scale \

Figure 3.19: Voltage gain, ||Gy(jo)||, and circulating current gain, ||Gj m(jo)||, for SS
resonant tank of SRT type employing Geo A (top two plots) and Geo B (bottom two
plots).
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As can be seen from Figure 3.19, the desirable single voltage gain peak condition is
achieved. The unity voltage gain is also obtained at fp = 200 kHz as desired. The figures

of merit (achieved values of ||Gy||max and ||GiLm(j27f0)||) are highlighted in red.

For Geo A, ||Gv||max = 1.717, and ||GiLm(j27f0)|| = 0.7641. For Geo B, ||Gv||max = 1.894,

and ||Gim(i2n/0)|| = 0.7806.

In conclusion, although Geo B provides the better magnetic coupling, Geo A is more
desirable to obtain the single voltage gain peak condition with the smaller circulating
current loss (smaller reactive energy). This is because depending on a desired value for
R.' and unity gain frequency, a coupler exhibiting higher Ls with lower k£ may be more
desirable. It should be noted that design optimization may require evaluation on how
much change in Q is needed to achieve the single voltage gain peak for a given R.'. Based
on this evaluation, a more desirable coupler can be constructed for specified values for
R.' and operating frequency. With the proposed design equations, this evaluation process

1s significantly shorter compared to the conventional design methods.

In order to show further usefulness of the presented design equations, Section 3.4.5
describes a step-by-step design process, and Section 3.5 provides simulation and
experimental results for evaluating the performance of proposed design equations in

calculating desired parameters of SS resonant tank of SRT type.

3.4.5 STEP-BY-STEP DESIGN USING THE DESIGN EQUATIONS

The step-by-step design procedure demonstrated in this section assumes that the

following quantities are known or selected prior to design process.

¢ Output power and output voltage or current (thus, R.' value is specified)
e Desired peak voltage gain, ||Gvy||max, above 1.5 for a single voltage gain peak
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¢ Desired unity gain frequency, fo
e Expected coupling coefficient, £ (or k;) - Note: With a desired coupler
geometry for desired ranges of distance and misalignment, a finite element
simulation (FES) tool can be used to determine expected range of £.
1. Using Equation 32, determine Q that provides ||Gy|max for a desired load,
R, at an expected £.
2. With the Q wvalue so calculated, determine the value of resonant
capacitances using Equation 33.
3. Using fop equation in Table 3.2, calculate the leakage inductances for
achieving the desired unity gain frequency.
4. Using the expected value of coupling coefficient (either k or k), expected
magnetizing inductance, Ly, is then determined.
The next section shows simulation validation of this step-by-step design process and

simulation accuracy evaluation of the design equations. It also shows experimental results

for validating the design equations.

3.5 EVALUATION AND VALIDATION OF THE PRESENTED DESIGN EQUATIONS
3.5.1 SIMULATION EVALUATION

In this example for validation of design equation applicability, desired SS resonant
tank specifications are listed in Table 3.3. The coupling coefficient, &, of 0.85 is chosen

as a desired parameter.

TABLE 3.3 DESIRED LCLC RESONANT TANK CHARACTERISTICS

fo(kHz) | R (Q) Desired ||Gv]|max at R’ ki =Lu/Le k =L,/(L,tL,)
~ 500 ~ 15 ~23 ~5.5 ~0.85

Following the proposed step-by-step design procedure,

1. Using Equation 32, determine Q necessary to meet the desired specifications:
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Highest Resonant Voltage Gain Peak Desired at R.' = 15Q:
Gy (j2 = 1+ ! = 1+ ! =23
IGv(21f)ll = Q E—Q Tg = %
Therefore, Q = 2.116
2. Using Equation 33, determine capacitance for each of two capacitors in the SS

resonant tank of SRT type:

Q/k, 2.116V5.5

C= ~ ~ 105.30F
2mf, * Ry 2m(500 x 103)(15) "

3. Determine leakage inductance for each side of coupler required for achieving

unity voltage gain at fg = 500 kHz:

1 1
L. = ~ ~ 0.9623puH
© @mfo)*C (2m(500 x 10%))*(105.3 x 10-%)
4. Determine magnetizing inductance based on desired k£ = 0.85 which corresponds
to ku=35.5:

Ly, = k;Le ~ 5.5(0.9623pH) ~ 5.2926pH

The calculated SS resonant tank parameters are simulated in PSpice to obtain the
voltage gain plot in Figure 3.20. In order to represent the parameters calculated from the
design equations as reasonably accurately as possible, the maximum of four decimal
digits are used for the calculated resonant tank parameters. Figure 3.20 shows that
|IGv|Imax achieved is approximately 2.35 which is slightly higher (only by about 2%) than
the desired ||Gy|lmax Of 2.3. Also, the unity voltage gain is obtained at 500 kHz as

expected.

This slight overachievement of ||Gy||max 18 €xpected for the following reasons. Peak

voltage gain ||Gy/||max 1S approximated by ||Gy(j2nf7)||, which is greater than or equal tol.5
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under the condition of single voltage gain peak. This peak voltage gain estimation by
IGv(j2nfy)|| is always less than actual ||Gy|lmax. The estimation error becomes however
very small with increasing ||Gv(j2nf;)|| above 1.5. This is because ||Gv(j2nf.)|| approaches
||Gv]||max Very rapidly (in an exponential-like manner) with increasing Q. In summary, if
lGv(j27fL)|| is used as ||Gy||max @pproximation to determine required Q for a given R.', the
calculated value of Q is a slight overestimation of an actually-required value of Q
required for achieving a desired value of ||Gy||max. As Will be explained in detail later in
this section, this slight overachievement of ||Gv||max 1S Very desirable in experimental

implementation due to the fact that parasitic resistances reduce ||Gy/||max-

Designed LCLC Res. Tank

Vs 100ac 1
L1 = 187.338K, 2.3509 = I1 = 499 _Su9K, 1.0083 ]
L2 = 10.000K, 218.378u / 12 = 10.808K, 218.378u Cseries110 2 {C}
dif= 177.338K 2.3507 i F=
g1 s | dif= 489.549K,  1.8861 L1123 {Le)
LM 3 0 {Lm}
LI235{Le}
/ Cseries2 5 6 {C}
Rload 6 0 {R}
!
/ k\\ .PARAM C=105.291¢-9
.PARAM R=15
.PARAM Le = 0.962297¢-6
.PARAM Lm = 5.292632¢-6
4+ .AC DEC 10e3 10e3 1E6

.PROBE
.END

Figure 3.20: Simulated voltage gain plot of the SS resonant tank of SRT type whose
parameters are calculated by the proposed step-by-step design procedure.

In Table 3.4, the proposed peak voltage gain equation, Equation 32, is compared with
the peak voltage gain results from the parametric simulations. For obtaining the data
listed in Table 3.4, the resonant tank parameters, C = 100nF, L, = 40uH, and L. = 10uH
(therefore £ = 0.8 and k; = 4), are used under Q variation (imposed by changing R.'). The
reason for using £ = 0.8 is that an experimentally constructed pot-core coupler in Figure
3.21 demonstrates £ = (0.8 when the coil-to-coil is approximately 1.5 mm, 2x - 3x the

thickness of a typical smart phone battery cover.
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The results from the parametric simulations represent the accurate values that the
proposed peak voltage equation aims to obtain. Plotting the data in Table 3.4 results in
Figure 3.22. It can be seen from both Table 3.4 and Figure 3.22 that Equation 32
provides good approximation of ||Gy||max for values above 1.5 as expected: Less than 5%
error is exhibited for ||Gy|lmax = 1.68, and as expected, the percent error rapidly decreases

as ||Gv||max increases.

For a more thorough evaluation, the proposed step-by-step design method in section
3.4.3 is used to determine the SS resonant tank parameters for various sets of & from 0.1
to 0.95 and desired ||Gy||max from 1.5 to 6. It is arbitrarily assumed for the resonant tank
that the desired fo and output power are 300kHz and 1kW respectively while the desired
output voltage is 100V, resulting in Re' of 10Q. Simulations are used to validate the
design procedure. The simulation data are listed in Table 3.5, and the percentage errors

from this table are plotted in Figure 3.23.

Table 3.5 shows that the desired fp = 300 kHz is obtained for all values of & and
l|Gv|lmax. It can be seen from both Table 3.5 and Figure 3.23 that the % error between
desired ||Gy||max and achieved ||Gy||max 18 still less than 9% for all k even in the case of
IIGv|lmax = 1.5, which is the lower limit value for the desired design space of single-peak
condition: ||Gy|lmax = 1.5. The % error rapidly decreases with decreasing k or increasing
IIGv|lmax (Q). Therefore, the proposed peak voltage gain equation performs well for the

entire range of k when the desirable well-defined single voltage gain peak is obtained.

The small underestimation of ||Gy||max by Equation 32 is desirable for experimental
implementation. This is clear from the data in Table 3.5. For example, at £ = 0.95, the

peak gain, ||Gy||max, Of 1.63 is obtained when a desired ||Gy||max 15 1.5. Therefore, when
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Equation 33 is used in a design procedure, its small underestimation property results in
achieving ||Gv||max slightly higher than a desired value. Because of this, a safety margin is
provided to compensate for the voltage gain decreasing effect caused by parasitic

resistances.

TABLE 3.4 EVALUATION OF THE PROPOSED PEAK VOLTAGE GAIN EQUATION

Q [|Gv/||max calculated using ||Gv||max determined using % error
Equation 32 parametric simulations
1.5 1.677 1.758 4.6
2 2.236 2.285 2.1
2.5 2.795 2.829 1.2
3 3.354 3.381 0.80
3.5 3.913 3.93 0.43
4.472 4.489 0.38
5 5.590 5.605 0.27

Figure 3.21: Coil-to-coil distance of pot core coupler.

6
5.5
5
5 45 _
£ a —| | Gv| | max calculated using
= (13)
G 3.5
- 3 — | |Gv| | max determined using
2.5 parametricsimulationsin
5 Pspice
15

15 2 25 3 35 4 4.5 5 5.5
Q

Figure 3.22: Comparison between ||Gv||max calculated using Equation 32 and ||Gy/||max
determined using parametric simulations.

80



TABLE 3.5 THE SS TOPOLOGY PARAMETERS CALCULATED FOR VARIOUS X'S TO ACHIEVE
DESIRED ||Gv||max USING THE PROPOSED DESIGN METHOD

k kL Dexsired [[Gvlimazx o Re" [ 7] C1=C2" Lel=Le2" Lm Achieved IGvlimaz Error [3]

09 M 15 300000 10 1462 339E-07 B325E-07 1582E-05 163 8.E7
08 4 15 300000 10 1346 1424E-07 197FE-06 7.908E-06 1RO 721
07 233 15 300000 10 1255 10FE-07 Z27EVE-OE E.457E-0B 15931 £.21
05 1 15 00000 @ 10607 5.62VE-08 S002E-06 5.00ZE-06 15628 413
03 043 15 00000 0 08216 2.853E-08 9.8G4E-06 4.227E-06 15325 27
01 om 15 300000 10 04743 8.383E-09 3.365E-05 3723E-06 1508 0.40

k kL Desired nGvlimaz fo Re* Q C1=0C2" Lel=Le2" Lm Achieved NGvimaz Error [3]
095 1M 2 300000 10 19494 4503E-0F E.244E-07 1196E-05 2078 390
0.8 4 2 300000 10 17889 1898E-07 1483E-06 5.93E-06 20538 299
0y 233 2 00000 W 16733 1356E-07 ZO7GE-06 4.543E-06 2.0432 24
05 1 2 300000 W@ 14142 FARO3E-08 37RIE-06 3.YRIE-O6 20272 136
03 043 2 300000 10 10954 3.805E-08 ¥.338E-0E 307E-O6 20108 053
01 om 2 300000 10 06325 1M8E-08 2BIBE-0% 2 7IEE-O6 2.002 0.0&

k kL Desired IGvlimaz Fo Re” Q Cl1=C2 Lel=Le2" Lm Achieved IGvlimaz Ermor [)
0% M 3 300000 10 2924 BVGZE-0F 47BZE-07 F.I03E-06 30434 145
ns 4 3 00000 W0 26333 2847E-0F 9836E-07 3954E-06 30377 106
0y 233 3 300000 10 251 Z034E-07 1384E-06 3.229E-0B 30247 n.e2
[IA4] 1 3 300000 @ 2173 112EE-07 2BOE-06 2501E-06 012 0.43
03 043 3 300000 10 16432 BYOVE-08 4.932E-06 2 TME-OR 3.0048 016
01 on 3 300000 10 09487 1EFBE-08 1678E-05 1864E-06 3.0005 ooz

k kL Desired [IGvlimaz For Re” F] Cl=0C2" Lel=Le2" Lm Achieved IGylimaz Error ]
09 M 4 300000 10 38387 9.016E-07 3722E-07 593E-06 4.0306 076
IR 4 4 300000 @ 3&7VF 379EE-0F 74M4E-07 Z9BEE-06 4.022 0.55
0y 233 4 300000 10 3346E 2FZE-07 1033E-06 Z429E-06 4017 0.43
R 1 L) 300000 10 28284 1BOE-O7  187EE-0O6 187EE-06 4.0083 022
03 043 4 300000 10 21309 V.EO9E-OB 3.699E-0O6 158%5E-06 4.0032 0.0
01 omn 4 00000 W 12843 2237E-08 1253E-0% 1333E-06 4.0003 0.

k kL Dexsired [[Gvlimazx o Re" [ 7] C1=C2" Lel=Le2" Lm Achieved IGvlimaz Error [3]
09 M 5 300000 10 48734 112FE-OF Z49VE-07 4.745E-06 h.0238 042
08 4 5 300000 10 44721 4.745E-0F BAFE-OF 237IE-06 5.017 0.34
07 233 5 300000 10 41833 339E-0F B302E-0F 1937E-06 5013 0.26
05 1 5 00000 W@ 35355 18VEE-07 15ME-06  150ME-O5 5.0067 013
03 043 5 00000 W 27385 3A5TE-03 Z953E-06 1263E-06 5.0024 00s
01 om 5 300000 10 1581 2796E-08 1007E-0% 1MS8E-0E £.0003 0.0

k kL Desired [IGvlimaz For Re" Q C1=C2" Lel=Le2" Lm Achieved IGvlimaz Ermor ]
095 1M 5 300000 10 58481 1382E-06 208ME-O7 3954E-06 £.01595 032
0.8 4 B 300000 10 53666 BE94E-O7 4.943E-0F 1977E-06 £.0133 0.23
0y 233 4 300000 10 5.02  4.083E-07 B.BE-07 16ME-0G £.0107 013
05 1 5 300000 0 42425 2Z5E-07 125E-06 125E-06 E.0055 0.03
03 043 E 300000 0 32863 1ME-0F  Z4BEE-OE 1057E-06 E.002 0.0z
01 o om E 300000 10 185974 3355E-08 B338E-0B 9.32E-07 E.0002 0.00
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%Error between
|Gvimax_desired and |Gv|max
Achieved using the Proposed Method

D : = _"_' T _.._‘\_ _ = - = T
/Gl,/:}) BE\OA \0.2. - _—\0,3 0.4 0.5 0.6 0.7 0.8 0.9 1
> Coupling Coefficient, k

Figure 3.23: % error between desired ||Gv||max and [||Gv|lmax achieved using the proposed
design method for various combinations of k and desired ||Gy||max (Q).

3.5.2 EXPERIMENTAL EVALUATION

Using the evaluation board in Figure 2.1 and the symmetrical pot core coupler in
Figure 3.21, experimental validation is performed in this section. The SS resonant tank
parameters are extracted using Agilent 4395A Network Analyzer. From the parameter
extraction, primary and secondary leakage inductances (L.), magnetizing inductances
(L), resonant capacitance (C), effective load resistance (R.'), unity gain resonant

frequency (fo), and ||Gy||max Of the experimental setup are determined.

The proposed design method is then used to determine the SS resonant tank
parameters that would provide the same ||Gy/||max and unity gain resonant frequency as the
experimental setup under the same load condition - Note: The goal is to see if the
proposed design method can produce the SS resonant tank parameters that match well the
experimental parameters given that ||Gy||max and unity gain resonant frequency (fp) of the

experimental setup are the design target condition.
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The experimental SS topology set-up with R.' = 15Q exhibits the ||Gv(jo)||
characteristics shown in Figure 3.24. The experimental SS topology setup exhibits
|IGv]|max = 2.25 (7.03dB) at frequency f; = 200 kHz, and unity gain frequency fo = 480
kHz. The experimentally extracted parameters are listed in Table 3.6. Using the proposed
design method, the resonant tank parameters are determined to achieve the same
characteristics as the experimental setup: ||Gv|jmax = 2.2 and fo = 480 kHz at R.' = 15Q
and are also listed in Table 3.6. The results show that the proposed design method
determines with good accuracy what the resonant tank parameters have to be in order to

achieve the same characteristics as the experimental setup.

Experimentally Designed LCLC Res Tank |Gv|
20 13 13

X: 4.718e+005
- Y: 0.05169
or X: 2.01e+005 [
Y:7.033 X: 4.831e+005
20 Y:-0.03574
m -40 7
o
3
= -60 !

-80 i
-100 7
-120 e e .

10 10 10 10

frequency(Hz)

Figure 3.24: ||Gy(jo)|| in dB of SS resonant tank of SRT type using Agilent 4395A
Network Analyzer.

TABLE 3.6 EXPERIMENTAL PARAMETERS VS. PARAMETERS CALCULATED USING THE
PROPOSED DESIGN METHOD

k Ly Le L.,' C, C'
(uH) | (uH) | (uH) | (F) | (F)
Experimentally Extracted SS 0.844 | 5.745 | 0993 | 1.137 | 101.6 | 100.7
Topology Parameters
SS Topology Parameters 0.844 | 5.724 | 1.058 | 1.058 | 103.9 | 103.9
Calculated Using Proposed Method
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3.6 CHAPTER SUMMARY

In this chapter, various resonant frequencies of interest are derived from the general
voltage gain equation, [|Gy(jo)||, and from the simplified voltage gain expression,
IGv'(jo)||, of the SS resonant tank topology. The important roles of these frequencies of

interest are explained in detail.

Based on the evaluation results of the frequencies of interest, a peak voltage gain
equation is proposed. The accuracy of this peak voltage gain equation is validated
analytically by comparing with the results obtained from conventional parametric
simulations. The comparison results show that the proposed peak voltage gain equation

provides the advantage of more convenient design while exhibiting good approximation.

An example of design optimization process is explained. After using FES to determine
expected values for k£ and T-equivalent model parameters, it is shown that the presented
design equations allow comparative evaluations of various coupler geometries so that
desirable resonant tank characteristics can be achieved with an appropriate coupler
geometry for a desired value of R.". This process demonstrates that magnetic coupling (k)
alone is not the figure of merit. In fact, it is important to evaluate different coupler
geometries for their inductance values with specified values of operating frequency and
load. It is shown that depending on operating frequency and load conditions, a coupler
geometry with higher inductance values and slightly lower & can be more desirable in

achieving the single voltage gain peak condition at the cost of lower £.

In conclusion, a convenient step-by-step design method for the SS resonant tank of
SRT type is developed to allow rapid calculation of the resonant tank parameters with

good accuracy and precision while avoiding the complexity and time-consuming tasks
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that the conventional design methods require. The proposed design method is validated
through simulation results and experimental results. Both simulation results and
experimental results show that the proposed design method eliminates the disadvantages
of existing design methods, which include the need for complex mathematical analysis in
deriving analytical design solutions and/or the need for time-consuming simulations for
understanding exact effects of £ and Q on peak voltage gain. Evaluation of trade-offs in
robustness and coil-to-coil efficiency further increases the usefulness of the presented
novel design method. This is because the novel design method allows rapid and
convenient calculation of the resonant tank parameters to be used in various time-domain
simulations for quickly evaluating efficiency characteristics, feasible/achievable

performance, and waveform characteristics.
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CHAPTER 4

NOVEL UNITY GAIN FREQUENCY TRACKING (UGFT) CONTROL OF SERIES-
SERIES (SS) RESONANT CONVERTER OF SRT TYPE TO IMPROVE EFFICIENCY
AND RECEIVER POSITIONING FLEXIBILITY IN WIRELESS CHARGING OF
PORTABLE ELECTRONICS

4.1 INTRODUCTION AND LITERATURE REVIEW

Conventional wireless charging systems contain various components, whose
elimination would significantly reduce both complexity and cost of implementation.
These components include additional converters and/or linear voltage regulators, and
ASICs for digital communication between transmitter and receiver through the magnetic
coupler using various components for high frequency modulation as in [23]. For example,
according to the Qi standard [12], unidirectional back scatter digital communication from
a receiver to a transmitter is performed via high frequency modulation of either resonant
tank resistive load or resonant capacitance. Then, digital signal processing techniques are
applied in the transmitter to demodulate the communication signal from the receiver.
Furthermore, following [11]-[12] and [18], current commercial wireless chargers either
employ arrays of transmitter coils to improve receiver positioning flexibility, and/or they
employ visual/auditory feedback to guide the receiver positioning. In some cases, even

physical limitations such as device holders are used to constrain the receiver positioning.

Minimizing the component count (including the number of coils) while improving the

receiver positioning flexibility is highly desirable for reducing both analytical complexity
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and cost of implementation. Also, it is important to maintain good power conversion

efficiency as magnetic coupling varies due to receiver positioning variation.

