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Abstract

Over the past century, the transfer of electrical energy without wires has become a very
active research topic, due to its convenience and safety over wired methods. Wireless
Power Transfer (WPT) is applied in numerous applications, such as cellphone charging,
static and dynamic electric vehicles charging and bio-medical implants (powering life-
critical devices).

There are several techniques to implement WPT, which differ in the type of electro-
magnetic energy they use for power transmission: magnetic fields, electric fields or elec-
tromagnetic radiation, like microwave or laser beams. Among these, inductive coupling
between coils of wire, generating alternating magnetic fields, is the most widely used
wireless power technology. This method is known as Inductive Power Transfer (IPT).

Capacitive Power Transfer (CPT) is the counterpart of IPT, in which power is transferred
by means of electric fields. This technology is being actively studied nowadays, since CPT
does not require the use of ferromagnetic material (e.g. ferrites) to improve coupling or
provide field shaping. In the capacitive interface, the field is confined between low cost
metallic plates, thus alleviating the necessity for magnetic flux guiding and shielding
components that increase bulk and cost to the system. The simplicity and lower cost of
capacitive interfaces make them a potential method for wireless charging stations and
galvanically isolated power supplies.

In this thesis, a capacitively isolated power supply is studied in detail, both by circuit
analysis and simulations. The system is designed to provide 40 W of power at nominal
load, starting from the electric grid. A key aspect of this analysis is the system efficiency.
This important parameter is deeply studied and optimized to have a high value not just
at nominal load, but for the entire working range.
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Chapter 1

Introduction

In this chapter, the topic of the thesis is briefly introduced. The motivation, main
objectives and a short description of the general structure of the thesis are presented, to
serve as an overview.

1.1 Motivation

The transfer of electrical energy has traditionally needed the use of physical connections,
that is, wires that connect a transmitter device to a receiver device. Recently, research
on wireless power transfer (WPT) has become increasingly important, mainly due to
the enormously growing number of portable devices, whose wired chargers limit their
portability [1].

WPT is an extremely useful technology that has many applications and benefits. It can
eliminate the use of wires and batteries, thus increasing the mobility, convenience, and
safety of cell phones, laptops and other mobile devices. Also, this technology is useful to
power electrical devices where interconnecting wires are inconvenient, hazardous, or are
not possible.

A generic block diagram of a WPT system is reported in Figure 1.1. In a WPT system,
a transmitter generates a time-varying electromagnetic field. This energy-contained field
is transmitted across the space to a receiver, that converts the fields back into electric
power and supplies it to an electrical load.

The WPT technologies differ in the type of electromagnetic energy they use: time-
varying electric fields, magnetic fields, radio waves [3] or microwaves [4|, among others.
The most common implementation of WPT is through the use of alternating magnetic
fields, producing inductive coupling between coils. This technology is called Inductive
Power Transfer (IPT) [5].



1.2 Objective of the thesis

Antennas or
coupling devices

DC Load
supply

Transmitter Receiver

Figure 1.1: Typical structure of a Wireless Power Transfer system

Capacitive power transfer (CPT) technology is an alternative to the conventional IPT,
that uses time-varying electric fields to transfer power between two metallic plates form-
ing a capacitance [6]. The main advantage of CPT versus IPT is the use of a simpler,
lighter and cheaper interface between transmitter and receiver.

There are many applications of the CPT technology. Electric vehicle charging is one
that benefits from the use of CPT, since the electric fields can pass through the metal
materials of the vehicle without generating significant power losses. For this application,
a high power is needed, and it is shown in [7] that the CPT technology is able to achieve
several kW power transfer, with an efficiency higher than 90%. Therefore, it is proven
that CPT technology is suitable for this kind of applications.

Another interesting application for this technology is in isolated converters, where in this
case the capacitive interface is used to provide galvanic isolation between the primary and
the secondary. Usually, this is achieved by using a transformer, which adds complexity
and cost to the power converter. Therefore, a transformerless power supply, that provides
insulation by means of a pair of capacitors, is an attractive solution for AC-DC adapters.

1.2 Objective of the thesis

The objective of this thesis is to analize and design a capacitively isolated AC-DC adapter.
In this power supply, discrete capacitors are used as galvanic isolation between the pri-
mary and secondary side. The analysis focuses on the study and optimization of the
system efficiency.
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1.3 Structure

In Chapter 2, the circuit topology to design the capacitively isolated power supply will be
presented and analized. The analysis of this system will begin using some simplifications,
and the necessary working conditions to obtain high efficiency will be established. Later,
the equations that rule the behavior of the circuit will be provided, which will be verified
by simulations later on.

Once the equations of the system have been obtained, the circuit will be designed to
meet a series of requirements. Through simulations, these equations will be verified, and
it will also be possible to perform a frequency analysis. This is the topic of Chapter 3.

In Chapter 4, the efficiency of the system will be studied. It will begin with a detailed
analysis of the losses on each of the circuit components, according to which the efficiency
at nominal load can be calculated. As the system is expected to work for a range of loads,
it is interesting to observe efficiency curves. To develop these curves, a few simplifications
are considered.

Finally, the limitations of the system will be studied in Chapter 5. It will be observed
that the main limitations are due to problems related to inductors, and solutions to solve
them will be proposed. Through this analysis, an optimal design is proposed, in which
it is intended to obtain a balance between the different limitations and performances of
the circuit.



Chapter 2

System analysis

In this chapter, capacitive power transfer (CPT) technology will be introduced. Dif-
ferent implementations using various compensation networks topologies will be briefly
discussed, and one of them will be studied in detail. Since the CPT system contains
non-linear elements such as diodes and transistors, a precise analysis is complicated and
this is why linear simplifications will be considered. Then, this simplified linear circuit
will be studied using standard AC analysis, to conclude with the analysis of the non
linear circuit.

2.1 Capacitive power transfer

As mentioned in Chapter 1, capacitive power transfer (CPT) technology is an alternative
to the conventional IPT, that uses time-varying electric fields to transfer power between
two metal electrodes forming a capacitance. Even though IPT systems offer higher power
transfer and efficiency than CPT systems, the latter can offer equally good galvanic
isolation while providing some advantages [8]:

e A CPT system interface consists of just some metal plates, making it cheaper and
lighter than the IPT interface (that includes a magnetic core).

e Since CPT technology uses electric fields to transfer power, there is no concern
about the eddy-current loss in nearby metals. On the other hand, due to the mag-
netic fields used in IPT systems, significant eddy-current losses can be generated
using the inductive technology.

e Experimental results show that CPT systems have much better misalignment per-
formance than IPT systems.

Due to these features, research on CPT technology is becoming popular in recent years.
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The typical structure of a CPT system is shown on Figure 2.1. It is a DC-DC converter,
implemented using an inverter, compensation networks and a rectifier. The inverter
is used to provide a high frequency excitation to the compensation network, in order
to achieve effective power transfer through the capacitive interface. At the output, a
rectifier serves to supply DC current to the load.

Capacitive interface

I

DC Inverter Comp. Comp. Rectifier Load

supply] network 1 network
1

Figure 2.1: Typical structure of a Capacitive Power Transfer system

2.1.1 Compensation network

A compensation network (also called tank) is needed to cancel the reactance of the
capacitive interface, which is achieved by designing the compensator to form a resonant
circuit with the capacitive interface. The compensator being a resonant circuit is a
necessary condition to achieve soft switching on the inverter, which is critical for good
system performance, as will be explained in Section 2.3.

Different CPT systems can be distinguished by their compensation circuit topologies,
which determine the system power capability, efficiency, and frequency properties [9].
The compensator is usually an inductor, or a combination of inductors and capacitors in
series or parallel configuration.

— 5 s

— J[ﬁ

Figure 2.2: CPT system with series L compensator




2.1 Capacitive power transfer

The most simple compensation circuit is the series L compensator, in which an inductor
is connected in series to the capacitive interface, as shown in Figure 2.2 [10].

The series inductor L is designed to resonate with the capacitive interface at the working
frequency, cancelling its reactance. Even though this network is simple and cheap, it has
the drawback of needing a large inductor to compensate the tipically low capacitance
of the capacitive interface. This capacitance is usually around 100 pF, so for a working
frequency of 1 MHz, an inductance in the order of 250 nH is needed.

By adding more components to the compensation network, design flexibility is increased
but at the expense of increasing complexity, weight, and cost. Adding an L.C network at
the transmitter and receiver side of the circuit of Figure 2.2, the LCL-LC compensator
shown on Figure 2.3 is developed. This topology provides high power factor and achieves
multiplication of the load current with respect to the interface current, therefore reducing
the voltage stress of the interface and the losses of the compensation inductor Lo [11]. Tt
also provides flexibility of tuning the system power according to component values.

Ly Lo | It Ls
+—/0000 75000 B 5000
— Vho — m— — § R,
Cint2
|
|

Figure 2.3: CPT system with LCL-LC compensator

The objective of this thesis is to design a power adapter starting from the rectified voltage
of the electric grid, so Vpc is in the order of 300 V. Since the L; — C1 network is used
to increase the voltage levels of the circuit in order to achieve higher power transfer, for
this design it will not be needed.

Therefore, the CPT system analyzed in this thesis is the LCL compensator, shown in
Figure 2.4. Since this system contains non linear blocks (inverter and rectifier), linear
simplifications on them will be studied before starting the circuit analysis.
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Ly | |t Lo In
— Vbo Vo ——0 W p— § R, | Vo
Cint2
|
|

::Jﬁ

Figure 2.4: CPT system with LCL compensator

2.2 System simplifications

As mentioned, the system to be analized is the CPT with LCL compensator of Figure
2.4, which contains three main blocks:

e A half bridge inverter,
e A compensation network, and
e A diode bridge rectifier.

The inverter converts the supplied DC power into AC, in the form of a square wave voltage
with a frequency equal to the compensation circuit resonant frequency. This resonant
network rings with approximately sinusoidal waveforms, and its output is rectified by the
diode bridge rectifier to supply DC current to the load.

Exact analysis of this resonant system would lead to a complex model that could not
be easily used to derive a handy design procedure. In this thesis, a simplified method
for resonant topologies will be used, which is based on the assumption that input to
output power transfer is essentially due to the fundamental Fourier series components
of currents and voltages [12|. This is what is commonly known as the “first harmonic
approximation” (FHA) technique, which enables the analysis of resonant converters by
means of classical complex AC circuit analysis.

The non linear blocks, i.e. the inverter and rectifier, will be linearized using the simpli-
fications explained in the following subsections, and with more details on [13].



2.2 System simplifications

2.2.1 Inverter simplification

The proposed topology uses a half-brigde inverter, which is made by two power MOS-
FETs. These devices are driven on and off symmetrically with 50% duty cycle. Therefore,
the input voltage of the resonant network, Vi, is a square wave of amplitude Vpc. Due

% %
to the capacitive voltage divider at the input, this voltage ranges from —%C to %C,
with an average value of 0'V.
This square wave voltage can be expressed in Fourier series as follows:
2Vpc 1 .
Vin(t) = — sin(2 t 2.1
w0 =26 3 LainCmny (21)

Equation (2.1) means that the square wave can be decomposed into the sum of infinite
sine waves, of different frequencies and amplitudes. In particular, it contains a component
at the fundamental frequency and at all odd harmonics. In Figure 2.5, it is seen the
original square wave in blue, with its fundamental component and the 3rd and 5th
harmonics, for a particular case of Vpc = 20V.

——— Square wave
A /]

Fundamental

3rd harmonic [

5th harmonic

—10 \/

t s] 1070
Figure 2.5: Inverter output voltage with its harmonic decomposition

Due to the selective nature of resonant circuits, all components besides the fundamental
can be assumed to be filtered out. Therefore, all higher harmonics are neglected and the
circuit waveforms are consequently assumed to be purely sinusoidal at the fundamental
frequency. This is the FHA approach.
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The inverter output terminal (the square wave voltage Vi, ), is then modeled as a sinu-
soidal voltage generator, with a peak value equal to the one of its fundamental component.
This generator is expressed in phasor domain as follows:

_ 2Vpc
- T

Vin (2.2)

2.2.2 Rectifier simplification

At the output of the CPT system there is a diode bridge rectifier, made using four diodes.
This block is driven by the sinusoidal current Ir. Its input voltage, VR, reverses when
the current becomes zero. Therefore, the input voltage of the rectifier is a square wave
in phase with its input current.

Making a Fourier analysis similar to Section 2.2.1, the fundamental component of Vi can
be expressed in phasor domain as follows:

il (2.3)

VRfund -
The input voltage of the rectifier, Vg, is approximately equal to the output voltage of the
system, V,. There is a slight difference between these two quantities due to the forward
voltage drop on the diodes. In this analysis, the forward voltage drop is neglected and
therefore Vi and V, are considered to be equal:

VR =V, (2.4)

The input current of the rectifer, I, is rectified and then filtered by the output capacitor.
This produces a DC output current equal to:

2
I,=21In (2.5)
T

As previously stated, the rectifier input current Ig is in phase with the fundamental
component of the rectifier input voltage Vi. Therefore, the rectifier presents an equivalent
resistive load R, to the compensation circuit. This resistance is obtained by the division
of (2.3) by (2.5), and considering the approximation expressed in (2.4):

R, =Rt (2.6)
Ig
8 Vo
=S 2.
i 2 I, (2.7)
8
Re —ﬁRL (28)

Thus, the compensation circuit is loaded by an effective resistance R., approximately
equal to 81% of the actual load Ry.

10
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2.2.3 Equivalent circuit

Applying the simplifications on the inverter and rectifier, the non linear circuit of Figure
2.4, can be transformed into the linear circuit of Figure 2.6. In this approximation, a
sinusoidal input source excites the resonant tank, which then drives a resistive load. This
transformation allows the use of standard linear analysis to study the system.

| i

e — §Re

|
|
Cint2

Figure 2.6: Equivalent linear circuit

It can be observed that the two capacitors of the capacitive interface, Ciy1 and Cinge,
are in series. Therefore, they can be replaced by a single equivalent capacitor:
Cint1C;
Cl _ int1“int2 (29)
Cint1 + Cint2
Making this replacement, the circuit of Figure 2.7 is obtained. This is the linear circuit
that will be analyzed and studied.

Ly = Lo
|| L
Z;
L

Vvin @ :: 02 Re

Figure 2.7: Simplified linear circuit with equivalent capacitive interface

11
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2.3 Zero phase angle

Before starting the circuit analysis of Figure 2.7, the concept of zero phase angle (ZPA)
must be introduced.

