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Abstract
Resonant DC-DC converters have been widely discussed with one of the most popular being the
LCC topology. It’s application towards low to high voltage converters warrants the use of a capacitive
output filter to limit the voltage stress on the rectifier. Designs with a high quality factor (Q) suffer from
large resonant component sizes and stresses leading to power losses in the magnetic components. It is then
desirable to design a low Q converter to minimize these stresses for compactness and efficiency.
Previous time domain analysis shows the converter predominantly operates in one mode so a
frequency domain analysis was possible. Due to the voltage charging and clamping action of the parallel
resonant capacitor as a result of the capacitive output filter, enhanced fundamental harmonic approximation
(FHA) models were used to analyze this topology. These were accurate for high Q designs with
approximately sinusoidal waveforms but degraded for light load, low Q conditions.
In this thesis, a frequency domain model considering higher order harmonics is presented for the
LCC resonant converter with a capacitive output filter. This general model applies to the study of the
converter under variable frequency and phase shift modulation control techniques. Converter characteristics
can be studied using the provided generalized curves of voltage gain (Vo / Vi), phase shift (ϕ), and nonconduction angle (θ). Using the nth harmonic equivalent circuit, steady state performance is easily obtained.
The model is verified against a 380V, 250W experimental prototype with 22-44V input and the commercial
simulation software PSIM.
A simple design procedure is detailed focusing on low Q designs helping minimize the stress and
size of the resonant components. An optimal parallel to series capacitance ratio (k) and Q selection helps
reduce conduction and magnetic losses of the converter.
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Chapter 1
Introduction
1.1 Background
Electrical power conversion has always held an important role in the advancement of
technologies since its discovery. Power electronics entered a new era with silicon-based transistors
making increased power density and high-frequency operation possible. Since then, rapidly
growing industries such the clean energy and consumer electronics have reinforced the need for
efficient, compact, and cost-effective designs. Modern day switch mode power supplies have
attempted to solve these challenges by making use of new component materials and control
techniques to reduce power losses.
DC-DC power converters have vital role to play as an intermediate conversion step or an
end to end solution. Whether it be products utilizing batteries or high-power conversion, DC-DC
converters need to be as efficient as possible to eliminate power losses, reduce heat build-up and
better utilize stored energy. Their use in a variety of applications can impose wide input voltage
and output load variation requirements. This leads to the developments of several topologies and
configurations, each better suited to certain applications.
1.1.1 Hard Switched Converters
The major driver for increased switching frequency is the converter size and weight
reduction from smaller capacitors, inductors and transformers. More traditional DC-DC converters
are hard-switched and make use of Pulse Width Modulation (PWM) to regulate output voltage.
These are simpler to design, model and are cost effective. Mathematical modeling is also easier as
the input voltage is square-wave in nature resulting in piece-wise linear waveforms [1]. However,
the benefits offered from higher frequency operation in the hundreds of kilohertz and beyond,
1

coupled with higher power levels severely limit PWM hard-switched converters. The main reason
for power loss in hard-switched converters is the occurrence of simultaneous current and voltage
across the MOSFETs during turn-on and turn-off transitions. These losses increase with switching
frequency and become barriers to efficient designs. Strategies to mitigate these switching losses
include high slew rate transitions to minimize current and voltage overlap. High slew rates have
the effect of exacerbating electromagnetic interference (EMI) issues.
1.1.2 Soft Switched Resonant Converters
Soft-switched resonant converters employ a resonant tank which is a combination of
inductors and capacitors to combat switching losses shown Figure 1-1. This allows for zero voltage
switching (ZVS) and zero current switching (ZCS) [2].

+

+
Vi
_

Resonant
Tank

Transformer

Rectifier

Output
Filter

Ro Vo
_

Inverter

Figure 1-1: Soft switched DC-DC resonant converter structure
For ZVS, the drain to source voltage across the MOSFET is brought to zero prior to turnon from the gate driver. This zero voltage is achieved with negative current flowing through the
MOSFET by way of the intrinsic body diode. Turn-on losses can be completely eliminated with
ZVS by preventing simultaneous voltage and forward current during this transition. Conversely
with ZCS, the current is flowing in the negative direction prior to turn-off which results in zero
current flowing through the MOSFET during the turn-off transition. ZVS is preferable over ZCS
as turn-off losses can also be eliminated with external snubber circuitry [2].
Due to the filtering characteristics of the resonant tank, an approximately sinusoidal current
flows through it. Impedance and gain of the resonant tank are then a function of the switching
2

frequency. Adjustment of the frequency provides a method to control the impedance seen by the
inverter and ultimately regulate the output. To achieve ZVS, the impedance must be inductive in
nature to produce a lagging current. Operating above the resonant frequency of the L and C
components ensures an inductive impedance [3]. Sinusoidal currents from the resonant tank help
mitigate EMI problems as well.

1.2 Resonant Converter Topologies
1.2.1 Two Element Resonant Converters
The two most common types of two element resonant tank converter topologies are the
series resonant converter (SRC) and the parallel resonant converter (PRC) with tank topologies
seen in Figure 1-2.

Ls

Ls

Cs

Cp
(a)

(b)

Figure 1-2: Two element resonant tank topologies (a) Series (b) Parallel
The SRC allows for high efficiency as there is no parallel path hence no circulating current
in the tank. A drawback of this is poor light load regulation due to the large frequency variation
required to regulate the output [3]-[5]. The PRC attempts to solve the issue of wide frequency
variation with a parallel capacitor Cp but suffers from poor light load efficiency. Circulating current
that is load independent means constant conduction losses play a significate factor during light load
operation [3].

3

1.2.2 Three Element Series-Parallel Resonant Converters
A solution for regulation in a narrow switching frequency range and increased efficiency
over the PRC is the series-parallel resonant converter (SPRC) which incorporates a third element
in the resonant tank. Many three element configurations have been explored and their feasibility
discussed [6]-[7]. Popular SPRC topologies LCC and LLC resonant converters in Figure 1-3 [2]
[8]-[17]. This topology utilizes the structure of the SRC with an additional parallel capacitor Cp for
the LCC, or a parallel inductor Lp for the LLC. The Cp and Lp provide a path for some circulating
current resulting in light load regulation capabilities.

Ls

Ls

Cs

Cs

Cp

Lp

(a)

(b)

Figure 1-3: SPRC resonant tank topologies (a) LCC (b) LLC
In the LLC topology Lp, and sometimes Ls, is integrated into the transformer as it’s
magnetizing and leakage inductance. Integrating two resonant components into the transformer in
pursuit of a reduced component count increases construction complexity dramatically [18]. Tuning
the Lp to Ls ratio can be a cumbersome procedure as relationships of magnetizing and leakage
inductance are difficult to predict. Hence close inductance values between optimized designs and
resulting prototypes are more difficult to achieve when compared with the LCC topology. Often,
magnetizing inductance is sufficiently high that it can be removed altogether from analysis
promoting LCC [13]-[15]. Low voltage (LV) to high voltage (HV) applications requiring high turns
ratio transformers can produce sufficiently high parasitic capacitances on the secondary side
reducing the external Cp requirement or in some cases, completely eliminating it [8] [14] [19]-[20].
In this case the target could have been an SRC topology but with significant LV to HV transformer
4

parasitics, an LCC is a more accurate model [21]-[23]. Designing such a transformer can then be
optimized to solely reduce or eliminate the external Ls with the leakage inductance. Higher
frequency designs can reduce the size of magnetic components potentially eliminating all but the
series capacitor Cs. Additionally, LV to HV converters have higher primary side currents.
Difficulty in achieving an exact Lp or slight variations can lead to sub-optimal efficiency and
excessive transformer heating with these high primary side magnetizing currents. Sourcing
capacitors closer to specifications are far simpler and guarantees a much smaller variation between
optimal and actual designs.
HV applications that merit the LCC topology help determine appropriate output filters as
well. From Figure 1-4, the capacitive output filter benefits from a lower component count and filter
order by eliminating Lo. On rapid open-circuit conditions, Lo can over charge Co causing an over
voltage condition even after the control loop has responded. Increased voltage stress on rectification
diodes is also present with an inductive filter [2]. A capacitive filter clamps the voltage across the
diodes to the output voltage. As previously investigated in [24] topologies with a parallel resonant
capacitor and capacitive output filter do not exhibit higher peak resonant currents than with an
inductive filter. Furthermore, the rectifier diodes operate under ZCS conditions eliminating reverse
recovery losses [25].

Lo
Co

Ro

Co

(a)

Ro

(b)

Figure 1-4: (a) Inductive output filter (b) Capacitive output filter

So, the LCC resonant converter with capacitive output filter (LCC CF) is particularly
attractive for high power, LV to HV applications with small input voltage variations and full to
5

light load conditions [13] [15] [19] [21] [26]-[28] [64]. Benefits also include low component count
and simplicity in design compared with the LLC. For these reasons the LCC CF and its analysis
was chosen to be the focus of this thesis.