In order to accomplish these goals, this chapter presents a novel unity gain frequency
tracking (UGFT) control method that allows compensation of leakage inductances
without communication between the transmitter and receiver as coupling variation
occurs. The UGFT control method uses a resonant converter employing a series-series
(SS) resonant tank with a symmetrical implementation of coupler. An example of such
resonant converters is shown in Figure 4.1, which is the topology selected for the
discussion and validation of the UGFT control method. For the sake of simpler
discussion, magnetic coupler turns ratio of unity is used. This results in approximately
identical values of primary and secondary leakage inductances (L.: L= L¢’), and
consequently results in approximately identical compensating series capacitors (C: C=
Cy).

It will be shown that the SS resonant converter needs to be designed properly to meet
various criteria that guarantee several desirable features, so that the novel UGFT control
method can be successfully implemented. As mentioned in Chapter 3, although the SS
resonant tank topology is analyzed in the literature, e.g. [11] and [24], detailed discussion
of frequency-domain characteristics of the topology is lacking. Therefore this chapter
explains frequency-domain characteristics that are pertinent to the UGFT control method.
This provides a good foundation for design optimization and for realizing the UGFT
control method. Various design criteria for the control method are described. Throughout

the analysis and discussion, illustrative simulation results are provided.
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Finally, SS resonant converters of SRT type are designed following the criteria in both
simulation and experiment. In this chapter, simulation and experimental results are

reported to validate UGFT control method.

lin xgm

= Q5 a7 | o lout
1:1 F Y
q c c +
Vg e ' T — - Vo
ci 1 b oY 3w |~
Q6 Q8

| TRANSMITTER | ] RECEIVER |

Figure 4.1: Series-series (SS) resonant converter topology for UGFT control method.

4.2 CHARACTERISTICS OF SERIES-SERIES (SS) RESONANT CONVERTER

As previously demonstrated, the main challenge in the design and control of the
resonant converter is to ensure robust and efficient operation under effective load (R.’)
variation and coupling coefficient (k) variation. The variation in R’ is caused by changes
in the battery state of charge (SoC) and the desired charging current. The & variation is
caused by receiver coil (Rx) position changes with respect to transmitter coil (Tx)

position.

The effects of these changes can be studied using the simplified model of Figure 4.2,
so that the resonant tank can be appropriately designed to ensure robust and efficient
operation. Figure 4.2 (a) shows a simplified model of the resonant converter in Figure
4.1, which is the SS resonant tank equivalent model shown previously but with the
indication of several quantities to be discussed in this chapter. Resistance Rs in Figure 4.2
(b) represents the total parasitic resistance terms, and Zs represents a very small

impedance introduced by a slight error in unity gain frequency tracking.
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In this section, detailed frequency-domain analysis of this model is performed to
provide various design criteria for achieving several notable characteristics, which play a

crucial role in making the proposed control method simple and effective.

—+ Vd(t)=V1(t)-V2(t) —
c c
iLet(t) . iLe2(t)
+ — +Le Le ‘
4‘7 Vei(t) +
Lm
VA(Y) FJ Veoil1(t) Re v2(t)
S R iLm(t) -
(a)
+ Vd(t) —
_ Zs
lload — Rs V(1) =V sgn(sin(27f )
VA(t) V2(t) ¢

Va(t) =V sgn(sin(27f,))

(b)

Figure 4.2: Simplified model of the symmetrical SS resonant converter (a) and its
equivalent model when fs = 1o (b).

4.2.1 FREQUENCY-DOMAIN CHARACTERISTICS OF SS RESONANT TANK WITH EFFECTIVE
RESISTIVE LOAD

From Figure 3.12 and Figure 3.13, it was concluded that a well-defined single peak
behavior can be obtained for ||Gy(j2nfz)|| = 1.5 (implying ||Gy|jmax > 1.5). It was shown
that this condition provides the following desirable features:

1. The frequency of highest efficiency (fp) is placed above resonance in the
zero voltage switching (ZVS) region.

2. As can be seen from Figure 3.12, the peak output current level is located

near f; while the peak efficiency is at fp, when ||Gy||max > 1.5, whereas both
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the output current level and efficiency are maximum at fp when |Gy|max =

1.0.

Because of 2, a large range of frequencies in ZVS region is obtained when
IGv||lmax > 1.5 and can be used for controlling the charging current via

switching frequency (fs) modulation.

Voltage gain sensitivity to small switching frequency tracking error is

minimized.

Under £ variation, the danger of falling into the below-resonance region is

avoided so that operation in ZVS region can be maintained for all .

Voltage gain characteristics become very robust against both £ and load

(Q) variations.

Deriving an accurate linear model around fp for load voltage control
becomes simplified. As shown previously, the voltage gain as a function of
frequency varies in an approximately linear fashion around fp as a

function of R, (Figure 3.12) and as a function of & (Figure 3.13(a)).

To describe several general criteria for deriving a linear output voltage control model,

Figure 4.3 shows the voltage gain curve of the SS resonant tank for two different cases:

Figure 4.3 (a) is plotted for £ = 0.2, whereas Figure 4.3 (b) is plotted for k£ = 0.5. To

increase both the accuracy of linear control model and range of controllable frequency

range near fo, selecting too high a value for ||Gv(jo)|max should be avoided while

selecting fp to be as high as practical, so that both Afx and Afy, which are proportional to

frequency fo, consequently increase. Selecting high 1 is desirable also for minimizing the

reactive loss caused by circulating current through L., because the impedance of L,

increases with increasing fp, thus decreasing the current through it. As k decreases,

|Gv(j®)||max increases whereas Afx decreases. Therefore, it is unlikely that a single linear

load voltage control model be applicable to a very wide range of k. To tolerate a wide
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range of k variation, multiple linear load voltage control models are needed with each

model applicable to a bounded range of £.

There are a few Li-ion battery charging characteristics that need to be taken into
account in developing the UGFT control method. Thus, a brief summary of Li-ion battery

characteristics is provided in the next section.

3.0 [|Gv(jw)|| of SS Topology with k = 0.2, Re’ = 8Q and fo ~ 500kHz
20 / \\
/ — fo
1.0
/
// I
0.0:
@]
20 [|IGv(jw)|| of SS Topology with k = 0.5, Re’ = 8Q and fo =~ 500kHz
fit— _—~ fo

1-0 U \

< A
o0 S Afy T

o 250 | 500 750 1000
(b)

(a) and (b) in the Same Frequency (kHz) in Linear Scale:

Figure 4.3: Effects of Q selection on voltage gain control model derivation.

4.2.2 BRIEF SUMMARY OF LI-ION BATTERY CHARACTERISTICS

Figure 4.4 (a) shows the simulation results of the discharge characteristic of a 7.2 V 2
Ah Li-ion battery for the nominal discharge current (top) and for various discharge
currents (bottom). Figure 4.4 (b) shows experimental data for 0.3A constant current

discharge of a 7.4 V 1.6 Ah Li-ion battery. The voltage versus SoC characteristic of Li-

o)
d(SoC)

ion batteries exhibits very small variations, | | ~ 0.5V, approximately for 15 % <

SoC <90 %. Therefore, if the voltage gain characteristic of a SS resonant tank are robust
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against fg error and against variations in k and Q, a device-specific coupler can be
implemented to match the coupler output voltage to the battery voltage by using the
coupler turns ratio rather than continuously using an additional converter and/or voltage

regulator.

Although high current charging can quickly charge a battery to about 70% SoC,
increasing the charge current does not significantly speed up the charging process beyond
that point [25]. Therefore, fast charging at higher charging currents should be avoided
when SoC > 70 %. In the consumer market, maximum battery run-time is generally

preferred although this comes at the cost of short battery life.

Accounting for these Li-ion battery characteristics, the proposed control method
provides the nominal charging current level between 0.5 C to 1 C with optional higher
current charging via switching frequency modulation in the range of 15 % < SoC <90 %
- Note: Li-ion battery voltage is almost constant in this SoC range. Furthermore, the
proposed control method considers a charging level above 90 % SoC for a Li-ion battery

load that has a standard built-in over-charge and over-discharge protection circuitry.

Norminal Current Discharge Characteristic at 0 43478C (D 69565A)
l T T T T

9 H : - . —— Disciage curve
855 : : . C—INaminal area

g l*—‘—J—R‘E{EXDOHEM‘ arsa
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Figure 4.4: Simulation results (a) and experimental results (b) of Li-ion battery
characteristics.
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4.2.3 SS RESONANT CONVERTER WITH LI-ION BATTERY LOAD

Chapter 3 and Section 4.2.1 described the desirable features provided by a voltage
gain curve exhibiting a single resonant peak with a load resistor. This section explains
how to achieve these desirable features when using a Li-ion battery load. Various
important characteristics of a SS resonant converter having a battery load are also

explained in this section.

As supported by Figure 4.4, Li-ion batteries are less complex to model compared to
other batteries [27] due to their small voltage variations in the nominal operating range. A
nominal value of R.’ can be determined for nominal voltage rating and nominal charging
current rating of a Li-ion battery. This is because, during most of SoC curve, battery load
voltage and load current are fairly constant (under conventional CC-CV charging) as can
be seen in [25]-[26]. However still, when a Li-ion battery load is used rather than a load
resistor, the frequency-domain modeling of the SS resonant tank becomes more complex:
the resonant characteristics depend strongly on how the input voltage V1 is matched with
the load battery voltage V2 and also depend on parasitic elements such as coupler

winding resistance and ESRs - See Figure 4.2.

The SS resonant converter with a Li-ion battery load is simulated in Simulink under
three different input-to-output voltage matching conditions: Case A for supply voltage
(V1) > load battery's fully-charged voltage rating (V2pyrr); Case B for V1 = V2pyir;
Case C for V1 < V2pyrL. The battery load is a 7V 2Ah Li-ion battery with a 50% SoC
having the parameters listed in Table 4.1. Table 4.2 lists the SS resonant tank parameters

used in the Simulink simulations. It will be shown that Case C is preferable.
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Efficiency, load current, and voltage gain data are collected from Simulink simulations
at various switching frequencies fs. In order to evaluate the sensitivity of these quantities
against parasitic resistance terms, the total parasitic resistance of 80 mQ (40 mQ2 on each

side of coupler) is first added and then omitted in the SS resonant tank.

For Case A, Figure 4.5 (a) shows the efficiency and voltage gain while Figure 4.5 (b)
shows the battery charging current. For Case B, Figure 4.5 (c) shows the efficiency and

voltage gain while Figure 4.5 (d) shows the battery charging current.

In Case A and Case B, the highest voltage gain of the resonant tank cannot be above
unity, and consequently the maximum load current occurs at fs = fp. Ideally, the
maximum efficiency should also occur at fp. However in reality, due to a high current
caused by a voltage difference (Vq(t) indicated in Figure 4.2) across the small parasitic
resistance, the loading effects cause the frequency of maximum efficiency to become
very sensitive to parasitic resistances and to be different from fy. Therefore, cases A and
B are not desirable and will not be considered further. This also indicates that phase shift
control in [28]-[30] and duty cycle modulation technique in [30] are not desirable,
because they cause a large voltage drop across small parasitic resistance terms when fs =

fo. Instead, charging current control via switching frequency (fs) modulation is desirable.

In order to achieve the advantageous characteristics demonstrated in Figure 3.12 and
Figure 3.13 for the voltage gain curves with only a single resonant peak, V1 < V2gyrp
(Case C) needs to be obtained. However choosing V1 to be too small requires fs to be
decreased significantly in order to provide a large enough voltage gain for reasonably fast
charging. A significant decrease in fs is undesirable, because the converter operation is

forced to move far away from the peak efficiency operating point at frequency fo.
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Therefore, for a reasonable choice of V1 under the coupler turns ratio of unity and
symmetrical implementation of coupler, V1 is selected by using Equation 34. This results
in voltage matching that takes into account the overall voltage drop across the total

parasitic resistance (Rjumped) When the charging current of 0.5C is flowing.

The total parasitic resistance (Riumped) from the SS resonant converter's input terminal
to the output terminal in the simulation is approximately 120 mQQ, thus V1 = 7.7V is
calculated using Equation 34 and applied in simulation. By matching the voltages using
Equation 34, the desirable features of the voltage gain curve having a single resonant
peak can be achieved also with a battery load. This is demonstrated by the frequency-
dependent efficiency and voltage gain curves in Figure 4.6 (a), and load current curves in

Figure 4.6 (b).

The characteristics shown in Figure 4.6 exhibit a number of desirable features: the
voltage gain characteristic is monotonically decreasing around frequency fp, maximum
efficiency is obtained at the unity gain frequency and is less sensitive to the parasitic
resistance terms, and charging current can be varied over a wide range with a small
variation of switching frequency, fs, without a significant loss of efficiency. Furthermore,
a large decrease in fs is not required to increase the charging current to a desirable level

for a faster charging option.

Since, in the SS resonant converter, both the input of the resonant tank and the load
are voltage driven around the resonant frequency, both the input current and output
current decrease naturally as a battery load is being charged (as the battery load's voltage
increases). To demonstrate this, various waveforms of the SS resonant converter are

shown in Figure 4.7 at the SoC of 20% (a), 50% (b), 80% (c), and 97% (d). The SS
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resonant converter is operating at fs =~ fo = 200 kHz. Both the supply current (Iin(t)) and
charging current (Iout(t)) levels stay in the appropriate range of 0.5C to 1C level
throughout the charging process and decrease naturally to become appropriately small
when SoC = 97% as in Figure 4.7 (d). For the case of the load battery with SoC = 97%,
the equivalent model for the SS resonant tank is also shown in Figure 4.7 (d). Therefore,
at fs = fo, the primary-side current, ir(t), is approximately equal to the triangular
waveform of magnetizing current, ir,(t). This is because the square wave input voltage,
V1(t), is applied across the magnetizing inductance, L,,. It should be noted that i (t) lags
V1(t) by n/2 at fs = fo when the load battery is fully charged, as shown by Figure 4.7 (d).
This information along with the low input current can be used as a threshold point to

terminate the charging process.

TABLE 4.1 LI-ION BATTERY MODEL PARAMETERS USED IN SIMULATION

Nominal Voltage (V) 7
Rated Capacity (Ah) 2
Maximum Capacity (Ah) 2
Fully-charged Voltage (V) 8.15
Nominal Discharge Current (A) 0.87
Internal Resistance (Q) 0.035
Capacity at Nominal Voltage (Ah) 1.8

TABLE 4.2 SS RESONANT TANK PARAMETERS USED IN SIMULATION

Unity Gain Frequency, f,..,, when k is the Highest in an Allowed 200
Variation Range (kHz)
Highest Coupling Coefficient, k 0.85
Resonant Capacitors [uF] 2.146
Leakage Inductances, (L; = Le;) [nH] 295.1
Magnetizing Inductance, L, [uH] 1.623
Winding Resistance Each Side of Coupler [mQ] 40
Effective Load (R.') in Simulation [Q] 5
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Figure 4.5: Efficiency, load current, and voltage gain (V2/V1) data collected at various
Switching frequencies (fs) with SoC = 50% for Case A (a and b) and Case B (¢ and d).
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Figure 4.7: Various resonant tank waveforms and input and output currents at different
SoC. (Note: Red line in the model represents the impedance compensation occurring at fs

= fo).

In summary, the voltage matching by using Equation 35 provides the desirable
features obtained when the single resonant voltage gain peak behavior is obtained. With
the proper voltage matching ratio, most of the charging process can occur at the
frequency of highest efficiency (fp) without actively moving away from this frequency.
This is further supported by the fact that the need for a control method to decrease the
charging current is minimized due to the natural decrease in the charging current level as
the load battery is being charged. Therefore, continuous use of an additional voltage
regulator and/or converter throughout the entire charging process can be avoided. In
conclusion, a control scheme is required that can track and ensure unity gain frequency

(fo) operation with good accuracy and precision. This is discussed in the next section.
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4.3 NOVEL UNITY GAIN FREQUENCY TRACKING (UGFT) CONTROL METHOD

By using the desirable features explained in the previous sections, it is possible to
track and achieve the unity gain frequency (fp) operation under allowed k variation
without any communication between the transmitter and receiver. In this section, the
development of UGFT control method is described, the control process is explained, and

simulation and experimental results are reported to validate the UGFT control.

4.3.1 DESCRIPTION OF THE PROPOSED OPERATION PROCESS

Prior to explaining the derivation of linear UGFT control equation, this section
explains the operation of the proposed receiver topology in Figure 4.8. The proposed

operation of the receiver and its interaction with the transmitter are described as follows:

1. The receiver is placed in proximity of the transmitter with Q5-Q8 and with
Q10 turned-off while Q9 is turned-on thus introducing a known fixed

resistive load, Rx, into the SS resonant tank.

2. The transmitter, which periodically sends a very short pulse ("ping"),
recognizes the receiver placement by the supply current change and
performs the tracking procedure described below to track the unity gain
frequency (fp). This tracking procedure is based on a linearized UGFT
model for the resonant tank under the well-defined loading condition due
to the dummy load, Rx - Note: The unity gain frequency fo is load

independent.

. . : . v
3. When f is tracked, the receiver understands this by measuring V,.(t) = 7“7

for a half-bridge switch network in the transmitter or V,(t) = V; for a full-

bridge switch network in the transmitter.

4. The receiver then turns off Q9 and turns on Q10 to charge the load Li-ion
battery at fg = fo. This unity gain frequency operation continues until a

significant change in the charging occurs, for example if the charging
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current either changes suddenly or becomes very low. A sudden large
change in the charging current may indicate a sudden movement of the
receiver with respect to the transmitter. A very low current indicates the

fully-charged load state or complete decoupling.

5. If a significant change is detected, the charging stops, Q9 is turned on,
Q10 is turned off and the tracking procedure is performed again. If the
transmitter cannot track the unity gain frequency fo within a known
frequency range, it means that the receiver has moved too far away from

the transmitter.

In summary, Q9 and Q10 are never turned on simultaneously and do not perform
switching transitions frequently throughout the charging process. In fact, they are
intended to make switching transitions only under the following conditions: the charging
current changes rapidly by a large amount; the charging current is very low due to the
fully-charged battery state or complete decoupling. Therefore, the losses due to Q9 and
Q10 would be significantly lower than the losses caused by using a linear voltage
regulator continuously or using a converter frequently to adjust the voltage matching
under a non-unity gain operation. Since switching occurs infrequently, switching losses
are small. The overall operation process including the UGFT control process can be
summarized by the block diagram in Figure 4.9.

Therefore, the main purpose of Q9 and Q10 is to introduce a known fixed load (Rx)
into the SS resonant tank during UGFT process. Introducing Rx achieves various
advantages. One of two main advantages is that UGFT can be performed with a good
precision and accuracy, consequently simplifying the control model. The other is that it
improves the robustness of overall control process against the resonant tank parameter

variations.
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As explained in Chapter 3, the desirable single voltage gain peak condition can be
achieved with a fairly large value of Rx. This means that losses in the Q9-Rx branch
during unity gain tracking operation can be fairly low. The criteria on selecting Rx for the
proposed UGFT control method are explained in the next section - Note: Since the unity
gain frequency is load independent, it is not affected by the battery load being different

from the fixed load Rx used to track the unity gain condition.
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Figure 4.8: Proposed receiver topology.
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Figure 4.9: Proposed operation process employing UGFT.
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4.3.2 CRITERIA FOR SELECTION OF Ry
In Chapter 3, the approximation for a peak voltage gain of a SS resonant tank having a
symmetrical coupler implementation is expressed as Equation 32. When using this
equation to obtain ||Gy||max that is appropriate for deriving a UGFT control model, the
following points need to be considered:
1. Obtaining too high a value of ||Gv||max leads to the requirement of deriving

a linear output voltage control model at frequencies very far above fp due

to non-linear behavior around fo. Therefore, it should be avoided.

2. Deriving a linear voltage gain control model in the vicinity of fo is required
for obtaining the UGFT control model. It can be found that a good linearity

can be obtained for a peak voltage gain in the range of 1.5 <||Gy||max < 2.5.

3. Equation 32 can be used to determine the required Rx value that guarantees
a single resonant peak in the voltage gain curve. Since |Gy ||max decreases
as k (and consequently k; ) increases, Equation 32 should be evaluated for a
value of ||Gyl|max above 1.5 and using the upper limit of k; in an allowed &
variation range. This determines Rx that guarantees the single peak

behavior for the entire expected range of k variation.
It should be noted that following criteria 1-3 above and using design Equation 32
gives an accurate result under the condition that the total parasitic resistance in the SS
resonant tank is small. If a large value of total parasitic resistance is expected, the

obtained Rx value needs to be checked using parametric simulations.

4.3.3 DEVELOPMENT OF NOVEL UGFT CONTROL WITHOUT COMMUNICATION

When SS resonant tank of SRT type is designed to have the voltage gain curve with a
single resonant peak, voltage gain can be estimated from transmitter-side measurements

only, and the unity gain frequency reference can be determined under £ variation.
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Figure 4.10 shows plots of ||Gv(jo)|| and Die(jo) for 0.35 < k < 0.85 when the
desirable case of ||Gy|lmax > 1.5 is achieved. The plots are obtained using the equivalent
model of Figure 4.2, but including the parasitic resistances of 40 mQ on each side of the
coupler. As a result, loading effects cause ||Gy||max to 1ot always increase with decreasing
k. Phase difference @,jq is the phase of the input impedance of the equivalent circuit of
Figure 4.2 and therefore represents the phase shift between the input voltage, V1(t), and
input current (primary-side current), ir¢(t), as a function of frequency — Note: D4 is

measurable from the transmitter side.

In Figure 4.10, frequency f, is approximately the unity gain frequency for the highest
value of & expected (k) in a range of interest. It should be noted that for any given
frequency in frequency range xx (between frequencies f, and 2f,), |Gv(jo)|| and ®i(jo)
vary monotonically and are approximately equally spaced as a function of %, so that

linearization is possible.