Zero phase angle is a condition in which the phase of the compensation network input
impedance, Ziy,, is zero, which means that this impedance is purely resistive. Therefore,
the inverter output current and voltage lie in phase. ZPA operation is very important
to reduce the volt-amp (VA) rating, thus enabling lower stress on the inverter at a given
load.

Another important reason to work under ZPA condition, is to realize soft switching at
the inverter [14]. This is a method of switching in which during the switching time,
there is no simultaneous presence of voltage across the transistor and current through
it. To achieve this, the transistors are turned on and off at zero voltage (zero voltage
switching) or current (zero current switching) [15], [23]|. This technique greatly reduces
the power dissipated by the transistors during the switching time, while at the same time
eliminating much of the generated high frequency noise.

Figure 2.8 shows the current and voltage waveforms of a hard switched transistor. The
red curve is the voltage across the device and the blue one is the current through it.
It is observed that during transitions, there is an overlap of the current and voltage
waveforms, which will cause power loss due to the non immediate commutation between
the on and off states.

In contrast, Figure 2.9 shows a soft switched device, in which the current is zero during
on-off transitions (zero current switching). This behaviour provides the elimination of
the switching power loss, therefore increasing system efficiency.

There are several methods to achieve ZPA operation. These include proper selection of
the compensation network passive components, and dynamic tuning of circuit parame-
ters, either by varying the switching frequency [16] or tank components [17|. However, it
is preferred to obtain ZPA through appropriate selection of passive components, in order
to avoid complexities involved with dynamic tuning, such as frequency bifurcation where
more than one primary ZPA frequency exists [19].

Conventional approach of deriving required compensation components leads to load de-
pendent ZPA [15]. However, it is shown in [18] that with appropriate design of the tank
network, ZPA operation can be independent on the load.

In this thesis, a method for obtaining load independent ZPA through proper selection
of passive components will be proposed. It will begin with the cancellation of the input
reactance at fixed load, and will then proceed with the establishment of a condition to
obtain ZPA at any given load.

12
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Figure 2.8: Hard switching current and voltage waveforms
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Figure 2.9: Soft switching current and voltage waveforms
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System analysis

2.3.1 Resonance condition

Before starting the ZPA analysis, the resonance condition must be introduced. It has
been stated that the compensation network of Figure 2.7 is a resonant circuit, but the
resonance condition has not yet been explained. For this analysis, the same condition as
in [11] will be considered, which establishes that there is resonance between Cy and the
parallel combination of the L and Lo inductors, at the working frequency. This can be
expressed mathematically as follows:

1
W= — (2.10)
Vv CQLcomb
where w is the angular working frequency and L.omp is the parallel combination of the
inductors:

w=2rf (2.11)
LyLo

L = 2.12

comb Ll —|—L2 ( )

2.3.2 Input reactance cancellation

As explained in Section 2.3, a necessary condition to achieve ZPA operation is that the
compensation network input impedance, Zi,, is purely resistive. Therefore, its imaginary
part (or reactance) must be zero. By doing a standard AC analysis on the linear circuit
of Figure 2.7 (presented in Appendix A), its input reactance is found to be:

R2 wL%
°Li+ L 1
Xy, = (a2 (2.13)
) wlL3 wCh
et L1+ Lo

This expression is formulated to make it evident that the capacitance of the capacitive
interface, C1, can be used to cancel the input reactance. Forcing X;, = 0, and solving
for C1, this compensation capacitor is calculated as:

2
R2+< O"}L% )
© L+ Lo
) = -
) (wLy)
°Ly+ Lo

(2.14)

This equation shows that with proper inductor and capacitor selection, the LCL CPT
system can achieve ZPA operation at a certain load condition R.. It has to be noted that
Cy does not appear in equation (2.14) because it is not a degree of freedom. In fact, it
is designed to make the system resonant at the working frequency, according to (2.10).

14



2.3 Zero phase angle

2.3.3 Load dependent ZPA

As can be seen from (2.14), the necessary Cy to make Xj, equal to zero is dependent on
R.. This means that the proposed design only provides input reactance cancellation for
a specific load condition, i.e. ZPA operation is load dependent. The effect caused by this
load dependence is shown in Figure 2.10, where the current through a transistor of the
inverter is plotted under four different load conditions.

It is seen that only for a specific load (in this particular example the blue curve, for
R. = 89), ZPA condition is achieved. This means that for any load different than the
calculated one, there will not be zero current during commutations, which will cause high
power loss at the inverter, and consequently reduction on the system efficiency.

| | R —60
0.4 o fe=80
) —  R.=100
Re =200
E 0.2 N
N
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< o) |
—0.2+ N
| | | | |
0 0.5 1 1.5 2
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Figure 2.10: Transistor current under load dependent ZPA condition

This undesirable effect is caused by the load dependence of the input reactance. Figure
2.11 shows the phase of the input impedance as a function of frequency for different load
conditions. It is observed that at the working frequency (in this case f = 1 MHz), only
the blue curve has zero input reactance and consequently only for that load (R. = 812),
ZPA operation is achieved.

To obtain ZPA at any given load, either the switching frequency or the compensation
capacitor C7 would need to be dynamically modified. Since it is desired to avoid the
dynamic tuning complexity, a design methodology is proposed in which ZPA operation is
maintained irrespective of load variation, just by proper design of the passive components.
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Figure 2.11: Phase angle under load dependent ZPA condition

2.3.4 Load independent ZPA

To obtain ZPA operation for all loads, a design methodology is proposed. The goal of this
design is to make the compensation capacitor Cj, calculated by (2.14), independent on
the equivalent load R,. If this is accomplished, then load independent ZPA is obtained.
Carefully looking at that equation, it is possible to realize that if the following condition

holds: )
LQ
R? >> <L1w+2LQ> (2.15)

then, neglecting the much lower term in the numerator of (2.14), the R? factor can be
simplified from the numerator and the denominator. Applying this simplification, the
compensation capacitor can now be calculated as:

L1+ Lo
_ 2 2.1
1 AL (2.16)

which is independent on the load.

In this thesis, a term will be considered to be "much greater" than another if it is at
least ten times higher. Therefore, condition (2.15) is assumed to be satisfied if:

wl? 2
R2>10( —2— 217
€= <L1 +L2> ( )

16



2.3 Zero phase angle

If this condition holds, then ZPA operation will be insensitive to load variations.

Figure 2.12 shows the current through a transistor under load independent ZPA condition,
for different loads. It is seen that in this case, soft switching is achieved for all loads,
which guarantees minimization of the switching losses for all working conditions. Taking
a look at the phase of the input impedance as a function of frequency, shown in Figure
2.13, it is verified that at the working frequency of f = 1 MHz, the reactance is zero for
all loads.
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<
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| | | | |
0 0.5 1 1.5 2
t [s] 1076

Figure 2.12: Transistor current under load independent ZPA condition

2.3.5 Minimum load

Analizing condition (2.17), it is observed it is more easily satisfied for larger loads. On
the other hand, for lower loads the opposite happens. In fact, for a given Ly and Lo, there
exists a minimum load for which that condition is no longer satisfied. The minimum load
for which the condition is still valid, is when the term on the left is exactly ten times
higher than the term on the right:

wl? 2
R? . =10 —2— 2.18
e, min (Ll +L2> ( )
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Figure 2.13: Phase angle under load independent ZPA condition

Solving for Remin, the minimum equivalent load for which load independent ZPA is
guaranteed is calculated to be:

2
wls

_— 2.19
L1+ Lo ( )

Re,min = \/ﬁ

Using equation (2.8), the equivalent load R, can be replaced by the output load Ry,
giving the minimum load expressed below.

V10wl

_— 2.20
8 L1+ Lo ( )

RL,min -

The design procedure will take into account this detail, and will guarantee independent
load ZPA operation for loads as low as Rp min- In order to design the system, the
minimum expected load is provided in the specifications (Section 3.1).

Now that ZPA operation has been studied in detail, the circuit of Figure 2.7 can be
analyzed. This analysis will be made taking into consideration the resonance condition
of (2.10) and the load independent ZPA condition, expressed in (2.17).

18



2.4 Circuit analysis

2.4 Circuit analysis

In this section, the equations that rule the CPT system with LCL compensator will be
presented. The analysis will begin with the simplified linear circuit of Figure 2.7, and
will then proceed with the complete system that includes the inverter and rectifier of
Figure 2.4. The results obtained based on these equations will be validated in Section
3.3, where simulations results using software LTspice are presented.

2.4.1 Simplified circuit analysis

The simplified equivalent circuit of Figure 2.7 is, for clarity, shown again below. This is a
simple linear circuit, which can be studied using standard AC analysis. The mathematical
derivations are made in Appendix B, and here only the general procedure and final results
are shown.

Ly
75000\

Cy
i e
I

Vin @ —_ (s ;Re VRe

Figure 2.14: Simplified LCL compensation circuit

In order to obtain quantities such as currents and voltages, first the input impedance
must be calculated. This impedance, Zj,, is expressed in cartesian form as follows:

Zin = Rin + j Xin (2.21)

According to what was explained in Section 2.3.2, if the compensation capacitor C; is
calculated to achieve ZPA (as expressed in (2.14)), then the input reactance is zero.
Consequently, the input impedance is purely resistive and can be calculated as follows
(according to Appendix B):

((J‘}Lcomb)2
R

Since this system is studied under the first harmonic approximation, all current and volt-
age waveforms are considered to be sinusoids ringing at the resonant frequency. There-
fore, the circuit analysis can be done using current and voltage phasors. These quantities,

Zin = (2.22)
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shown below, are verified by simulations in Section 3.3.

R
It =Vin———— 2.2
H K (WLcomb)2 ( 3)
1
Ity = Vig—— 2.24
k2 WLcomb ( )
R
Vi e — Vvin 2.25
R WLcomb ( )

As can be seen in (2.24), the current through Lo, which is the unrectified output current,
is independent of the load. This means that under the ZPA and resonance conditions
considered, this CPT system behaves as an ideal current source. This fact will be
studied with more details when analyzing the frequency behaviour on Section 3.4.

Equations (2.23) to (2.25) are useful to understand the circuit operation, but do not
provide a complete picture since they are not expressed as a function of the output
parameters Vpc and Ry;. To get rid of the intermediate quantities Vi, and R, the
complete circuit has to be analized.

2.4.2 Complete circuit analysis

To study the system including the inverter and rectifier, the circuit of Figure 2.4 is shown
below for clarity. This non linear system will be studied starting from its simplified
analysis (made on the previous section), and considering the simplifications on the non
linear blocks explained in Section 2.2.

I J E Cint1 1%

L1 ¢ L2
JEe I I )
— Vic Via m— e — § R, | Vo
Cint2
|
|

Figure 2.15: Complete circuit
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2.4 Circuit analysis

To obtain equations (2.23) to (2.25) as a function of Vpc and Ry, instead of Vi, and R,
the following relationships (developed in Section 2.2) are considered:

2

Vin = —Vbc (2.26)
T
8

Re == ﬁRL (227)

Using these relationships, now the circuit quantities can be expressed as shown below.

16VDC Ry,
Iy = 2.28
b w3 (WLcomb)2 ( )
2Vpe 1
Iro = 2.29
L2 m WLcomb ( )

Since the system under study is an ideal current source, it is important to express the
output current as a function of circuit parameters. Applying (2.5) to (2.29), the rectified
output current is expressed below.

4Vpe 1
I = 2.30
? w2 WLcomb ( )
The output voltage V,, is obtained by multiplying this current with the load:
4Vpe Ry
V, = 2.31
? w2 wLcomb ( )
Finally, the output power is calculated as the product between I, and V:
16V3 R
p,— —-DC L (2.32)

4 (WLcomb)2

2.4.3 Equation summary

To conclude this chapter, a table that summarizes the most important results is presented.
These equations will be used when designing the system, which will be the topic of
Chapter 3.
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Quantity Equation Description
2./10 2
R1, min V10wl minimum load for ZPA operation
8 L1+ Lo
Ch M compensation capacitor
(wL1)2
Cy % resonance capacitor
W= Leomb
I, 16Vbe Rr current through Iy
m3 (WLcomb)2
Irs 2o 1 current through Lo
T wlcomb
1, Voo 1 load independent output current
72 WLcomb
Vs 4Vpc _ Ry output voltage
w2 WLcomb
2
P, 16Vc Ry output power
i (WLcomb)2

Table 2.1: Equation summary
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Chapter 3

System design

The objective of this chapter is to establish a design procedure to calculate the passive
components of the CPT system, according to some specifications. Then, circuit simula-
tions using software LTspice will be performed. These simulations will allow to verify the
theoretical analysis of Chapter 2 and to study the frequency behaviour of the system.

3.1 Input specifications

To be able to design the system, a list of specifications must be provided. These specifi-
cations often consist on input data (like input voltage and working frequency) and output
requirements (like output power/voltage).

For the present design, the specifications proposed in Table 3.1 will be considered. The
rectified voltage of the electric grid is taken as the input voltage, and the system is
expected to deliver 40 W of power at a nominal load of 10 2.

Since the CPT system with LCL compensator is a current source, it makes sense to
express the output requirements in terms of current rather than power. To do this, the
relationship between power delivered to a resistive load and its current is exploited:

I= /-2 (3.1)

Applying this equation, the required output current is found to be:
I, =2A (3.2)
As mentioned in Section 2.3.5, it is necessary to provide information about the minimum

expected load, since the system will only guarantee ZPA operation up to this Ry, min.
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Parameter Value Description

the input voltage is the rectified voltage of the

Voo 310V electric grid

f 1 MHz working frequency
P, 40W output power

Ry, 100 nominal load

Ry, min 5Q minimum load

Table 3.1: Specifications

3.2 Design procedure

The objective of this section is to develop a design procedure in order to easily calculate
the values of the inductors and capacitors of the compensation network. These compo-
nents will be calculated according to the specifications proposed in Table 3.1, and the
goal is to make the CPT system of Figure 2.4 achieve the following:

e Deliver the expected output current I,
e Provide ZPA operation for loads as low as the minimum expected Ry, min, and
e Resonate at the working frequency f.

The LCL CPT system is shown on Figure 3.1, where in this case C is the equivalent
capacitance of the capacitive interface, expressed in (2.9).

The design procedure will be developed considering a simplified version of the equations
that rule the system behaviour, grouped together on Table 2.1. From that table, it can
be observed that once the L; and Ly inductors are fixed, the two capacitors are also
fixed. This means that neither of the two capacitors is a degree of freedom. In fact, they
are used to accomplish the following tasks:

e (1: Used to cancel the input reactance, providing ZPA operation.
e (y: Used to make the system resonate at the working frequency.