1.3 Modulation Techniques of Resonant Converters
To optimize resonant converters aside from physical design, different modulation
techniques have been developed. Improvements range from reduced conduction losses, reduced
switching frequency variation and lower component stresses. In order to create an accurate model
for the LCC CF, modulation techniques must be reviewed. The two of the most popular being
variable frequency and phase shift modulation [2]-[5] [24] [29]-[37]. Multiple modulation
techniques may be able to maintain regulation with ZVS, but one may be preferable over the other.
Current and voltage stresses can increase conduction losses [51]. Some techniques are
combinations of two basic ones creating hybrid modulation techniques [38]-[44]. Widely used
techniques are highlighted in the following subsections.
1.3.1 Variable Frequency Modulation
The most popular and easy to implement control technique is variable frequency
modulation (VFM). This varies the switching frequency with respect to the resonant frequency of
the series resonant components, Ls and Cs. Utilizing the relationship of impedance and switching
frequency, the output voltage can be regulated. With this, the gain of the resonant tank is adjusted
in response to changing input voltage and dynamic load conditions that cause output voltage
variations [2]-[5] [24] [29]-[36]. Drawbacks are evident when the converter is required to handle
wide input voltage and load conditions. VFM would cause it to operate sub-optimally. High input
voltage and light loading conditions forces VFM to switch at higher frequencies leading to higher
RMS currents, and sub-optimal magnetic component designs [45]. Improper Q and k choices can
increase these problems requiring a larger switching frequency range to achieve regulation.
6

Improvements were made with the implementation of a self-sustained oscillation mode (SSOC)
controller in [41] [46]. Instead of imposing a switching frequency, a phase angle between the
inverter output voltage and a resonant circuit variable is imposed. This reduced the frequency
variation required to achieve ZVS and regulation.
1.3.2 Phase Shift Modulation
Phase shift modulation (PSM) is a form of fixed-frequency control. It produces a
symmetrical quasi-square wave which can regulate output voltage by varying the pulse width angle
against input voltage or load variations. With this method, a fixed constant frequency is chosen
where varying the pulse width can ensure regulation and ZVS [16]. A constant frequency leads to
lower core losses with more optimal magnetic components and a greater overall efficiency [38]
[47]-[49]. Though under wide input voltage variations and light loads requirements, ZVS cannot
be maintained.
1.3.3 Hybrid Modulation
To combat the drawback of both large frequency variations and loss of ZVS, hybrid
modulation employs multiple techniques utilizing duty-cycle and frequency variation to regulate
the output. Several hybrid modulation schemes have been proposed [39] [42] [50]-[51]. An
example is to use VFM for full to part load conditions where frequency variation is narrow. At light
loads, a predefined maximum frequency is held and employs PSM [51]-[52]. A smaller frequency
variation makes is easier to optimize magnetic components. However, complexity is increased with
this method because it uses two controllers. A combination SSOC and PSM controller was
proposed in [39] as the self-sustained phase shift modulation (SSPSM) controller. Complexity was
reduced as it is a modification of the previous SSOC controller. SSPSM provided a significantly
reduced frequency variation while guaranteeing ZVS. Benefits include reduced conduction loss,
switching frequency variation, semiconductor stress, and full to light load guaranteed ZVS [38]. A
7

general model to analyze the LCC CF using a hybrid modulation controller based on frequency
variation and PSM would be greatly beneficial.

1.4 Analysis of the LCC CF Resonant Converter

isw
Q1

Q2

+
_Vi

is

+ + vLs
v_s

Q4

Cs

Ls

_

Q3

ip

_
+ vCs
CP
iCp

+
vCp
_

D1

D2

io
+

1:n
D4

D3

Co Vo
_

Ro

T

Figure 1-5: Full-bridge LCC resonant converter with capacitive output filter

Shown in Figure 1-5, a full-bridge inverter provides the bipolar square or quasi-square
wave voltage input to the LCC resonant tank. Being more appropriate for higher power designs,
the full-bridge inverter allows for flexibility of using multiple popular modulation techniques.
Characteristics of the LCC resonant tank can be optimized according to the application by
configuring the quality factor Q and the ratio k of the parallel capacitor Cp to the series capacitor

Cs. Analysis of resonant converters become more complex than the previously mentioned hardswitched PWM converters due to the non-linear nature of the currents and voltages. This is
especially the case with the LCC CF configuration. Because of the existence of two voltage source
elements in parallel, Cp and the output filter capacitor Co, there exists an additional interval in
which the input stage prior to rectification becomes decoupled from Co and load Ro. Hence the
current fed into the rectifier is discontinuous. Accurate and rapid modelling of resonant converters
help in comparing different topologies to suit the given application resulting in quicker, more
optimal designs. Modes of operation and analysis techniques for the LCC CF are introduced and
discussed in the following subsections.
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1.4.1 Modes of Operation
Under VFM, the LCC CF converter has multiple modes of operation [30] [53]-[55]. Since
ZVS is desirable, the focus will be on the two modes present above resonance with ZVS. The two
modes, Mode 1 and Mode 2 can be described using interval A, B, and C. Considering the first half
of the switching cycle, their equivalent circuits are given in Figure 1-6.

is

is

Cs

Ls

iCp
Cp

+
Vi
_

+
±V
_ o

Cs

Ls

iCp
Cp

+
Vi
_

+

vCp
_

(a)

(b)

Figure 1-6: Interval equivalent circuits (a) Interval A (–Vo) and C (+Vo) (b) Interval B
The sequence of intervals in a half switching cycle are described beginning from the
inverter applying a positive voltage across the resonant tank. Because of the polarity reversal of the
parallel capacitor, the DCM interval B must always follow a clamped interval A or C. Hence the
rectifier current will always be in this discontinuous mode. Figure 1-7 describes general waveforms
of the two modes.
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Figure 1-7: Modes of the LCC CF converter operating with ZVS (a) Mode 1 (b) Mode 2
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Mode 1 occurs for full to part load conditions and is the predominant mode of the converter.
There are three possible iterations of Mode 1. The first being at resonance where the duration of
interval A is zero resulting in the sequence BC. The second consisting of all three intervals in the
sequence ABC. Thirdly, with a sufficiently lagging resonant current where the duration of interval
C is zero and results in the sequence AB. Previously investigated in [30] [53], the converter remains
in Mode 1 for most of the load range except for light loads and high input voltages where higher
switching frequency is required to regulate output voltage. Because of a significantly lagging
resonant current during these light loads, the converter operates in Mode 2. Mode 2 is undesirable
because of larger circulating currents in the resonant tank relative to output current [18] [50].
Typical applications where the LCC CF is used do not tend to use this mode and different resonant
topologies may be better suited. It is preferable to operate close to the resonance point which
corresponds to Mode 1. Since LCC CF converter primarily operates in Mode 1, a frequency domain
model of this mode for multiple modulation techniques becomes beneficial for designs of any rated

Q.
1.4.2 Time Domain Analysis
Steady state time-domain analysis breaks down the operation of the converter into its
equivalent circuits. Each equivalent circuit represents an interval determined by the state of the
input and output of the resonant tank. Introduced in [2], [29] and further analyzed in [24], analysis
of the PRC CF provided insight into the clamping action of the voltage across Cp. Time domain
analysis was conducted for this configuration and solved using fourth-order Runge-Kutta
integration. Analysis was extended to include the LCC CF resonant converter in [30] using time
domain. Compared with the basic resonant topologies which had square wave input and output
waveforms, analysis of these resonant converters with a parallel resonant capacitor with capacitive
output filter became more complex. Differential equations for state variables were derived for each
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of the three intervals in the half-period with multiple modes of operation. Computation time was
compromised where a larger number of intervals had to be analyzed.
A merit for time-domain analysis is its high accuracy and elimination of approximate
solutions caused by converters operating in more than one mode. Any combination of Q and k can
be analyzed without affecting the accuracy of the model. However, as stated previously, the LCC
CF primarily operates in Mode 1 diminishing the justification of complex time domain analysis
techniques.
1.4.3 Fundamental Harmonic Approximation
The Fundamental Harmonic Approximation (FHA) method analysis was a powerful
technique for the three basic resonant converter topologies, SRC, PRC and SPRC of the LCC type
[3]. Considering only the fundamental harmonic of circuit waveforms allowed for simple AC
analysis techniques to be utilized. It is built on the basis of deriving an equivalent AC resistance
(Rac) to replace the rectifier, output filter and resistive load. From an equivalent circuit similar to
Figure 1-8, expressions for converter gain and resonant current phase angle can be derived.