Choosing a single frequency in the range of f, </ < 2f, in Figure 4.10 (in this case, f, is
chosen), one can construct point by point a plot of ||Gy(j2nf,)|| as a function of ®,iy(j27f;,)
for different values of k. For example, in the case of Figure 4.10, since five parametric
plots are given, five points can be found. A linear approximation of this plot is given by
Equation 35. Parametric simulations can be used to check for its accuracy when current
sensing resistance, winding resistance and capacitor ESR terms are included. In
particular, parameter n can be adjusted to improve accuracy and compensate for the gain

decrease caused by the parasitic resistance terms.

Furthermore, the linear curve-fitting Equation 36 can be determined and used to find

estimated unity gain frequency reference fo* as a function of ||Gy(j2nf,)||. Within an
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allowed k& variation range, the equation is valid and provides the unity-gain frequency

reference.

The derivative (slope) terms in Equation (35) and Equation (36) are obtained from the
parametric simulations. During UGFT tracking, ®@,;q(j2nf;) is measured. Equation (35) is
then used to estimate ||Gy(j2nf,)|| and this value is sued in Equation (36) to find the

estimated unity gain frequency fo*.

The accuracy of this approximation may not be high enough for a large & variation,
therefore there needs to be a boundary for £ that limits unity gain tracking operation. In
simulations and experiments, 0.65 < k£ < 0.9 is used as the unity gain operation range for
validating the UGFT control. If a wide range of k variation is desired, more sets of

equations 35 and 36 can be used with each set being applicable to a bounded k range.
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Figure 4.10: Voltage gain magnitude,||Gv(jo)||, and phase shift, ®;q(jow), between input
voltage and input current of the SS resonant tank of SRT type for 0.35 < £ < 0.85.
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fo = aeG2ar N (L = IGU 2T )]) 4 faeerereeemmeneeeeeseeeeeseees Equation (36)

4.4 VALIDATION
4.4.1 SIMULATION

Figure 4.11 shows the Matlab Simulink model of a full-bridge to full-bridge SS
resonant converter of SRT type implementing the proposed UGFT control model. In
order to demonstrate the unity voltage gain frequency tracking control, the Simulink
model has dummy resistor load, Rx = 6.2 Q, to mimic the case in which Q9 is on and
Q10 is off. The Simulink model also contains switches in the resonant tank to introduce

different £ conditions via coupler inductance variations.

The blue block in Figure 4.11 contains the proposed UGFT control. Figure 4.12 shows
what is inside this blue block. The two inputs to this block are input voltage, V1(t), of the
resonant tank and primary-side resonant capacitor voltage, Vc(t). These two inputs are
fed into the green blocks (Fourier transformation blocks) to determine the phase
difference, ®.iq(j2nf,). Frequency f, is 200 kHz in this simulation. The inside of one of

the Fourier transformation blocks is shown in Figure 4.13.

Inside the red-dotted line in Figure 4.12, ®.;4(j27f,) is fed into a set of algebraic blocks
representing Equation 35 to determine ||Gv(j27rtf,)||, which is then fed into another set of
algebraic blocks representing Equation 36 to calculate fo*. By using the phase locked
loop (PLL) shown inside the blue-dotted line in Figure 4.12, PWM signals are generated
at fo* and fed into the gates of the MOSFETs, Q1-Q4, to produce square wave input

V1(t) for the resonant tank.
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In order to demonstrate the unity voltage gain tracking, the simulation is performed
with a fixed resistor load (Rx) of 6.2 Q to mimic the case in which Q9 is always on and
Q10 is always off. In this simulation, to just demonstrate the performance of unity-gain
tracking operation, the controller is set to periodically go back to fs = f, = 200 kHz to
extract ®y;q(j27f,), and then apply fs = fo™ after a short time. At the end of this process a

new fo* is determined and applied if there have been any coupler parameter variations.

Figure 4.14 shows the simulation results of waveforms of various resonant tank
quantities in order to demonstrate the UGFT control performance. In this figure, VI(t) is
the input voltage of the resonant tank, and V2(t) is the output voltage of the resonant
tank. Quantities, i1c(t), ire(t), and ipm(t), are primary-side current, secondary-side
current, and magnetizing current respectively. The control process corresponding to the

operation in Figure 4.14 is as follows,

1. At t = 0, the converter operation starts with £ = 0.75 at f,, = 200 kHz, and
then the steady-state currents start flowing at t = 0.06ms. The unity-gain
tracking controller is set to start at t = 0.78.

2. During 0.78ms <t < 0.98ms, ®,i4(j2nf,) is measured, and fo* is tracked.
The controller calculates this value and applies it at t = 0.98ms.

3. During 0.98ms < t < 1.38ms, the converter operates at fs = fo. The
converter is then set to go back to the operation at £, at t = 1.38ms.

4. During 1.38ms <t < 1.78ms, again, ®;4(j27f,) is measured, and fo* is
tracked. The controller calculates this value and applies it at t = 1.78ms.

5. During 1.78ms < t < 2ms, since no changes are applied to the coupler
parameters, the converter operation is the same as during interval 0.98ms
<t<1.38ms.

6. At t = 2ms, k is changed from 0.75 to 0.85. So during 2ms <t < 2.18ms,
the converter does not operate under unity gain, and at t = 2.18ms, the
converter starts operating at fg = f, to perform unity gain tracking.

7. During 2.18ms < t < 2.58ms, ®,i4(j2nf,) is measured. The controller
calculates fo* and applies it at t = 2.58ms.
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8. During 2.58ms < t < 2.98ms, the converter operates fs = fo, and at t =
2.98ms, the operation at fs = f, begins again to measure ®,;q(j27f,) and to
determine fp*.

Figure 4.15 shows the results for V1(t) and V2(t) in a close-up scale. When the peak
value of V1(t) (denoted as V1) is equal to peak value of V2(t), the unity gain operation
is achieved. As can be seen from this figure, the proposed UGFT method performs well.
The maximum difference between the peaks of V1(t) and V2(t) is approximately 0.48 V
(approximately 6.5 % error) during the unity gain operation.

As mentioned previously, a phase locked loop (PLL) is used in the simulation for
adjusting fs to be equal to the calculated fo*. When a new fp* is determined by the
controller, this fo* is applied as the reference input to the PLL. The gate signal oscillating
at f, is then locked on to the reference, fo*. Figure 4.16 shows the PLL operation in the
simulation. As can be seen clearly in this figure, the reference input to the PLL is
changed between f, and fo* whenever the controller calculates and applies fo*. For
example, the output of the PLL is set to be applied to the gates at t = 0.98 ms as shown by

the commutative gate signals in Figure 4.16.
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Figure 4.11: Simulink model of SS resonant converter of SRT type implementing
proposed UGFT control method.
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Figure 4.12: Inside of the UGFT Control block.
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4.4.2 EXPERIMENTAL VALIDATION

Figure 4.17 shows the experimental set-up of Figure 4.1 without the switches, Q9 and
Q10. The reason for excluding Q9 and Q10 is that they are not necessary for

experimentally validating the proposed UGFT control model, since the process of unity

gain frequency tracking control requires only that a known fixed resistive load,
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%RX, be present in the SS resonant tank. Also, it should be mentioned that the

transmitter-side switch network can be either a half-bridge or full-bridge configuration.
The UGFT control method is not affected by either choice of switch network

configuration.

The UGFT tracking procedure programmed into the digital controller is as follows.
The phase shift @4 at frequency f,, is measured by the controller. Equation 35 is used to
estimate the voltage gain ||Gv(j2nf,)|| and this value is substituted into Equation 36 to
determine the unity gain frequency reference fo*. The control and data measurements are
performed using the Texas Instruments F28335 digital control card whose specifications
are summarized in Chapter 2.

Regarding the experimental parameters listed in Table 4.3, it should be noted that the
procedure for choosing the parameters focused on accurate measurements of ®,iq. The
data for ®.iy is obtained by measuring the pulse width of the output of ultrafast
comparators using the ECAP module built in the F28335. Using large values for f,,, and
R, and a very low value for the primary-side current sensing resistor (Rsense) is
desirable for maximizing efficiency, but it causes a high value of £, and significant noise
and leakage EMI that affect the ®,;q measurements in the experimental set-up. The
choice of actual values was a trade-off between these conflicting requirements.

In Figure 4.18 (a), the voltage gain (top), ||Gv(jo)||, and phase shift (bottom), ®i4(jo),
are plotted in simulation using the parameters in Table 4.3 along with experimentally
extracted coupler parameters at varied k£ caused by varied misalignment. Voltage gain
curves are quite linear in the range of f, < fs < 2f,. Also, as can be seen from Figure 4.18

(b), the relationship between ||Gy(j2nfs)|| and D.iq(j27fs) for f, < fs < 2f,and 0.5 <k <
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0.83 is quite linear as well. The curve in Figure 4.18 (b) is used to determine the curve
fitting parameters to be substituted in Equation 35.

Figure 4.19 shows the SS resonant tank input voltage (V1(t)), input current (ir.(t)),
and the output of ultra-fast comparator whose pulse width represents the phase shift
(Dyig) between VI1(t) and ipei(t). In this figure, the linear curve-fitting equations
programmed in the control card are shown, and the interrupt service routine execution of
the equations is visually described.

The accuracy evaluation of the curve-fitting equations (programmed in the F28335
control card) was performed by first collecting actual fpo* data that were being inputted
into the PWM module by the controller at different misalignments. After that, frequency-
domain simulations were performed using the experimentally-extracted resonant tank
parameters without Rsense = 1 Q. The goal was to see what voltage gains were to be
expected at operating frequency fo* Also from these simulations, analytical values of
unity gain frequencies fo for different misalignments were collected as predicted by the
model of Figure 4.2. The data are listed in Table 4.4 and prove that the single set of
curve-fitting equations (UGFT control model) can be used to achieve the unity gain

operation for fairly large & variation.

Figure 4.20 shows the output voltage of the SS resonant converter reaching the voltage
level of unity gain operation after the controller applies fo* as the converter switching
frequency at time t = tz. The voltage level of unity gain operation in Figure 4.20,
represented by the straight solid green line in both Figure 4.20 (a) and Figure 4.20 (b), is
approximately 3.6-3.7 V. This is because the supply voltage (Vg) of the SS resonant

converter is 10 V, the primary stage is a half bridge configuration causing a 50 % voltage
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reduction and the rectifier in the receiver performs passive diode rectification, causing

two additional diode drops.

Figure 4.21 shows various waveforms captured while the SS resonant converter is
operating at fo* determined by the UGFT control model. In this figure, the rectifier in the
receiver performs active synchronous rectification. Therefore, the output voltage, Vout, is
slightly less than 5V (due to conduction of Rgs on) Wwhen Vg = 10V is applied. As can be
seen from this figure, the operating frequencies for each of Figure 4.21 (a)-(c) match
those listed in Table 4.4.

While the output power is approximately 1.82W with constant load voltage (CV) and
constant load current (CC), various quantities including the efficiency are experimentally
measured and listed in Table 14. The experimental data show that the converter
efficiency is about 15-19% higher with the UGFT control compared to the efficiency

under fixed frequency operation without the UGFT control.

Furthermore, with the UGFT control, the need for an additional converter or regulator
is minimized as indicated by the almost constant supply voltage and supply current (Vg
and Ig) in Table 4.5 for the UGFT case. This also shows that losses in linear voltage
regulators used widely in current wireless charging systems can be significantly reduced.
On the other hand, without the UGFT control, Vg needs to be varied for delivering
constant voltage and constant current output, indicating the requirement of an additional
converter or linear voltage regulator, which decreases the overall system efficiency

drastically.
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Figure 4.17: Experimental setup for the SS resonant converter.

TABLE 4.3 EXPERIMENTAL SS RESONANT TANK PARAMETERS

Unity Gain Frequency when £ is the Highest in an Allowed Variation Range, ~ 190
Jnom (KHz)
Highest Coupling Coefficient, k,,,, ~0.83
Resonant Capacitors (C: C; and C,) [nF] =718
Leakage Inductances, (L.: L.; and L,,) [nH] ~0.974
Magnetizing Inductance, L, [nH] ~1.623
Current Sensing Resistor, Rsense [Q] =1
Effective Load (R.') in Simulation [Q] = 8.1
Linear Control Model Extraction Reference Point, f, [kHz] =177

Voltage Gain, || Gv(jo)||, as a Function of Frequency Plotted in Simulation
using Experimentally-extracted SS Resonant Tank Parameters
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Figure 4.18: Voltage gain [||Gy(jo)||]] and phase shift [®Dyig(jo)] (a) plotted in simulation
using experimentally-extracted parameters for various &, and the linear relationship
between them at fs = f, (b)-Note:Rsense of 1Q2 added.
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Figure 4.19: SS resonant tank's input voltage, V1(t), input current, ir;(t), and output of
ultra-fast comparator whose pulse width is the phase shift, @4, between V1(t) and ir;(t).

TABLE 4.4 ACCURACY EVALUATION OF UGFT CONTROL MODEL EQUATION

k | Actual | Analytical | Voltage Gain
Misalignment, M | Ratio of M to Pot Jo* Jfo atfs = fo*
(mm) Core Diameter (kHz) (kHz)
0 0 0.83 164 168.05 1.05
1.5 0.06 0.74 | 159.8 162.62 1.01
3 0.12 0.68 | 149.2 152.9 1.02
4.5 0.18 0.5 | 143.8 131.2 0.87
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Figure 4.20: Various waveforms captured to show the UGFT control operation at £ = 0.83
(a) and £ = 0.74 (b) while performing passive diode rectification.
Note: Att=tz, fo*is applied as fs of the converter.
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Figure 4.21: Various waveforms captured while operating at fpo* calculated by the UGFT
control model for £ = 0.83(a), k= 0.74(b), and £ = 0.68(c) - Note: The output voltage
(Vo) is approximately 5V while the supply voltage (Vg) of 10V is applied, indicating the
operation of the SS resonant converter at fs = fo*.
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TABLE 4.5 EXPERIMENTAL EFFICIENCY DATA

k Vg (V) Ig(A) Vout (V) Iout (A) Efficiency(%)
Under fixed frequency operation (fs = 200kHz) without UGFT
0.83 ~123 ~0.30 ~4.270 ~0.427 ~49.4
0.74 ~12.68 ~0.30 ~4.273 ~0.427 ~48.0
0.68 ~ 14.03 ~0.31 ~4.271 ~0.427 =419
Under Unity Gain Frequency Tracking, UGFT (fs = fo*)
0.83 ~10.00 ~0.28 ~4.268 ~0.427 =~ 65.1
0.74 ~10.03 ~0.28 ~4.270 ~0.427 ~ 64.8
0.68 ~ 9091 ~0.30 ~4.270 ~0.427 ~61.4

4.5 CHAPTER SUMMARY

In this work, SS resonant converter characteristics under resistive load condition are
compared with those under Li-ion battery load condition to demonstrate how to obtain
the desirable characteristics with both types of load. It is shown that obtaining the single
voltage gain peak condition is required for achieving various desirable features. One of
these features is high robustness against fs tracking error, and variations in Q and k. High
robustness can significantly improve overall charging system efficiency by minimizing
the need for using an additional voltage regulator stage commonly used in current
commercial wireless chargers for portable electronics. Other features include appropriate
charging current control via fg modulation and good accuracy of a linear curve-fitting
model for voltage gain control in the extended ZVS region. These features significantly
reduce control complexity and further increase the overall efficiency while decreasing the

cost of implementation by reducing the component count.
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Furthermore, under these conditions the proposed Unity Gain Tracking Control
(UGFT) method is applicable, which adjusts the switching frequency for leakage
inductance compensation under allowed magnetic coupling variation without
communication between a transmitter and a receiver. Compensating the leakage
inductances is highly desirable for maximizing the efficiency in a resonant tank, and
doing so under allowed k variations is important for increasing the receiver positioning
flexibility. It is shown that using only a single UGFT control model, the unity gain
frequency operation can be tracked and achieved for a fairly wide range of k variation.
This indicates that with only a few different sets of UGFT control models (each set
applicable to a bounded & range), the unity gain frequency operation can be obtained for a
wide range of k variation. The proposed UGFT control method is validated in both
simulation and experiment. The results show that the method performs well. Furthermore,
it is demonstrated experimentally, for the constant output power delivery of 1.8 W, that
the converter efficiency is significantly improved (approximately 15-19 % higher) when
compared with the fixed frequency operation of conventional wireless charging systems.
Also, the voltage gain variation is very small (/ess than 1 %) when the proposed UGFT
control is applied. This small variation can reduce the losses in linear voltage regulators
that are used widely in current wireless charging systems for portable electronics.
Therefore, overall efficiency with the proposed UGFT control method can be even higher
than conventional wireless charging systems without the need for communication while

reducing both component count and complexity in control.
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CHAPTER 5

NOVEL OPTIMAL DESIGN METHODS FOR ASYMMETRICAL SERIES-SERIES (SS)
RESONANT TANK AND ASYMMETRICAL SERIES-PARALLEL (SP) RESONANT
TANK IN LOOSELY-COUPLED WIRELESS POWER TRANSFER APPLICATIONS

5.1 INTRODUCTION AND LITERATURE REVIEW

In this chapter, optimal design methods for the SS and SP resonant tank topologies in
Figure 1.3 are proposed and validated.

As previously mentioned, there are two main types of resonant tank. One is
asymmetrically-implemented resonant tank (ART) type, and the other is symmetrically-
implemented resonant tank (SRT) type. In a resonant tank of ART type, primary-side
inductance and secondary-side inductance can be largely different, because primary-side
coil (Tx) and secondary-side coil (Rx) of a coupler have different physical geometries,
whereas in a resonant tank of SRT type, primary-side inductance and secondary-side
inductance are equal. Thus, in SRT type, relative self-inductance condition is Ls; = Lg;',
whereas in ART type, it can be Lg; > Lg,', Ls; = Lgy', or Lg; < Lg;".

To minimize leakage flux (in order to maximize coil-to-coil efficiency), one would
employ a resonant tank of SRT type. Thus, conventionally, the majority of studies on
magnetically loosely-coupled wireless charging systems has considered only resonant
tanks utilizing symmetrical core geometry for the primary and secondary as in [8]-[9],
[24], [31], and [33]-[34]. However, in many wireless charging applications, it is

becoming more desirable to minimize the weight and size of Rx. To increase the receiver
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positioning flexibility, a larger Tx is employed, as in [37]-[40], to provide a stronger
and/or more uniform magnetic field in the region where a Rx is located. Furthermore, in
many applications, Rx geometry is limited by the dimensions of the movable battery-
powered system, whereas the transmitter coil geometry is /ess limited. Consequently, the
need for asymmetrical coupler implementation is increasing. It should be noted that ART
type, which generates more leakage flux, is used for systems with typically lower (loose)
magnetic coupling compared to SRT type.

To derive analytical solutions that are applicable to both ART and SRT types, it is
important to analyze general resonance characteristics of SS and SP resonant tanks. The
existing scientific literature lacks in terms of performing detailed analysis on general
resonance characteristics and of providing general analytical equations for determining
various notable quantities. For example, although [8]-[9] and [37] provide brief
comparisons on these topologies under certain conditions, they do not provide general
analytical equations for determining various important frequency-domain quantities such
as peak voltage gain, load-independent voltage gain, load-independent current gain,
multiple resonant frequencies of notable features, desirable boundaries for operating
frequency (ws) range, voltage gain at @, current gain at ws, circulating current gain at o,
and how these quantities change depending on magnetic coupling coefficient (k) and load
(Re’).

Conventionally, as in [6], [8], and [35], analytical equations for design optimization
involve quality factors that describe the relationship between resonant elements and
parasitic resistance terms such as winding resistance and capacitor ESRs. Although such

equations can allow convenient calculation of expected resonant tank power efficiency,
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they do not provide insight into various important frequency-domain quantities. Instead,
design implication from these expressions is straightforward: a general goal in optimal
design process is to minimize all parasitic resistances.

However, optimal design of resonant tank parameters for a desired nominal load is not
straightforward and not easy to intuitively understand. Therefore, quality factors in this
chapter are defined by Q. in Equation 37 to describe the relationship between resonant
elements and effective load (unlike the conventional expressions for quality factor). As in
Figure 1.3, the subscripts gss and sp are added in Equation 37 to distinguish between the
expressions for SS and SP resonant tanks. Also, for ||Gy(jo)|, ||Gi(jo)||, and ||GiLm(jo)|| in
this chapter, the subscripts ss and sp are added for the same reason. For example,
IGv(jo)||ss represents a general expression of voltage gain magnitude transfer function

for SS resonant tank, while ||Gy(jo)||sp represents that for SP resonant tank.

Qrgs = Ress’ ’% for SS Resonant Tank

QL =3 Equation (37)

Qrgp = Resp’ /CL, for SP Resonant Tank
LSZ

To maximize robustness in voltage gain and current gain without significantly
increased circulating current in a magnetic coupler, it is very important to analyze these
two quantities for each of the resonant tanks along with circulating current gain. A
resonant tank should then be designed to exhibit an optimal Qp for a desired nominal
load, R.' — Note: In typical battery charging applications, a nominal R¢' is approximately
constant on most of the state of charge (SoC) curve (in the constant current charging
stage) as can be found in [25]-[26]. Therefore, for a battery load, a desired nominal load
R.' can be determined from the nominal voltage rating and typical constant current charge

rating of the battery.
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It should be noted that minimized circulating current contributes to increased coil-to-
coil power transfer efficiency, and robust voltage gain contributes to maintaining
desirable power transmission level under k variation. By avoiding accumulation of
significant losses in an additional downstream converter or linear voltage regulator, small
fluctuations in voltage gain provided by maximized robustness can contribute to
increasing the overall efficiency of a wireless charging system.