Therefore, L1 and Lo remain as the only degrees of freedom of the system. The equations
to find their values will be developed next.
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3.2 Design procedure

Lo

— Vic m—re p— § .

—_— |

Figure 3.1: CPT system with LCL compensator

3.2.1 Simplification of circuit equations

In order to obtain simple equations for the inductor calculations, the following approx-
imation is considered: Lq is assumed to be much bigger than Lo. According to Section
2.3.4, this condition will be considered to be true if L; is at least ten times bigger than
LQ:

Ly >> Lo (3.3)
Ly > 10Lo

If this condition holds, then the parallel combination of these two inductors (which clearly
depends on the value of both components), can be approximated to be just the smaller
one. This is deduced by neglecting the much smaller term in the denominator of the
parallel inductor configuration, as shown below.

L1Lo
L = — 3.5
comb Ll —|—L2 ( )
Lcomb ~ L2 (36>

Equation (2.30) is used to calculate the output current. It can be seen that it depends
on the parallel combination of the inductors Lcomp, which under the (3.6) approximation
is assumed to be just Ls. This allows the output current to be just dependent on that
inductor, obtaining the following approximated expression:

4 Voe

3.7
7'('2 OJLQ ( )

o —
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Another equation that will be simplified is Equation (2.20), which expresses the minimum
load for which ZPA operation is guaranteed. Neglecting the much smaller Lo in its
denominator, the following expression for calculating the minimum load is obtained:

210 w3
8 Iy

RL,min = (38)
It should be emphasized that these simplified equations are only valid if L is at least
ten times bigger than Lo. In the case that the calculated values of L; and Ly do not
meet this condition, then L; will be increased until a point where it is satisfied (in other
words, until L; = 10Ly). This will be explained in detail in Chapter 5.

3.2.2 Design steps

All the equations necessary to calculate the passive components have been developed.
Next, a design procedure is presented in which these equations have been ordered, to be
able to design the compensation circuit in a series of simple steps.

1. Calculate Lo to obtain the required output current:

Solving (3.7) for Lo, the necessary inductance to provide the expected output cur-
rent is shown below.

4 Vpc

Ly= —
2 w2 wl,

(3.9)

2. Calculate Ly to guarantee ZPA condition until Ry, min:

Solving (3.8) for L, the following is obtained:

_ V10 wL3

Ly
8 RL,min

(3.10)

3. Calculate C to compensate the input reactance:

The compensation capacitor is calculated by equation (2.16):

L1+ Lo
= — 11
1 (W) (3.11)

4. Calculate Co to make the system resonate at the working frequency:

Applying the resonance condition (2.10),

1

Cy=—
WZLcomb

(3.12)
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3.2.3 Component calculation

Applying these design steps to the specifications proposed in Table 3.1, the passive com-
ponents of Figure 3.1 can be calculated. Their values are shown in Table 3.2.

Component Value
Ly 490 pH
L2 10 IlH
Ch 53 pF
Cy 2.54nF

Table 3.2: Passive component values

Since C is not an actual component but the equivalent capacitance of two series capac-
itors Cipg1 and Cinte, the values of the actual interface capacitors must be calculated.
Assuming that these two components are equal, and applying (2.9), it is found that:

Cint1 = Cint2 = 106 pF (3.13)

To verify the theoretical results, simulations using software LTspice will be performed.
The results of these simulations are presented in the following section.

3.3 Simulations

The circuit to be simulated is shown in Figure 3.2. All components (inductors, capacitors,
transistors and diodes) are assumed to be ideal.

To verify the theoretical analysis of Chapter 2, the circuit quantities (such as currents and
voltages) calculated using equations of Table 2.1, will be compared with the simulated
ones. This comparison is shown on Table 3.3, and it is observed that the calculated
values match the simulated ones with good accuracy. In fact, the calculated quantities
are within less than 4% of the simulated ones. This verifies the theoretical derivations,
even with the approximation considered on Section 3.2.1.

For the approximated equations developed in Section 3.2.1 to be valid, L1 needs to be at
least ten times greater than Ls. With the calculated components this condition is met.
In fact, for this design:

Ly =49L, (3.14)
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490 pH K 10 pH
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Figure 3.2: CPT system with component values

Quantity Calculated Simulated

I, 2.04A 2A
I 0.42 A 0.44 A
Irs 3.2A 3.19A
Vs 204V 20V
P, 41.6 W 40W

Table 3.3: Calculation vs Simulation at nominal load

3.3.1 ZPA operation

As explained in Section 2.3, ZPA operation is a very important condition that allows,
among other things, to improve the system efficiency. Since the design procedure was
developed to guarantee ZPA operation for loads as low as Ry, min, it is important to check
whether this condition is met or not.

To verify this operation, the current through a MOSFET under different load conditions
is shown on Figure 3.3. For large loads (red and yellow curves), almost zero current is
present during commutations, which means that the system works under ZPA operation
for those loads. On the other hand, for lower loads (green and blue curves) there is
a somewhat significant current at commutations. This is not surprising, since it was
demonstrated mathematically that ZPA operation is more easily satisfied for larger loads
in Section 2.3.5.
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Figure 3.3: Transistor current under different loads

By looking at Figure 3.3, it can be seen that the peak current during the conduction state
increases with load increments. This rise, along with the reduction in the instantaneous
current during commutations, causes the relative effect of switching losses to be negligible
for large loads.

To understand this last statement, it is necessary to introduce the various causes of
dissipation in power MOSFETs. This topic will be discussed in detail in Section 4.2.3,
when analyzing MOSFET losses. At this point, the two main causes of power loss in
these transistors are briefly explained:

e Conduction loss: It is caused by the power dissipation on the intrinsic parasitic
resistance of the device. It depends on the RMS current flowing through it, and
therefore on the peak current during the conduction period.

e Switching loss: It is caused by the non-immediate commutation between on and
off states, which produces a simultaneous presence of current and voltage across
the device, and consequently power dissipation. It depends on the instantaneous
current (and voltage) at commutations.

To obtain a more clear visualization of the instantaneous current at the switching time, a
zoomed-in plot of Figure 3.3 is provided on Figure 3.4. From this graph, the exact values
of the current at the on-off transition, for different load conditions, can be extracted.
These values are used to quantitatively analyze the system behaviour.
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Figure 3.4: Zoomed-in current during on-off transition

In Table 3.4, a quantitave analysis of this discussion is presented. It shows the peak
current during the on state, Ineak, the instantaneous current at commutations, lcomm,
and the ratio between these two values; for different load conditions.

According to this table, for increasing loads there is a reduction in the ratio of Icomm Vs
Ieak, which means that the relative importance of the switching loss decreases, until a
point where it is negligible. For the minimum expected load of 52 the ratio is around
13%, while for 10 Q2 load, this value goes down to 3%.

This analysis verifies that the system can be assumed to work under ZPA operation for
loads greater than 5€). Therefore, switching loss is almost zero and the system efficiency
is significantly improved.

Ry Ipeak Tcomm Ratio
2Q 113mA 42mA 3%
5Q 223 mA 29 mA 13%
100 430 mA 13mA 3%
150 635 mA 5mA <1%

Table 3.4: Current comparison for different loads
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3.3.2 Comnsiderations

e According to Equation (3.10), it can be observed that the current through the L;
inductor increases linearly with load increments. This behaviour will produce a
practical limitation on the maximum allowable load, since only up to a certain
maximum current can flow through a real inductor. This limitation and its conse-
quences will be studied in Chapter 5.

e Another important detail is related to the voltage stress of the components. Due to
the high input voltage (Vpc = 310V), very high voltages appear across the passive
components of the compensation circuit, which are reported in Table 3.5. In order
to reduce these very high voltage stresses, the input voltage has to be reduced. The
results of this modification will also be analyzed in Chapter 5.

Component Voltage stress
Ly 1.3kV
Lo 200V
Cint1, Cint2 650 V
Cy 200V

Table 3.5: Voltage stresses of passive components

3.4 Frequency behaviour

In this section, the frequency characteristics of the system will be analized, using software
LTspice. To perform this analysis, the designed circuit of Figure 3.2 will be considered.
Since this network has many reactive components, it has many resonances, i.e. it is a
multiresonant circuit. The objective of this analysis is to study the output characteristics
of each resonance point [20], [21].

In battery charging applications, load independent Constant Current (CC) and Constant
Voltage (CV) output characteristics are necessary. This is because over the full range
of the battery charge, the battery pack equivalent resistance varies in a wide range, and
CC/CV charging profiles are desirable to ensure safety, durability, and performance of
the battery [22].

On the other hand, as explained in Section 2.3, ZPA operation can minimize the apparent
power required and enhance the power transfer capability. Besides, it makes it possible to
achieve ZCS on the MOSFETS of the inverter, improving the system efficiency. Therefore,
both CC and CV output characteristics with input ZPA are desirable for battery charging
applications.
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Since the resonances only depend on the passive components of the compensation circuit,
instead of the complete circuit of Figure 3.2, a simplified version will be considered for
the simulations. This equivalent circuit is made considering the simplifications explained
in Section 2.2 and summarized below.

e Inverter: Approximated as a sine wave generator.
e Rectifier: Represented with its equivalent resitance R..
e Capacitive interface: Just considering its equivalent capacitance Cf.

Using these simplifications, the circuit of Figure 3.2 is transformed into the one of Figure
3.5. The following analysis will consist on the study of the resonance points of this circuit,
to learn at which frequencies it works under CC or CV modes of operation. Besides, the
simulation will allow to verify if ZPA condition is achieved at these resonance frequencies.

Ly “ Loy
L) | )
490 uH N 10 pH
53 pF

X/in@ 2.54nF — (% 0.81R;,

Figure 3.5: Equivalent circuit with component values

3.4.1 Constant current

To analize the output characteristics of the circuit of Figure 3.5 in terms of current, the
output current is plotted as a function of frequency, for different load conditions. The
simulation results of the output current are shown on Figure 3.6.

It is observed that there is a point in which all the curves have the same value. This
is the constant current frequency, since the output current is always at the same value,
independent on the load. This point is found to be at f = 1 MHz which, according to
Table 3.1, is the working frequency. This means that the designed system works as a
current source, a conclusion already drawn in Section 2.4.1.

The resonance condition under which the system works under CC mode of operation, is
consequently the same as the one explained in Section 2.3.1. To recall, this behaviour
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Figure 3.6: Output current as a function of frequency for different loads

occurs at the frequency in which the Cy capacitor resonates with the parallel combination
of the L; and Lo inductors. This condition is expressed mathematically as follows:
1

[ — 3.15
“ \% Lcombc2 ( )

where Leomp is the parallel combination of the inductors:

1L
Lcomb = Ll 1+ 22 (316)

3.4.2 Constant voltage

To analize the output characteristics in terms of voltage, now the output voltage of Figure
3.5 is plotted as a function of frequency, for different load conditions. These results are
shown on Figure 3.7.

In this case, it can be seen that there are two points at which all the curves have the
same value. This means that there are two frequencies where the output voltage is
independent on the load, i.e, there are two frequency points at which the system behaves
as an ideal voltage source. These frequencies, according to Figure 3.7, are approximately
fCV71 = 0.92 MHz and fovg = 1.07 MHz.
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Figure 3.7: Output voltage as a function of frequency for different loads

To explain the resonance condition under which the system behaves as a voltage source,
the L inductor is divided into two series inductors, as shown in Figure 3.8. This is done
to graphically indicate that a "part" of L; (indicated as Li,) resonates with Cy, and the
rest of it (L) resonates with Ly and Cs. In fact, CV mode of operation occurs when
there is a simultaneous resonance between:

e [, and C1, expressed mathematically as:

1
R — 3.17
“ Vv Llacl ( )

e and Cy with the parallel combination of Ly, and Lo, expressed as:

1
R (3.18)
(L1p || L2)Co

These two resonances coincide if wq is equal to ws:

w1 = W2 (3.19)
1 1

VL.Cr /(L || L2)Ca

(3.20)
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Knowing that L1 = L1, + L1, and solving the previous expression for L1,, the following
equation can be found:

C C
L2 — L (Li+ Ly (14 22) )+ LiLy =2 =0 (3.21)

Cy Cy
This quadratic equation means that there are two values of Lj, for which (3.20) is
satisfied. Therefore, there must be two constant voltage frequencies, which is consistent

with what is observed in Figure 3.7.

Solving the quadratic equation by classical means, the two values of L, that make the
resonances (3.17) and (3.18) happen simultaneously are found:

Lia, = 420 pH (3.22)
Lia, = 560 n1H '

Replacing these values in (3.17), the constant voltage frequencies are calculated to be:

{ fova = 1.066 MHz

3.23
fova = 0.923 MHz, (3.23)

L, ! Ly Lo
) || T T
N 10 pH
53 pF

Vin @ 254nF T (s 0.81Rg,

Figure 3.8: Equivalent circuit to illustrate CV points

3.4.3 ZPA

Finally, the phase of the input impedance is plotted in Figure 3.9. The goal is to observe
at which points it is zero and consequently ZPA operation is achieved.

It is seen that only at the CC frequency (f =1 MHz), the phase of the input impedance is
zero for all load conditions. This means that this topology can only be used as a current
source, since the CV outputs do not provide ZPA operation. To obtain a CV output
characteristic with ZPA operation, a variable frequency control can be applied [23].
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Figure 3.9: Phase of the input impedance as a function of frequency for different loads
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Chapter 4

System efficiency

This chapter is devoted to analyzing the system efficiency. To calculate this important
measure, first actual components from manufacturers are selected. Then, losses on each
one of them are analyzed and the efficiency at nominal load is calculated. Finally,
the relationship between efficiency and output quantities (load and output voltage) is
expressed mathematically and graphically in the form of efficiency curves.

4.1 Component selection

In order to calculate the system efficiency, losses on every component must be studied
and quantified. This means that real inductors, capacitors, MOSFETs and diodes must
be selected. Identifying components that meet the requirements of this application is a
critical step in the designing of this CPT system, whose overall performance is greatly
determined by these choices. The performance characteristics of these components are
provided by manufacturers in product datasheets, which will be the most useful resource
to predict the component behaviour.