Resonant
Tank

Rac

Figure 1-8: General FHA equivalent circuit
The core assumption of this analysis method is the resonant current is sinusoidal. High Q
resonant tanks present filtering effects of higher order harmonics allowing for this sinusoidal
waveform assumption. Because it is ideal for a converter to be operating near the resonant point,
this technique can provide some meaningful information for design purposes. However, converters
required to achieve regulation under wide input voltage and load conditions experience highly non11

sinusoidal waveforms, hindering this technique’s accuracy. A requirement of the traditional FHA
hinges on the fact that the output filter for the SRC is capacitive, and for parallel type tanks, PRC
and SPRC LCC, the filter is inductive. These tank and filter combinations ensure that the output
current will be in CCM. This is another key feature for the Rac approximation in [3] to maintain its
accuracy.
As other topologies became popular, improvements on the traditional FHA were developed
for more complex waveforms. Resonant tank topologies like the LCC CF resonant converter
possess a DCM rectifier current. In this case, the rectifier and output resistance had to be modelled
differently and a modified equivalent impedance was derived [12] [25] [31]-[33] [65]. Multiple
equivalent circuits were proposed with their general forms in Figure 1-9. These enhanced FHA
(eFHA) models with modified equivalent impedances incorporated the effects of DCM rectifier
current in terms of a non-conduction interval. This interval is when the parallel capacitor Cp is
conducting and reversing polarity. However, analysis still continued with the assumption that the
resonant current was sinusoidal. Additionally, this assumption was applied to the interval in which
the rectifier was conducting even though over one entire cycle the DCM current waveform itself
contained high order harmonics. Once again, though this assumption can be true, it begins to
degrade for low Q designs or when the converter is forced to operate away from resonant frequency
with non-sinusoidal waveforms.
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Figure 1-9: Equivalent circuits for eFHA models (a) [31] (b) [32] (c) [33]
Existing literature using eFHA on the LCC CF primarily focuses on the VFM and foregoes
analysis for other phase-shift or asymmetrical control methods. This technique promotes simplicity
and as input and output waveforms become more complex, the FHA techniques become less
accurate. The first harmonic approximation of more complex control methods such as PSM, and
hybrid techniques is not an accurate representation.
1.4.4 Frequency Domain Modelling
Building off of the simplicity offered by FHA and eFHA, frequency domain modelling
aimed to accurately represent current and voltage waveforms used in analysis. Accurate waveform
representation allows resonant tanks of any Q value to be analyzed. Assumptions of sinusoidal
waveforms no longer needed to be made with the inclusion of higher order harmonics. Also lacking
in FHA techniques was the ability to reproduce steady-state waveforms of the converter. Frequency
domain analysis has been conducted for some of the basic topologies [4] [5] [34] [48] [56]. Models
of three and four element topologies were developed in [35]-[37] [47]. In these works,
combinations of resonant tanks and output filters were modelled which produced square wave
inputs to the rectifier operating under CCM. Waveforms of this nature helped maintain the
13

mathematical simplicity promoted by this approach. By accurately reproducing the more complex
waveforms of the LCC CF, frequency domain analysis can be applied to this configuration as well.
As in [4] and [36], frequency domain analysis can provide a general model for multiple
modulation schemes. These previous works presented analysis of resonant converters under VFM
and PSM techniques. [38]-[44] show that advanced hybrid control techniques are being employed
to further optimize components and increase the efficiency of resonant converters. Steady-state
converter waveforms for hybrid schemes that employ VFM and PSM techniques can be reproduced
by frequency domain models.
A drawback of the frequency domain approach lies in its ability to accurately model only
one mode of operation. Though resonant converters can operate in multiple modes, topologies for
which a frequency domain model was developed were ensured to predominately operate in one
mode [4] [5] [34]-[37]. Other modes, multiple conduction mode (MCM) and DCM, occurred under
certain conditions but were generally undesirable. Some topologies, such as the LLC with
capacitive output filter are designed to significantly operate in multiple modes. Small packaging
size can force a low Q design to operate in both DCM and CCM [50] [57] [58]. In this case a timedomain analysis would be warranted. In [37] however, conditions for the LLC with capacitive
output filter were restricted to constant frequency control above series resonant frequency,
justifying a frequency domain model for the dominant CCM mode.
It is evident from previous works that frequency domain modelling is applicable to
converters which predominately operate in one mode and can reproduce accurate steady-state
waveforms provided the resonant tank input and output waveform expressions of the resonant tank
can be accurately derived. Since LCC CF converter primarily operates in Mode 1, a frequency
domain model of this mode for multiple modulation techniques becomes beneficial for designs of
any Q.
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1.5 Design of the LCC CF Resonant Converter
The design of an LCC CF resonant converter depends primarily on Q and k. With
frequency domain modelling, a rapid design process is possible through curves that help choose
ideal Q and k values for any application. Major goals of any design should be to maintain the ability
to regulate the output with the minimization of power losses from excessive circulating current and
component stresses. Minimization of stresses in Ls and Cs can be quantified through the peak stored
energy in each element. It is described in (1.1) by peak current and voltage across Ls and Cs. This
is also a measure of the size of Ls and Cs which should be minimized to achieve design goals.

UE =

1 ˆ 1
Ls is = Cs vˆCs
2
2

(1.1)

Q is a factor describing the damping of the resonant converter where a high Q factor
represents an underdamped system. To reduced conduction losses and maintain sinusoidal
waveforms in the circuit, a high Q factor can be desirable, but may not always be the best option.
As (1.1) and (1.2) would suggest, a high Q selection coupled with high currents present in LV to
HV designs requires the series inductor Ls to store a large amount of energy. Consequently, this
leads to a larger physical size and components stress negates the advantage of transformer parasitics
as resonant components [59]. These negative consequences impose limits on Q.

Q=

r Ls n 2
Ro

=

n2
r Cs Ro

(1.2)

Therefore, an appropriate Q should be selected according to the application from the design
curves. For example, solar microinverters require small packaging and high power density which
forces the design to have a lower rated Q. FHA analysis techniques rely on a high Q in the range
of 3-5 to maintain accuracy which is reflected in the designs of [3] [31]-[33]. Many of these designs
and ones from time domain analysis do not focus on minimization of stresses [2] [24] [29] [30].
[10] even promotes high Q designs for their SRC like characteristics.
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The ratio k has the effect of providing a gain greater than one across the resonant tank and
influences the switching frequency range regulating output voltage. A large k factor means a large

Cp which reduces the switching frequency range. This is at the expense of greater conduction losses
from higher circulating current in the tank and through the inverter MOSFETs. A low k factor is
always desirable as this minimizes additional conduction losses caused by this third element. If
insufficient k is chosen, problems with insufficient gain at low input voltages and the inability to
regulate output voltage at light loads within the acceptable switching frequency range result.
Advanced modulation techniques can help reduce the switching frequency variation which can also
lead to a lower required k factor. An optimal k factor should be chosen to fulfil application
requirements. In [3] [10] [31] it is suggested that a k = 1 or 1.25 is an adequate compromise but this
may not be the case for all applications. [30] also only provides curves for this single k factor which
makes it difficult to graphically assess the viability of other designs. High Q values chosen in these
works reduce the size of Cs which in turn reduces Cp. Such a high k factor may not be so detrimental
in terms of conduction losses but the stress on Ls and Cs is substantial from the high quality factor.
It is then important for low Q converters to minimize k and eliminate excessive conduction loss.
The method in this thesis first investigates an optimal k factor then finds the corresponding optimal
Q instead of imposing a k factor and transformer turns ratio prior to the design process. A general
frequency domain model bridges the gap for a rapid design process with an accurate model for low
Q LCC CF resonant converters focused on compactness.
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1.6 Thesis Objectives
Because of its wide usage in LV to HV applications and construction simplicity, this thesis
aims to improve upon existing works to model and design the LCC resonant converter with
capacitive output filter. The objectives of this thesis are as follows.
1) Provide an accurate frequency domain model for the LCC resonant converter with
capacitive output filter using VFM.
2) Expand the frequency domain analysis for phase shift modulation which can also be
applied to variable frequency and phase shift based hybrid modulation techniques.
3) Generate analytical curves using MatLab from the frequency domain model. The model’s
accuracy will be validated against results from an experimental prototype and the
commercial simulation software PSIM.
4) Outline a design process focused on converter miniaturization and reduced voltage stresses
on resonant tank components. Normalized design curves valid for any application will be
generated from the developed frequency domain model from which optimal resonant
components can be selected.