Furthermore, robust voltage gain can decrease control complexity, analytical
complexity, and cost of implementation. For example, development and implementation
of robust control systems to avoid bifurcation phenomena [32] can significantly increase
the system complexity. In order to minimize the system complexity, it is highly desirable
for robust voltage gain to be achieved at a fixed desirable operating frequency.

Also, in currently available wireless charging systems, multi-layer coils in array are
implemented, as in [12] and [36], to create uniform magnetic field on a charging
platform. Although such implementation improves the receiver positioning flexibility by
exhibiting almost constant & on the charging platform area, cost of implementation can
increase significantly. By obtaining robust voltage gain without significantly-increased
circulating current, the number of coils may be reduced while desirable charging speed
can still be maintained under £ variation.

However, there are tradeoffs between voltage gain robustness and coil-to-coil
efficiency. For example, depending on Qp selection, coil-to-coil efficiency can be
maximized at the cost of minimized robustness of ||Gv(jo)||, and vice versa. More details

regarding tradeoffs are discussed later in this chapter.

123



To achieve good compromise between these tradeoffs via optimal Q. selection, this
chapter presents novel, general optimal design methods for loosely-coupled SS and SP
resonant tank topologies. It begins with performing general frequency-domain analysis
for SS resonant tank topology and SP resonant tank topology. This is because in order to
derive analytical equations applicable to both ART and SRT types, it is important to
understand general resonance characteristics.

After the detailed analysis and evaluation on general frequency-domain
characteristics, various general analytical equations in design-oriented forms are derived.
As will be shown later in this chapter, these equations allow determining various
important frequency-domain quantities. Using these equations, design methods for
optimally designing loosely-coupled SS resonant tank and loosely-coupled SP resonant
tank are presented. For all possible relative inductance conditions: Lg; > Lg,', Ls; = Lg',
and Lg; < Lgp', the design methods allow convenient calculation of SS and SP resonant
tank parameters needed for achieving desirable frequency-domain characteristics in
loosely-coupled systems. Detailed simulation and experimental results are reported to
evaluate and to validate the novel optimal design methods.

For convenient analysis and to provide expressions directly meaningful for practical
design, it is highly desirable that all analytical equations be derived only in terms of %,
Qr, or quantities that do not change significantly under k variation. In general under k
variation, the ratio between Lg; and Ls,' does not change significantly, although there can

be significant changes in each of Lg; and Lg;'".

In magnetically loosely-coupled systems, it can be assumed that changes in both Lg;

and Lg,' due to & variation are small. This means that with fixed values of resonant
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capacitances (C; and C,'), self-resonant frequencies, wrs; (Equation 38) and s

(Equation 39), do not change much when £ is low (e.g. £ < 0.35).

! Equation (38)

Equation (39)

In this chapter, general analytical equations for determining various quantities of
interest are derived and expressed only in terms of the physically-meaningful quantities
that include k& (Equation 1), Qp (Equation 37), ors; (Equation 38), wrs; (Equation 39),
ratio between Lg; and Ls,’, and ratio between C; and C,’.

Throughout analysis and discussion, it should be noted that the resonant capacitances,
C, and C,', are considered fixed. Also, the resonant tank models in Figure 1.3 and their
quantities are used in the analysis It should be noted that this means that with all of the

Vo’(jmo)

secondary parameters referred to the primary side, voltage gain ||Gy(joo)llss = Vitioo)

of the SS resonant tank topology can be unity while the actual voltage gain (ratio of non-
referred output voltage magnitude ||V,(joy)|| to input voltage magnitude ||V;(jwo)|l)
depends on magnetic coupler turns ratio. Therefore, throughout general analysis and
discussion, unity voltage gain of the SS resonant tank topology refers to ||Gy(jo,)llss =

Vo (j0o)
Vi(joo)
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5.2 DERIVATION OF GENERAL ANALYTICAL EQUATIONS IN FREQUENCY DOMAIN FOR SS
RESONANT TANK TOPOLOGY

5.2.1 GENERAL ANALYTICAL SOLUTIONS FOR SS RESONANT TANK

For SS resonant tank topology, general equations for voltage gain ||Gy(jo)||ss and
current gain ||Gj(jo)||lss are derived in Equation 40 and Equation 41 respectively.

Circulating current gain ||GiLm(jo)||ss 1s equal to ||1 - Gi(jow)ss||-

.3
. — jo'CC,'LmReg'
I Gy(jo)llss= ‘ =2 5 ‘

\ @*C,C,'(Le(Le,'+Lm) + Le,' Lm) — &’ (C,(Le, + Lm) + C,'(Le,'+Lm)) +1— jwC,'Re (&’ C,(Le, + Lm) — 1)\

............................................................................................................................................................... Equation (40)
. —w2C,'L .

IG;(jw)llss = e RS Equation (41)

1-w2Cy'Lga"+jwCy Ress’

Ideally, coil-to-coil efficiency of a SS resonant tank is maximized when both of the
leakage inductances, L.; and L', are fully compensated by their series capacitors, C; and
C,’. This condition corresponds to when short-circuited primary leakage resonant
frequency, foy, (Equation 42) and short-circuited secondary leakage resonant frequency,
Jfovs, (Equation 43) are equal to each other. Only under this condition, load-independent

voltage gain of unity can be obtained.

__ wovp __ 1 _ WLs1 ;
fovp = o o B Equation (42)
!
21 (1-k ’]LST21
L0oVs S e Equation (43)

fovs = — =
oVs — - -
2
T 2T CZILeZI 2m [1-k LSll
\Ls2

In Figure 5.1 (a), voltage gain (||Gy(jo)||ss), current gain (||Gi(jo)||ss), and circulating
current gain (||GiLm(jo)l|ss) are plotted for Lg; > Lg,', whereas in Figure 5.1 (b), these

quantities are plotted for Lg; < Lg'. In both figures, Qg variation is imposed by changing
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Ress' — See Equation (37) Since both Lg; > Lgy' and Lg; = Lg' exhibitf0V1 <fip <fVP <

fora2, whereas Lg; < Lg,' does not, the plots for Lg; = Ls,' need not be shown.

General analysis will be performed for two separate cases of Lg; > Lg,' and Lg; < Lg;'.
In this section, general equations for all of the frequencies indicated in Figure 5.1 are

derived.

Figure 5.1 shows that there exist two resonant frequencies (foy; and foy,) where load-
independent voltage gains occur. General expressions for the two resonant frequencies of

load-independent voltage gains are derived as foy; (Equation 44) and foy» (Equation 45).

Voltage Gain, ||Gv(jw)||, for Varied Re’'(Q)

° I
fup |
4 fip.
3 fiLm
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Voltage Gain, ||Gv(jw)||, for Varied Re’(Q)
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Figure 5.1: Voltage gain (||Gv(jo)||ss), current gain (||Gi(jo)||ss), and circulating current
(|GiLm(jo)||ss) for varied effective resistive load under Lg; > Lg; (a) and Lg; < Lg, (b).

_ wovi _ 1 Q)lez+‘1)L522_\/03L514+2(2k2_1)03L512(*)L522+00L524 E ti (44)
forvi=— == S quation
2Tt 2T 2(1-k?)
f — Qov2 _ 1 OLs12+0Ls22+H wrs14+2(2k2 - 1D ops1 2052 2+ WLz ? Equation (45)
ovz 2T 2T 2(1—k2) ..............

In both Figure 5.1 (a) and Figure 5.1 (b), it should be noted that ||Gv(j2ntfor)||ss 18

unity and independent of Q. Therefore, this unity gain condition indicates that foy, =

fOVp :fOVs-
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As Qg increases, ||Gy(jo)|lss exhibits a single resonant peak rather than two load-
independent peaks at foy; and for,. The frequency, at which this single voltage gain peak

occurs, rapidly approaches open-circuited load resonant frequency, fy,, which is equal to

OLs1
2n

In general, a well-defined single peak is obtained when peak voltage gain, ||Gv]|max, 1S
approximately equal or greater than 1.5||Gy(j2nf,.2)||ss for Ls; > Lg,', or when ||Gy||max 1S
approximately equal or greater than 1.5||Gy(j2nf,.;)||ss for Ls; < Ls;'. This can be
observed from Figure 5.1 as well. The plots for ||Gi(jo)||ss show that resonant frequency
of peak current gain, ||Gillmax, and resonant frequency of peak circulating current gain,

||GiLm||max, rapidly approach open-circuited input resonant frequency, f;,, which is equal to

OLs2
2n

As can be seen from ||Giim(jo)|| plots in Figure 5.1, there exists load-independent
circulating current gain of unity at fi;,,n A general expression for the resonant frequency

(fiLm) 1s derived as Equation 46.

firm = wzi;m = wZL;Z Z—Rj/% ...................................................................... Equation (46)
s2

For applications with Lg; > Lg,' or Lg; = Lg,', the operation frequency (fs) must not be

below open-circuited load resonant frequency fy, to avoid the danger of moving out of

ZVS range by falling below the resonant peak. Also, as can be seen from ||GiLm(jo)l|ss

curves in Figure 5.1 (a), the circulating current gain increases rapidly as fs decreases

below fy,. This further emphasizes that operation under fs < fj;,, must be avoided.
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As can be seen from ||Gj m(jo)||ss curves in Figure 5.1 (b), the circulating current gain
increases very rapidly as fs decreases below f,,. Therefore, for applications with Lg; <
Lg,', the operation frequency (fs) should not be lower than f;, in order to avoid
significant circulating current. In fact, regardless of the inductance inequality conditions,
it can be concluded that operating under fs < foy is not desirable for maximizing coil-to-
coil efficiency.

OLes  OLgp .
—— = —=, resonant frequencies, foy,, fors, and foy», change

Unless Lg; = Lgy' and o P

differently under & variation. Also, peak voltage gain increases as k decreases, and to
explain this phenomenon, a general expression for voltage gain at fy,, ||Gv(j2nfi,)|lss, 1S
derived as Equation 47. As can be seen from this equation, decrease in k causes
IGv(j2nfy,)|lss to increase. When this occurs, Figure 5.1 shows that increase in
IGv(j2nfy,)||lss corresponds to increase in maximum available voltage gain ||Gvl|max

regardless of whether voltage gain exhibits a single peak or two peaks.

16y G2yl g = B sttt Equation (47)

Since the frequency of minimum circulating current changes depending on ||Gy/||max
condition, and since non-linear changes in all of the resonant frequencies are different in
both magnitude and direction, tracking and achieving the frequency of maximum
efficiency under a wider range of & variation can be impractical. Also, it should be noted
that even if load-independent voltage gain, ||Gv(j2nfor)||ss, 1S tracked to achieve
operation at for,, ||Gv(j2tfor2)||ss can generate voltage gain well above the desired value
and can consequently cause more losses in an additional downstream converter or linear

voltage regulator. In order to understand how this load-independent voltage gain changes,
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a general expression for ||Gv(j2nfor,)||ss is derived and defined as |Gy|ingSS in Equation

48.

Ly’ 14 2(1-k?)

L

(@) e j(m)ﬂz
®Ls1 ®Ls1

......................................................................................................................... Equation (48)

|Gy linaSS = IGy(2ntfor2)llss = k
w1,

(—2?)2(2k2—1)+1J

of,

In summary, by using Equation 1 and equations 37 through 48, general frequency-
domain characteristics and various important features of SS resonant tank topology can
be understood. Furthermore, using these equations in design-oriented form allows rapid
calculation of SS resonant tank parameters required for achieving all possible resonance
characteristics (thus, for achieving any Q¢ condition for a specified nominal load, Ress').

Various design equations for determining optimal Qg are derived in the next two
sections separately for loosely-coupled SS resonant tank with Lg; > Lg,” and with Lg; <
Lsy’.

5.2.2 DESIGN EQUATIONS FOR LOOSELY-COUPLED SS RESONANT TANK WITH Lg; > Lgy’

Proposed optimization process begins with determining how resonant frequencies
should be selected. For SS resonant tank, it is desirable to achieve the unity gain
condition of 2nfs = wovp = ®ovs = Wov2 When £ is at its highest value, &4, in an allowed
k variation range. Under this condition, coil-to-coil efficiency can be maximized. Also,
since for» decreases as k decreases — See Equation 45, this frequency condition
guarantees that converter operation is performed al/ways above resonance and therefore is

within ZVS-capable region under k variation.
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General design equations applicable to loosely-coupled SS resonant tank topology are
derived under the condition that switching frequency is fixed always at a value that
satisfies 2mfs = wovp = ®ovs = ®ov2 for k = k... For example, if leakage inductances are
fully compensated at fg = 500 kHz when k = k,,,, switching frequency fs remains always
at 500 kHz as k decreases. It will be shown that such fixed switching frequency operation
can achieve good compromise between various tradeoffs. For now, it should be
mentioned that since available peak voltage gain increases as k decreases, voltage gain
curve becomes sharp and highly non-linear. Consequently, even a small error in
frequency tracking occurring in attempt to track a load-independent voltage gain
frequency can cause operation to fall out of ZVS region. Furthermore, frequency tracking
error can cause voltage gain to be very high, causing significantly large circulating
current (reactive power) and high losses in an additional downstream converter or linear

voltage regulator.

From this point on, quantities with the subscript, ¢ k., correspond to their values
when k = k. (specific condition), and quantities with the subscript, ¢ £°, correspond to

their values at k < k4 (general condition).

In order to derive analytical expressions that can approximate voltage gain, current
gain, and circulating current gain under k variation when the switching frequency is fixed
at os_SS_knaxr = ©ovp_Kmax = ©®0vs_kmax = ®ov2_Kmax, 1t 1S important to determine which of
oovp (Equation 42), oovs (Equation 43), and wov> (Equation 45) has the lowest sensitivity

against k variation.
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. d o . 9
For loosely-coupled systems with Lg; > Lsg;’, ( a(:p) is lower than |—(0;:'S) and

d o ) ) )
|% . Consequently, it is important to derive an expression for wovp_Kkmax in terms of

oovp_k for all £ in an allowed loosely-coupled k range. Assuming the small variations in

Ls; and Lg,’ in a loosely-coupled k range, an expression for approximating wovp_Kmax 0

terms of wov,_k 1s derived as Equation 49.

Equation (49)

The following expressions are then derived to approximate ||Gv(i®ovp_kmax)||ss
(Equation 50), ||Gi(joaovp_kmax)||ss (Equation 51), and ||GiLm(jcoovp_kmax)||ss (Equation

52) for 0 < k < kyqc in loosely-coupled systems. The resonant capacitances, C; and C,’,
are selected so that Equation 53 is satisfied - Note: Satisfying Equation 53 is equivalent

to achieving the desirable frequency condition of Wovp_kmax = ®ovs_Kmax = ®ov2_kmax.

|G (oowytoma | = |6y (i0ov, k)| =

kQrgs )
i - - = s Equation (50)
| 2_ LsZ'/(stz) Lsz' _ (oLs2)
k% —kmax |1 zkmax [T 7 +1
| 2 2 st \(stl) ST (ons1)
Ikmax QLSS - S
L
\l kmaxj L5521 -1

133



”Gi (jwovp—kmax) |SS ~ ||Gi (jwovp_k)”SS -

1

......... Equation (51)
( \
C1 le _ kmax || (‘”le) 1 | - CZ,(("LM)ZQLSSZ
cz' k Ls2' ! * Ls
\i\(mLSZ) (kmax Tor —1> / C1(wLs2) (kmax L21 1)
| GiLm (]wovp_kmax) |SS ~ ||GiLm(]0~)ovp_k)||SS ==
2
®Ls ?( 1k LLl/)
( L 1) (1 Lsa s ) Czl(mle)zQLSSZ
(‘*’Lsz)2<kmax 11_21 _1> Cl(‘“Lsz)Z(kmax Iistll —1>
P Equation (52)
(wLSI)Z +1 _ CZ’(““LSl)ZQLSSZ
\ (‘”Lsz)2<kmax ]Lsszl —1> C1(®L52)2<kmax ]szl —1>
, L51<1—kmax =
e e Equation (53)

0

N————

1 Lsi
Lsz (1_kmax 7
Ls2

5.2.3 DESIGN EQUATIONS FOR LOOSELY-COUPLED SS RESONANT TANK WITH Lg; <Lsgy’

. (7] . d( ooy
For loosely-coupled systems with Lg; < Lg,’, |—(ua):'5) is lower than —( a‘;{ ») and
6(mov2) C v, it is i . . .
T onsequently, it is important to derive an expression for ®oys_ ke in terms of

b

®ovs_k. Assuming the small variations in Lg; and Lg,” in loosely-coupled & range, an

expression for approximating ®oys_kmayx in terms of woys_k is derived as Equation 54.

WoVs_Kmax = Wovs_ K [T s Equation (54)
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The following expressions are then derived to approximate [|Gv(j®oy Kmax)llss
(Equation 55), [|Gi(j®ov_Kmax)llss (Equation 56), and [|GiLm(j®oyKmax)llss (Equation
57) for 0 < k < k.. Again in these equations, the resonant capacitances, C; and C,’, are

selected so that Equation 53 is satisfied.

”GV(j“)ovs—kmaX)HSS ~ ||GV(j“)ovs—k)||55 =

. 32)

WOLs1

2 \2
cy' L o L
(CZ1 )QL552<1_kmax 51, _ ( Lsz) ) + <1_kmax 51’ )

2
(0L52)”
3( ()’ (o)’ (1-2) .J

Ls2 (‘*’le)z Ls2 kmax [25L -1 (“’le)z L1
\i Ls2 (kmax —y -1> /
......................................................................................................................... Equation (55)
i .... Equation (56)

”Gi(jwovs—kmax)uss ~ ”Gi(jwovs—k)”_gs = \/

2

2 (01s1) 2 Ls1

kmax”+—15Qug (1_kmax LS ,)
stz) s2

—

C, L
s1 AV =2 2 _ sl
L52’ (kmax k) + C, QLss (1 kmax Lszl)
Ls1 2, G 2 Ly
LSZ’ kmax + Cl QLss 1 kmax LSZI

....................................................................................................................... Equation (57)

”GiLm(jwovS—kmax)”SS ~ ”GiLm(jwovs—k)”SS =

=

In summary, when SS resonant converter operation is performed always at ws_SS &i4x
(equal to ®ovp kmax = Oovs_kmax = ®ov2_kmar), equations 50 through 53 allow
approximation of voltage gain, current gain, and circulating current under k variation for

loosely-coupled SS resonant tank with Lg; > Lg,” while equations 53 through 57 allow

approximation of these quantities with Lg; < Lg,’.
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5.3 DERIVATION OF GENERAL ANALYTICAL EQUATIONS IN FREQUENCY DOMAIN FOR SP
RESONANT TANK TOPOLOGY

This section provides various general analytical equations for analyzing various

notable quantities of the SP resonant tank topology.

5.3.1 GENERAL ANALYTICAL SOLUTIONS FOR SP RESONANT TANK

For SP resonant tank, general equations for voltage gain ||Gy(jo)|/sp and current gain

||Gi(jo)||sp are given in Equation 58 and Equation 59 respectively.

) ®’C.L R,
|| GV(]w)SP: 4 ] ] ] 2 2 ] — leSP 1 [ 3 1 2 1 ‘
@ R CC,' Ly Lg," (1-k™) =07 R 5" (C Lg, + C,' L, ") + Rygp'— j(@0°C Ly Ly, (1= k™) — 0y, )‘
....................................................................................................................... Equation (58)
. _ jwLpm .
1Gi(Gw)llsp = Roar (@20 Ly D) mJalag?| oo ssmmsssssmmssssnns o Equation (59)

The resonant frequency, at which the imaginary part in the denominator of Equation
58 becomes zero, is determined by the short-circuited load resonant frequency (woy) in
Equation 60. Also, the resonant frequency at which the real part in the denominator of
Equation 59 becomes zero is defined as the open-circuited input resonant frequency (o)

in Equation 61.

Woy = i TR TR Equation (60)

) SRR Equation (61)

Substituting Equation 60 into Equation 58, it can be shown that the voltage gain at

frequency .y is load-independent, and this load-independent voltage gain, |Gy|inaSP, is
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defined as Equation 62. Similarly, substituting Equation 61 into Equation 59 results in

load-independent current gain, |Gi|inaSP, defined by Equation 63.

. L’ 1 [Lgp' )
|Gy lingSP = |Gy (jwep)llsp = L; == /Lszl ................................................. Equation (62)
L Ls1

|Gi|indSP = ”Gi(j(‘)oi)”SP = :r:’ =R e Equation (63)

This means that m,y is the frequency at which leakage inductances, L.; and L¢,’, are
shorted out, and ,; is the frequency in which circulating currents through L,, and C,’ are
minimized.

Three different modes having distinct resonant characteristics can be identified based
on the relative values of ., and w.;: Mode A for oo, > ., Mode B for my,, = m.;, and
Mode C for o, < .. Voltage gain, ||Gy(jo)||sp, and current gain, ||Gi(jo)||sp, of the SP
resonant tank topology are plotted in Figure 5.2 for these three different modes.

From equation 60 and 61, it follows that modes A, B, and C also correspond to the

conditions: @  f;T,7, Pwi_fi_x2, and “w _ fi ;2 respectively. Therefore,

Do () Wy
depending on the choice for a nominal & value in the design process, all three modes may
be observed throughout the charging process. For example, if £ = 0.2 is selected as the
nominal condition for achieving Mode B in a desired k variation range of 0.1 < £ < 0.3,
then Mode A is observed as & increases above 0.2, and Mode C is observed as k decreases

below 0.2.
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Figure 5.2: Voltage gain, ||Gy(jo)||sp, and current gain, ||Gi(jo)||sp, of SP resonant tank
with fixed k under Re' (Qvp) variation.
Note: Mode A: gy > ®o;; Mode B: @y = oi; Mode C: gy < my;.