4.1.1 Normalization of passive components

The first step in selecting actual components is to normalize the values of Table 3.2. This
is done by repeating the design steps presented in Section 3.2.2, but now normalizing
these components at each step:

1. Lo was calculated to be 10 pH, which is already a normalized value.

2. L1 needs to be at least 490 uH, which is not a normalized value. In this design, this
inductor is normalized to L; = 680 uH. This increment does not modify system
performance; it just provides ZPA operation for lower loads.
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3. With this different value of Ly, now C; is calculted to be 37.8 pF. According to
Section 2.2.3, this capacitor is not an actual component but the series combination

of two capacitors:

Cint1 = Cint2 = 75.6 pF (4.1)

which are normalized to 75 pF.

4. Again due to the variation of Li, C5 is now calculated to be 2.57nF. Its closest
normalized value is 2.7nF, which due to the narrow band operation of resonant
circuits, is way too far. To make this capacitance as close to the calculated one as
possible, the proposed solution is to use two series capacitors of 5.1nF each. In
this way, the equivalent capacitance is 2.55nF, a pretty accurate value.

Component

Value

Ly
Lo

Cint1—2
CZa—b

680 pH
10 pH
75 pF
5.1 nF

Table 4.1: Normalized passive components

The normalized component values are shown in Table 4.1.

Using these components,

circuit quantities will be sligthly different than before (reported on Table 3.3). These
new quantities, obtained by LTspice simulations of Figure 4.1, are shown on Table 4.2.

Quantity

Simulated

2A
0.41A
3.15A
20V
40W

Table 4.2: Simulation results with normalized components

Now that all passive components are normalized and their working operation in terms of
voltage and current are obtained by simulations, it is possible to select real components
from manufacturers. For all cases, it is important to remember the following:

e All current and voltage waveforms are sinusoidal (FHA).

e All sinusoids ring at the resonance frequency f = 1 MHz.



4.1 Component selection

680 nH 75| IiF 10 pH
—_—5.1nF

— 310V — §1OQ
75pF ——5.1nF
| |
|

—_— |

Figure 4.1: CPT system with normalized passive components

4.1.2 Inductor selection

In this thesis, all inductors used are from Coilcraft, specifically from the DO5040H series.
This family of inductors is characterized by its high saturation current ratings and low
DCR.

Inductor L,

In Table 4.3, the working condition of L; is reported, where I1; and Vi are peak values
of sinusoidal waves ringing at the working frequency f. According to these current,
voltage and frequency requirements, an appropriate component is selected, whose main
characteristics are presented in its datasheet and summarized in Table 4.4.

As can be seen, the component characteristics regarding current ratings and working
frequency make the selected part a feasible solution. However, the voltage stress might
be too high and damage this inductor. Even though this limitation is not specified in
the datasheet, this high voltage might be critical and make the complete system fail.
Nevertheless, since the purpose of the present chapter is to study the efficiency, this
problem is neglected for now. In chapter 5 this limitation is studied and a way to reduce
the voltage stress is proposed.
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Parameter Value Parameter Value

L4 680 nH P/N D05040H-684

Ir1 041 A Tsat 2A

Vi 1.75kV T 1.1A

f 1 MHz SRF 1.6 MHz
Table 4.3: Working conditions of L; Table 4.4: Part characteristics

Inductor Lo

The current and voltage working conditions of Lo and the selected part characteristics
are shown on Table 4.5 and Table 4.6 respectively. In this case, both current and voltage
stress are well handled by the selected part.

Parameter Value Parameter Value
Lo 10 pH P/N D05040H-103
I 3.15A Loat 17.8 A
Vio 200V Tims 8.6 A
f 1 MHz SRF 22 MHz
Table 4.5: Working conditions of Lo Table 4.6: Part characteristics

4.1.3 Capacitor selection

Due to the frequency and voltage requirements of this application, the selected capacitors
are multilayer ceramic capacitors (MLCC). This technology provides very low equivalent
series resistance (ESR) and ultra high self-resonance.

Capacitor

On Table 4.7 is reported the working condition of a single capacitor of the capacitive
interface (Cint1 — Cint2). According to these requirements, a capacitor from Vishay is
selected, whose main characteristics are shown on Table 4.8, according to its datasheet.

40



4.1 Component selection

Parameter Value
Parameter Value

Chir_ 75 pF

int1—2 p P/N VJ1111D750JXRAJ
Icint1—2 0.41A
” . Vinax L5kV

Cint1—2 . DF 0.05%
f 1 MHz

. o Table 4.8: Part characteristics
Table 4.7: Working conditions of Cint1—o

Capacitor Cy

Similarly, the working condition of the series capacitors Csy, — Coy, is shown on Table 4.9.
The selected part (from Kemet) main characteristics are obtained from its datasheet,
and reported on Table 4.10.

Parameter Value
Parameter Value
Coap 5.1 nF
P/N C0805C512MAGACAUTO
Icoat 3.2A
Ve 100V Vinax 200V
¢2a-b DF 0.1%
f 1 MHz

) . Table 4.10: Part characteristics
Table 4.9: Working conditions of Ca,_},

4.1.4 Power MOSFET selection

Due to the high switching frequency and voltage ratings of the inverter, the switches are
made with Power MOSFETs. The working conditions of these transistors are shown in
Table 4.11. According to these requirements, the selected device is from STmicroelec-
tronics, and its main characteristics (presented in its datasheet) are reported in Table
4.12.

4.1.5 Diode selection

Lastly, the diodes of the rectifier must be selected. Since the working frequency is 1 MHz,
these will be Schottky diodes. The working conditions on a single diode are reported
in Table 4.13, according to which a component of STmicroelectronics is selected, whose
main characteristics are reported in Table 4.14.
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Parameter Value

Vinax 310V

Tnax 0.41 A

f 1 MHz
Table 4.11: Working conditions of the MOS-

FETs

Parameter Value

Ip av 1A

I e 3.15A

‘/inv,max 20V

f 1 MHz

Table 4.13: Working conditions of the diodes

4.1.6 Component summary

Parameter Value

P/N STD5NK40Z-1
Wl e 400V

Tgs max 2A

Rs hot 40

trise 6 ns

tean 11ns

Vaa 1.6V

Qg 11.7nC

Table 4.12: Part characteristics

Parameter Value

P/N STPS2H100ZFY
Iav,max 2A

‘/inVJnax 100V

Vi 0.65V

Table 4.14: Part characteristics

To conclude this section, a summary of the selected components is presented in Table

4.15.
Component Part number Manufacturer
Ly D05040H-684 Coilcraft
Lo D05040H-103 Coilcraft
Cint1—2 VJ1111D750JXRAJ Vishay
Coa_tp, CO805CH12MAGACAUTO Kemet
MOSFETs STD5NK40Z-1 STmicroelectronics
Diodes STPS2H100ZFY STmicroelectronics

Table 4.15: Component summary
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4.2 Loss calculation

4.2 Loss calculation

Now that all components have been selected, the next step to obtain the system efficiency
is to calculate the power dissipated by each one of them. Each component dissipates
power in a different way, and the goal of this section is to study and quantify all of them.

4.2.1 Inductor loss

Power inductors are passive components made by an insulated wire wound into a coil,
with a magnetic core made of iron or ferrite inside. Power dissipation of these components
come in a few ways [24]:

e DC winding loss: Power dissipation on the DC resistance of the winding (DCR).

e AC winding loss: Power dissipation due to the increased winding resistance at
higher frequency, caused by skin effect and proximity effect.

e Core loss: Power loss on the magnetic core. This contribution, difficult to pre-
dict, depends on several factors, such as peak-peak ripple current, ripple current
frequency, core material, core size, and turn count.

DC winding loss is simple to calculate:
Ppc = If 1,sDCR (4.2)

By contrast, accurate AC winding and core loss are complicated to estimate, since they
depend on proprietary design information, such as core material and number of turns.

Therefore, to predict the total loss in the inductors and not just the DC loss, an online
tool will be used [25]. This Power Inductor Finder and Analizer tool, from Coilcraft
website, is based on actual device measurements under different working conditions.
Entering the information of required inductance, frequency and current ratings for a
certain application, the tool provides the total inductor loss at these conditions.

To obtain the losses of the selected inductors for this application, the data of Table 4.3
(for Ly) and Table 4.5 (for L9) is entered into the online tool. The results are shown in
Figure 4.2, where at the top there is the L loss, and at the bottom the one of Ls.

It has to be mentioned that these predicted losses are estimated under the assumption
that the current waveform is triangular. This is not the case of the present design, in
which the currents are sinusoidal. Due to the higher harmonic content and rms value of
the sinusoidal waveform with respect to the triangular one, higher power loss is expected
for the former. However, since there is no easy way to calculate this difference, and the
objective of this analysis is simply to obtain an estimate, this fact will be neglected.
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I Core + AC winding loss DCR typ. loss
B Farttemps

N _ 1404 mw
DO5040H-684 0170
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E-:' u D D'\_r B1=G

Figure 4.2: Total power loss of L1 and Lo
4.2.2 Capacitor loss

Power loss of ceramic capacitors can be modelled simply using a single parameter, the
ESR (Equivalent Series Resistance), which is the sum of the ohmic losses of the dielec-
tric and the materials used in the construction of the capacitor [26]. Then, the power
dissipated by a capacitor is calculated by multiplying the ESR with the square of the
rms current flowing through it:

P.loss,C = I%yrmSESR (43)

Usually, datasheets do not provide directly the ESR. Instead, a similar parameter is
provided: the dissipation factor, DF (also called loss angle). This parameter is defined
as the ratio of the ESR and the capacitive reactance, which is expressed as follows:

ESR
DF = 4.4
T (44)
where X, is the capacitive reactance, whose magnitude is:
1
X.=— 4.5
©wC (45)

According to this, losses in the capacitors of the system are reported in Table 4.16. The
rms currents are obtained by mathematical circuit analysis and verified by simulations.
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Cint1-2 Caa—b
Capacitance 75 pF 5.1nF
DF 0.05% 0.1%
ESR 1.06 Q 31 mS2
I e 0.29 A 2.25 A
P, 90 mW 150 mW

Table 4.16: Capacitor loss

4.2.3 MOSFET loss

Power MOSFETs are semiconductor devices designed to handle significant power levels
while working at high switching frequency. These devices dissipate power in the form of
many different factors [27]:

e Conduction loss.
e Switching loss.
e Dead time loss.
e Gate charge loss.

All these contributions will be explained and quantified in the following subsections. To
calculate them, it is necessary to observe both the current and voltage waveforms across
the transistor, shown in Figure 4.3.

Some power loss contributions depend on rms current, while others depend on the in-
stantaneous current and voltage at turn-on and turn-off transitions. If ZCS is achieved,
the latter contributions (which are switching loss and dead time loss) are zero. However,
as can be seen in Figure 4.3, ZCS is not completlely achieved since a small amount of
current is present at the instant of commutations. Due to this current, which is estimated
to be 20mA, these two power loss contributions are greater than zero.

Conduction loss

Conduction loss is caused by the on-state drain to source resistance, which produces
power dissipation due to the flow of current through it. This loss contribution is calcu-
lated as follows:

Pcond = Ifmsts,on (46>
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Figure 4.3: Current and voltage waveforms of MOSFETSs

where I is the rms current flowing through the transistor and Rgson is the on-
resistance, provided in datasheets. This parasitic resistance is dependent on the junction
temperature, that depends in the flow of current. At zero current, the on-resistance is
at its minimum, known as "cold" resistance. But if there is some current flow, this resis-
tance increases its value, and under this condition it is known as "hot" resistance. This
last value is the one that must be considered for calculating the conduction loss, which
can be obtained by curves provided in datasheets and shown in Table 4.12.

Calculating the rms value of the half sinusoidal current through the transistor, shown in
Figure 4.3, the conduction loss is found to be:

Poond = 160mW (4.7)

Switching loss

Switching losses occur due to simultaneous presence of drain-source voltage and drain
current during each transient from turn-off state into turn-on state and viceversa. This
loss depends on the instantaneous current and voltage at the moment of the commuta-
tions, and on the time that takes the device to turn-on and turn-off. These times depend
on parasitics of each device, and estimated values are reported in datasheets, and shown
in Table 4.12.
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To calculate this power loss, the following formula is used:

1
Psw = §VDCIcomm (trise + tfall)f (48)

where I.omm is the instantaneous current at the instant of commutations, which accord-
ing to Figure 4.3, is approximately 20mA. Applying the previous equation, this loss
contribution is approximately:

Py = 50mW (4.9)

Dead time loss

If both the high-side MOSFET and low-side MOSFET are in conduction mode simulta-
neously, a short-circuit occurs between the voltage source and ground, and a very large
current spike is generated. To prevent this, the dead time is set to turn OFF both MOS-
FETs. During this time, there is a flow of current due to the L; series inductor, which
flows to the low-side MOSFET body diode, causing power dissipation in this diode. This
power loss can be calculated as follows:

Py, = Vsdlcommtdeadf (4-10)

where Vyq is the forward voltage drop across the body diode, which is provided in
datasheets and shown in Table 4.12. The dead time is a value selected by the designer,
in this case 30ns. With these values, the dead time power loss is calculated to be:

Py < 1mW (4.11)

Since this contribution is so small, it will be neglected.

Gate charge loss

Gate charge power loss is caused by the energy required to charge the parasitic input
capacitances present in the device. It depends on the total gate charge needed to rise
the Vg5 voltage up to a certain threshold, in this analysis set to 10 V. The total charge,
(g, is a parameter specified in datasheets and shown in Table 4.12.

This power loss contribution is calculated according to the following equation:

ch = vangf (4'12)
Pye = 120mW (4.13)

Total MOSFET loss

The total power dissipated by a MOSFET is calculated by summing all its contributions.
This is reported in Table 4.17.
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Contribution Value
P.ona 160 mW
Py 50 mW
Py >1mW
e 120 mW
Piot,M0s 330 mW

Table 4.17: Total loss of a MOSFET

4.2.4 Diode loss

Power loss on Schottky power diodes comes in the form of two factors:
e Conduction loss.
e Reverse loss.

These two contributions will be explained and quantified in the following subsections. In

order to calculate them, the voltage and current waveforms across a diode are shown in
Figure 4.4.