1.7 Thesis Outline
In Chapter 2 the operation of the LCC CF resonant converter under VFM is described in
detail with along with general waveforms. Based on the converter primarily operating in one mode,
an equivalent circuit is presented and a frequency domain analysis is conducted applicable to
resonant tanks of any rated Q. Performance of the converter is discussed regarding resonant tank
gain and RMS currents. The effects of changing resonant tank characteristics and varying the
control variable is mentioned. Accuracy of the frequency domain model based on a design example
for a solar microinverter application is confirmed with PSIM simulations and an experimental
prototype.
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Chapter 3 extends on the frequency domain model derived for VFM to also include PSM.
This general model can then be applied to any operating point under variable frequency, phase shift
or a hybrid technique based on a combination of the two. The complete general model is verified
with PSIM simulations for multiple operating points. Performance is compared to solely VFM and
the merits of hybrid techniques are highlighted.
Chapter 4 uses the general frequency domain model to present a design process to choose
an optimal Q for miniaturization and reduced magnetic component losses. A flowchart outlines the
process for a converter under VFM and is applied to a 250W solar microinverter example. For the
experimental prototype, transformer and resonant inductor design is described as well as with key
components of the PCB.
Chapter 5 concludes the thesis by summarizing the results and findings. Considerations are
then made for future developments relating to work conducted in this thesis.
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Chapter 2
Frequency Domain Model of the LCC CF Resonant Converter for
Variable Frequency Modulation
2.1 LCC CF Resonant Converter VFM Operation
In this section, the operation of the LCC CF along with key waveforms will be discussed.
This will help set up the following sections to construct a frequency domain model of this converter
operating with VFM. Converter operation and waveforms discussed are valid for ZVS operation in
Mode 1 from full to part load conditions. The frequency domain model derived in this chapter will
still maintain acceptable accuracy for extremely light load conditions in Mode 2 but will be
conceptually approximate, similar to FHA.
Figure 2-1 shows the LCC CF resonant converter where the full-bridge inverter controls
the input voltage waveform of the resonant tank. A symmetrical bi-polar square voltage (vs), is
applied to the LCC resonant tank. This results in AC currents flowing through the tank. Three
branches of the resonant tank include the current at the output of the full-bridge inverter is, the
current through Cp as iCp, and the current into the primary winding of the isolation transformer T as
ip. By the rectification action of the didoes, ip is converted to a unidirectional current at the output
of the rectifier. An output capacitor Co provides a constant DC output voltage Vo.
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Figure 2-1: Full-bridge LCC CF Resonant Converter
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When ip is rectified, the rectifier reflects back a voltage waveform vCp at the primary of the
transformer due to the capacitive output filter. These two voltage sources at the input and output of
the resonant tank are used to describe the full LCC CF resonant converter as an equivalent circuit
shown in Figure 2-2. The rectifier, output filter Co and load Ro are all described by this reflected
voltage vCp. For a generalized model a unity turns ratio transformer is used.
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Figure 2-2: LCC CF resonant converter equivalent circuit for VFM
The output voltage waveform reflected by the rectifier has been labeled as vCp as this
reflected voltage also describes the voltage across the capacitor Cp. Generalized waveforms for
VFM are in Figure 2-3. Phase difference between vs and is is ϕ. vCp and is are in phase so ϕ also
describes the phase difference between the vs and vCp. Because the of the requirement that this
converter be operated under ZVS conditions, is is assumed to be lagging vs.
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Figure 2-3: General waveforms of the LCC CF resonant converter for VFM
When is is negative and flowing through diodes D2 and D4, vCp is clamped to the output
voltage –Vo. As is crosses zero, the current transfers to Cp. Compared to the SRC, the additional Cp
prevents instantaneous reversal of vCp. There exists a period of non-conduction for the rectifier
diodes where the load and the resonant tank are decoupled. This interval of non-conduction is
described by θ. During this interval, is reverses the polarity of vCp and clamps it to +Vo. The positive
half-cycle diode pair D1 and D3 then conduct and allow the resonant current is to flow to the load.
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Figure 2-4: General LCC CF resonant tank current waveforms
During the positively or negatively clamped intervals of vCp, no current flows through Cp
and iCp is zero. Conversely, during the interval θ, no current is flowing to the output as the current
is is being used to reverse vCp, so ip = 0 and is = iCp. Figure 2-4 shows iCp in blue, with the charge
required to reverse the polarity of Cp shaded in blue. ip is shown in red, with the charge delivered
to Co shaded in red. Unique to this converter, all three current waveforms have the same phase
angle ϕ between vs and themselves. Converter current paths for two intervals are highlighted in
Figure 2-5 and Figure 2-6.
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Figure 2-5: LCC CF resonant converter during rectifier non-conduction interval (θ)
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Figure 2-6: LCC CF resonant converter during rectifier conduction interval

The value of θ is dependent on the size of Cp and load conditions. During full load
conditions, is is comparatively large and the charge needed for Cp to reverse polarity can be
delivered in a small interval. This means that polarity reversal of vCp occurs rapidly. This also occurs
for smaller ratios of Cp to Cs (k). Under these conditions, the converter’s characteristics resemble
those of an SRC. With light loads and/or high k designs, resonant current is smaller and a larger
amount of charge is required causing θ to increase. An increased θ results in a greater current
circulating through the resonant tank compared with the SRC which has no parallel path. A voltage
boosting characteristic is the result of the presence of the Cp as load decreases.

2.2 Resonant Tank Input and Output Source Expressions
Prior to formulating a model of the converter, expression of the two voltage sources of the
equivalent circuit in Figure 2-2 must be derived. A Fourier series expression can be written for each
of source. Because the output filter is capacitive, both sources are represented by voltage sources.
The following assumptions are used in this analysis to model the converter.
1) The semiconductor switches and diodes are ideal.
2) Dead-time between switches is not considered.
3) The transformer is ideal and has a unity turns ratio
4) The input and output voltages are ripple free.
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2.2.1 VFM Input Voltage Source Fourier Series Expression
Using VFM, the output voltage of the converter is regulated by varying the switching
frequency of the full-bridge inverter. The symmetrical bi-polar square wave output of the inverter
(vs) is given by:


4Vi
sin ( ns t )
n =1 n

vs = 

(2.1)

2.2.2 Parallel Capacitor Voltage Fourier Series Expression
The voltage across Cp is representative of the output voltage source of the resonant tank.
In order to write a Fourier series expression for vCp, expressions must be derived for the vCp charging
and clamped intervals in Figure 2-7. θ is the charging interval and π – θ is the clamped interval.
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Figure 2-7: LCC CF resonant tank current (is) and parallel capacitor voltage (vCp)
waveforms
Since the converter is assumed operate with ZVS, the equivalent circuit during interval θ
in Figure 2-8 is a second order circuit. An expression describing vCp during θ can be derived.
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Figure 2-8: Equivalent second-order circuit during non-conduction interval (θ)

The expression for vCp during the charging interval θ corresponds to vCp_charge. The
expression of vCp during the clamped interval π – θ is vCp_clamp. Initial conditions and current in the
second order equivalent circuit is:

is = iC p

(2.2)

iC p ( 0 ) = 0

(2.3)

iC p = iˆC p sin (s t )

(2.4)

Therefore, using an initial condition, vCp_charge is:

vC p _ charge ( 0 ) = −Vo

(2.5)

t

vC p _ charge

1 1ˆ
=
iC sin (s t ) dt − Vo
C p 0 p
=

iˆC p

s C p

(1 − cos (s t1 ) ) − Vo

Where:

s t1 = 
vC p _ charge ( t1 ) = +Vo
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(2.6)

Therefore:

iˆC p =
vC p _ charge =

2Vos C p

(2.7)

(1 − cos ( ) )

2Vo
(1 − cos (s t ) ) − Vo
(1 − cos ( ) )

(2.8)

For the clamped interval:

vC p _ clamp = +Vo

(2.9)

vCp is half-wave symmetric and is made up of vCp_charge and vCp_clamp. It is described as a
piecewise function of angle ωst:

2Vo

 1 − cos ( ) (1 − cos (s t ) ) − Vo
)
(

+Vo
vC p (s t ) = 
−2Vo

(1 − cos (s t ) ) + Vo
 (1 − cos ( ) )

−Vo


for

0  s t  

for

  s t  

for

  s t   + 

for

 +   s t  2

(2.10)

Now a Fourier series expansion of (2.10) describing vCp can be written. When computing
the Fourier coefficients, it will be simpler to write the expansion of vCp_clamp and vCp_charge separately
and then summed. The Fourier series expansion for vCp_clamp and vCp_charge is as follows:


vC p _ clamp = Vo   An cos ( ns t ) + Bn sin ( ns t )

(2.11)

n =1


vC p _ charge = Vo  Cn cos ( ns t ) + Dn sin ( ns t )

(2.12)

n =1

Where An, Bn, Cn and Dn are the Fourier coefficients. The subscript “n” denotes the nth
harmonic coefficient and will be used as such throughout the analysis. All four coefficients are
necessary to construct the full waveform as vCp is half-wave symmetric but is neither odd nor even.
Derivation of the Fourier coefficients can be found in Appendix A.
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2
 − sin ( n )
n 

(2.13)

2
1 + cos ( n )
n 

(2.14)

An =
Bn =

Cn =


 n cos ( ) sin ( n ) − sin ( ) cos ( n )  
2  sin ( n ) 
2
2
− 1 −



  (2.15)
  n  1 − cos ( )  1 − cos ( ) 
n2 − 1
 

Dn =


 n cos ( ) cos ( n ) + sin ( ) sin ( n ) − n  
2  cos ( n ) − 1 
2
2

1 −
−

  (2.16)
 
n
1 − n2
 
 1 − cos ( )  1 − cos ( ) 

From here using (2.11) and (2.12):

vC p = vC p _ clamp + vC p _ charge

(2.17)



vC p = Vo   An cos ( ns t ) + Bn sin ( ns t ) + Cn cos ( ns t ) + Dn sin ( ns t )
n =1



=  Vo
n =1 

( An + Cn )

2

+ ( Bn + Dn )

2

sin ( ns t +  n )


(2.18)

Where:

 An + Cn 

 Bn + Dn 

n = tan −1 

(2.18) represents vCp as previously represented in Figure 2-7.