Referring to the plots of Figure 5.2, the following general observations can be made.
The current gain function ||Gi(jo)|lsp has a maximum at resonant frequency . and
becomes sharper as Qrsp (or Resp’) increases. The voltage gain function ||Gy(jo)lsp
exhibits a single maximum at resonant frequency oy for low Qrgp. As Qrp increases, two

maxima with a value larger than |Gvy|inaSP appear at resonant frequencies wp; and wp;.




Unlike the voltage gain at w,,, voltage gains at these two resonant frequencies (wp; and
opy) are Qpgp-dependent.

In Mode A, voltage gain peak at wp; is smaller than voltage gain peak at wp;, and the
opposite occurs in Mode C. In Mode B, the two peaks are equal in magnitude.

General equations for determining resonant frequencies, wp; and ®p,, are derived as
Equation 64 and Equation 65 respectively. The geometric mean of these two resonant
frequencies results in the boundary frequency, ®poung (Equation 66). In Mode B, ®pound 18

equal to ®ey = ;.

2 )
Opy = W05, SR Equation (64)
2 2 4 4 2 2 52
Wy + W5, + \/wLS1 + W, 40 0, (k _ZJ
2 )
Opy = 0,50, S Equation (65)
2 2 4 4 2 2 42
Wy + Oy — \/wLSI + W, +A40L O, (k _2j
Opouna = \/a)Pl Wp, = \/COOVCOO,- ................................................................... Equation (66)

In terms of efficiency in SP resonant tank, operating in Mode B is optimal. In order to
prove this analytically, a simplified transformer model of SP resonant tank can be shown
using dependent current source and dependent voltage source as in Figure 5.3. In this
figure, the input voltage of SP resonant tank is denoted as Vj, and the input current is
denoted as Ii. The output voltage and output current of SP resonant tank are denoted as

Vo and I respectively.
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Figure 5.3: Simplified transformer model of SP resonant tank

The input power is a complex power, Si, = Vili*, while the output power, Py,
delivered to Resp’ can be represented as Py, = Volo = Volo®. The complex input power

can also be represented as Equation 67 in terms of voltage gain Gy(jo)sp, current gain

Gi(jo)sp, and Pyt.

=V.[.* = Vo Io” — Pout .
Sin = Vil (Gv(jw)sp) (Gi(jw)sp*) TSI S R Equation (67)

If operating frequency achieves ® = o, = ®,i in Mode B, then Equation 62 and
Equation 63 can be substituted into the denominator of Equation 67. It can be concluded
that S;, = Pout in Mode B at ® = woy = ;. Since the condition, Si, = Py, 1S indicative of
ideal efficiency of unity with zero input reactive power, it is proven that operating at

switching frequency s equal to w,y = ®,; in Mode B is optimal in terms of efficiency.

In order to decide whether it is desirable to obtain Mode B at k = k., or at & < kg, it
is of interest to examine the input impedance of the SP resonant tank, because it
determines soft switching operation of the primary-side switch network. Figure 5.4 shows
the graphical representation (not in scale) of input impedance, ||Zi(jo)||sp, characteristics.
Figure 5.4 (a) corresponds to the condition of ||Gv|lmax = |Gv|inaSP (low Qrsp), and Figure
5.4 (b) corresponds to the condition of ||Gy||max >> |Gv|inaSP (high Qysp). Thus, Figure 5.4

shows how Q affects the frequency ranges in which SP resonant tank input impedance is
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resistive, capacitive, or inductive - Note: Input impedance Zi(jo)sp satisfies the equation

. G (,]a)) SP
Z(jo), =R ' —————.
i (] )SP eSP GV (]a)) o
| Zi(jo)]| 1 Zi(joo)
N | N |
I I I
I I
[
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(a) (b)

Figure 5.4: Graphical representation of input impedance, ||Zi(jo)||sp, characteristics for
IGvllmax = |GvlinaSP (2) and for ||Gv||max >> |GvlinaSP (b).

To reduce switching losses, the primary-side switch network should operate either in
zero voltage switching (ZVS) or in zero voltage zero current switching (ZVS-ZCS).
ZVS-ZCS is achieved only at the resonant frequencies, where the input impedance is
resistive. ZVS requires that Zi(jo)sp be inductive. Therefore, switching frequency (ms)
must satisfy that o, < s for low Qyp, as can be seen in Figure 5.4 (a). For high Qpp, s
must satisfy either of two conditions: wp; < ®s < ®poung O ®p2 < Ms, as can be seen in
Figure 5.4 (b).

Based on this consideration, it turns out that Mode A is not desirable, because in Mode
A, ||Gv(jos)|lsp characteristic for wp; < ®s < Opound 1S highly load (Qrs,) dependent and
non-linearly changing, and also can become very sensitive to switching frequency
tracking error depending on the Qrg, value. Furthermore, Zi(jos)sp for wpi < 0s < ®pound
may become capacitive for a large load (low Q). This forces the resonant tank to be
designed to exhibit a very large Qi to avoid capacitive input impedance. But a very

large Qs 1s undesirable, because it causes very large circulating currents in a coupler
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and parallel resonant capacitor. The other alternative is to operate in the other inductive
region at op, < ms: this eliminates the danger of capacitive ||Z;(jws)||sp, but it increases the
reactive power. Thus, achieving a sufficient voltage gain (comparable to |Gy|in,gSP) causes
large reactive power, and consequently the current gain becomes undesirably small.

Mode A needs to be avoided, and, to do so, the resonant tank needs to be designed to
exhibit Mode B for the highest & (k) in an expected k& range. When Mode B is achieved
at k = kua, Mode C is inevitably entered as k decreases. Mode A will not be considered
further.

Again, in order to distinguish between quantities achieved at k& = k., (specific
condition), and the same quantities exhibited at & < k,. (general condition), the
subscripts, “ ku.” and “ k7, will be used in this section. For example, ®oy kyqyx 1S the
resonant frequency of load-independent voltage gain of SP resonant tank when k = k4,
whereas m,, kis that when & < &,y

In order to show various effects of & variation, Figure 5.5 shows ||Gy(jo)||sp and
I|Gi(jo)||sp as k decreases from k... The red curves are obtained in Mode B at k = k4.
The black curves are obtained at k < k4. As k decreases, Figure 5.5 shows that ®,,
decreases (thus, ®oy kmax > oy k), whereas w.i increases (thus, ®ei ke < ©oi_k). From
Figure 5.5, the following observation can also be made: if switching frequency
os_SP_kyqy 1s fixed at ®oy Kimaxr = Ooi_kmax, Input impedance Zi(jos SP_ k.. )sp changes
from being resistive to being inductive as Mode B becomes Mode C. This is indicated in
Figure 5.5 by os_SP kpux = Oov_kmaxr = Ooi_kmax being at the mid-point of two voltage
gain peaks and at the peak of current gain in Mode B and being in the frequency range of

the monotonically-decreasing voltage gain curve in Mode C.
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Figure 5.5: Voltage gain ||Gv(jo)||sp (top) and current gain ||Gi(jo)||sp (bottom) under
varied k: as Mode B becomes Mode C.

For an optimal performance, it is proposed to perform fixed switching frequency
operation of SP resonant tank at switching frequency ws SP k.. as a result, for k =
kmay, the operation is in Mode B under ZVS-ZCS, and for all other & < £, operation
occurs in Mode C under ZVS. This fixed switching frequency operation avoids control
complexity in tracking and achieving under k variation either ws SP k = wo _k or
os_SP k= m._k. It should be noted that tracking and achieving either ws SP k = ®o,_k
or ws SP k = w,_k may not be desirable because of the following conflicting
characteristics:

e Operating at s SP k£ = w,_k when k < k;, provides minimized circulating
currents, however can exhibit undesirably low voltage gain because leakage
inductances are not compensated.

e Operating at os_ SP_k= ®,,_k when k < k., provides full compensation of leakage

inductances, however can exhibit undesirably high circulating current losses. Also,

as can be observed from both Figure 5.2 and Figure 5.5, |Gv|inaSP_k (equal to
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IGv(jooy_k)|lsp)) can be much larger than |Gv|indSP_knax (equal to
IGv(joov_kmax)||sp) When k < k4. Therefore, it can cause significantly-increased

losses in an additional converter or linear voltage regulator.

Thus, by operating always at ®s SP kyux = Oov_kmax = ©oi_ kmar, @ good compromise
can be obtained between these conflicting features so that ZVS-ZCS or ZVS without
significantly large reactive power can be performed under 4 variation. Also, depending on
Qusp, 1t 1s possible to make the red and black voltage gain curves in Figure 5.5 intersect at
Oov_kmax. Since ||Gy(jos SP_ky.y)||sp 1s not decreasing monotonically as & decreases, this
means that with optimal Qr, selection, voltage gain robustness can be maximized so as
to obtain almost constant voltage gain under £ variation.

Again, in order to determine analytical expressions for voltage gain, current gain, and
circulating current gain at the fixed frequency of s SP_ k. under k variation, it is
important to determine first the robust frequency that does not vary significantly under &
variation. This robust frequency depends on the relative values of Lgs; and Lsg,’.

For SP resonant tank, two different sets of approximations can be derived separately
for two different cases of Lg; < Lg,” and Lg; > Lgy’.

5.3.2 DESIGN EQUATIONS FOR LOOSELY-COUPLED SP RESONANT TANK WITH Lg; < Lg,’

In loosely-coupled systems, it can be concluded based on Equation 61 that o & is

only slightly higher than ws_SP_kyux = ®ov_kinax = ®oi_kmax When k < k., This is because

) oL
in loosely-coupled systems | als(z

is very small.

Furthermore, since obtaining Mode B requires C; > C,” when Lg; < Lg;’, it can be

concluded based on Equation 60 and Equation 61 that the magnitude of decrease in load-

144



independent voltage gain frequency is /arger than that of increase in load-independent
0oy | _ |00y,

current gain frequency, that is
Ok

>

Therefore, determining quantities of interest at ®, (Equation 61) provides
approximation for the quantities of interest under the fixed frequency operation at
®s_SP k4. To approximate ||Gy(jos SP_ky.x)|sp, @ general equation for voltage gain at
the frequency of load-independent current gain, ||Gv(jooi)||sp, is derived as Equation 68. It
can be easily verified that Equation 68 becomes Equation 62 iff ®w,, = . (Mode B

operation).

|Gy (s _SP_k

SP ~ HGV (ja)oi)

max )

SP: 2 2 , ,
o Ly, . 1-k*Y L L c,'\ L, ) 1-k*\ C,
L\ k) Ly K\ C ) Ly SyNe

......................................................................................................................... Equation (68)

Since C; and C,' are selected to obtain oy Apmax = ®oi kmar, ratio &' is a fixed value

Cl

determined by Equation 69, which is obtained by equating Equation 60 and Equation 61.

% = (1 —k 2)& ....................................................................................... Equation (69)
1

As k decreases below k. (for @oy & < ®s SP kyu < ®oi k occurring due to k&
decrease), Equation 68 can be used for approximating what ||Gy(jos SP_k&yua)|sp 1S.
Thus, maximum robustness in voltage gain is achieved when Equation 68 remains close

to |Gy|ingSP_kmay under k variation.

In order to approximate the current gain at the fixed frequency, ws_SP k., under k

variation, Equation 63 can be used as long as Qy, is not very high: with a very high value
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of Qugp, it cannot be assumed that ||Gi(jos_SP_kua)llsp = ||Gi(jooi_k)||sp. Instead, with a
very high Qugp, it 1S [|Gi(jos_SP_kiay)||lsp << [|Gi(jwoi_k)||sp , which is undesirable - Note:

wS_SP_kmax ~ (Doi_kmax-

In order to evaluate the effects of Qrg, on the circulating current, ipm, through Ly, a
general expression for ||Gi m(jwo)||sp 1S derived as Equation 70. This equation can be used
for estimating the circulating current in a coupler under k& variation when the converter

operation is performed at the fixed switching frequency, ®s SP_ k..

- \/ kZ(me + 1) LSIV —2k \/?1' S [ROR Equation (70)
LS2 LSZ

5.3.3 DESIGN EQUATIONS FOR LOOSELY-COUPLED SP RESONANT TANK WITH Lg; > Lg,’

G,,.(jos _SP_k. )

—  ‘max

GiLm (ja)oi)

~
~

In a loosely-coupled system with Lg; > Lg,’, obtaining Mode B requires C; < C,’, and
the magnitude of decrease in load-independent voltage gain frequency may be
comparable to or smaller than that of increase in load-independent current gain

0w,y | |0y,

ok

frequency (that is < ). In this case, an expression for a better approximation of

os_SP_ k4 can be Equation 71 rather than ws SP k.= ®,i_k. In derivation of Equation

‘aLm ‘ and ‘aLSZ ‘

‘ ‘ ‘ m are small. With fixed values for the resonant
ok

71, it is assumed that

capacitors (C; and C,'), it follows from Equation 60 that the relationship between the
resonant frequency of load-independent voltage gain at k = k. and that at k < k., can

be expressed as Equation 71.

Oy SP k. 2 (0p) k) [ e Equation (71)
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By substituting Equation 71 into Equation 58, Equation 72 is derived. Equation 72 is

Ok

equal to Equation 62 iff k = k.. If larger is expected, for example when a higher

value is expected for k., the geometric mean between Equation 60 and Equation 71 can
be used to improve the accuracy of approximation for ws SP £, under & variation. This
geometric mean can be applied by replacing all of 4, terms in Equation 72 with Ay,

(weighted k,,,) defined as Equation 73 — Note: kyy = kyax iff k = kinax-

Applying this geometric mean places approximated ®s_SP_ k. closer to actual

G, (jos _SP_ky)|
ok

®s_SP k4, thus it can be used to more accurately represent and

|G, (joo, _SP_k
aQLSS

max )

. In order to approximate current gain, ||Gi(jos_ SP_kyuax)|lsp, Equation

74 is derived by substituting Equation 71 into Equation 59. Also, circulating current gain,

||GiLm(jos_SP_kmax)||sp, can be approximated using Equation 75.

~
~

|G, Gy _SP_ k)

TRk () [T (R [Ia [ (oY 1 (k)
kikjm—li C, N\ L k N\ L, G \k0,, k2 1

......................................................................................................................... Equation (72)
1
2 2
k, = Foy =11 K+ A=k ] e aa s Equation (73)
k-1 1-k2,
. k .
|G; Gws_SP_kmax)llsp = - —...s Equation (74)
Cy 2(4_ 2 WLs , Lso!
\/C;,QLSP (1 fmax )(1 ‘”Lszz(l_;‘maxz)> TLSZl
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In summary, using equation 58 through 67, general frequency-domain characteristics
and various notable features of SP resonant tank topology can be analyzed. By using
equation 58 through 75, the SP resonant tank topology of both ART type and SRT type
can be analyzed in loosely-coupled systems. Furthermore, using equations 68 thorough
75 allows approximation of loosely-coupled SP resonant tank parameters required for

achieving desirable resonance characteristics (desirable Qrg, condition for a desired

nominal load, Regp").

5.4 SUMMARY OF GENERAL ANALYTICAL EQUATIONS AND DESIGN EQUATIONS

Sections 5.2 and 5.3 present several novel accomplishments for analyzing and
designing SS resonant tank and SP resonant tank of both ART and SRT types. Detailed
frequency-domain analysis is performed for the resonant tanks to evaluate resonance
characteristics and to derive general analytical equations in design-oriented form. By
using these equations, analysis can be performed for SS and SP resonant tanks in both
tightly-coupled and loosely-coupled wireless power transfer applications. By making
assumptions applicable to magnetically loosely-coupled applications, various analytical

design equations are derived for the two resonant tank topologies.

For each of the resonant tank topologies, the corresponding analytical design
equations are derived separately depending on relative values of Lg; and Lg,” and are in

terms of physically-meaningful quantities such as coupling coefficient, quality factor,
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ratio between C; and C,’, and ratio between Lg; and Lg,’. Consequently, these equations

provide high practical usefulness and allow convenient design procedures.

By using various analytical equations, analytical comparative study on SS and SP
resonant tank topologies can be performed in order to provide an analytical method for
deciding which of the two topologies is desirable for a certain application. Also, optimal
design methods for magnetically loosely-coupled SS and SP resonant tanks can be
developed, so that Qs and Qrg, can be optimized for a desired nominal load. It will be
demonstrated later that optimizing Qs and Qs maximizes power delivery robustness

against k variation without significantly-increased circulating current in a coupler.

Comparative study and optimal design methods are presented in the following
sections, which include various results from simulation and experiment for evaluation
and validation of proposed optimal design methods that use the presented analytical

design equations.

5.5 ANALYTICAL COMPARATIVE STUDY ON SS AND SP RESONANT TANK TOPOLOGIES

In this section, comparative study is performed for three different categories. One of
these categories is general comparison. The other two include evaluation of robustness in
voltage gain and current gain (power delivery robustness), and evaluation of circulating
current (coil-to-coil efficiency). These two evaluations are performed in detail using

simulations under Lg; = Lg,’.

5.5.1 GENERAL COMPARISON

In general with unity turns ratio in a magnetic coupler, the SS resonant tank topology
allows obtaining load-independent unity voltage gain regardless of relative values of Lg;

and Lg,” - See Equation 48 under the condition of foy» (Equation 45) = foy, (Equation 42)
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= fovs (Equation 43). When Lg; = Lg;’ under £ variation, the value of load-independent
voltage gain remains at unity while the frequency of this unity voltage gain changes.
However, when Lg; and Lg,’ are different under %k wvariation, the value of load-
independent voltage gain does not remain at unity while the frequency of load-
independent changes also. This means that, in SS resonant tank design process, it is
known prior to the design process that a desirable load-independent voltage gain is unity
regardless of coupler geometry. Consequently, since a desirable (or an expected) value of
voltage gain is known prior to selection of coupler geometry, optimization of coupler and

Qs for a desired load condition is more flexible.

On the other hand, for the SP resonant tank topology, its load-independent voltage
gain depends only on k and relative values of Lg; and Lg,” - See Equation 62. This means
that expected voltage gain cannot be known unless a desired coupler geometry has been
evaluated for its k£ and relative values of Lg; and Lg,’. For example, let us assume that a
magnetic coupler i1s optimized while accounting for achieving optimal Qy, for a desired
output voltage of 1V. Then, a supply with adjustable voltage must be implemented to
satisfy Equation 62, so that 1 V output is produced for the optimized coupler. Therefore,
in SP resonant tank design process, design complexity increases significantly if
optimization of coupler and Qs need to satisfy both fixed supply voltage and fixed load
voltage. In conclusion, the SP resonant tank topology is a /ess flexible in terms of design

process: either the supply voltage or load voltage should be adjustable.

In terms of minimizing the circulating current in a coupler, SS resonant tank performs
better than SP resonant tank. In SS resonant tank, it is possible to obtain values of current

gain and load-independent voltage gain that are both close to (but never equal to) one
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under very low Qg condition —See equations 50 and 51 for wov, (Equation 42) = wovs
(Equation 43) while k = k,,, and Lg; = Ls;’. This condition of both current gain and load-
independent voltage gain values being close to one represents maximized real power or
equivalently minimized reactive power. However, achieving this condition is impractical
at low k (in loosely-coupled wireless power transfer applications). In SP resonant tank, it
is impossible to achieve current gain and load-independent voltage gain to be one unless k
is near one (near perfect coupling) — See equation 62 and 63. These limitations will be
explained later in more detail when comparing current gains of loosely-coupled SS and

SP resonant tanks.

In a SS resonant converter, its output low-pass filter can be just a shunt capacitor in
parallel with a load. However, in a SP resonant converter, its output low-pass filter needs
to have a decoupling filter inductor, so as to prevent the output filter capacitor (in parallel
with a load) from interacting with the parallel resonant capacitor, C,’. Thus, conduction
loss in the filter inductor in a SP resonant converter can also be a noticeable negative

effect on overall system efficiency.

In summary, it can be said that ideally SS resonant tank is better than SP resonant tank
in terms of power efficiency and in terms of minimizing power stage component count.
However, as further evaluations in sections 5.5.4 through 5.6 will show, SS resonant tank
cannot provide several advantages that SP resonant tank can. In order to perform various
evaluations, ranges of interest for load-dependent quality factors, Qs and Qrgp, are

defined in sections 5.5.2 and 5.5.3 respectively.
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5.5.2 UPPER BOUNDARY FOR Qg

To determine the Qg range of interest, SS resonant tank's voltage gain ||Gv(jo)||ss can
be analyzed. For SS resonant tank, exhibiting a high single voltage gain peak near open-
circuited load resonant frequency, wrs; due to high Qrg indicates undesirably large
circulating current in a coupler. Once SS resonant tank is designed to achieve ®ovy
(Equation 42) = woys (Equation 43) = wov> (Equation 45), it exhibits a well-defined
single voltage gain peak approximately when ||Gyllmax = 1.5]|Gv(joov2)|ss for Ls; > L',

or approximately when |[|Gy|lmax = 1.5]|Gv(joovi)|lss for Ls; < Lsy'. Substituting

IGv(jovp)llss = 1.5 into ||Gv(jove)llss = %, an approximation for SS resonant tank’s

quality factor threshold, Qryss, is proposed as Equation 76. This is proposed as the upper

boundary for Qg range.
QTHgg ® 15K s Equation (76)

5.5.3 UPPER BOUNDARY FOR Qpp

When SP resonant tank is designed to exhibit two voltage gain peaks, circulating
current loss can be significant. Therefore, it is important to determine the upper bound
(Qrhsp) for Qrgp selection. As can be seen in Figure 5.2 for Mode B, two resonant peaks
appear near mp; and wp; in voltage gain for large Qrgp, whereas for low Qg only a single
resonant peak occurs at ®,, in voltage gain. In this section, a normalized analysis is
performed to determine a general equation for Qngp. In this analysis, in order to avoid
dealing with k-dependent (inductance-dependent) |Gy|ingSP and |GilinaSP, normalized
voltage gain (||Gv(jo)|lspn defined as Equation 77) and normalized current gain

(/|Gi(jo)||spn defined as Equation 78) are used. Without losing general applicability, the
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normalization produces a reference scale in which both load-dependent voltage gain and

load-independent current gain are unity.