[ T I
11—
20 —Ip || 3
15 |
— 12
~. 10 =<
AN L
11
5 |
0t <10
| | | | |
0 0.5 1 1.5 2
t [s] 1076

Figure 4.4: Current and voltage waveforms of a diode
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Conduction loss

Conduction loss in a diode appears when it is in forward conduction mode, due to the
on-state forward voltage drop (V). This loss is the average dissipated power in the diode
during the conduction phase. To perform a precise analysis of these losses, considering
diode parameters as a function of the junction temperature, one can refer to [28|. In this
analysis, a simplified formula provided in the selected part datasheet is used:

Peona = 0.57Ip av + 0.06513 .6 (4.14)

where Ip oy and Ip ms are the average and rms currents through the diode respectively,
which can be obtained by Figure 4.4:

ID,aV =1A (415)
Ipsms = 158 A (4.16)

Applying these values to (4.14), the conduction loss is calculated to be:

Prona = 730 mW (4.17)

Reverse losses

Reverse losses in a diode are the result of a reverse bias applied on the diode, which
produces a leakage current I e, [29]. The leakage current is an intrinsic parameter of
the diode, which is provided in datasheets as a curve versus the reverse voltage and
the junction temperature. This power loss contribution is calculated using the following
equation:

Prev — ‘/revlrev (418)

According to the datasheet, the reverse leakage current at 20V reverse voltage is around
3mA. With these values, the reverse loss is calculated as:

Piey = 60mW (4.19)

Total diode loss

The total loss in each diode is given by the sum of the conduction and reverse losses:

—Ptot,D = Pcond + Prev (420>
Piot.p = 790mW (4.21)
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4.2.5 Total system loss

To conclude this section, the total system loss will be calculated by summing the losses
on each device. This calculation is shown on Table 4.18.

Component Unit loss Quantity Total
Ly 1404 mW 1 1404 mW
Lo 1080 mW 1 1080 mW
Cint1—2 90 mW 2 180 mW
Coa_t 150 mW 2 300 mW
MOSFET 330 mW 2 660 mW
Diode 790 mW 4 3160 mW
Total 6784 mW

Table 4.18: Total loss

4.3 Efficiency calculation

Now that all losses have been studied and quantified, the system efficiency can be calcu-
lated. First, it will be calculated at nominal load condition, so considering the losses of
Table 4.18. Then, by making some approximations, the efficiency will be expressed as a
function of the load and the output voltage.

4.3.1 Efficiency at nominal load

The efficiency of a system is defined as useful output power divided by total power
consumed:

= — 4.22
n=p (4.22)
In an ideal lossless system, this ratio is 1 and the efficiency is consequently 100%. How-
ever, since real components have losses, the efficiency in practical applications is always
lower.

A fraction of the power consumed is transformed into useful output power, and the rest
of it is dissipated as heat. Therefore, equation (4.22) can be expressed as:

Py

= > 4.23
Po + PL,tot ( )

n
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4.3 Efficiency calculation

O L; - 20.6%
WL - 15.9%
W Ciy - 2.65%
WC,-4.4%

O Inverter - 9.73%
B Rectifier - 46.6%

Figure 4.5: Power loss distribution among circuit components

where P, i1 is the total loss of the system, shown in Table 4.18. According to this result
and the output power shown in Table 4.2, the efficiency is calculated as:

40 W

T IOW +6.78W
1 = 0.855 (4.25)

(4.24)

The CPT system of Figure 4.1 is expected to have an 85.5% efficiency when working
at nominal load. To visualize the relative importance of the many loss contributions, a
pie chart is presented in Figure 4.5. It can be seen that the most relevant factor is the
rectifier, which constitutes almost 47% of the total loss.

4.3.2 Efficiency as a function of the load

Since in battery charging applications the load is expected to vary, it is useful to study the
behaviour of the efficiency for different load conditions. This is why curves of efficiency
versus output load will be developed, considering losses on all blocks, but with some
simplifications. These simplifications are necessary in order to make hand-calculation
analysis. The analysis presented here is an extension of [30], where just the losses of the
passive components (inductors and capacitors) were considered.

The goal is to mathematically express the efficiency as a function of the load. In order to
do this, an assumption is considered: Power losses on all componentes can be represented
simply with an equivalent resistor. Of course, in general terms this is incorrect, since non
linear devices such as power inductors, power MOSFETs and Schottky diodes produce
losses that cannot be modeled in this way. However, under the approximations explained
next, this assumption can be considered to be true.
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If losses in all components can be modeled simply using a series resistor, then all of them
can be calculated using the following equation:

PLoss = IrzmsReq (426)

Under this approximation, losses in all components can be calculated in a simple way,
and so can the system efficiency. The problem is that this way of calculating losses is
only valid for linear devices, which is not the case for this CPT system. Therefore, to
express the losses in this way, the following approximations on the various components
are considered.

e Inductors: As previously explained, power inductor loss comes in the form of dif-
ferent contributions. Some of them are linear (DC winding loss) and some not (AC
and core losses). A power inductor of Coilcraft can be modeled with the equivalent
circuit of Figure 4.6, in which the frequency dependent behaviour of the component
is represented by frequency dependent resistors. Since the present analysis does not
account for frequency variations, this model can be simplified into a single equiv-
alent resistance. This series resistance is calculated to dissipate the same power
than the complete model under the same working conditions:

P
I2

rms,L

Req,L = (4.27)

Where the rms current is known by calculations, and the dissipated power is ob-
tained using the online tool.

Rvarz
C R1
— W
MWW T ——-
R2 Fvari Lyvar

Figure 4.6: Coilcraft inductor model

e Capacitors: Power loss in capacitors is calculated using an equivalent series resis-
tance, the ESR. Therefore, no simplifications are needed for this loss contribution.

e MOSFETs: Power loss in these devices comes in the form of four contributions,
and the only one that can be modeled simply by means of a series resistor is the
conduction loss. Therefore, for this simplified analysis this is the only factor that
will be considered, and the equivalent resistance of the transistors is consequently
assumed to be Ry hot:

Req,MOS = Rds,hot (428>
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As can be seen from Table 4.17, the conduction loss constitutes around 50% of
the total MOSFET loss. This means that under this approximation, only this
percentage of the inverter loss will be taken into consideration, and consequently
the obtained efficiency will be higher than the real one.

e Diodes: Power loss in diodes comes in two different factors: conduction loss and
reverse loss. To facilitate the analysis in order to make hand-calculations, only
the conduction loss will be considered, which constitutes more than 90% of the
total diode loss. This power loss will be calculated taking into account the average
forward current trough the diode and the forward voltage drop Vg:

P, dgiode = ID,av VF (4.29)

Applying these simplifications, equation (4.23) can be expressed as follows, where to
simplify the notation, all currents (with the exception of the output and diode current)
are rms currents.

IRy,

2Ry + I Req 1 + 12y Req L + 212 Req,Cint + 219 Req,c2 + 2105 Roq MOs + 41D av Vi
(4.30)

Ui

At the numerator there is the output power, while the denominator is made by the sum
of the output power with the the power dissipated by every circuit component. These
power losses are calculated according to the simplifications explained, in which losses
on all components (except the diodes) are assumed to be represented simply with an
equivalent series resistor.

To express the efficiency explicitely as a function of the load, both numerator and de-
nominator are divided by I2:

n= i
B 2 2 I I2 R I
RL + %Req,Ll + %Req,L2 +2 ?1211'5 Req,Cint + 2%Req,CQ + 21\;7208Req,MOS +4 I;V VF
o o o o o o
(4.31)

This expression depends on the ratios between the current through the many compo-
nents and the output current. These current ratios are calculated by circuit analysis
on Appendix C. Once these factors are expressed as a function of circuit quantities, the
efficiency can be calculated as follows:

Ry,

_ 4.32
a+ Ry, + BR% ( )

’]’l:

where o and S are parameters that depend on component values and equivalent resis-
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tances, and are calculated as follows:

? L
a = % <Req,L2 + 2Req,C2 + 4VFw comb) (433)
DC
8
h= (7w Lcomp)? (Req L1 + 2Req,Cint + ReqMOS) (4.34)

As can be seen, these parameters depend on input specifications (input voltage and
frequency), component values (Le¢omb), and the losses on every component, which are
represented by equivalent resistances and the forward voltage drop on the diodes.

By deriving (4.32) and making it equal to zero, the load that maximizes the efficiency is

found to be:
(o
Ry, opt = B (4.35)

With this optimum load, the maximum efficiency is obtained:

1
max — 4.36
Thex = 9 JaB (4.36)

At this point, the efficiency can be plotted as a function of the load. To do so, the
necessary circuit quantities and the equivalent resistances are shown in 4.19 and Table
4.20 respectively.

Parameter Value
Parameter Value Req,11 16.6 Q2

R 0.229
Vbo 310V o012

Req,Cint 1.06 Q
Leomb 9.8 pH

Req702 31 mQ
f 1 MHz

Req,MOS 4Q

Table 4.19: Circuit quantities Vr 0.65V

Table 4.20: Equivalent resistances

With these values, o and 3 are calculated to be:

= 0.9886
“ (4.37)
B = 0.0048
which makes (4.32) the following:
R
n L (4.38)

~ 0.9886 + Ry, + 0.0048R2
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4.3 Efficiency calculation

According to (4.35) and (4.36), the optimum load and maximum efficiency are shown
next.

(4.39)

Ry, opt = 14.3Q
Nmax = 0.88

The efficiency curve, generated using Matlab, is shown in blue in Figure 4.7. It is observed
that for loads higher than 8 2, efficiency is mantained at a high value. On the contrary,
for lower loads the efficiency presents a sharp decline. Even though this curve is not
very precise due to the simplifications considered, it is helpful to understand the load
conditions for which the system performs best.

In addition, Figure 4.7 shows in red the efficiency as a function of the load according to
LTspice simulations. This curve was obtained by simulating circuit Figure 4.8, for loads
that range from 1 to 20€. It is observed that the simplified second order equation
(4.38) is approximately in agreement with the simulated results, although there are some
differences due to the simplifications considered.
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0.75

0.65

0.55
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Simulation
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Figure 4.7: Efficiency versus load, Calculation vs Simulation
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System efficiency

Rds,hot
- JE vil,
C’in
L1 Rpitcint i Lo Ry
q >
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= Vic — § R,

Cint2 RCQ

| |

|

Rds,hot

Figure 4.8: Circuit simulated on LTspice to obtain efficiency curves

4.3.3 Efficiency as a function of the output voltage

To conclude this chapter, the efficiency is now plotted as a function of the output voltage.
To obtain an expression that shows the relationship between these two quantities, the

load is expressed as follows:
V
R, == (4.40)
I,
Replacing Ry in (4.32) with the previous equation and making some manipulations,
efficiency can be expressed as a function of the voltage as shown below.

Vo

n= 6
al, + Vo + —
I,

(4.41)
‘/02

Remembering that for this design I, = 2 A, this curve can be generated using Matlab,
and is shown in blue in Figure 4.9. In the same graph, it is shown in red the simulated
efficiency versus the output voltage. This is obtained by simulating circuit of Figure 4.8
using LTspice.
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4.3 Efficiency calculation
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Chapter 5

Practical limitations and optimal
working conditions

In this chapter, the limitations of the CPT system will be studied. These limitations are
given by the maximum voltage and current ratings of the devices, in particular of the
big inductor L. A solution to relax this component is proposed, and its advantages and
disadvantages are analized. Finally, the optimal working condition is presented, which is
intended to provide a balanced design in terms of efficiency and component stresses.

5.1 Circuit limitations

In previous chapters, the CPT system of Figure 2.4 was studied in detail. From this
analysis, it was possible to design a capacitively isolated current supply, that is able
to meet the requirements specified in Table 3.1. Furthermore, the establishment of the
independent load ZPA condition guarantees high efficiency over a wide range of loads, as
shown in Figure 4.7.

However, there are practical limitations that make the designed system unusable. These
limitations are given by the large required L; inductor, and its stressful working condi-
tions. In fact, being a large inductor of 680 pH working at 1 MHz frequency, only a tiny
amount of current would produce a high voltage drop across it. For example, if through
this device there is a 1 A peak current, a voltage drop of over 4kV across it would be
generated.

Therefore, this inductor size should be reduced, in order to limit the voltage drop. In
what follows, expressions to calculate the L; inductor size and its voltage drop, as a
function of circuit parameters, will be presented. From this equations, it will be possible
to find out how these quantities can be reduced. Besides, since real devices have both
voltage and current ratings, also the current through L; must be controlled.
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5.1 Circuit limitations

5.1.1 Voltage across [,

According to Table 4.3, the voltage drop across Lj at nominal load is 1.75kV. This is
a very high voltage that needs to be reduced. However, considering the system speci-
fications and requirements of Table 3.1, this voltage stress cannot be reduced. This is
because, according to the design procedure of Section 3.2.2, all the passive components
are calculated to fulfill a specific task, which means that there are no degrees of freedom
that could be used to reduce the voltage stress of L.

But since it is necessary to reduce this voltage stress, two solutions are proposed:
1. Relax input specifications:
e Input voltage.
e Working frequency.
2. Modify circuit topology.

Even though both solutions are feasible, the second one will not be considered since the
goal of the thesis is to investigate the LCL topology. Then, the voltage stress will be
reduced by relaxing the specifications, either on input voltage or working frequency.

To understand how these specifications can be used to relax the L; inductor, equations
to calculate its size, current and voltage according to the specifications, are presented in
Table 5.1. L; is obtained by the replacement of (3.9) into (3.10), while I1; is obtained
by the replacement of (3.9) into (2.28), considering the approximation of (3.6). Then,
V11 is calculated using the following equation:

VLl = lele (5.1)

Quantity Equation

L 2V/10 V3o
T2 Ry, min wI?

ILl WRLIE
Vbe

Vi 2+/10 Vpce Ry,
™ RL,min

Table 5.1: L equations
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Practical limitations and optimal working conditions

Table 5.1 shows how the input specifications (of Vpc and w) can be used to modify the
conditions of L. Since the compensation circuit contains many reactive components, fre-
quency variations would lead to a complex analysis due to the many resonances present in
the system. Therefore, to simplify this analysis, only the input voltage will be considered
as a degree of freedom to relax the L inductor.

The goal is to reduce the voltage drop across L. By analyzing the equations of Table 5.1,
it is observed that V7 is linearly dependent on Vpc. Therefore, the voltage stress across
this inductor can be reduced simply by reducing the input voltage. However, a reduction
on Vpc not only produces a reduction on Vii: it also modifies other circuit quantities,
like I71. The consequences of the input voltage reduction will be studied later.

5.1.2 Current through 1,

Another quantity that must be controlled is the current that flows through the L in-
ductor. According to Table 4.3 , the peak current at nominal load is 0.41 A, which is
lower than the current ratings of the selected inductor, shown in Table 4.4. However,
it is shown in Table 5.1 that Iy is linearly dependent on the load, which could cause
excesive current through L; under light loads.