2.3 Frequency Domain Model for Variable Frequency Modulation
This section presents the modelling of the LCC CF resonant converter in the frequency
domain. With the inclusion of higher order harmonics, high to low Q converters can be analyzed
aiding in optimal design for any application requirements. The following general model can be
applied to this converter under VFM.
The following assumptions are used in this analysis to model the converter.
1) The semiconductor switches and diodes are ideal.
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2) Dead-time between switches is not considered.
3) The transformer is ideal and has a unity turns ratio
4) The input and output voltages are ripple free.
2.3.1 Generalized Expressions
The current is having the phase shift angle of ϕ, means vCp is also phase shifted by ϕ with
respect to the voltage vs. The expression builds on equation (2.18) by introducing ϕ into expression
for vCp:


vC p =  Vo
n =1 

( An + Cn )2 + ( Bn + Dn )2 sin ( ns t − n + n )

(2.19)



Since the phase difference between the two voltage sources is ϕ, the phase difference
between the nth harmonic components is nϕ. Figure 2-9 shows a nth harmonic equivalent circuit of
the converter.
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Figure 2-9: Equivalent nth harmonic circuit of the LCC CF converter
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Figure 2-10: Equivalent nth harmonic circuits for Superposition (a) Input voltage source vsn
only (b) Output voltage source vCp only
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The Superposition Theorem is used in obtaining the currents of the resonant tank. Figure
2-10 shows the components of superposition. From Figure 2-10 (a) the following relations are
obtained:

4Vi
sin ( ns t )
n

(2.20)

−4Vi
cos ( ns t )
n Z sn

(2.21)

vsn =
is1n =

iC p 1n = 0

(2.22)

Where:

(

 = jQR n − 1
Z sn = j  ns Ls − 1
o
ns Cs 
n


)

(2.23)

The following quantities Q, k, ωr, and ω are defined as:

Q=

r Ls
Ro

=

1
Ror Cs

k=

Cp
Cs

r =

1
Ls Cs

=

s
r

From Figure 2-10 (b) the following relations are obtained:

vC p n = Vo

is 2n =

Vo

iC p 2n =

( An + Cn )2 + ( Bn + Dn )2 sin ( ns t − n + n )

( An + Cn )2 + ( Bn + Dn )2
Z sn

Vo

cos ( ns t − n +  n )

( An + Cn )2 + ( Bn + Dn )2
ZC p n

cos ( ns t − n +  n )

Where:

ZC p n = − j

QR
1
=−j o
ns C p
nk
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(2.24)

(2.25)

(2.26)

Using the Theorem of Superposition, the currents isn and iC p n are given by:

isn = is1n + is 2n

( An + Cn )2 + ( Bn + Dn )2

Vo
−4Vi
=
cos ( ns t ) +
n Z sn

Z sn

cos ( ns t − n +  n )

(2.27)

iC p n = iC p 1n + iC p 2n
=

Vo

( An + Cn )2 + ( Bn + Dn )2
ZC p n

cos ( ns t − n +  n )

(2.28)

The full-bridge inverter output voltage vs, resonant tank output voltage vCp, and resonant
currents is , iC p , and i p are given by:


vs =  ( vsn )

(2.29)

n =1


( )

vC p =  vC p n
n =1

(2.30)



is =  ( isn )

(2.31)

n =1


( )

iC p =  iC p n

(2.32)

i p = is − iC p

(2.33)

n =1

Constraints set on the continuous waveform of resonant current is are used to solve for the
two unknown angles ϕ and θ. These relationships are represented in the general waveforms of the
converter in Figure 2-3 and Figure 2-4. The first constraint is is = 0 at st =  +  , therefore:
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is = 0

Vo
−4Vi
= 
cos ( n + n ) +

n =1  n Z sn



( An + Cn )2 + ( Bn + Dn )2
Z sn

 (2.34)
cos ( n + n − n +  n )



The second constraint is is = iC p at s t =  +  +  , therefore:
is − iC p = 0
 
−4Vi
= 
cos ( n + n + n )
n =1  n Z sn

(2.35)


+ Vo


( An + Cn )2 + ( Bn + Dn )2 cos ( n + n + n − n + n )  

1
1
−
Z
  sn
ZC p n








Normalizing (2.34) and (2.35) into per unit expressions are represented by f1 and f 2
respectively with base quantities defined as:

Vbase = Vi

Zbase = Ro

I base =

Vbase
base = r
Zbase

(2.36)

f1 ( , ) = 0

4cos ( n )
V
= 
− o

1
Vi
n =1  n Q n − n



(

)

( An + Cn )2 + ( Bn + Dn )2

(

Q n − 1

n

)


cos ( n )



(2.37)

f 2 ( ,  ) = 0
 4cos n + n
(
)
= 

1
n =1 n Q n − n



(

V
+ o
 Vi

)

( An + Cn )

(2.38)

2

+ ( Bn + Dn )

2



  n 2 2 k − k − 1  
cos ( n +  n ) 
  Q n − 1 n  



(

)

For a given value of normalized switching frequency ω, k factor, and Q, the value of ϕ and
θ can be calculated using an iterative method if the value of Vo Vi were known.
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2.3.2 Newton – Raphson Iterative Method
The Newton-Raphson iterative method will be used for expressions f1 and f 2 as both are
set to zero and are functions of ϕ and θ. To obtain an expression for the unknown gain Vo Vi , the
input power is set equal to the output power.

Pi = Po


VsnVC p n

n =1

Z sn

Pi = 

(2.39)

sin ( n −  n )

(2.40)

Vo2
Po =
Ro

(2.41)

Vo2
sin ( n − n ) =
Ro

(2.42)

Therefore from (2.39)-(2.41):


VsnVC p n

n =1

Z sn



Where Vsn and VC p n are the nth harmonic RMS voltages of vsn and vC p n respectively:

Vsn =

VC p n =

Vo

2 2Vi
n

( An + Cn )2 + ( Bn + Dn )2
2

Rearranging for Vo Vi :

Vo  2
=
Vi n =1

( An + Cn )2 + ( Bn + Dn )2

(

n Q n − 1

n )

sin ( n − n )

(2.43)

The values of ϕ and θ can now be obtained for a given value of ω, k factor, and Q using
the multi-variable Newton-Raphson iterative method:

i +1  i  Fi
  =   − J
 i +1   i 
i
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(2.44)

Where:

 f ( ,  ) 
Fi =  1 i i 
 f 2 (i ,i )
 f1
 
Ji = 
 f 2
 


f1 
 

f 2 
 

(2.45)

(2.46)

(i ,i )

ϕi and θi is the ith iteration of the algorithm with ϕi+1 and θi+1 being the next more accurate
iteration. Fi is the matrix of functions f1 and f 2 evaluated at ϕi and θi. J i is the Jacobian, a matrix
of the partial derivatives of f1 and f 2 , with respect to ϕ and θ evaluated at ϕi and θi. Derivation
of the Jacobian is included in Appendix B. The Newton-Raphson method requires initial values of
ϕ and θ. Optimal initial values are from the eFHA model derived in [31]. Initial values ϕ0 and θ0
are:

  − 2k


Q
0 = cos
  + 2k 
Q

−1 

(

)

 2 k  2 − 1 − 20 + sin ( 20 ) 

0 = tan


1 − cos ( 20 )


−1 

(2.47)

(2.48)

Large errors in initial estimates can lead non-convergence of this algorithm which is why
it is important to choose values that are close to the final value. The FHA model uses these
expressions as its closed form solutions to the angles ϕ and θ. It is best to use these for this model’s
initial values. Otherwise, the Newton-Raphson method can fail to converge. With this model and
algorithm, the initial FHA angles values are further refined by considering higher order harmonics
to accurately model the LCC CF resonant converter. Computation of the Newton-Raphson
algorithm for this converter to determine values of ϕ, θ, and gain Vo Vi was conducted using a
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program written in MatLab. Convergence to values accurate to the third decimal place were
achieved within four iterations or less for most operating points.