G,(j .
| G, (o) || sp,= ”lGV(lf—w)bU;’ .......................................................................... Equation (77)
vV lind
: 1GiGa)lse .
G (o TS USRI Equation (78
|| 1(.] )”SPn |Gl |ind SP q ( )

Under the condition of D1 =+/1—k? (or equivalently, Mode B: . = ®,;), it can be

a)Lsz
found that ||Gv(jop1)||spn = ||Gv(jwp2)||spn, and a general expression is derived as Equation

79, which can also be represented as

0,,,(kN4=3k* = k%) .
\/2(k2 “)(k* +kJ4-3k* =2)

I Gy (op) |l sp,=ll Gy (j@p,) HSP_n:

Furthermore, it can be found in Mode B that ||Gi(jop:)||spn = [|Gi(jop2)||spn as well. A
general expression for ||Gi(jop)|lspn = [|Gi(j®p2)||spn is derived as Equation 80. By using
Equation 79 and Equation 80, a general mathematical relationship between ||Gy(jop1)|[spn

and ||Gi(jop)||spn can be derived as Equation 81.

O, (kN4 - 3k* +k%)

| Gy (Jop) || 5o =l Gy (J@py) || 5py = e oo Equation (79)
\/2(k2 —1)(k* —k\4 -3k =2)
1G,Gom) o=l G, ons) = | ——= K Equation (80)
i P11l SPn i P2 I1SPn kz(QLsz _1) Ly —
|G —\/ ! Equation (81)
i Pl SP”_ L ] 2 tttcececececscecececcccscecececescrcecatittttcrcntntsercecacees
|Gy (jp) lsp, +1
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It turns out that upper boundary (Qtsp) for Qrs, can be found from Equation 81 under

the condition of ||Gv(j0)p1)||spn = ||Gi(j(1)P1)||spnI
. , J2(V5 1) i . L
I Gy (G@p) |l sp, =]l Gi(]a)Pl)”SPn:fz0,786. By substituting this condition into

Equation 80, a general expression for the upper boundary (Qrusp) for Qi selection can

be derived as Equation 82.

Oy = % \/(l —k? )(ﬁ — lj ................................................................ Equation (82)

To verify this finding, normalized voltage gain ||Gy(jo)||spn (red curve) and normalized
current gain ||Gi(jo)||spn (green curve) are plotted in Figure 5.6 for the condition of Qs =
Qrusp 1n linear frequency scale. As can be seen from this figure, ||Gv(jopi)|lspn =
IGv(jwe)llsen = [|Gi(Gop)llsen = [|Gi(jop2)llspa = 0.786. Also, it can be seen that when

IGv(jor1)||spn and ||Gv(jopz)||spn are greater than or equal to 0.786, two voltage gain peaks

appear.
7 e
/ B
L] I
//*/,,’/,/ T

120KHz 140Kz 160KHz 180Kz 2008z 220kHz 240kHz 260KHz 280KHz

Figure 5.6: Normalized voltage gain ||Gv(jo)||spn (red curve) and normalized current gain
IGi(jo)||spa (green curve) plotted for the condition of Qs = Qhsp in linear frequency
scale.

In summary, Qrs > Qrhss and Qrsp = Qrhsp are not of significant interest for optimal

design of SS and SP resonant tanks. In fact, the accuracy of approximation by proposed
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design equations for loosely-coupled SS resonant tank can decrease significantly for Qy
> Qryss When £ < k,,, because voltage gain curve, current gain curve, and circulating
current gain curve can exhibit very sharp slopes, causing even small errors in the
frequency approximation (such as Equation 49) to generate large errors in these
quantities. Also, the accuracy of approximation by proposed design equations for loosely-
coupled SP resonant tank can decrease significantly for Qs > Qrrsp When k < ki, for the
same reason of sharp slopes increasing the sensitivity of various quantities at the

switching frequency approximations (such Equation 71).

5.5.4 EVALUATION USING A LOOSELY-COUPLED ASYMMETRICAL COUPLER WITH Lg; = Lg,’

First in evaluation and design, a range of interest or an expected range for & needs to
be determined along with the ratio between C; and C,’ and the ratio between Lg; and
Ls,’. It was previously shown that designing magnetic couplers can be aided by
performing finite element simulations (FES). It was also shown that from FES, self-
inductances and T-equivalent circuit parameters (Le;, Le;’, Ly, and k) can be directly
determined with good accuracy. Therefore using Ansys Maxwell 3D FES, an
asymmetrical coupler employing flat-spiral coil on a ferrite disk plate (Tx) and flat-spiral
coil in a ferrite pot-core (Rx) is designed as shown by Figure 5.7. For simplicity, the
magnetic coupler has the turns ratio of unity (6:6). The radial depth of Tx was then

adjusted to obtain the condition of Lg; = Lg,' = 2.677 pH. As a result of the FES, an

. L . . C ) .
expected k range and ratio Li are determined. Ratio C—1 can then be determined using
S2 2

Equation 53 for SS resonant tank or using Equation 69 for SP resonant tank. The

expected parameters in Table 5.1 are used for analytical comparative study.
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Figure 5.7: Screenshot of Ansys Maxwell 3D FES used for aiding experimental design of
asymmetrical coupler (Tx in circular flat-planar core and Rx in circular pot core).

TABLE 5.1 EXPECTED PARAMETERS USED FOR EVALUATING Q. EFFECTS FOR Lg; = Lsg)’

Ratio Ls! L—Sl‘ ~
Lg,' Ls,
Highest £ in an expected coupling range, k. kmax = 0.37
Lowest & in an expected coupling range, ki, kmin = 0.06

For SS Resonant Tank

Using Equation 53 for full-leakage inductance G 1
compensation at Ky, G G
1
Using Equation 48, |Gy|ingSS_ &iax At kg, |GyingSS = 1
For SP Resonant Tank
Using Equation 69 to obtain woy = 0 at ke, 2 G L0863
C C )
Using Equation 62, |Gy|ingSP_&yax At kg, |Gy|ingSP = 2.703

The quantities in Table 5.1 for SS resonant tank are substituted into equations 50
through 52, and then in Figure 5.8, Matlab 3D plots are plotted for 4, < k < kyar and

0.01 < Qrgs < 1.5kpa - Note: Qryss = 1.54. In all of the plots in Figure 5.8, Qs and k are
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the x-axis and y-axis quantities respectively. In Figure 5.8 (a), voltage gain
IGv(jws_SS fkuar)llss (Equation 50) is plotted as the z-axis quantity. In Figure 5.8 (b),
current gain ||Gi(jos_SS kuax)|lss (Equation 51) is plotted as the z-axis quantity. In Figure
5.8 (c), circulating current gain ||Gitm(jos_SS_kmay)|lss (Equation 52) is plotted as the z-
axis quantity. In each of these plots, the color spectrum indicates the magnitude of z-axis
quantity. The color spectrum is set up so that a color changes when the magnitude of its
corresponding z-axis quantity changes approximately by 0.1 with one exception: the
voltage gain plot in Figure 5.8 (a) contains the dark red region which represents
|Gv[indSS_kmax - 0.2|Gv[indSS kmaxr < [|Gv(jos_SS kmax)llss < |Gv|ingSS_kmar. In this case,
since |Gvl|inaSS_kmax = 1.0, the dark red region represents voltage gain magnitude between

0.8 and 1.0, thus representing 20 % variation in voltage gain at the fixed frequency.

The quantities in Table 5.1 for SP resonant tank are substituted into Equation 68 and
Equation 70, and then Matlab 3D plots are plotted in Figure 5.9 for &, < k < kyqy and
0.01 <Qrsp < 1.974 - Note: Qrusp = 1.974 when k = ke = 0.37. In this figure, Qs and &
are the x-axis and y-axis quantities respectively. In Figure 5.9 (a), voltage gain
IGv(jos_ SP_kua.)|lsp (Equation 68) is plotted as the z-axis quantity. In Figure 5.9 (b),
circulating current gain ||Giim(Jos_SP_ kuay)llss (Equation 70) is plotted as the z-axis
quantity. The current gain is not plotted, because ||Gi(jws_SP_ k4 )|lsp 1S approximately
|GilinaSP (Equation 63) as long as Qs 1s not undesirably high (Qrsp < Qhsp). Again, in
each of these plots, the color spectrum indicates the magnitude of z-axis quantity. The
voltage gain plot in Figure 5.9 (a) is set up so that it contains the black region that
represents |Gvy|indSP_&max - 0.1|Gy|ingSP_knax < ||Gv(jos_ SP_kunax)llsp < |Gv]indSP_Kimax +

0.1|Gv[indSP_kmar- In this case, since |Gyl|inaSP_knar = 2.703, the black region represents
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voltage gain magnitude between 2.433 and 2.973. The red region in Figure 5.9 (a), which
is defined as region “X”, is set up to represent ||Gy(jos_SP_kuay)llsp > |Gv|indSP_Kimax +
0.1/Gvy|indSP_kmar. So in this case, it represents voltage gain increase by 10 % or greater:

in this case, ||Gy(jos_SP_kyax)|lsp > 2.973.
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Figure 5.8: SS resonant tank's voltage gain (a), current gain (b), and circulating current
gain (c) with os_SS_ k. fixed at ®ovp_kmax = ©0ovs_kimax = ®ova_Kkmax for Lg; = Ls)'".
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Figure 5.9: SP resonant tank's voltage gain (a) and circulating current gain (b) with
COs_SP_kmax fixed at U)OV_kmax = (DOi_kmax for L51 = Lsz'.

5.5.5 COMPARATIVE STUDY ON VOLTAGE GAIN

From Figure 5.8 (a), it can be seen that ||Gy(Jos_SS kuax)||ss decreases monotonically
as k decreases. By increasing Qrg, it is possible to increase the robustness in
IGv(jws_SS_fkuay)l|ss so that voltage gain variation within 20 % is maintained for a wider
range of k. However since increasing Qs does not increase the red region in Figure 5.8
(a) by much, it does not have significant benefit of creating robust voltage gain for a wide

range of k.

From Figure 5.9 (a), it can be seen that |Gy(jos SP ky..)||sp does not necessarily

decrease monotonically as k decreases. This is indicated by region X in which voltage
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gain is increased for a certain range of £. Therefore, being in region X due to undesirably
high Qs has diminishing return in obtaining robust voltage gain against k variation.
Thus from Figure 5.9 (a), it is decided that selecting Qrs, > 1.2 when k = Ky 1S not
desirable, and the threshold for such quality factor of diminishing return is denoted as

Qu: in this example Qpu = 1.2. In general, it can be verified that Qg is always below Qtsp.

From observing Figure 5.9 (a) for Qrs, < 1.2, it can be concluded that by increasing
Qvsp, it is possible to increase the robustness in ||Gy(jos_SP_kyuay)||sp so that voltage gain
at the fixed frequency does not vary by more than 10 % for a wider range of k. Also,
since the rate of increase in the black region of Figure 5.9 (a) due to increase in Qs is
much higher than the rate of increase in the red region of Figure 5.8 (a) due to increase in
Quss, it can be said that SP resonant tank can exhibit more robust voltage gain for a wider
range of k compared to SS resonant tank. In this example, with Qrs, = 1.1 achieved at k =
kmar, SP resonant tank's voltage gain at fixed frequency exhibits the percentage of
variation within + 10 % approximately for 0.23 < k£ < 0.37 (about 38 % variation in k).
On the other hand, for SS resonant tank, it is impractical for the voltage gain at fixed

frequency to exhibit less than 20 % variation for more than about 19 % variation in k.

5.5.6 COMPARATIVE STUDY ON CURRENT GAIN

By comparing Figure 5.8 (b) with |Gj|inaSP (Equation 63), it can be said that
achievable current gain in SS resonant tank is higher than that in SP resonant tank. This is
because ||Gi(jos_SS_kuay)l|ss 1s not as significantly limited by k& as ||Gi(jos_SP_Kyax)||sp =
|GilinaSP 1s. Also since SP resonant tank has one additional circulating current path
(parallel resonant capacitor C,’ branch) compared to SS resonant tank, lower current gain

in SP resonant tank is expected. The additional circulating current path in SP resonant
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tank can be an issue under very small load (large Resp’) condition. To understand this, it
should be noted that increase in Regp' causes SP resonant tank's voltage gain curve to
exhibit two resonant peaks that are higher than load-independent voltage gain, |GylingSP.
On the other hand, current gain curve of SP resonant tank exhibits a single resonant peak
of load-independent current gain regardless of R.sp' but becomes very sharp as Regp'
increases. This means that circulating current through the parallel resonant capacitor, C,’,
can be very significant under small load condition. This is an issue that may be resolved
by implementing a power supply that has a desirably limited power delivery rating to

avoid significant losses.

From observing Figure 5.8 (a) and Figure 5.8 (b), it can be seen as previously
mentioned that achieving both ||Gv(jos_SS &yuu)lss and ||Gi(jos_SS kyuax)||ss to be close
to 1.0 is possible. For example, for Qi < 0.2, both ||Gy(jos SS kua)llss and
IGi(jos_SS kuax)lss can be above 0.9 although only for a very limited &k range. However,
it should be noted that it is impractical to optimize overall wireless charging system for
achieving ||Gj(jos_SS kyay)||ss above 0.9 at low k by achieving a very low value of Q.
This is because such low Qg requires that C; is very low and/or Lg,’ is very large for a
given Ress’ — See Equation 37 for Q. Increasing Lgs,’ can be done by increasing the
inductance of Tx and/or by increasing Tx to Rx turns ratio — See Figure 1.3. In either
case, winding copper loss increases due to increase in parasitic winding resistance, which
increases the sensitivity of voltage gain (power delivery) against k variation. Decreasing

C,’ can be done by decreasing the value of secondary-side resonant capacitance (C,)

and/or by increasing Tx to Rx turns ratio. Decreasing C, requires operating frequency to
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increase. This causes natural reduction of coupler inductances and therefore is a

conflicting requirement.

Since achieving both ||Gy(jos_SS kua)llss and ||Gi(jos SS kyuax)llss to be close to or
above 0.9 at low k is impractical, a practical solution for optimal design is to achieve
IGv(jws_SS fkuay)llss and ||Gi(jos_SS kuax)llss to be almost equal to each other for as

wide k range as possible.

In order to analyze equality condition of these two quantities, Figure 5.10 shows 3D
plots the ratio (Gratio) of ||Gyv(jos_SS_kuar)llss t0 ||Gi(jos_SS kyax)||ss for the same ranges

as before for Qs and k£ but with the different range of z-axis: 0.8 < Ggatio =

Gy (jos_SS_kmax)llss <

1G:Gos SS k) llss 1.1. In Figure 5.10, the black line represents Ggraio = 1.0. The red

region represents 0.9 < Ggrago < 1.1, thus it represents + 10 % variation in Ggagjo. AS can
be seen, achieving Gratio = | at k = ki, 1s impractical as expected — Note: Impractically
low Qg 1s required. However, it can be practical to achieve Graio = 1 at £ < kyay.
Furthermore, it is possible to achieve ||Gy(jos_SS kyay)||ss and ||Gi(jos_ SS_ kiax)||ss to be
almost equal for a fairly wide range of k& as shown in Figure 5.10. For example, by
achieving Q¢ = 0.415, it is possible to maximize the k range in which 0.9 < Ggraiio < 1.1.
With Qrg = 0.415, it is expected that |Gy(jos_SS kna)llss = [|Gi(jos_SS_kmay)||ss for 0.06

k <0.23. It is also expected that ||Gy(jos_SS kuar)llss > 1.1||Gi(jos_SS kpay)||ss for 0.23

<k<0.37.
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Figure 5.10: Matlab 3D plot for ratio, Gratio, Of ||Gv(jos_SS kmax)||ss to
||GiGO)S_SS_kmax)||SS-

Achieving this equality condition is very desirable. To understand this, it should be
noted that unity ratio of ||Gv(jos SS kua)llss to ||Gijos SS kmar)llss, Gratio =

Gy (jos_SS_kmax)llss
1GiGos_SS_kmax)llss

= 1, means that the magnitude of input impedance of SS resonant tank

is equal to the magnitude of load impedance of SS resonant tank. That is
IIZi(Gos_SS_ kmax)llss = [|ZL(Gos_SS kmax)|lss = Ress'. If this condition is achieved for a
wide range of £, then the frequency of minimum circulating current gain becomes very
robust against k£ variation and remains at ws_SS £k, for a wide range of k. Consequently,
under this condition, optimal compromise between voltage gain and current gain is
achieved at fixed frequency while providing minimized circulating current gain. These
phenomena are demonstrated in Figure 5.11, which plots voltage gain (||Gy(jo)|ss),
current gain (||Gi(jo)||ss), and circulating current gain (||GiLm(jo)||ss) under k variation.
The left figure inside the red box is obtained with optimal Q;g, whereas the right figure
inside the black box is obtained with 0.463*optimal Q. The axes are in the same scale

for all of the plots, and the desirable fixed frequency, ®s SS ki, is 200 kHz in Figure
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5.11. Under the £k variation, optimal Qs maintains ||Gy(jos SS kuallss =
IGi(jos_SS kiax)l|ss While ||Gitm(jos_SS kuay)llss 1s at the minimum. However, the lower
Qvss provides ||Gv(jos_SS kax)llss << ||Gi(jos_SS_kuax)||ss without significantly reducing
IGiLm(jos_SS_ kuar)llss compared to that under optimal Qg condition. Therefore, it can be
concluded that optimal Qg achieves an optimal compromise between voltage gain and

current gain at the desirably-fixed frequency while circulating current gain is minimized.

[1Gv(juw) s
— IGi(jw) | ]ss
—— ||Gim(jw) | | s
Optimal QLss ws_SS_kmax 0.463*(Optimal QLss)  ws_SS_kmax
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Figure 5.11: Voltage gain (||Gy(jo)||ss), current gain (||Gi(jo)||ss), and circulating current
gain (||GiLm(jo)||ss) under k variation for optimal Qg (left figure inside the red box) and
for 0.463*optimal Qs (right figure inside the black box - Note: ®s_SS kmax = 200 kHz.

5.5.7 COMPARATIVE STUDY ON CIRCULATING CURRENT GAIN

By comparing Figure 5.8 (c) and Figure 5.9 (b), it can be seen that circulating current

in a magnetic coupler is significantly lower for SS resonant tank as expected.

To further evaluate circulating current gain, coil-to-coil current gain characteristics
(magnitude of frequency-domain ratio of secondary-side coil current, i in Figure 1.3, to
primary-side coil current, ire; in Figure 1.3) can be considered. It can be assumed that

variations in Qs and Qrgp are imposed by Ress’ and Resp’. By looking at the ire> branch
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in each of SS and SP resonant tanks in Figure 1.3, it can be concluded that in SS resonant
tank, the real component of impedance introduced to iy, is Ress’, whereas in SP resonant
tank, the real component of impedance, Re{Zj,aq SP(jw)}, introduced to ir¢ is Equation
83. As this equation shows, R.{Zj,.a SP(jo)} decreases as Resp’ increases. Consequently,
coil-to-coil current gain increases significantly with increasing Resp’. As [37] briefly
explains, this real component compression causes power loss in Rx to increase
significantly. Again, this issue can be resolved by implementing a power supply that has

a desirably limited power delivery rating to avoid significant losses.

R 1
ReiZ SP(jow){= e e Equation (83
e{ Load — (J a))} 1 L (a)Cz 'RQSP')Z q ( )

5.5.8 COMPARATIVE STUDY ON MAINTAINING ZVS OF PRIMARY-SIDE SWITCH NETWORK

In order to understand the ZVS conditions under k variation, it is of interest to analyze
for each of the resonant tank topologies the input impedance, ||Z;(jo)||ss, and phase shift,

d,i(jo), between resonant tank input voltage and input current.

Under the fixed operating frequency condition, input impedance ||Zi(jos SS_ knar)llss
of SS resonant tank is either resistive or inductive. It is resistive at k = kygy 01 ||Gy||max =
1 and inductive at k = k4, fOr ||Gy|lmax > 1 (large Qvgs). As k decreases, ||Gy||max increases,
and the resonant frequency of load-independent voltage gain decreases. Consequently,
1Zi(Gos_SS  kmax)|lss becomes more and more inductive with decreasing k. As a result,
|Dyia(jos_SS kimar)llss gets closer to 90 degrees (iz.;(?) lagging Vi(t) by almost 90 degrees)
with decreasing k. With almost fully-charged battery (large Qiss), ||Pvia(jos SS_ Kax)||ss

is even closer to 90 degrees due to significantly-increased peak voltage gain (large
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||Gv]|max)- It should be noted that large values of ||®yia(jos_SS_kmay)||ss are undesirable for

obtaining and maintaining ZVS transitions.