In order to analize the maximum current that can flow through an inductor, it should
be mentioned that power inductor datasheets usually specify two current ratings:

e I ,: defined as the current at which the nominal inductance drops 10% from its
value without current.

e [ defined as the current that causes a 40°C temperature rise from 25°C ambient.

The current that flows through the device should not exceed neither of the two ratings,
so the maximum current that an inductor can handle is the minimum of these ratings.
The selected part (DO5040H-683 from Coilcraft) maximum current, according to its
datasheet, is then:

Itgmax = 1.1A (5.2)

Since this rating is higher than the current that flows at nominal load, no problems
are expected in this case. However, due to the load dependence of I, it is important
to calculate the load for which the maximum current through L; (which is 1.1A) is
obtained. This will be the maximum load, and can be calculated by solving I for Rp:

ILl,rnaxVDC

e (5.3)

RL,max =

The previous expression gives the maximum load that can be applied to the system.
This limitation can be expressed in a more useful way by means of the output voltage
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5.1 Circuit limitations

rather than the load. By multiplying (5.3) with /,, the maximum voltage that this power
supply can provide is obtained as:
I1,1,maxVDC

Vo max = ol (5.4)
Since the maximum voltage is dependent on It max, it is dependent on real device limi-
tations. This makes the analysis complicated, since for every different inductor it would
be necessary to look for their ratings on datasheets, which would difficult the design
process if many different solutions want to be analyzed. Therefore, it would be useful to
parametrize the maximum current as a function of the inductor size. If this is achieved,
then the maximum output voltage can be calculated simply by knowing the inductor
size, and it will not be necessary to normalize components and look for these limitations
on datasheets.

5.1.3 Maximum current parametrization

Different inductors have different current ratings, which causes that the maximum volt-
age that the system can provide, expressed with (5.4), is dependent on the real device
limitations. Since it is desired to perform a parametric analysis varying the input volt-
age, it would be benefitial to parametrize the maximum current through the inductors,
as a function of their size. If this is achieved, then circuit limitations could be calculated
mathematically, without needing to look for device limitations on datasheets, since this
information would be already put into equations.

This parametrization is possible by selecting inductors of a single family, in this case the
DO5040H from Coilcraft. Therefore, this analysis is valid only for inductors that belong
to this series. To parametrize the maximum inductor current as a function of size, the
maximum current for every inductor of the DO5040H series (extracted from datasheet)
is plotted in Figure 5.1. In this graph, both axes are represented in a logarithmic scale,
due to the wide ranges of both inductor size and maximum current.

The objective of this analysis is to develop a mathematical model that fits these data
points. Analyzing this graph, it is observed that the (L — It, max) points can be approxi-
mated with the following equation:

k1
IL,max = ﬁ
where k; is a constant that depends on the inductor family, in this case equal to 25.8e—3.

Therefore, the maximum current through the inductors of the DO5040H family is calcu-
lated as a function of their size as follows:

(5.5)

25.8e—3

It max = 5.6
L = = (5.6

61



Practical limitations and optimal working conditions

The curve generated by this mathematical expression is plotted in the same graph than
the data points on Figure 5.2. It can be seen that the curve fits the data reasonably well,
and from this point on, the maximum inductor current will be calculated according to
this model.
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Figure 5.1: I, max data points Figure 5.2: I1, max curve fitting

5.1.4 Maximum output voltage

The maximum output voltage provided by the CPT system is expressed in (5.4). Re-
placing the maximum inductor current with the parametrization of (5.5), the maximum
voltage is expressed as:

k1Vbe
Vomax = ———= 5.7
: TIJL (5.7)

Then, replacing L1 with the equation of Table 5.1, the previous expression can be repre-

sented as follows.
WRL min
% max — k : 5.8
me = E 5T (5:8)

It is observed that the maximum output voltage does not depend on either the input
voltage or the output current. It only depends on the working frequency, the minimum
load, and the L; inductor current limitation, modeled by k;. Replacing values, the
maximum voltage that this power supply can provide is calculated to be:

‘/o,max =575V (59)
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5.2 Input voltage variation analysis

5.2 Input voltage variation analysis

According to Section 5.1.1, under the specifications of Table 3.1, a very high voltage drop
across Lq is present, which needs to be reduced. It was observed that a reduction in this
voltage stress can be achieved by a reduction of the input voltage. Therefore, the system
behaviour under different Vpc needs to be studied.

To analyze and compare the system performance under different input voltages, a tool
presented in Section 4.3.3 will be used: efficiency curves as a function of the output
voltage. These curves, in addition to showing the behaviour of the efficiency for different
loads, will make it possible to compare different designs based on the following figures of
merit:

e Maximum efficiency.
e Efficiency at nominal load.
e Qutput voltage range.

Besides these figures of merit, also the size and voltage stress of L; will be compared
among the different designs. All these parameters will be used to select the ideal working
condition as objectively as possible, in which it is expected to obtain a balanced design.
This optimal design should provide good system efficiency, while at the same time relaxing
the L; inductor.

To develop efficiency curves for various input voltages, in order to later compare them,
the following steps are proposed:

1. Design a few systems according to different input voltages: [50V, 100V, 200V,
300 V]. For each input voltage, the passive components are calculated according to
the design procedure of Section 3.2.2.

2. Calculate system losses according to Section 4.2.
3. Develop the curves of efficiency versus output voltage, as explained in Section 4.3.3.

If for every design the passive component values were equal, then their equivalent re-
sistances would also be equal, which would facilitate the analysis. However, passive
component values are dependent on the input voltage, as can be seen in Section 3.2.2.
This means that for every different design, the inductor and capacitor loss has to be
obtained by looking into real device datasheets, which complicates the analysis process.

Therefore, it would be useful to parametrize these losses as a function of component sizes.
Since Figure 4.5 shows that inductor losses are far more relevant than capacitor losses,
only inductor losses will be considered, while the latter will be neglected.
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Practical limitations and optimal working conditions

5.2.1 Parametrization of inductor loss

Power loss on the inductors will be parametrized as a function of their size, in order to
make it possible to calculate them for many input voltages without the need of looking
for information in datasheets.

According to Section 4.3.2, the power dissipated by the inductors is assumed to be pro-
duced simply by an equivalent series resistance. This can be done because the inductor
works at a single frequency point, and therefore its model of Figure 4.6 can be approxi-
mated to be an ideal inductor plus a series resistor. Therefore, the power dissipation on
the inductors can be calculated as:

PL =1 s ReqL (5.10)

where Py, is the inductor loss, provided by the online tool of [25], and Iy, is the rms
current flowing through the inductor, calculated by circuit analysis. The equivalent

resistance is then calculated as:

P
ReqL = 75— - (5.11)

Lrms

The goal is to mathematically express Req 1, as a function of the inductor size. To do this,
the equivalent resistance of every inductor of the DO5040H series is calculated according
to the previous expression, and then plotted as a function of its size. This is shown in
Figure 5.3, in which again both axes are represented in a logarithmic scale.

By analyzing Figure 5.3, it can be observed that the (L — Req1,) data points can be
approximated by the equation of a straight line, as shown below.

Reqr, = kol (5.12)

where ko is a constant that depends on the inductor family, in this case equal to 22.8e3.
Therefore, the equation of the line is expressed as:

Req1, = 22.8e3 L (5.13)
This line is plotted in the same graph as the data points in Figure 5.4, where it is seen
that it fits the data points fairly well. Therefore, the power dissipated by the inductors
can be calculated with the following equation:

Py =1If koL (5.14)
where the dependence on real device models is represented by the constant ks. This

parametrization eliminates the need of calculating every inductor loss according to the
online tool, therefore speeding up the analysis process.
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5.2 Input voltage variation analysis
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5.2.2 Efficiency curves for different input voltages

At this point, efficiency curves for different input voltages will be developed, in which
losses on every component will be calculated as a function of both the input and output
voltage.

To simplify the analysis, the selected MOSFETs and diodes are invariant according to
the input voltage. This means that the parameters to calculate their power dissipations
(shown in Table 4.20) are the same for every design, which makes it possible to calculate
their losses simply by a mathematical model that considers both the input and output
voltage.

On the other hand, the selected passive components cannot be the same for every design,
simply because their values are dependent on the input voltage. Therefore, the inductor
losses are parametrized according to Section 5.2.1, and the capacitors losses are neglected.

According to Section 4.3.3, the relationship between the efficiency and the output voltage
is modeled by the following mathematical expression:
Vo
n= 6
al, + Vo + —
Iy

where o and 8 are parameters shown in (4.33) and (4.34) respectively, that model the
loss contributions on the different devices, as a function of circuit quantities:

(5.15)
‘/02

2 Leom
a= % <Req,L2 + 4VF7MVDC b) (5.16)
8
ﬁ = (7er b)2 (Req,Ll + Req,MOS) (517)
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Practical limitations and optimal working conditions

These expressions do not consider the power loss on the capacitors, since they are ne-
glected. The objective is to make these parameters take into account different input
voltages. Then, the equivalent resistances of the inductors are replaced with the para-
metric model of (5.12). Also, the approximation of (3.6) is applied, which states that
Leomp is approximately equal to Lo. With these considerations, now a and 5 are ex-
pressed as:

2 wlo
= — | koL 4V —— 1
o= <2 2+ VFVDC> (5.18)
8
= ——— (koL e 1
B (wwL@2(2 1 + ReqM0s) (5.19)

Finally, L; and L9 are expressed according to Table 5.1 and (3.9) respectively, which are
shown below:

L, = _2v10 VLZC (5.20)
2R, min wl? '
4 Vpc
Ly = — 21
2= 52 wl, (5.21)

Replacing these expressions into o and 5, now these parameters are expressed as:

Vbe 2
- ky + = 22
=g ket TV (5.22)

PRALY w212

= k
wRL,min 2 QV]%C

Rds,hot (523)

These final expressions can be used to perform a parametric efficiency analysis while
varying the input voltage, since all terms are expressed as combinations of specifica-
tions (Vpc, Io, RL,min, w) and losses of components (ka: inductors, Vi: diodes, Rgs hot:
MOSFETs).

Now the efficiency can be plotted according to (5.15), where a and 8 are calculated
with (5.22) and (5.23) respectively. As input voltages, [50V, 100V, 200V, 300 V| are
considered, and the other parameters are summarized in Table 5.2. The efficiency curves
are then plotted using Matlab, and shown in Figure 5.5. The curve for 300 V should be
almost the same as the one shown in Figure 4.9, in which the input voltage was 310V.
In this case the efficiency is slightly higher due to the neglected capacitor loss.

It is observed in Figure 5.5 that there is an efficiency increase for input voltage increments,
until a point in which it stabilizes, which is around 200 V. This tends to indicate that
input voltage increments are benefitial for the system performance. However, it is known
that for higher input voltages, the voltage stress of Ly increases. Therefore, these curves
show a tradeoff between system efficiency and inductor voltage stress for input voltage
variations.
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5.2 Input voltage variation analysis

Parameter Value
I, 2A
f 1 MHz
Ry, min 5Q
ko 22.8e3
ReqMos 4Q
%= 0.65V

Table 5.2: Specifications
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Figure 5.5: Efficiency for different input voltages

These curves are generated with equations (5.15), (5.22) and (5.23), that are developed
under the approximation stated in Section 3.2.1, which states than L is much bigger
than Lo, expressed as:

Ly > 10L, (5.24)
However, this condition was not taken into account for the designs, which means that
for some cases, the condition may not be satisfied and consequently the circuit equations

would not be valid. This detail is analyzed in the following section, where a solution to
guarantee the verification of condition (5.24) for all designs, is proposed.

67



Practical limitations and optimal working conditions

5.2.3 Magnification factor

As mentioned, the system analysis and design is made under the assumption that L is
much higher than Lo, which is considered to be true if the former is at least ten times
higher than the latter (Section 3.2.1). However, since the inductor values depend on the
input voltage, there may be some voltages for which the previous condition does not
hold.

The proposed solution to make the condition valid regardless of the input voltage, is to
manually increase the L; inductor until it is exactly ten times greater than Lo, if (5.24)
is not satisfied. This L; increment, according to (2.20), guarantees ZPA operation for
lower loads than Ry, ,in. However, it has two drawbacks:

e Since larger inductors have lower current ratings than smaller inductors (as shown
in Figure 5.1), the maximum current through the augmented L; will be smaller,
causing a reduction in the maximum output voltage (5.4).

e Since larger inductors have higher equivalent resistances than smaller inductors (as
shown in Figure 5.3), the power dissipated by the larger L; will be higher (5.10),
causing an efficiency reduction.

Therefore, an L1 increment will cause reductions in both output voltage range and system
efficiency, worsening system performance. However, this increment is necessary in order
to make the system equations accurate, in the cases that condition (5.24) is not valid.

In the cases that L1 must be increased, it is important to quantify the inductor increment,
since this magnitude will determine how much the output voltage range and efficiency
are reduced. Therefore, a new parameter m (magnification factor) is introduced, which
serves to quantify the inductor increment:

o Ll,new

= >1 5.25
Lioa — (5.25)

where Lj pew is the value of L; necessary to satisfy (5.24) (i.e. 10Ls), and Lj g is
the value of this inductor calculated according to the design procedure, so before the
increment. If for a certain design, condition (5.24) is satisfied directly by calculting L;
according to the design procedure, then this inductor does not need to be increased and
m is equal to one. On the other hand, if L needs to be increased, m is larger than one.

In what follows, a quantitative analysis of how the output voltage range and efficiency
are reduced by m is presented.
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5.2 Input voltage variation analysis

Output voltage range reduction

The magnitude of the output voltage reduction due to the magnification can be obtained

according to (5.7):
k1Vbc
Vomax = ————=—= 5.26
, TIJLo (5.26)

It can be seen that the output voltage is inversely proportional to the square root of L.
If this indutor must be increased, then its new value is obtained using (5.25) as follows:

L1 = mLLold (527)

Replacing this new value on (5.26), now the maximum voltage can be expressed as:

k1V;
‘/o,max = _Pe (528)

mlon/MmL1 o1a

where Lj o1q is the inductance calculated according to the desing procedure and shown
in Table 5.1. Replacing this inductor value, the maximum output voltage is calculated

to be:
57.5V

Vo,max = W

It is verified that the presence of the magnification factor produces an output voltage
range reduction. Therefore, in order to obtain the maximum achievable output voltage
of 57.5V, m should be one. This means that (5.24) should be satisfied directly by
calculating L; with the expression shown on Table 5.1.