2.4 VFM Model Analytical Results
The behaviour of the LCC CF resonant converter for VFM can be studied using the
equivalent circuit of Figure 2-2 and the general model outlined in Section 2.3. The model provides
a specific phase angle ϕ, non-conduction angle θ, and gain Vo Vi for every operating point. Though
valid for an infinite number of harmonics, the first 99 harmonics were used for analysis. A
sufficiently high number such as this ensures the effects of higher order harmonics are considered.
Harmonics beyond the 99th however, are insignificant with amplitudes several orders of magnitude
smaller than the fundamental. From here steady state time varying waveforms can be generated.
Equations describing resonant tank currents and voltage are from (2.29)-(2.33) which were
graphically represented using MatLab. Steady state quantities can be obtained if values of Vo Vi ,
ϕ, and θ are known. Figure 2-11 to Figure 2-13 give curves for Vo Vi , ϕ, and θ as a function of
normalized switching frequency (ω) for various values of Q and k.

(a)

(b)

Figure 2-11: Gain ( Vo Vi ) vs. normalized switching frequency (ω) for various Q (a) k = 1
(b) k = 0.5
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(a)

(b)

Figure 2-12: Phase angle (ϕ) vs. normalized switching frequency (ω) for various Q (a) k = 1
(b) k = 0.5

(a)

(b)

Figure 2-13: Non-conduction angle (θ) vs. normalized switching frequency (ω) for various Q
(a) k = 1 (b) k = 0.5
As seen from Figure 2-11 to Figure 2-13:
1) The lagging or leading nature of the resonant current is is dependent on switching
frequency. The frequency at which current begins to lag depends on k and Q and is always
greater than the series resonant frequency.
2) The interval of non-conduction θ increases with switching frequency and k.
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3) The gain across the resonant tank and hence output voltage can be controlled by varying
switching frequency. A gain greater than one is possible.
4) Increasing Q decreases the maximum gain and it occurs closer to the series resonant
frequency.
5) Increasing k increases the maximum gain which also occurs closer to series resonant
frequency.
Because the model is derived for operation in Mode 1, typical steady state waveforms of
the converter are given. The quantities Vo Vi , ϕ, and θ for each operating point are reflected in the
time varying quantities of Figure 2-14 of the full-bridge inverter voltage vs, resonant current is, and
parallel capacitor voltage vCp. Figure 2-14 (a) represents the converter at resonance and achieves
maximum gain. This is the start of Mode 1 operation. Increasing switching frequency, Figure 2-14
(b) shows is lagging vs as expected. For light loads and high switching frequency the converter
beings to enter Mode 2. In Figure 2-14 (c) the converter is operating at the end of Mode 1 and will
enter Mode 2 if switching frequency is increased. Mode 1 is when 0 ≤ ϕ + θ ≤ π.

(a)

(b)

Figure 2-14: Normalized waveforms under VFM for Mode 1 [k = 1.0] (a) [Q = 1 ω = 1.19]
(b) [Q = 1 ω = 1.3] (c) [Q = 0.5 ω = 1.6]
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(c)
Figure 2-14: Continued
Due to the Gibbs phenomenon, at points of jump discontinuities, there will be overshoot
and undershoot ringing of the waveform. vs displays this characteristic in Figure 2-14 at instances
where the bipolar square wave changes polarity. It is also clearly visible for iCp and ip in Figure
2-15. Effects on the accuracy of the model are negligible if a sufficient number of harmonics are
considered. This cannot be completely eliminated even while considering a greater number of
harmonics. Figure 2-15 (a) shows the two components of the resonant current where is = iCp + ip
and, Figure 2-15 (b), the voltage waveforms across the series resonant components Ls and Cs.

(a)

(b)

Figure 2-15: Normalized waveforms under VFM [k = 1.0 Q = 1 ω = 1.3] (a) vs , vCp , iCp , ip
(b) vs , is , vLs , vCp
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Normalized according to I base = Vi Ro , RMS resonant current Is behaviour can also be
observed and is given in Figure 2-16. A reduction in k naturally results in reduced resonant current
but increases the maximum frequency required for regulation. For VFM is it desirable to minimize
k to reduce the conduction losses in the converter while ensuring the maximum switching frequency
is acceptable.

(a)

(b)

Figure 2-16: Normalized RMS resonant current (Is) vs. normalized switching frequency (ω)
for various Q a) k = 1.0 b) k = 0.5

Variation in input voltage for various Q affects conduction losses seen in Figure 2-17, as
the required RMS resonant current (Is) increases with Vi. The 2:1 voltage variation has been taken
from the maximum point from the gain curves. Maximum gain representing operation at Vi and half
of the maximum gain representing operation at 2Vi. Decreasing load also leads to circulating current
making up a larger portion of the total resonant current. This can be considered to be the current
form factor which is a ratio of resonant tank current Is to output current Io.
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(a)

(b)

Figure 2-17: Normalized RMS resonant current (Is) vs. input voltage (Vi) for VFM and
various Q a) k = 1.0 b) k = 0.5

2.5 VFM Model Verification
In this section, the validity of the frequency domain model from Section 2.3 will be verified
against an experimental prototype and the commercial simulation tool PSIM using normalized
analytical curves from the model as in Section 2.4. All normalized curves provided in this section
are for verification purposes and will be in reference to the experimental specifications outlined
below.
2.5.1 Converter Requirements
An overall design method using this model will be described in Chapter 4 along with
behavior of the converter under various Q, k, and ω. The following Table 2-1 outlines the
requirements of the experimental design.
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Table 2-1: LCC CF resonant converter requirements
Parameter

Requirement

Input Voltage Range (Vi_max – Vi_max)

22 – 44V

Output Voltage (Vo)

380V

Output Power (Po)

250W

Resonant Frequency (fr)

125kHz

Maximum fs variation

2:1

2.5.2 Experimental Converter Specifications
The selected parameters to fulfill the requirements are detailed in Table 2-2. These
specifications were used in generating normalized analytical curves in the following subsections.

Table 2-2: LCC CF resonant converter ideal specifications
Parameter

Specification

Input Voltage Range (Vi_max – Vi_max)

22 – 44V

Output Voltage (Vo)

380 ± 10V

Output Power (Po)

250W

Resonant Frequency (fr)

125kHz

Transformer turns ratio (1:n)

1:15

Series Resonant Inductor (Ls)

4.90µH

Series Resonant Capacitor (Cs)

330nF

Parallel Resonant Capacitor (Cp)

220nF

Parallel to Series Capacitance ratio (k)

0.66

Rated Q (Qrated)

1.5

The current design was chosen on the basis of being able to achieve regulation throughout
the input voltage and load range. The LCC CF resonant converter will always operate above the
chosen resonant frequency of 125kHz. Chosen k and Q values affect the minimum and maximum
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frequency required to ensure ZVS and regulation ability. A k = 0.66 and Qrated = 1.4 ensures that at
worst case conditions of minimum input voltage and maximum power, output requirements of
380V and 250W will be met. Additionally, k and Q values ensure a reasonable upper frequency
limit to regulate high input voltage and part load conditions. In Chapter 4, more generalized curves
will be provided for selecting k and Q values with the impact this has on converter operation.
An experimental prototype was developed to match the converter specifications as closely
as possible. Due to available parts and non-ideal nature of components, measured values of certain
components varied slightly compared to specifications from Table 2-2. Table 2-3 outlines these
measured values of the experimental prototype.

Table 2-3: LCC CF resonant converter prototype measured component values
Parameter

Measured Values

Resonant Frequency (fr)

125.5kHz

Transformer turns ratio (1:n)

1:14.6

Series Resonant Inductance (Ls)

4.87µH

Series Resonant Capacitance (Cs)

330nF

Parallel Resonant Capacitance (Cp)

220nF

Parallel to Series Capacitance ratio (k)

0.66

Rated Q (Qrated)

1.4
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2.5.3 Model Verification
Figure 2-18 provides curves for Vo Vi , ϕ, and θ for various values of Q of the
experimental prototype, representing different loading conditions where Qrated = 1.4 and k = 0.66.

(a)

(b)

(c)
Figure 2-18: Frequency domain model curves vs. switching frequency (ω) for various Q
[k =0.66] (a) Gain ( Vo Vi ) (b) Phase angle (ϕ) (c) Non-conduction angle (θ)
Two conditions for verification of the frequency domain model for VFM are tested.
Analytical results used for verification were computed using measured parameters mentioned
previously in Table 2-3. The first condition is Vi = 22V operating under full load Po = 250W. This
is the converter’s minimum input voltage and maximum power operating point and is one of the
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worst-case conditions. This will require maximum gain across the resonant tank and with minimum
switching frequency. Requiring a 380V output, from the transformer turns ratio, a required resonant
tank gain given Vi = 22V is a normalized Vo Vi = 1.2. From the Figure 2-18 (a), the normalized
frequency required for this operating point is ω = 1.23 to achieve regulation and ZVS. Figure 2-19
(a) shows this operating point with waveforms for the full-bridge inverter voltage vs, resonant
current is, and parallel capacitor voltage vCp. Figure 2-19 (b) is this operating point simulated in
PSIM. It is evident that the frequency domain model and PSIM are identical.