For SP resonant tank, ||Zi(jos_ SP_kuay)||sp at k = kyay 18 resistive regardless of |Gy||max
(Qusp). However, like ||Zi(jos_SS_Kpax)|lss, it also becomes more and more inductive with
decreasing k. Therefore, a main difference is that ||®yiq(joos SP_Kyax)|lsp 1S zero and Qpgp-
independent at k = k., whereas ||®@yig(jos SS kuallss depends on Qpg for all &

conditions.

For both SS and SP resonant tanks, maintaining ZVS for a wide range of £ is
desirable, therefore evaluating only ||®Dyig(jos SS kiax)llss and || Dyia(jos. SP_kyay)llsp 18
not desirable. Instead, more desirable figures of  merit are

0| Dyiqa(jos_SS_Kmax)llss

ok |QLSS=optimal value achieved at k=K g,

0| Pyia(jos_SP_Kkmax)|Isp
ok

and , because comparing these

Qusp=optimal value achieved at k=Kmqx

quantities can show complexity in development of control for maintaining ZVS under &

variation.

The next section shows examples of optimal designs of SS and SP resonant tanks in
simulation to evaluate ®yig(jos_SS Kkyax)ss and Dyig(jos_ SP_kyqy)sp under k variation with
optimal Qs and Qg achieved at k. = 0.37. In these optimal design examples, the
parameters in TABLE 5.1 are used. For simplicity, Ress’ and Regp’ are adjusted to obtain

optimal quality factor.

5.5.9 SIMULATION EVALUATION OF ®y5(JQs SS Kjix)ss AND Dyip(JQs_ SP_Kyax)sp

Using the expected inductance values from FES performed for Figure 5.7 and

assuming that leakage inductance compensation is achieved at 300 kHz, SS resonant tank
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parameters are L) = Le;” = 1.687 uH, Ly, = 0.99 puH, and C; = C;” = 166.83 nF. In order
to achieve Qg ~ 0.415, it must be that Ress” = 1.66 Q - See Equation 37 for Q. Plotting
Dyig(jo)ss, [|Gv(jo)|lss, and ||Gi(jo)||ss using these parameters, Figure 5.12 is obtained at &
= kmax = 0.37. In this figure, the blue trace at the top figure is ®@,iq(jo)ss, and the bottom
figure contains two traces representing ||Gy(jo)|lss with the green trace and ||Gi(jo)||ss

with the red trace.

By performing FES further, the T-equivalent model parameters at k < k., are also
extracted. Using these T-equivalent model parameters, plots such as those in Figure 5.12
are simulated, and then simulation data for @jg(jos_SS kuqy)ss are extracted and listed in

Table 5.2 — Note: os_SS kjar = 21(300kHz).

N
\\\\\
//\
il __
4/ I E—

S0KHz 100kHz 150%Hz 2008z 250KkHz 300Kz

Figure 5.12: Simulation plots for ®,ig(jo)ss, ||Gv(jo)||ss, and ||Gi(jo)||ss obtained using
the T-equivalent model parameters extracted from FES — Note:
®s_SS Kmax=2m(300kHz).

TABLE 5.2 PARAMETRIC SIMULATION DATA FOR EVALUATING ®yig(joos_SS kiax)ss UNDER
k VARIATION WITH AN OPTIMAL Qs ACHIEVED AT k = Ky

k Dq(jos_SS_k,.)ss (degrees)
0.37 -40.41
0.33 -54
0.198 -79.43
0.066 -88.99
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Under the same compensating frequency condition, SP resonant tank parameters are
Lei = Ly’ = 1.687 puH, L, = 0.99 uH, C; = 121.79 nF, and C,’ = 105.14 nF. In order to
achieve Qrs, = 1.1, it must be that Resp’ = 5.55 Q - See Equation 37 for Q. Plotting
Dyig(jo)sp, ||Gv(jo)l|sp, and ||Gi(jo)||sp using these parameters, Figure 5.13 is obtained. In
this figure, the blue trace at the top figure is ®yiq(jo)sp, and the bottom figure consists of
two traces representing ||Gyv(jo)||sp With the green trace and ||Gi(jo)||sp With the red trace.
Again, using the same inductance values at k < ;.. = 0.37 obtained from FES, simulation

data for @;q(jos_ SP_k,.y)sp are obtained and listed in Table 5.3 — Note: o5 SP_ ko =

21(300kHz).
T e——
yd \\
/ \-—_\

250KHz 300%Hz 350KHz 400kHz 450KHz 500KHz

Figure 5.13: Simulation plots for ®,ig(jo)sp, ||Gv(jo)||sp, and ||Gi(jo)||sp obtained using
the T-equivalent model parameters extracted from FES — Note:
®s_SP kpmax=2m(300kHz).

TABLE 5.3 PARAMETRIC SIMULATION DATA FOR EVALUATING @y;g(joos SP_ k40 )sp UNDER
k VARIATION WITH AN OPTIMAL Qs ACHIEVED AT k = kyjyax

k @,;ia(jos_SP_kyao)se (degrees)
0.37 0.00
0.33 -11.07
0.198 -64.26
0.066 -87.61
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Comparing the simulation data in Table 5.2 and Table 5.3, it can be concluded that in
SS resonant tank, the magnitude of its input current lag with respect to its input voltage is
larger at each k compared to that in SP resonant tank. That is || Dyig(jos_SS Kyax)|lss(k) >
| Dvia(jws SP_kiay)||sp(k) for all k. Therefore, for a narrower k variation range, SP
resonant tank can maintain ZVS in the primary-side switch network better than SS
resonant tank. Also, SP resonant tank allows obtaining both ZVS and ZCS in the

primary-side switch network for a single value of & in a range.

However, the phase lag in SS resonant tank changes monotonically in a more linear
manner under £ variation as expected from the results of UGFT control model previously
shown in Chapter 4. The phase lag in SP resonant tank changes in a non-linear manner.

0| Dyiq(jos_SS_Kmax)lss

o 1S more constant

Quss=optimal value achieved at k=K qx

That is |

0| Dyia(jos_SP_Kmax)||sp

P . This means that in SS

Qusp=optimal value achieved at k=kmqx

than |

resonant tank, development of control such as dead-time control for maintaining ZVS is

less complex.

5.6 HOw TO DESIGN RESONANT TANK TO EXHIBIT OPTIMAL Qr

Based on Figure 5.10, for optimally designing loosely-coupled SS resonant tank, it is
decided that the design goal is to obtain Qg as close as possible to 0.415 at k = k., for a

desired nominal value for Regs’.

Based on Figure 5.9, for optimally designing SP resonant tank, the design goal is to
maximize voltage gain robustness by maximizing Qi at k = k.. without exceeding the

limit (Qn). Based on Figure 5.9, achieving Qrs, = 1.1 at k = k. for a desired nominal
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value for Resp’ provides good compromise between maximization of voltage gain

robustness and minimization of circulating current.

It should be noted that optimal values of Qp depend on applications: it is important to
determine how much one could gain by maintaining a desired level of power delivery

under k variation at the cost of reduced coil-to-coil efficiency.

Typically in a resonant tank design process, inductance value for one side of a
magnetic coupler is known since it is desirable for one Tx to be capable of transmitting
power to various types of Rx. So in proposed design methods for loosely-coupled SS and

2

SP resonant tanks, switching frequency and the ratio between Lg; and Lg,’ are tunable

parameters while a desired nominal value of R.' is specified.

However, if it is required to use both sides of a coupler that had been already
constructed, choices for C; and C,’ (thus switching frequency) can be adjusted to obtain a

Qv value as close as possible to an optimal value for a specified nominal value of R.'".

The next section shows examples of optimal designs of SS and SP resonant tanks to

experimentally validate the proposed design methods for optimizing Qpg and Qrp.

5.7 EXPERIMENTAL RESULTS OF OPTIMAL DESIGNS

The asymmetrical coupler in Figure 5.7 is experimentally constructed as shown in
Figure 5.14. The Tx-to-Rx distance is set up to be approximately Smm. Also, as can be
seen, an evaluation board is experimentally constructed. This board can employ either a
SS resonant tank or a SP resonant tank and is implemented for low power applications
with maximum power < 20W at maximum voltage < 15V and maximum current < 3A.

For experimental evaluation, the target switching frequency is between 200 — 350 kHz,

170



and a desired load is selected as Ress' = 2.43 Q and Resp” = 3.70 Q, assuming that it is

desired to obtain output power of 12 W at output voltage of 6 V.

Load
Terminal

#

Supply Terminal

Resonant Tank Resonar;t Tank
Input Terminal Output Terminal

Figure 5.14: Experimental setup of resonant converter evaluation board containing
experimental construction of the asymmetrical coupler shown in Figure 5.7
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5.7.1 EXPERIMENTAL RESULTS OF OPTIMAL DESIGN OF SS RESONANT TANK

Based on Equation 37, Equation 42, and Equation 43, it can be concluded that
selecting the highest operating frequency possible is desirable for minimizing Qg for a
specified Ress' and approximately unity ratio between Lg; and Lg;’. In this case, Ress' =

243 Q.

At Tx-to-Rx distance of approximately Smm and misalignment of approximately
Omm, the coupler is experimentally characterized, and the extracted coupler parameters
are listed in Table 5.4. As listed in this table, Lg; =2.58 pH and Lg,' =2.60 pH. These are
slightly different from the target condition of Lg; = Ls,' = 2.677 pH from the FES. So, the
resonant capacitor values are adjusted based on the extracted coupler parameters to more
precisely obtain @ovy_Kimax = ®ovs_Kmax = ®ov2_kmax. By selecting the operating frequency
of 350 kHz for Qg tuning, the nominal resonant capacitor values parameters in Table 5.4
are obtained and experimentally implemented. Thus, Qrss = 0.54 is expected with the

parameters in Table 5.4 for Ress' = 2.43 Q.

Table 5.4 NOMINAL PARAMETERS OF EXPERIMENTALLY-IMPLEMENTED SS RESONANT
TANK

La(H) | Lu@H) | Lo'®H) | knee | Ci(F) | C'(nF)

1.63 0.95 1.65 0.367 127.2 126.2

In Figure 5.15, experimental curve for voltage gain magnitude (||Gv(jo)||ss in Figure
5.15 (a)) and current gain magnitude (||Gi(jo)l|ss in Figure 5.15 (b)) of the SS resonant
tank are plotted at Qps =~ 0.53 for Ress' = 2.4 Q. As can be seen from this figure, it is
precisely achieved that ®ovp_kmnax = ©@ovs_Kimax = @ova_kmax = 27(3 57.99)(10%) rad/s. Since

the previously proposed boundary Qruss (Equation 76) concludes that values of Qrgp
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approximately equal or greater than 0.555 cause a well-defined single resonant peak in

voltage gain, a single resonant peak in voltage gain is exhibited experimentally.

CH1 AR log MAG 5 dB/ REF -15 dB -2.8598 dB IcHy p/R o log MAG 5 dB/ REF -15 dB -4,3663 dB
CHZ AfR  phise 58 °/ REF @ ° —3.49941 ° IEH2 A/R  phose 2@ °/ REF -8@ = -130.58 °
I57.98926 kHz 357.6926 kHz
e R GRll

lIGV(wllss ~
e

|Gi(jw)llss

57.98926 kHz

357.96926 kHz
Bl

ey

a8 '9%"%: Frequency (Log Scale) *fq.'7e8 2| 15,84 ez, Frequency (Log Scale) .. 7:23 sic

(a) (b)

Figure 5.15: Experimental plots for voltage gain magnitude, ||Gv(jo)||ss, (2) and current
gain magnitude, ||Gi(jo)||ss, (b) of SS resonant tank.

Experimental data for ||Gv(jos_SS_ kua)|ss and ||Gi(jos_SS kna)||ss at three different
values of Qg are collected at varied k and listed in Table 5.5. The three different values
of QL are denoted as LQ for Qrs = 0.27, Opt Q for QL =~ 0.43, and HQ for Qg = 0.53.
For simplicity, the wvariation of Qp, 1is imposed by varying Ress'. Also,
IGv(jws_SS fkuay)llss 1s denoted as A, and ||Gi(jos_SS kuax)|lss 1s denoted as & Using
Table 5.5, experimental data for Grato, (the ratio of A to &) are plotted in Figure 5.16 at

LQ, Opt Q, and HQ.

TABLE 5.5 EXPERIMENTAL DATA FOR ||Gy(jos_SS_kuay)llss (M) AND [|Gi(jos_SS_ kmax)|lss (§)
AT THREE DIFFERENT VALUES OF Qpss UNDER k VARIATION

LQ OoptQ HQ
QLss = 0.27 QLss =043 QLss = 0.53
k A g A g A g
0.37 | 0.682 | 0.747 | 0.750 | 0.638 | 0.785 | 0.571
0.35 1 0.677 | 0.733 | 0.701 | 0.611 | 0.773 | 0.556
0.33 | 0.525 | 0.644 | 0.588 | 0.543 | 0.636 | 0.490
0.25 1 0.386 | 0.539 | 0.461 | 0.452 | 0.499 | 0.406
0.19 | 0.282 ] 0.431 | 0.340 | 0.356 | 0.385 | 0.325
0.07 | 0.169 | 0.282 | 0.217 | 0.236 | 0.241 | 0.212
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GRatio of SS Resonant Tank

1.5
1.4
1.3 //
1.2 —
o .
s 11 //
g 1 —
© 0.8 // Oth
0.7
0.6 T LQ: 0.5*HQ
0.5

005 01 015 02 025 03 035 04

Coupling Coefficient, k

Figure 5.16: Experimental data for Graio (the ratio of experimental voltage gain, A, to
experimental current gain, &) at LQ, Opt Q, and HQ.

From Table 5.5 and Figure 5.16, the following conclusions can be made. Due to the
presence of parasitic resistances (coupler winding resistances and resonant capacitor

ESRs), the experimental voltage gain, A, is less than 1.

According to the expectations from Figure 5.10, Q4 = 0.415 maximizes the k range in
which 0.9 < Ggragio < 1.1, and it is expected that Grao > 1.1 with Qg = 0.415 for 0.23 <k
<0.37. With experimentally implemented Opt Q (Qrs = 0.43), Figure 5.16 shows that 0.9
< GRratio < 1.1 for the wide range of 0.07 < k < 0.33, which is desirably wider than the

expected & range and is almost the entire range of £.

The major reason why the condition of Grao > 1.1 is not exhibited with Opt Q for the
wide range of k i1s as follows: voltage gain ||Gy(jo)||ss 1s affected by both primary-side
and secondary-side parasitic resistances, whereas current gain ||Gj(jo)||ss is affected by

secondary-side parasitic resistances.
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In summary, experimental Ggrago data in Figure 5.16 are in good agreement with the
expectations from the Matlab 3D color spectrum plot of Ggrah, in Figure 5.10.
Furthermore, from Figure 5.10, it can be expected that HQ (Qrs = 0.53) would cause
GRratio > 1.1 for 0.07 < k£ <0.37. This expectation is also met as can be seen in Figure 5.16.
For optimal design of SS resonant tank, the proposed design method can be used to

determine an optimal Qs S0 that Gragjo remains close to unity under k variation.

5.7.2 EXPERIMENTAL RESULTS OF OPTIMAL DESIGN OF SP RESONANT TANK

For SP resonant tank, Resp' = 3.7 Q is selected as previously mentioned. The target
operating frequency of 200 kHz is chosen. Substituting this frequency into Qr, (Equation
37) and into o, (Equation 61), the values Lg,' = 2.677uH and C,' = 236.6nF are
calculated. Consequently, Lg; = 2.677uH for the given target condition of unity ratio
between Lg; and Lg,’. Substituting this Lg; and the switching frequency into Equation 60,

C, = 274.1nF is then calculated.

Since Lg; = 2.58puH and Lg,' = 2.60uH are slightly different from the target condition
of Lg; = Lg,' = 2.677uH, the resonant capacitor values are adjusted based on the extracted
coupler parameters to more precisely obtain ®oi_Kpax = ©ov kmar at Qrsp = 1.1. The

experimentally-implemented SP resonant tank parameters are listed in Table 5.6.

In Figure 5.17, experimental curve for voltage gain magnitude (||Gv(jo)||sp in Figure
5.17 (a)) and current gain magnitude (||Gi(jo)||sp in Figure 5.17 (b)) of the SP resonant
tank are plotted at Qrsp = 1.1 for Resp' = 3.7 Q. As can be seen from this figure, wov_Kpax

= @oi_kmax = 21(213.73)(10°) rads.
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TABLE 5.6 EXPERIMENTALLY-IMPLEMENTED SP RESONANT TANK PARAMETERS

SELECT
LETTER
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Figure 5.17: Experimental plots for voltage gain magnitude, ||Gv(jo)||sp, (a) and current
gain magnitude, ||Gi(jo)||sp, (b) of SP resonant tank.

At fixed s SP kpee =~ 2m(213.73)(10%)rad/s, experimental data  for
IGv(ws_SP_kna)llsp and ||Gi(Gos_SP_kuax)||sp are collected at three different Qg
conditions (LQ: Qs = 0.36; Opt Q: Qrsp = 1.1; HQ: Qg = 3.2) while £ is varied from
kmax = 0.367 to kyin = 0.07. In the experiment, variation in Qg 1s imposed by changing
Resp'. Table 5.7 lists the data. In this table, voltage gain ||Gv(jos_SP_k.y)||sp and current
gain ||Gi(jos_SP_ k. )||sp are denoted as a and B respectively. As can be seen, at kg, =
0.37, ||Gy(jos_SP_kyua)||sp 1s not the load-independent (Q-independent) value of |GylingSP
is not 2.703 at k... This is due to inevitable loss effects caused by parasitic resistance
terms such as primary-side capacitor's ESR and winding resistances. Although the effects
of parasitic resistance terms can be especially significant at voltage gain resonant peaks,
the proposed optimal Qr, design method is expected to perform well. This is because

os_SP k4 in general is located well above wp, thus ||Gy(jos_SP k. )|lsp 1S more
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robust against parasitic resistance terms. This expectation is met as supported by the

experimental data that follow.

TABLE 5.7 EXPERIMENTAL DATA FOR ||Gy(jos_SP_kyax)|lsp (00) AND [|Gi(jos_SP_kpay)l|sp

B)
LQ Opt Q HQ
(QLsp ~ 036) (QLsp =~ 11) (QLsp =~ 32)

k o B a B a B
0.37 | 1.198 | 0368 | 1.873 | 0.357 | 2.296 | 0.316

0.35] 1.165 | 0.352 | 1.899 | 0.341 | 2.347 | 0312

0.33 | 1.046 | 0309 | 1.901 | 0.296 | 2.512 | 0.263

0.25| 0.802 | 0.263 | 1.740 | 0.245 | 2.649 | 0.209

0.19 | 0.523 | 0.200 | 1.354 | 0.193 | 2.618 | 0.176

0.07 | 0.157 | 0.062 | 0.442 | 0.060 | 1.078 | 0.051

By plotting the data of Table 5.7 in Figure 5.18, it can be clearly seen in Figure 5.18
(a) that, with Opt Q, voltage gain ||Gv(jos_SP k. )|lsp 1S well maintained for a fairly
large k variation range of 0.25 < k£ < 0.37 approximately. Also, it can be seen in Figure
5.18 (b) that current gain ||Gy(jos_SP_ k4 )||sp at Opt Q remains very close to that at LQ.
Although LQ generates the maximum current gain as expected, the voltage gain at LQ
becomes undesirably small for even a small decrease in k. The robustness in voltage gain
characteristics at Opt Q can outweigh the small increase in current gain achieved at LQ. It
should be noted that the HQ value above Qy = 1.2 is undesirable as expected. At HQ >
Qu, the voltage gain significantly increases as k decreases to k = 0.21 while the current

gain is much lower compared to the current gains at LQ and Opt Q.
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| |Gv(jws_SP_kmax)| | sp at Various Qisp Conditions
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Figure 5.18: Voltage gain ||Gy(jos_SP_k,.4)|sp (2) and current gain ||Gi(jos_SP_&yax)|lsp
(b) for experimental data in Table 5.7.

For more detailed analysis, circulating currents are evaluated by operating the SP
resonant converter with the switching frequency and supply voltage fixed at 214 kHz and
3 V respectively while & is varied. In Figure 5.19 (a), resonant tank input voltage (V(t) in
yellow), primary-side coil current (ir¢i(t) in purple), secondary-side coil current (iex(t) in

green), and circulating current in the coupler (ire;(t)- ire2(t) in red) are plotted for LQ.
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The same quantities are plotted in Figure 5.19 (b) for Opt Q and in Figure 5.19 (c) for
HQ.

Al Trm'wi I Pos: 0.000s CURSOR
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Figure 5.19: Experimental waveforms of resonant tank input voltage (V(t) in yellow),
primary-side coil current (ire;(t) in purple), secondary-side coil current (i e(t) in green),
and circulating current in the coupler (irei(t)- iLe2(t) in red) for LQ: Qg = 0.36 (a), Opt
Q: Qusp = 1.1 (b), and HQ: Qrep = 3.2 (c).

As can be seen in Figure 5.19, all of the current waveforms at the different Qrg, values

are sinusoidal with the same phase conditions and with very small distortions. Thus, it is
possible to calculate the circulating currents for different Qrg, values by measuring peak
values of circulating currents (red waveforms) and dividing them by corresponding

supply currents (I;y) (purple waveforms) in each Qrg, condition.

Table 5.8 lists the experimental data for evaluating the circulating currents in the
coupler. This table shows the figure of merit highlighted in red. As can be seen, Opt Q
does not cause circulating currents much larger than those at the LQ, whereas the HQ >

Qu causes much larger circulating currents in the coupler. Therefore, the presented design
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equations and optimal Qg criteria allow maximization of robustness in power delivery.
This maximization does not come at the cost of significantly increased circulating current

in a coupler.