(5.29)

Efficiency reduction

According to (5.12), the equivalent resistance of the inductors is linearly dependent on
the inductor size, as shown below.

Req 11 = kolq (5.30)

If L; has to be increased to satisfy (5.24), then using (5.25), the equivalent resistance
can be expressed as:
Rqu_Jl = kaLl (531)

Since m is equal or greater than one, the equivalent resistance will be increased. This
increment will produce more power dissipation on L, which will cause an efficiency
reduction. This reduction is quantified by replacing the previous expression on (5.17),
and now the § term is expressed as follows.

V10 212

=V ks 4+ — 2O Ry 5.32
b WRLmim 2+2V§C ds,hot (5.32)
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Practical limitations and optimal working conditions

Efficiency curves considering the magnification factor

At this point, efficiency curves considering these two magnification factor effects are
plotted in Figure 5.6. The input voltage range goes from 10V to 200V, in order to
clearly see the maximum output voltage reduction effect. All these curves are made
considering I, = 2 A.
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Figure 5.6: Efficiency for different input voltages considering the magnification factor

It is observed that for low input voltages, the maximum voltage and efficiency are lower
than for high voltages. This is indicative that, for this voltage range, the magnification
factor is higher than one. From the violet curve of 70V up, the voltage range is at its
maximum, which means that the magnification factor is one for these cases.

The condition for which m goes from being larger than one, to being exactly one, is
between Vpc = 50V (yellow curve) and Vpc = 70V (violet curve). This happens when
Ly is exactly ten times Lo:

Ly =10Ly (5.33)

Replacing Ly and Lo with (5.20) and (5.21) respectively, the previous equation is ex-
pressed as:

210 V3 4
_2VI0 Voo _ 4,4 Voo (5.34)
2RI, min wl? w2 wl,
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5.2 Input voltage variation analysis

Solving this expression for Vpc, the voltage for which L; is exactly ten times Lo (defined
as critical input voltage Vpc erit), is found to be:

VDC,crit =2v 10~RL,minI0 (535>

This critical voltage is dependent on the output current, and for I, = 2 A is calculated
to be:

VbC,ait = 63.2V (5.36)

which is consistent with the appreciation that it should be between 50V and 70V.

5.2.4 Working conditions comparison

To find the best working condition as objectively as possible, the different designs of
Figure 5.6 are compared in Table 5.3, according to the following figures of merit:

e Efficiency at nominal load, nyom-

e Maximum efficiency, nmax-

L inductor size.

Voltage stress across L at nominal load, V7.

e Maximum output voltage, Vi max

Ve [Vl 7nom Tmax Ly [pH] Vi1 [V] Vo,max [V]
10 0.11 0.41 3.2 255 36.3
30 0.5 0.67 9.7 255 47.7
50 0.71 0.76 16.1 255 54.2
70 0.8 0.81 25 282 57.5
100 0.85 0.85 51 403 57.5
200 0.89 0.89 204 805 57.5

Table 5.3: Different solutions comparison

Table 5.3 shows that there are both advantages and disadvantages for designs using high
input voltage, which are summarized in Table 5.4. In the following section, an optimal
design according to this analysis is proposed.
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Practical limitations and optimal working conditions

Pros Cons
Higher efficiency at nominal load Larger inductors
Higher maximum efficiency More stressed inductors

Higher output voltage range

Table 5.4: Pros and cons of increasing voltages

5.3 Optimal design

In this thesis, a design will be considered to be optimal, if the input voltage is the critical
voltage, calculated as (5.35). This choice is based on the intention of reducing the voltage
stress across the L1 inductor, even at the cost of efficiency reduction.

To design an optimal system, all the specifications of Table 3.1 will be kept the same,
with the exception of the input voltage. This input voltage is calculated according to
(5.35) as 63.2 V. However, due to the need of normalizing passive components, in order
to provide 2 A of current, a larger voltage of 80V is required. Then, the specifications
for the optimal design are shown in Table 5.5.

With these specifications, the passive components are calculated according to Section
3.2.2 and shown in Table 5.6. The necessary capacitance to provide ZPA operation is
calculated according to (2.14) as 832 pF. To synthesize it, two series capacitors of 1.5nF
and 1.8 nF are selected, whose equivalent capacitance is 819 pF.

Parameter Value Component Value

Vbe 80V Ly 33nH

f 1 MHz Lo 2.81H

Po 40 W Cintl 15 IlF

RL 100 Cint2 1.8nF

RL7min ) Q 02 10nF

Table 5.5: Optimal specifications Table 5.6: Optimal normalized components

The optimal design circuit, with its normalized passive components, is shown on Figure
5.7. The circuit quantities are calculated according to the equations of Table 2.1, and then
simulated using LTspice to verify its behaviour. The comparison between calculations
and simulations, at nominal load, is shown on Table 5.7.
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5.3 Optimal design

33nH 2.81H
— 80V — _10nF - ;10&2
1.8nF
| |

—_— |

Figure 5.7: Optimal design with normalized passive components

Quantity Calculated Simulated

I, 2A 1.98A
Iy 1.57A 1.64 A
Irs 3.14A 3.12A
Vo 20V 198V
P, 40 W 39.3 W

Table 5.7: Optimal design circuit quantities

5.3.1 Component selection

To conclude this analysis, the efficiency of the optimal design is calculated. To study the
system efficiency, first actual components are selected according to Section 3.2.3. These
devices are reported in Table 5.8, where it is seen that both the MOSFETs and the diodes
are the same as the previous case (shown in Table 4.15). The inductors belong to the
same family than before, but now have different values. Finally, since the capacitors also
have different values than before, the devices are different.
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Practical limitations and optimal working conditions

Component Part number Manufacturer

Ly D05040H-332 Coilcraft

Lo D05040H-282 Coilcraft

Cint1 C1206C152JAGACT867 Kemet

Cint2 C1206C182GCGAC7800 Kemet

Co C1206C103J1IGACAUTO  Kemet

MOSFETs STD5NK40Z-1 STmicroelectronics
Diodes STPS2H100ZFY STmicroelectronics

Table 5.8: Optimal component selection

5.3.2 Efficiency at nominal load

According to what was explained in Section 4.2 the losses on every device is calculated
and reported in Table 5.9. Then, the efficiency at nominal load is calculated according
to equation (4.22):

4O0W
40W +10.14 W
n =0.798 (5.38)

n= (5.37)

The CPT system with optimal design is expected to have a 79.8% efficiency when working
at nominal load. This value is slightly lower than the 80% predicted in Table 5.3, due to
the extra contributions of the losses in capacitors.

Component Unit loss Quantity Total
Ly 970 mW 1 970 mW
Lo 330 mW 1 330 mW
Cint1 130 mW 2 130 mW
Cint2 110 mW 2 110 mW
Co 80 mW 2 80 mW
MOSFET 2680 mW 2 5360 mW
Diode 790 mW 4 3160 mW
Total 10.14 W

Table 5.9: Total loss
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5.3 Optimal design

0L - 9.6%
WL - 32%
W Ciy - 24%
W Cs-0.8%

O Inverter - 52.9%
B Rectifier - 31.2%

Figure 5.8: Power loss distribution among circuit components

To visualize the relative importance of the many loss contributions, a pie chart is pre-
sented in Figure 5.8. It can be seen that in this case, the predominant contribution is
the power dissipated in the inverter. This is due to the increment of the conduction loss
in the MOSFETS, since now the current through L is increased. On the other hand, the
losses on the inductors is reduced, due to a reduction in their sizes.

Therefore, by reducing the input voltage, the stress is moved from the inductors to the
MOSFETSs. Since the main problem is the stress on the inductors, it makes sense to do
this, even if it means an efficiency reduction of around 5% with respect to the previous
design.

5.3.3 Efficiency as a function of the output voltage

To conclude, the efficiency as a function of the output voltage is plotted for the optimal
design. To do this, equations (5.15), (5.22) and (5.23), are used. The necessary circuit
quantities are summarized in Table 5.7, while the parameters to calculate real devices
losses are presented in Table 5.11.

The resulting curve is generated using Matlab, and shown in red in Figure 5.9. In blue,
there is the efficiency curve of the previous design, the one of Figure 4.9. It is seen that
the previous design achieves an efficiency of more than 5% than the optimal design over
the entire working range. However, this efficiency reduction is compensated with the
relaxation of the inductors, as is shown in the following section when comparing both
designs.
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Practical limitations and optimal working conditions

Parameter Value

Req,Ll 790 mS?
Parameter Value Req2 67 Q)
Ve 80V Req,cint1 106 m$?2
Lcomb 2.58 pH Req,CintQ 88 mf?
f 1 MHz Req.c2 16 m

R, 40

Table 5.10: Circuit quantities el
Vi 0.65V

Table 5.11: Equivalent resistances

0.9 T T T

0.7 |

S 06

05

0.4

Previous design
Optimal design

1 1

0.3 L 1 1 1

vV, V]

40 50

60

Figure 5.9: Efficiency vs output voltage for previous and optimal design



5.3 Optimal design

5.3.4 Design comparison

As a last step, the two designs are compared in Table 5.12. It is seen that the optimal
design provides lower efficiency than the previous design, but it also has lower inductor
size and voltage stress.

Design Tlhom Thmax Ly [llH] Vi1 [V] Vo,max [V]
Previous 0.87 0.88 680 1750 57.5
Optimal 0.81 0.82 33 330 57.5

Table 5.12: Optimal and previous design comparison

7



Chapter 6

Conclusion

6.1 Summary

Throughout the thesis, the operation of a system that implements CPT technology is
studied in detail. Through this analysis, it is possible to design a capacitively isolated
current source, that is, a power supply that has two distinctive features: galvanic isolation
by means of a capacitive interface, and constant current output regardless of the load
condition. The first characteristic is interesting since a capacitive interface, which consists
on two metallic plates separated by a dielectric, is cheaper, lighter and simpler than the
traditional inductive interface. Besides, a current source operation is useful for many
applications, such as battery chargers and led drivers, to name a few.

This power supply is implemented using a topology that contains several components,
some linear (such as capacitors and inductors) and some non-linear (diodes and transis-
tors). As a precise analysis of this system is very complex, approximations are considered
to simplify it, from which it is possible to understand, analyze and design the system to
meet the proposed requirements. This analysis is then verified by simulations, using the
electronic circuit simulator LTspice.

The design of the system consists on the calculation and selection of all the components
that make up the circuit. The device selection is made by comparing products from
many manufacturers, trying to choose those that are expected to work best under the
expected working conditions in terms of voltage, current and frequency. An important
criterion for the component selection, is to choose those devices that produce the least
losses, in order to obtain a system that works with good efficiency.

Once all the components are selected, the power losses produced by each of them are
calculated. This is possible through a detailed analysis of each component, since the
physical reason for power dissipation is particular to each one of them. To calculate these
losses, several parameters, provided by product datasheets, are used. Then, knowing the
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6.2 Future work

total loss of the system, it is possible to calculate the efficiency, both for nominal load
and for a wide range of loads.

Through all this analysis, it is possible to design a power supply, which, in addition to
meeting the requirements, works with good efficiency. However, analyzing the working
conditions of each component it is found that the series inductor has a very large voltage
stress, which would destroy the component. The reason for this high voltage is the high
input voltage proposed in the specifications. Then, to solve this problem, the system is
analyzed for different input voltage conditions. Through this analysis, it is possible to
find an optimal design point, which is expected to provide a balanced design in terms of
system efficiency and voltage stresses.

6.2 Future work

All the conclusions established on the analyzed system are based on theoretical analysis
and simulations. Even though in theory the system meets the requirements and has good
efficiency, in practice there may be limitations in the components that would cause the
system to not behave as expected. Therefore, a prototype should be built in order to
verify the analyzes presented in this thesis.

In addition to building a prototype to verify the theoretical analysis and simulations,
there are several arguments that would be interesting to study, in order to improve
system performance. The first of these is to study the possibility of designing a constant
voltage power supply with independent load ZPA operation. So far, the designed system
only provides constant current with independent load ZPA operation, since the constant
voltage mode of operation do not provide this characteristic. Therefore, this system can
only be used as a current source, due to the large losses produced by the hard switching
in the inverter if the constant voltage mode of operation is used.

Another interesting argument to study is the use of the working frequency as a degree of
freedom, to obtain improvements such as the reduction of the voltage stress on the induc-
tors. Although the frequency response of the system was studied through simulations,
a complete analysis was not carried out due to the complex nature of multiresonance
systems. Therefore, a detailed study of the frequency analysis remains as a future work
argument.

Finally, the CPT implementation could be studied using another topology. The idea
would be to slightly modify the topology used, in order to achieve better performances.
Through the use of a different topology, problems such as the lack of an efficient constant
voltage mode of operation or the very high stressed components could be solved.
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Appendix A

Input reactance calculation

In this appendix, the input reactance of the linear circuit of Figure 2.7 is calculated. This
is done by calculating its input impedance and expressing it in cartesian form.

A.1 Input impedance calculation

The circuit of Figure 2.7 is shown again in Figure A.1, but exchanging the position
between the L inductor and the C; capacitor. This is done to calculate the impedance
of the LCL network (Zi,cr,), to then compensate its reactance using the C; capacitor.