3
2
1
0
-1
-2
-3
0

π/2

π

3π/2

2π

5π/2

3π

7π/2

4π

ωs t (rad)
(b)

(a)

Figure 2-19: Normalized waveforms under VFM [ω = 1.23 Q = 1.4 k = 0.66] Ibase = 8.12A
(a) Frequency domain model (b) PSIM Simulation
To compare the normalized values to the experimental results, the quantities must be
multiplied by their respective base values previously listed in (2.36). Here the base voltage and
impedance for Po = 250W referred to the primary side are as follows:

Vbase = Vi = 22V

Zbase = Ro =

Vo 2
n 2 Po

=

( 380V )2 = 2.71
(14.6)2 250W
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(2.49)

(2.50)

V
22V
I base = base =
= 8.12A
Zbase 2.71

(2.51)

Table 2-4 compiles predicted and experimental results. The predicted and experimental
results show close correspondence.

Table 2-4: Analytical and experimental results under VFM [Vi = 22V, Vo = 380V, Po= 250W,
fs = 154kHz, ω =1.23 Q = 1.4 k = 0.66] Ibase = 8.12A
Analysis Method

ϕ (rad)

θ (rad)

iˆs (A)

Frequency Domain Model

0.45

1.02

19.46

PSIM

0.44

1.04

19.62

Experimental

0.56

0.99

19.33

Supporting experimental results are in Figure 2-20. Analytical and experimental results are
comparable reinforcing the frequency domain model. Discrepancies between the analytical and
experimental results are from the ideal assumptions made during the analysis. The experimental
prototype in non-ideal therefore experienced losses and voltage drops due to resistances across
components.
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vCp
vs

is

Figure 2-20: Experimental waveforms under VFM [Vi = 22V, Vo = 380V, Po = 250W,
fs = 154kHz, ω = 1.23 Q = 1.4 k = 0.66] [C1: is: 10A/div, C2: vs: 20V/div, C3: vCp: 200V/div]
To confirm the model is accurate for multiple operating points, a second test condition is
Vi = 36V with 13% load Po = 32W. Assuming output voltage can be regulated, Q can be a measure
of the output power from its definition. In the specifications Qrated = 1.4, at 13% power, Q = 0.18.
The gain curve of Figure 2-18 (a) indicates an ω = 2.12 for Q = 0.18 to maintain regulation. The
base values are adjusted accordingly for the new input and power level, Vi = 36V Po = 32W, using
(2.49) - (2.51). Figure 2-21 shows this operating point with normalized resonant tank waveforms
vs, is, and vCp.

45

8
6
4
2

0
-2
-4
-6
-8
0

π/2

π

3π/2

2π

5π/2

3π

7π/2

4π

ωs t (rad)
(b)

(a)

Figure 2-21: Normalized waveforms under VFM [ω = 2.12 Q = 0.18 k = 0.66] Ibase = 1.70A
(a) Frequency domain model (b) PSIM Simulation
Predicted and experimental results are tabulated in Table 2-5. Experimental waveforms are
presented in Figure 2-22. As with the previous load condition, analytical and experimental results
are in agreement when considering discrepancies due to non-idealities. This shows the model is
accurate for low Q conditions and is valuable for designing converters with size restrictions.

Table 2-5: Analytical and experimental results under VFM [Vi = 36V, Vo = 380V, Po = 32W,
fs = 266kHz, ω = 2.12 Q = 0.18 k = 0.66] Ibase = 1.70A
Analysis Method

ϕ (rad)

θ (rad)

iˆs (A)

Frequency Domain Model

1.44

2.33

12.95

PSIM

1.42

2.26

13.11

Experimental

1.40

2.44

11.91
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vs

vCp

is

Figure 2-22: Experimental waveforms under VFM [Vi = 36V, Vo = 380V, Po = 32W,
fs = 266kHz, ω = 2.12 Q = 0.18 k = 0.66] [C1: is: 10A/div, C2: vs: 20V/div, C3: vCp: 200V/div]

2.6 Summary
In this chapter, the operation of the LCC CF resonant converter under VFM was discussed
with key intervals of operation. An equivalent circuit with its input and output voltage source
expressions was presented. The output voltage source described by vCp was accurately represented.
Using the Newton-Raphson method, a normalized frequency domain model was derived which
describes currents and voltages in the resonant tank. The analytical results generated by the model
described the converter characteristics switching frequency, Q, and k factor. Steady state time
varying waveforms were developed and as expected, were in line with the general waveforms.
These analytically generated curves were compared against experimental and simulation results.
The validity of the model under VFM and was verified for multiple operating points of high and
low Q which showed good correspondence. This model improves upon FHA by considering higher
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order harmonics for low Q accuracy and reduces complexity compared to time domain analysis
due to the increased number of intervals of vCp.

48

Chapter 3
Frequency Domain Model of the LCC CF Resonant Converter for Phase
Shift Modulation
3.1 LCC CF Resonant Converter PSM Operation
Building from Chapter 2, The VFM model can be expanded to include PSM. The model
developed in this chapter can then be applied for steady state analysis of VFM, PSM, or a hybrid
technique made up of the previous two. The LCC CF resonant converter circuit remains the same
as Figure 2-1 with equivalent circuit shown below in Figure 3-1 with a PSM or hybrid technique
input voltage source.

is

Ls

Cs

ip
iCp
Cp

+

vs _

+

vCp

_

Figure 3-1: LCC CF resonant converter equivalent circuit for VFM, PSM and hybrid
techniques

The generalized waveforms for variable frequency, phase shift, and hybrid modulation of
the converter are in Figure 3-2. The pulse width angle of the symmetrical quasi-square wave voltage
vs, which regulates output voltage, is δ. Phase difference between vs and is is ϕ. Because the of the
requirement that this converter be operated under ZVS conditions, is is assumed to be a lagging vs
and    − 2 .
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vs
+Vi
π

δ

–Vi
is

2π

3π

ω st

3π

ω st

3π

ω st

2π
π

vCp
+Vo

ϕ

π
–Vo

2π

θ

Figure 3-2: General waveforms of the LCC CF resonant converter for VFM, PSM and
hybrid techniques

The expression describing the symmetrical quasi-square wave voltage vs for phase shift and
hybrid modulation is an extension of (2.1) and is given by:


vs = 

n =1

(

4Vi sin n

) sin ( n 2 ) sin ( n t )

2
n

s

(3.1)

The output voltage source expression remains the same and was previously described by (2.19).
3.2 Frequency Domain Model for Phase Shift Modulation
The following assumptions are used in this analysis to model the converter.
1) The semiconductor switches and diodes are ideal.
2) Dead-time between switches is not considered.
3) The transformer is ideal and has a unity turns ratio
4) The input and output voltages are ripple free.
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On close inspection of equations (2.1) and (3.1), it can be seen that equation (2.1) can be
obtained by substituting δ = π into equation (3.1). Using the equivalent nth harmonic circuits of
Chapter 2 in Figure 2-9 and for Superposition in Figure 2-10, the following relations are obtained.

vsn =

is1n =

(

4Vi sin n

) sin ( n 2 ) sin ( n t )

2
n

(

−4Vi sin n

(3.2)

s

) (

)

sin n
2
2 cos n t
( s)
n Z sn

(3.3)

iC p 1n = 0

(3.4)

Where Z sn is previously defined as (2.23). For the superposition component only
considering the output voltage source, resonant tank voltages and currents have been previously
described by (2.24)-(2.26). Using the Theorem of Superposition, the current isn is then given by:
isn = is1n + is 2n
=

(

−4Vi sin n

) (

)

sin n
2
2 cos n t + Vo
( s)
n Z sn

( An + Cn )2 + ( Bn + Dn )2
Z sn

cos ( ns t − n +  n )

(3.5)

The full-bridge inverter output voltage vs, resonant tank output voltage vCp, and resonant
current is are given by:


vs =  ( vsn )

(3.6)

n =1


( )

vC p =  vC p n
n =1

(3.7)



is =  ( isn )
n =1
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(3.8)

Using the same two constraints from Chapter 2 to solve for the two unknown angles ϕ and
θ, the first constraint is = 0 at st =  +  is therefore:
is = 0

(

) (

)

  −4Vi sin n
sin n
2
2 cos n + n + Vo
= 
(
)

n Z sn
n =1 


( An + Cn )2 + ( Bn + Dn )2
Z sn

 (3.9)
cos ( n + n − n +  n )



The second constraint is is = iC p at s t =  +  +  , in then:
is − iC p = 0

(

) (

)