TABLE 5.8 EXPERIMENTAL DATA FOR EVALUATING THE CIRCULATING CURRENT IN THE

COUPLER
k=0.37
LQ Opt Q HQ
(QLsp = 036) (QLsp = 11) (QLsp = 3°2)
Lin 0.513 0.442 0.241
iLe1(t)- ipea(t) 1.60 1.56 1.56
(iLe1(t)- ipe2(t)) / Lin 3.119 3.529 6.473
k=0.2
Lin 0.433 0.426 0.357
iLe1(t)- iLe2(t) 1.80 1.80 1.88
(iLe1(t)- iLe2(t)) / Iin 4.157 4.225 5.266
k=0.07
Lin 0.302 0.301 0.306
iLe1(t)- iLe2(t) 2.20 2.20 2.24
(iLe1(t)- iLe2(t)) / Iin 7.285 7.309 7.320

5.8 SUPPLEMENTARY SIMULATION RESULTS FROM OPTIMAL DESIGNS WITH Lg; > Lg,’

This section shows optimal design methods applied for Ls; > Lg;’, unlike the
experimental validation which was for Lg; = Lg,’. Therefore, various simulation results in
this section are collected for further validation of the design equations.

In simulation, experimentally-extracted T-equivalent model parameters of
asymmetrical magnetic coupler in Figure 5.20 are used. The T-equivalent model
parameters are listed in Table 5.9. Further information regarding this coupler can be

found in [40].
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Figure 5.20: Asymmetrical Coupler for 3kW Wireless Charging of EV showing larger
Tx(left) and smaller Rx(right).

TABLE 5.9 EXPERIMENTALLY-EXTRACTED T-EQUIVALENT MODEL PARAMETERS OF
ASYMMETRICAL COUPLER IN FIGURE 5.20

k Let (uH) Lim (nH) Le2” (1H)
0.347 85.6 26.8 26.4
0.302 90.4 23.3 29
0.256 90.1 18.9 313
0.23 92.1 16.9 333
0.18 93 13.1 36.7
0.16 94.7 11.4 37.6
0.14 99.38 10.31 38.82

5.8.1 SIMULATION FOR OPTIMAL Qrss EVALUATION IN SS RESONANT TANK WITH Lg; >
Lso’

To check the performance of proposed design equations in the presence of stray
parameters due to tolerance (in particular, assuming that there are errors in estimating

expected values for Lg;/Ls;’ and £;,,,), Matlab 3D plot for Graso are plotted in Figure 5.21

for with LLﬁ =3 and k.. = 0.3, instead of the actual values of LLi =~ 2.1 and k,u =
S2 S2

0.347. The black region in this figure represents Graioc = 1 (£ 10 %). Therefore,
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according to this figure, Qs = 0.3 is optimal for obtaining almost constant Ggago = 1

when Li =3 and k. = 0.3.
Ls2

G Ratio

0.
8.1 0.15 0.2 0.25 0.z 0.35 0.4 0.45 0.s 0.55 0.8

QLss

Figure 5.21: Matlab 3D plot for Gra, are plotted in Figure 5.21 for with ﬂ =3 and

Lsy

kmar = 0.3, instead of the actual values of I]:i =~ 2.1 and k., = 0.347.
S2

The next step is to check if Qrg ~ 0.27 is a desirable condition for the actual LLﬁ =~ 2.1
S2

and k., = 0.347. In order to obtain this quality factor at the actual k., = 0.347 with the
parameters in Table 5.9, Ress” needs to be approximately 2.862 Q for os_SS ki = 27(25
kHz). In Figure 5.22, simulation data for Ggrai, are collected for LQ, Opt Q, and HQ
conditions. Condition LQ represents Qrg = 0.15. Condition Opt Q represents Qpgs =
0.286. Condition HQ represents Qs = 0.6. As can be seen from Figure 5.22, Opt Q (Qvss
~ 0.286) exhibits the least sensitivity of Graijo against k variation. Furthermore, Ggato
remains close to 1.1 for a wide range of & variation. It should be noted that parasitic

resistances are not included in collecting the simulation data in Figure 5.22.
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GRatio V.s. k Under Different Quss
(For Ls1 > Ls2')
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Figure 5.22: Simulation data for evaluation on Gggi, under & variation for different load-
dependent quality factors.

5.8.2 SIMULATION FOR OPTIMAL Qrsp EVALUATION IN SP RESONANT TANK WITH Lg; >
Lso’

Again, to check the design equation performance under parameter estimation error due
to tolerance (in particular, assuming that there are errors in expected values for Lg;/Lg,’

and kyq), Matlab 3D plot for ||Gy(jos SP_kua)llsp are plotted in Figure 5.23 using

equations 69, 72 and 73 with LLﬂ =3 and k,. = 0.3, instead of the actual values of
S2

51~ 2.1 and kyer = 0.347.

Ls2
This results in |Gy|ingSP = 1.92 for LLi = 3 and kyq = 0.3 instead of |Gy|ingSP = 1.99
S2

for Li = 2.1 and k4, = 0.347. The black region in Figure 5.23 indicates the condition of

Ls2

183



1.92 - 10 % < ||Gv(jos_SP_kpa)llsp < 1.92 + 10 %. The red region indicates an

undesirable condition of ||Gy(jos SP_&yax)|lsp > 1.92 + 10 %.

| |GV(jwsp_S P_kmax) | |

0.z 0.4 0e 0s

1 12 14 18 18 2
QLsp
Figure 5.23: Matlab 3D plot for ||Gy(jos SP_kmax)||sp
According Figure 5.23, Q = 0.6 is optimal in terms of obtaining almost constant
voltage gain under k variation. In order to obtain this quality factor at the actual k., =

0.347 with the parameters in Table 5.9, R.sp’ needs to be approximately 5 Q for

®s SP_ ke = 2n(25 kHz).

Using the parameters in Table 5.9 and Resp” = {2.5; 5; 10} Q (corresponds to Qg =
{0.3; 0.6; 1.2}) in Pspice, simulation data for voltage gain, ||Gv(jos_SP_kua)||sp, are
collected. Table 5.10 lists the simulation data. Plotting the data results in Figure 5.24
shows clearly that achieving Qs, = 0.6 provides almost constant voltage gain under wide

range of k variation.
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TABLE 5.10 SIMULATION DATA FOR ||Gy(j®s_SP_kyuay)||sp FOR DIFFERENT Qsp

CONDITIONS
LQ OptQ HQ
k (QLsp = 0-3) (QLsp = 0-6) (QLsp = 1°2)

0.347 1.99 1.99 1.99
0.302 1.31 1.83 2.11
0.256 1.60 2.18 2.47
0.23 1.12 1.85 2.46
0.18 1.07 1.90 2.79
0.16 0.80 1.50 2.48
0.14 0.39 0.76 1.43

| | Gv(jws_SP_kmax)| | sP v.s. k under Different QLsp Conditions
(For Ls1 > Ls2')

//\
— LQ=0.5*%(0Opt
17 — = Q (OptQ)
'/ / N =—QOpt Q=0.6

// —HQ = 2*(Opt Q)
7 = |Gv|ind+10%

N
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Magnetic Coupling Coefficient, k

Figure 5.24: Simulation data for voltage gain ||Gy(jos_SP_kmax)||sp under different Qpp
conditions.

In summary, the proposed design equations for loosely-coupled SS resonant tank and

loosely-coupled SP resonant tank successfully allow determining optimal load-dependent

. . . . . . L
quality factors even with possible estimation errors in expected values for Li and k.
S2

This further demonstrates practical usefulness of the proposed design methods since
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. L . .
tolerances in =~ and k. are commonly expected between FES simulation and

Lsa

experimental implementation of a coupler.

5.9 CHAPTER SUMMARY

In this chapter, detailed analysis and comparative study on frequency-domain
characteristics of the SS and SP resonant tank topologies are performed. Using various
analytical equations derived in design-oriented form, novel optimal design methods for
loosely-coupled SS and SP resonant tank topologies are presented.

It is shown that by using the novel design methods, desirable parameters of SS and SP
resonant tanks can be conveniently determined to achieve optimal load-dependent quality
factors for a desired value of nominal effective resistive load.

For the SP resonant tank with optimal load-dependent quality factor condition
achieved at k = k4, the simulations and experimental results show that maximizing the
robustness in voltage gain and current gain can be achieved at a desirably fixed operating
frequency without significantly increased circulating current in a coupler.

Also, for the SS resonant tank with optimal load-dependent quality factor condition
achieved at & = kj,., the simulations and experimental results show that a good
compromise can be achieved between voltage gain and current gain, so that
approximately equal values of voltage gain and current gain can be maintained for almost
entire range of k at a desirably fixed operating frequency while minimizing the
circulating current gain.

The experimental results show that the proposed optimal design methods perform well
even in the presence of parasitic resistance terms. The supplementary simulation results

show that the proposed design equations perform well even with the estimation error in
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expected values for Lg;/Lsy' and k.. Therefore, the proposed design equations are
proven to exhibit high practical usefulness.

Based on all of the results in this chapter, it can be concluded that SS resonant tank
cannot provide almost constant voltage gain for a wide k range without frequency
modulation and without significantly large circulating current (significant increase in
reactive energy). On the other hand, SP resonant tank can provide almost constant
voltage gain for a wide & range without high control complexity at a fixed operating
frequency. However, SS resonant tank performs better in terms of efficiency. Therefore,
in wireless power transfer applications with more limited & variation, SS resonant tank is
desirable. Such applications may include wireless charging of stationary loads like EVs,
TVs, and household appliances. In wireless charging of portable electronics, maintaining
good charging speed under wider k variation (increased receiver positioning flexibility) is
desirable. Therefore, SP resonant tank topology is more suitable. However, it should be
noted that a large effective load resistance (e.g. almost fully-charged battery) in SP
resonant tank can cause significant power loss in receiver coil. Furthermore, it can also
cause large circulating current through the parallel resonant capacitor. These issues may
be resolved with a power supply that is desirably limited in power delivery.

In conclusion, the superiority of one resonant tank over the other depends on specific
conditions of an application. Using the presented novel optimal design methods, analysis,
comparative study, evaluation, and optimal designs can be performed conveniently.
Therefore, the design methods allow more detailed comparison to be performed for
desired applications rapidly, so that the cost of design optimization process can be

minimized.
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CHAPTER 6

CONCLUSION, PUBLICATIONS, AND FUTURE WORK

6.1 CONCLUSION

Chapter 1 discusses inductive wireless charging mechanism and background theories
of resonant converters: sinusoidal approximation analysis, equivalent circuit modeling,
soft switching mechanisms (ZVS and ZCS), and load current control methods. It also
describes voltage gain characteristics of commonly-used resonant tanks. Also, various
shortcomings of currently-available wireless power transfer technology are described.
Motivation and research significance are discussed to explain various significant

contributions that three distinctive novel accomplishments in this research make.

Chapter 2 contains a brief summary of the experimental evaluation board set-up,
which is used for experimental validation of the novel accomplishments in this research.
The performance of this experimental evaluation board is demonstrated by implementing
the symmetrical series-series resonant converter. The experimental results for converter
waveforms, power transmission efficiency, and soft-switching mechanisms are shown to

demonstrate that the experimental evaluation board is working as desired.

In Chapter 3, the first of the novel accomplishments, optimal design method for
symmetrical series-series resonant tank topology, is explained. This optimal design

method allows rapid and convenient calculation of the resonant tank parameters required
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for achieving a desired peak voltage gain condition. Without time-consuming efforts and
complexity that the conventional design methods require, this novel optimal design
method provides a cost-effective design solution. When different geometries of magnetic
coupler are being considered for a wireless charging system, using the design method
also allows determining which of the coupler geometry is desirable for a specified
nominal resistive load condition. By using the design method, evaluation can be
performed rapidly, and it can be easily found that a coupler with higher magnetic
coupling can sometimes be less desirable than a coupler with lower magnetic coupling.
This is because for a given nominal resistive load condition, achieving desirable voltage
gain characteristics can cause larger circulating current loss in a coupler with higher
magnetic coupling. With the novel optimal design method, optimization of symmetrical

SS resonant tank can be done with low cost in design process.

In Chapter 4, the second of novel accomplishments, unity gain frequency tracking
(UGFT) control method, is explained. Without the need for communication between
transmitter and receiver, this UGFT control method allows tracking and achieving the
unity voltage gain frequency of symmetrical SS resonant tank under receiver positioning
variation with respect to transmitter position (under magnetic coupling coefficient, £,
variation). This unity voltage gain frequency is the resonant frequency at which leakage
inductances are compensated by their series resonant capacitors. At this frequency,
maximum power transmission efficiency can be achieved while providing desired voltage
gain and current gain. By achieving the unity gain frequency operation without
communication, the need for additional downstream linear voltage regulator is

eliminated. Also, communication module ICs are not required. Simulation results and
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experimental results are shown to demonstrate that the novel UGFT control method
performs well in tracking and achieving unity gain frequency under k variation.
Experimental comparison results of voltage gain and power efficiency for fixed
frequency operation and UGFT control operation show that the UGFT operation allows
voltage gain to be maintained well under k& variation and also significantly improves
power efficiency. With the fixed frequency operation under k variation, significant
voltage gain variation occurs while exhibiting much lower power efficiency. This means
that in order to maintain constant current constant voltage (CC-CV) charging profile,
fixed frequency operation requires an additional converter or linear voltage regulator.
Consequently, cost of implementation would increase while undesirably reducing power
density and further reducing power efficiency. Therefore, this chapter shows that a
symmetrical SS resonant converter implementing the novel UGFT control method
provides several desirable features including improved power efficiency, increased power

density, lower cost of implementation, and improved receiver positioning flexibility.

Chapter 5 explains the final novel accomplishments, optimal design methods for
loosely-coupled asymmetrical series-series (SS) resonant tank and loosely-coupled
asymmetrical series-parallel (SP) resonant tank. In this chapter, detailed general analysis
on frequency-domain characteristics of the SS and SP resonant tank topologies is
performed to derive general analytical equations in design-oriented form consisting of
physically meaningful quantities (load-dependent quality factor and expected values for
Lsi/Ls;’ and k). For both symmetrical implementation and asymmetrical implementation,
these general analytical equations allow determining and evaluating various notable

quantities. Using some of the general analytical equations and assuming loosely-coupled
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condition, optimal design methods for loosely-coupled SS and SP resonant tank
topologies are presented. It is shown that by using these optimal design methods,
desirable parameters of SS and SP resonant tanks can be conveniently determined to
achieve optimal load-dependent quality factors for a desired value of nominal effective
resistive load. For the SP resonant tank with optimal load-dependent quality factor
condition achieved at k = Kk, the simulations and experimental results show that
maximizing the robustness in voltage gain and current gain can be achieved at a desirably
fixed operating frequency without significantly increased circulating current in a
magnetic coupler. For the SS resonant tank with optimal load-dependent quality factor
condition achieved at k£ = k,,,, the simulations and experimental results show that a good
compromise can be achieved between voltage gain and current gain, so that
approximately equal values of voltage gain and current gain can be maintained for almost
entire range of k at a desirably fixed operating frequency. It is analytically shown that the
circulating current gain is approximately at its absolute minimum at the fixed operating
frequency. Various experimental results show that the proposed optimal design methods
perform well even under the presence of parasitic resistance terms. The supplementary
simulation results are included to prove that the proposed design equations perform well
even with the estimation error in expected values for Lgi/Ls;' and k4. Therefore, the
proposed design equations are proven to exhibit high practical usefulness. Comparative
study on SS and SP resonant tank topologies is performed to explain advantages and
disadvantages of each topology. Based on the comparative study, it can be concluded that
for a wireless power transfer application with a narrower range of k& variation, SS

resonant tank topology is desirable for obtaining higher power efficiency and for
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reducing power stage component count. For a wider range of k variation, SP resonant

tank topology is desirable because smaller variations in voltage gain and current gain can

be achieved. Also, for a fairly wide range of k variation, phase shift between input

voltage and input current of SP resonant tank remains smaller than that of SS resonant

tank, meaning that smaller reactive energy would be generated in SP resonant tank.

In conclusion, the novel accomplishments in this research significantly improve

efficiency and receiver positioning flexibility, and reduce complexity in design

optimization, complexity in control, and cost of implementation.

6.2 PUBLICATIONS

6.2.1 AS THE MAIN (FIRST)AUTHOR

1

2)

3)

4)

5)

Isaac Nam, Roger Dougal, and Enrico Santi, “General Optimal Design Method
for Loosely-coupled Series-Series Resonant Tank in Wireless Power Transfer
Applications,” Applied Power Electronics Conference and Exposition (APEC),
2014 IEEE (Accepted for lecture presentation and will be published after the
conference).

Isaac Nam, Roger Dougal, and Enrico Santi, “Optimal Design Method to Achieve
Both Good Robustness and Efficiency in Loosely-coupled Wireless Charging
System Employing Series-parallel Resonant Tank with Asymmetrical Magnetic
Coupler,” Energy Conversion Congress and Exposition (ECCE), 2013 IEEE, vol.,
no., pp.3266-3276, 15-19 Sept. 2013.

Isaac Nam, Roger Dougal, and Enrico Santi, “Novel Unity Gain Frequency
Tracking Control of Series-series Resonant Converter to Improve Efficiency and
Receiver Positioning Flexibility in Wireless Charging of Portable Electronics,”
Industrial  Applications, IEEE Transaction on (Edited following IEEE
transactions reviewers' comments for final submission).

Isaac Nam, Roger Dougal, and Enrico Santi, "Optimal design method for series
LCLC resonant converter based on analytical solutions for voltage gain resonant
peaks," Applied Power Electronics Conference and Exposition (APEC), 2013
Twenty-Eighth Annual IEEE , vol., no., pp.1429-1437, 17-21 March 2013.

Isaac Nam, Roger Dougal, and Enrico Santi, "Novel control approach to
achieving efficient wireless battery charging for portable electronic
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devices," Energy Conversion Congress and Exposition (ECCE), 2012 IEEE , vol.,
no., pp.2482-2491, 15-20 Sept. 2012.

6.2.2 AS A SUPPORTING (SECOND) AUTHOR

1) Raffael Haldi, Isaac Nam, Kurt Schenk, and Enrico Santi, “Finite-Element-
Simulation-Assisted Optimized Design of an Asymmetrical High-Power

Inductive Coupler with a Large Air-Gap for EV Charging” Energy Conversion
Congress and Exposition (ECCE), 2013 IEEE, 15-19 Sept. 2013

2) Daniel Martin, Isaac Nam, Jonathan Siegers, and Enrico Santi, "Wide bandwidth
three-phase impedance identification using existing power electronics
inverter," Applied Power Electronics Conference and Exposition (APEC), 2013
Twenty-Eighth Annual IEEE , vol., no., pp.334,341, 17-21 March 2013.

6.2.3 PLANNED PUBLICATIONS

1) The ECCE 2013 paper (2 in Section 6.2.1) is currently being updated for
submission to IEEE Transactions by the graduation in December, 2013.

2) The APEC 2014 paper (1 in Section 6.2.1) will be submitted for IEEE
Transactions after the conference in March, 2014.

6.3 FUTURE WORK

As a future work, two tasks can be considered. One of them is coupler geometry
optimization, and the other is ultra-high frequency operation of a resonant converter. This

section briefly discusses these two tasks.

6.3.1 COUPLER GEOMETRY OPTIMIZATION

To improve receiver positioning flexibility and maximize robustness in power
transmission and efficiency, it is highly desirable to provide uniform magnetic field
across a wide surface area of a charging platform. This minimizes magnetic coupling
variation with respect to lateral misalignment between transmitter coil and receiver coil.
In order to do so, a transmitter coil must be optimally designed. For example, it can be
easily determined that an array of flat spiral transmitter coils in multiple layers can be

used to create a more uniform magnetic field profile across a charging platform.
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However, it is of high interest to determine various optimal transmitter coil geometries
that can provide uniform magnetic field without a large part count.

A non-trivial geometry can be used for receiver coil as well in order to obtain
improved degrees of freedom in the receiver coil movement with respect to the
transmitter coil. For example, besides the variations in lateral misalignment and coil-to-
coil distance, angular misalignment can occur. With an orthogonal configuration in
magnetic field generation direction and pick-up direction, magnetic coupling is at its
worst. With more sophisticated receiver coil design, such as a multi-pickup in which
three circular coils are implemented orthogonally in X, y, and z directions, magnetic
coupling can become more robust against angular misalignments.

6.3.2 ULTRA-HIGH FREQUENCY OPERATION

With increased demand in power density, it is desirable to increase the operation
frequency to MHz range. In doing so, either using small resonant capacitors or using
parasitic stray capacitances of air-core coupler coils can be used. Although using parasitic
capacitances of air-core coils leads to higher design complexity compared to using small
resonant capacitors for magnetic core coupler, it can be desirable to eliminate the core
losses. Transmitter coil and receiver coil must be carefully designed to achieve desirable
parasitic resistance-dependent quality factor as well as desirable load-dependent quality
factor while minimizing skin effect and proximity losses.

Although ZVS and ZCS are used for switching loss minimization, it is difficult to
maintain them for wide variation ranges of k£ and load. Therefore, in ultra-high frequency
operation, SiC or GaN switches can be used to minimize switching losses under hard-

switching.
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Various issues to be resolved include EMI and undesirable signal oscillations
occurring in switching loops. Therefore, it is necessary to implement shielding and proper
circuit layout along with snubbers, common-mode filters, differential-mode filters, and so

on.
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