Cy

Ly

/5000

Lo

/5000

Z1cL
L—»

e

Zic

Figure A.1: Simplified linear circuit
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Input reactance calculation

As a first step, the impedance of the network formed by Co, Ly and R, (expressed as
Z1c) is calculated. To recall, the complex impedance of inductors and capacitors is
shown below:

Zy, = jwlL (A.1)
J

= - A2

Zo wC (A-2)

The LC network is made by the parallel combination of Co with the series combination
of Ly and R,:
Zic = (L2 + Re) || C2 (A.3)

Using (A.1) and (A.2), and applying the general rule for parallel impedance calculation,
the previous expression can be calculated as:

(jwLa + Re) <—wj02>

Zic = ' 7 (A.4)
Re + jwly — oGy
Making some manipulations on this expression, it can be transfomed into:
L, R
Zio— GGy : (A.5)
Re+3j <WL2 - wC2>

According to Section 2.3.1, C9 is not a degree of freedom. In fact, this component
is calculated to resonate with the parallel combination of L; and Lo at the working
frequency. Therefore, Co can be expressed as:

1
Co=— A6
2 W2Lcomb ( )
where Leomp is the parallel combination of L; and Lo:
L1y
L = — A7
comb Ll —|—L2 ( )
Replacing (A.6) into (A.5):
Zic = W2L2Lc.0mb - jReWLcomb (A8)
Re + ](WLQ - WLcomb)
Replacing Leomp with (A.7), this expression can be expressed as:
WLy LiLo —iRuw L1Lo
_ Li+ Ly L+ Ly
Z1c = (A.9)
Re + j(wL L1l )
wly —w——"-+—
e T Li+ Ly
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A.1 Input impedance calculation

Making some manipulations, this equation is obtained to be:

(ng)QLl _ iR leLg
Li+L, " “Lit L
wL%

L+ Lo

210 = (A.10)

Re+j

At this point, the impedance of the LCL network is calculated by adding the impedance
of L1 to the previous expression:

ZLCL = ZLC + ZLl (A.ll)

(wLQ)ZLl . leLQ

Loty L+l
wL3

Ly + Lo

Zicr = + jwLy (A.12)

Re+j

To express this equation using a single denominator, the following is done:

wLQ 2L1 . leLQ . sz
(L +>L Ty’ Retig =7
ZLCL = 1 2 3 L 2 +ij1—122 (A13)
Ro4j=2t Rotj-
Lt Ly i+ L
Making some manipulations on the second fraction, this equation is expressed as:
L)L LiL L)L
(wLs) L g, Wil jWLlRe_(w 2)*L1
L1+ Lo L1+ Lo L1+ Lo
ZioL = 7 + 2 (A.14)
R T2 R, T2
L T L ‘LT L
These two fractions can now be summed, since the denominators are equal:
L9)?L Ly)?L LiL
(wLa) 17(&2 2) 1+ije L — 1L2
Li+ Lo Li+ Lo L1+ Lo
21,01 = 5 (A.15)
Rotj-
et/ L1+ Lo

It can be seen that the real part of the numerator is equal to zero. Making some manip-
ulations on the imaginary part of the numerator, the impedance of the LCL network is

expressed as follows:
wL?
‘R 1
Jite <L1 + L2)

wL?
R, i 2
tJ L1+ Lo

Zicl, = (A.16)
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Input reactance calculation

To obtain this complex impedance is rectangular form, the denominator must be purely
real. To achieve this, the denominator (and numerator) is multiplied by its complex

conjugate, as shown below.
wL? wL?
iR 1 R — i 2
’ e<L1+L2) L+ L
wlL? wlL3
R -2 |\ R —5_-"2
L\ LA L

ZL0L = (A.17)

Multiplying both numerators and denominators and ordering the numerator in real and
imaginary part, the impedance can be expressed in cartesian form as follows:

whily \* ., wl?
R —2 R
e<L1+L2> LT

wl? 2
R24 ( —2—
€+<M+LJ

Now that the impedance of the LCL network is expressed in this form, its imaginary part
can be obtained simply by inspection as:

ZicL = (A.18)

2 WL%
“‘Li+ Ly

wL? 2
e ()
¢ Ly + Lo

The input reactance of the circuit of Figure A.1, Xj,, is the series combination of the
reactance of C1 and the one of Zy,cy;:

R

Im(ZLCL) = (Alg)

2 WL%
e 1
Xy = Litly (A.20)
c L1+ Lo

Which is the equation presented in (2.13).
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Appendix B

Circuit quantities calculation

In this appendix, the currents and voltages of the linear circuit of Figure 2.7 are calcu-
lated. This is achieved by using the results obtained in Appendix A.

B.1 Current through I,

The first quantity that needs to be calculated is the current through the L; inductor of
Figure B.1. This current is dependent on the input impedance, Zj,, which was calculated
in Appendix A.

Ity O | | Ly It
| |

Vin @ O Re| VRe

Figure B.1: Simplified linear circuit
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Circuit quantities calculation

In Appendix A, the impedance of the LCL network is calculated and presented in rect-
angular form in (A.18):

whily \* ., wL?
Re |+ R
e<L1+L2> T

2
wlL?
R2 4+ ( —2—
L1+ Lo
However, as explained in Section 2.3.2, the reactance is compensated using the C ca-
pacitor. Therefore, the input impedance is just the real part of the previous expression:

R ( wLiLo )2
N L1+ Lo
Zin = 2/ (B.2)
R ( wL3 )
€ Li+ Lo

This expression can be simplified considering the load independent ZPA condition, which
is explained in Section 2.3.4. According to this section, in order to obtain load indepen-
dent ZPA operation, the condition (A.18) needs to be met:

wlL? 2
R2 2 B.3
25 <L1 +L2) (B.3)

(B.1)

Z10L =

Applying this condition, the input impedance can be simplified to:

< leLQ )2

Ly + Lo

Lip= ——"-— B.4
- (B.4)

The numerator can be expressed in a more synthetic form using the parallel inductor

combination equation of (2.12):

(C‘}Lcomb)2

Zin =
R,

(B.5)
This input impedance expression is the one shown in (2.22). With this impedance, the
input current Iy is calculated as a function of the input voltage simply by means of

Ohm’s Law:

=~

Zi“ (B.6)

ILl = Vvin

It =

R

((")Lcomb)2 (B7)

This equation is the one reported in (2.23).



B.2 Current through Lo

B.2 Current through L,

The current through the Lo inductor is dependent on the current through L; and the
current divider formed by Cy and (Lg + R.). To visualize this current divider, the circuit
of Figure B.2 is presented, in which L; and C are neglected to focus on the last part of
the circuit.

Ly Iro

O "

Figure B.2: Circuit to illustrate the current divider

The current through Lo can be calculated as a function of Iy, applying the current

divider formula: P
C?2
I1o=1 B.8
= iy (B3

Let us name the current divider factor as F':

Zc2
F = B.9
Zco+ Zr2 + Re (B9)
I
= @ (B.10)
—L + ijg + R,
wCQ

Replacing Cy with its equivalent expression shown in (A.6), the previous expression is
NnOW:

—JjwLcomb + jwLa + Re -

(B.12)
_ —Jjw Leomb
 Re+ jw(L2 — Leomb)
Replacing the parallel combination of the inductors with (2.12):
. L1Ly
L+ L22
. wl
R+ Ly +2LQ

(B.13)

F = (B.14)
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Circuit quantities calculation

This equation is now multiplied and divided by the complex conjugate of the denomina-
tor, to get rid of the complex denominator:

. LiLs . wl?
YA L TS’
F = L=z L1 (B.15)
Rt wls o wls
I L, \" I v L
Applying the corresponding multiplications, the following is obtained:
L1L3 LiL
At (o)
_ 1 2 L 2 (B.16)

wL? 2
RZ4+(—2—
et <L1 + L2>

This complex equation is expressed in cartesian form. However, to calculate the current
through Lo it is necessary to obtain its magnitude. This is calculated by obtaining the
real and imaginary part, and then applying the Pythagorean theorem:

|F|* = Re(F)? + Im(F)? (B.17)
where Re(F) and Im(F') are obtained by inspection from (B.16):

2 LIL%

e by
Re(F) = Lo+ Ly (B.18)

wl? \?
R24+ | —2—
et (L1 + L2>
LiLy
—R
‘ (”Ll + Lz)
wL? 2
R24 ( —2—
et <L1 + Lz)
Applying (B.17), the magnitude of the current divider factor can be expressed as:

1 wLiLy \* < wL? )2
F| = R4 [ —2 B.20
7] wL3 )2 <L1+L2> ( Ly + Lo (B.20)

RQ
et (Ll + Lo

This expression can be simplified by applying the load independent ZPA condition:

Im(F) = (B.19)

wl? 2
R? =2 B.21
e>>(Lr+h) (B.21)
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B.2 Current through Lo

Using this simplification, the current divider factor is simplified as follows:

1 leLQ 2
]F|:Rg\/<L1+L2> R2 (B.22)
leLg
Ly + Lo
F|l=——= B.23
7| = Sk (B.23)
WLcomb
Fl=——— B.24
7| = 25 (B.24)

At this point, the current that flows through Lo is calculated using (B.8), with Iy
calculated as in (B.7):

Ip = I |F| (B.25)
Re WLcomb

Ito = Vin B.26
b2 ("‘)Lcomb)2 Re ( )
1
Iy = Vip——— B.27
b2 WLcomb ( )

which is the expression reported in (2.24). Finally, to calculate the voltage across the
equivalent resistance R., the It current must be multiplied by the resistance:

(B.28)

This is the expression shown in (2.25).
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Appendix C

Efficiency calculation

In this appendix, the expression to calculate the efficiency as a function of the load shown
in (4.31) will be developed. It will start with the calculation of the different current ratios
and then proceed with the efficiency equation derivation.

C.1 Current ratios calculation

In this appendix, the efficiency of the circuit of Figure 2.4 (shown below), will be calcu-
lated.

Ivios
_ J vil,
L Cintl L
Itn ook | | 2 I
\ A7)

—_— |

Figure C.1: CPT system with LCL compensator
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C.1 Current ratios calculation

As discussed in Section 4.3.2, the efficiency of the circuit of Figure 2.4 can be calculated
using equation (4.31):

Ry,
n= 2 2 2 2 2
I I 2, I I ID.ay
Ry, + %Req,Ll + %Req,L2 +2 (132 i Req,Cint + 2%Req,02 + 21\;7208Req,MOS +4 I; V
o o o 0 o o
(C.1)

In this equation, all currents (besides I, and I, p) are RMS currents. Next, the rela-
tionships of the current through the many components and the output current will be
calculated.

2 2
I;, over I

The peak current through L; can be calculated as a function of Iro according to (B.25)
as shown below.

T2 px
Iuipk = T;T (C.2)

R
wLcomb

It pk = T2, pk (C.3)

Since it is necessary to obtain the ratio between It px and I, rather than It i, the
current through Ly is expressed as a function of I, using (2.5) as:

T
I pk = 510 (C.4)

Also, the equivalent load R, is replaced with the output load Ry using (2.8) as follows:
R.= =Ry, (C.5)
T

Applying these replacements, (C.3) can be expressed as:

4Ry,
7w Lcomb

ILl,pk = I, (06)

And the ratio between the two currents is then:

I
Lipk _ _ 4RL (.7)

1, TwW Leomb

This expression provides the relationship between I3 i and I,. However, the current
through Lo must be RMS rather than peak. Since [t is a sinusoidal current, the relation
between these two quantities is well known:

I
Iy pus = 2K (C.8)

V2
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Efficiency calculation

Using this RMS value, now the ratio between I1,; and I, is expressed as:

I 4R
LLRMS _ L (C.9)
I, \@WWLcomb

Squaring both sides to be consistent with the way the terms are expressed in (C.1), the
final expression for this current ratio is shown below.

Iirus)® 8 Ry, \?
, - 1
< I, > 2 (WLcomb ) (C 0)

2 2
I&;,, over I3

Since the capacitive interface is in series with the L; inductor, the current that flows
through these components is the same. Therefore, the ratio between I%mt and I2, and
between Iﬁl and I2, are also equal:

Icint,RMS 2 _8 Ry, \? (C.11)
I 2 W Lcomb '

2 2
I;, over I

The current through the Lo inductor is the unrectified output current, which is calculated
using (2.5) as:

™
ILQ,pk = 5]—0 (Cl2)

The ratio between these two currents is therefore:

Iippx
PR D 1
T 5 (C.13)

To use RMS current rather than peak current, equation (C.8) is applied:

I1.2 RMS ™
: = C.14

Squaring both sides to be consistent with how the terms are expressed in (C.1), this ratio

is shown below.
Iiorms > 72
=) = — C.15
() % (C.15)
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C.1 Current ratios calculation

2 2
I¢, over I

Performing an analysis similar to the one in Section B.2, the current through Cs is found
to be equal than the current through Ls. Therefore, the ratio between Iy and I, is the
same than the ratio between It and I,:

Icorms ) 72
) - 1
( L ) g (C.16)

2 2
I{iog over I

The current through a MOSFET of the inverter is a half sinusoid, with magnitude equal
to that of Ir1:

Ivios pk = IL1pk (C.17)
The RMS value of a half sinusoidal waveform is known to be half the peak value:
I 11 pk
MOSRMS = —5— (C.18)

Performing a similar analysis to that of the IEl over I2? subsection, the ratio between the
current of the MOSFETs and the output current is found to be:

Iirus)® 4 Ry, \?
] - 1
< Io > 772 (WLcomb ) (C 9)

2
Ip.av over I3

The average current flowing through each diode of the bridge rectifier is half the output

current:
I
Ip oy = 5" (C.20)
ID av 1
— == C.21
IO 2 ( )

Since (C.1) requests to have the ratio between Ip ,y and I2, the previous expression must
be divided by I,:

I av 1
— = — C.22
2 a2l (€.22)
Replacing I, with (2.30), this ratio is found to be:
ID,av o ﬂchomb (C 23)

2 8 Vpe
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Efficiency calculation

C.2 Efficiency calculation

At this point, the efficiency equation of (C.1), can be calculated by replacing the current
ratios with the results obtained in the previous section.

Ry,
n= 2 2 2 2 2
I I ER 1, I 1
RL + %Req,Ll + %Req,LQ + 2%fieq@int + 2%Req,c2 + 2%Req,MOS +4 ];’;V VF
o o] o o o (0]
(C.24)
All results are summarized below.
2
Iil _ 8 (I (C.25)
I? 72 \ wLlcomb '
IEQ 2 C
L2 _ 0 .26
Er: (C.26)
I2. 8 R 2
Cint _ _— C.27
I2 2 <chomb> ( )
12 2
2 T C.28
28 (C.28)
ios 4 Ry \?
S C.29
Ig 72 \ WLcomb ( )
ID,aV _ ﬁLcomb (C 30)
12 8 Vbc '

Replacing equations (C.25) - (C.30) into (C.24), the following expression can be obtained:

Ry,
T Reto + 2Roqon + AVp2om2 ) | 4+ ———— (Reqr1 + 2Req.Cint + R ) R2
8 eq,L.2 eq,C2 F VDC L (WWLcomb)Q eq,L1 eq,Cint eq,MOS 1

(C.31)
Naming as « all the terms independent of Ry, and 3 all the terms dependent on R?, a
more synthetic efficiency equation can be obtained:

Ry,
T o+ R+ BR2 C.32
7 @ ¥R+ BR? (C.32)
This is the expression reported in (4.32). In this equation, o and g are the following:
2 Lo
a= % <Req,L2 +2Req,c2 + 4VF wVch> (C.33)
8
/8 = m (Req,Ll + 2Req7cint + Req7MOS) (C?)4>

which are the expressions presented in (4.33) and (4.34), respectively.
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