  −4Vi sin n
sin n
2
2 cos n + n + n
= 
(
)

n Z sn
n =1


+ Vo


( An + Cn )

2

+ ( Bn + Dn )

2

(3.10)


1
1

cos ( n + n + n − n +  n )  
−

  Z sn
ZC p n








Normalizing equations (3.9) and (3.10) into per unit expressions are represented by f1 and

f 2 respectively with base quantities:
Vbase = Vi
f1 ( , ) = 0

(

) (

Zbase = Ro

I base =

)

 4sin n sin n
2
2 cos n − Vo
= 
( )

1
Vi
n =1  n Q n − n



f 2 ( ,  ) = 0

(

(

) (

)

Vbase
base = r
Zbase

( An + Cn )2 + ( Bn + Dn )2

(

Q n − 1

n

)

 (3.11)
cos ( n )



)

  4sin n
sin n
2
2 cos n + n
= 
(
)
 n Q n − 1
n =1
n


V
+ o
 Vi

(

)

( An + Cn )

2

+ ( Bn + Dn )
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2

(3.12)



  n 2 2 k − k − 1  
cos ( n +  n ) 
  Q n − 1 n  



(

)

For a given value of normalized switching frequency ω, pulse width δ, ratio k, and quality
factor Q, the value of ϕ and θ can be calculated using the Newton-Raphson iterative method once
an expression for Vo Vi is derived. With the input power set equal to the output power from
(2.39)-(2.42), (3.13) is the nth harmonic RMS voltage of vsn for the PSM case.

Vsn =

(

2 2Vi sin n

2

n

) sin ( n 2 )

(3.13)

Rearranging for Vo Vi , the gain expression for PSM is:
 2
Vo
=
Vi n =1

( An + Cn )2 + ( Bn + Dn )2 sin ( n 2 ) sin ( n 2 )

(

n Q n − 1

n )

sin ( n − n )

(3.14)

The values of ϕ and θ can now be obtained for a given value of ω, δ, k, and Q using the
multi-variable Newton-Raphson iterative method. The initial values used are the same as VFM and
are described by (2.47) and (2.48).

3.3 PSM Model Analytical Results
3.3.1 Converter Characteristics
The behaviour of the LCC CF resonant converter for PSM can be studied using the
equivalent circuit of Figure 3-1 and the general model from Section 3.2 The model provides a
specific phase angle ϕ, non-conduction angle θ, and gain Vo Vi for every operating point.
Equations describing resonant tank currents and voltages are from (3.6)-(3.8). Steady state
quantities can be obtained if values of Vo Vi , ϕ, and θ are known. Figure 3-3 to Figure 3-5 give
curves for Vo Vi , ϕ, and θ as a function of pulse width (δ) for various values of ω and k.
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(a)

(b)

Figure 3-3: Gain ( Vo Vi ) vs. pulse width (δ) for various ω [Q = 1.0] (a) k = 1 (b) k = 0.5

(a)

(b)

Figure 3-4: Phase angle (ϕ) vs. pulse width (δ) for various ω [Q = 1.0] (a) k = 1 (b) k = 0.5
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(a)

(b)

Figure 3-5: Non-conduction angle (θ) vs. pulse width (δ) for various ω [Q = 1.0] (a) k = 1
(b) k = 0.5

As seen from Figure 3-3 to Figure 3-5:
1) Varying δ from 0 to π, the output voltage can be controlled from 0-100%. Maximum gain
depends on the chosen constant frequency, k, and Q and is achieved at δ = 180°.
2) The output voltage of the converter is load independent for ω = 1.0.
3) Phase angle (ϕ) remains largely constant with minor variations at δ <60°. Changes in ϕ are
dependent on k but an increasing or decreasing trend is impacted by ω and Q.
4) Smaller values of k result in a smaller non-conduction angle (θ) and peak gain at a greater
frequency relative to the series resonant frequency.
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Typical steady state waveforms of the converter are given in Figure 3-6. is is shown to be
lagging vs and fulfilling the ZVS requirement of    − 2 .

(a)

(b)

Figure 3-6: Normalized waveforms under PSM [k = 1.0 Q = 1 ω = 1.4 δ = 90°] (a) vs , vCp , is
(b) Resonant current components iCp and ip

The following Figure 3-7 is derived from the frequency domain model for normalized RMS
resonant current (Is) behaviour. Figure 3-7 a) shows Is with respect to δ for various load conditions
and b) for fixed frequency points. Values at δ = 180° can be cross referenced with Is for VFM in
Figure 2-16.

(a)

(b)

Figure 3-7: Normalized RMS resonant current (Is) vs. pulse width angle (δ) [k = 1]
a) Various Q [ω = 1.4] b) Various ω [Q = 1]
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Variation in input voltage for various Q and ω are shown in Figure 3-8. In this case for
Vi = 1, δ = 180° is the operating point and δ is reduced until half the gain is achieved for Vi = 2.
Unlike the case with VFM, PSM does not increase the form factor but remains constant when the
input voltage varies over a 2:1 range. With a constant switching frequency, the resonant current
maintains a constant lagging phase angle for a specified load so circulating current is unchanged.
It is evident from the results of the general model that it is preferable to use PSM when ZVS can
be maintained for lower conduction losses. Figure 3-8 b) confirms that the current form factor is
lowest for a fixed switching frequency closest to the resonant point of ω = 1.2 for Q = 1.0.

a)

b)

Figure 3-8: Normalized RMS resonant current (Is) vs. Input Voltage (Vi) for PSM [k = 1.0]
a) Various Q [ω = 1.4] b) Various ω [Q = 1]

3.3.2 Modulation Technique Performance from Model
A drawback of PSM is the loss of ZVS at light loads and higher input voltages. The point
at which ZVS is lost depends on the chosen constant frequency. Hybrid modulation schemes utilize
the advantages of both phase shift and variable frequency modulation while reducing their negative
impacts. One such hybrid technique is to use VFM for full to part loads where the switching
frequency range is narrow to easily regulate the output. When a predetermined maximum frequency
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is reached, modulation for light loads switches to phase shift modulation [51] [52]. Under light load
operation, VFM produces a significant lagging phase angle ϕ of resonant current. As seen from
Figure 3-9, PSM can then maintain ZVS for most of the range of pulse widths. An example with
parameters described in the figure caption, shows an ω = 1.6 would be adequate to maintain ZVS
until δ = 15°. Figure 3-9 can provide information to adequately select ω for input voltage variations
and constant load of Q = 1. Figure 3-10 then confirms if the selected ω can provide regulation for
various light load conditions with ZVS.

ZVS Region

ZCS Region

Figure 3-9: ZVS and ZCS regions of phase angle (ϕ) vs. pulse width angle (δ) for PSM and
various ω [k = 1.0 Q = 1.0]
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ZVS Region

ZCS Region

Figure 3-10: ZVS and ZCS regions of phase angle (ϕ) vs. pulse width angle (δ) for PSM and
various Q [k = 1.0 ω = 1.6].

Improvements in light load efficiency is evident with this hybrid technique by comparing
magnitudes of Is under VFM and this hybrid technique in Figure 3-11 and which are compiled later
in Table 3-1. Phase shift modulation for the entire load range alone would not be able to maintain
ZVS for such light loads and total efficiency would degrade immensely. Utilizing a sufficiently
high switching frequency allows PSM for light loads to maintain ZVS and reduce resonant RMS
current.
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(a)

(b)

(c)

(d)

Figure 3-11: Normalized Curves for various Q [k = 1.0] (a) Gain ( Vo Vi ) vs. ω
(b) Gain ( Vo Vi ) vs. δ (c) Is / Ibase vs. ω (d) Is / Ibase vs. δ

Since this hybrid technique uses VFM and PSM, there are two controllers and complexity
of implementation is increased [39]. SSPSM proposed in [39], is a modification on SSOC of [42],
which maintains a set phase angle β between the inverter output voltage vs and resonant current is
as shown in the waveforms of Figure 3-12.
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is
vs
π

ω st

2π

δ
β
ϕ
Figure 3-12: General waveforms for SSPSM

SSPSM leads to a further reduction in frequency variation and reduced resonant RMS
currents [38] [39]. This technique is a form of VFM which uses PSM throughout the operational
range. With a constant ZVS angle requirement, losing ZVS by using PSM is not a concern. The
pulse width angle δ will always satisfy the inequality    − 2 . Further reduction in RMS current
and frequency range is seen in the comparison made by Table 3-1. The operating point is for 25%
light loading conditions which highlights the maximum switching frequency required for
regulations

Table 3-1: VFM, Hybrid and SSPSM modulation comparison for 25% light load condition
[Q = 0.25 k = 1]
Modulation Technique
VFM

Hybrid

SSPSM

ω

δ (°)

Vo Vi

Is (p.u.)

1.68

180

1.0

6.0

2.0

180

0.5

3.5

1.6

84

1.0

5.5

1.6

43

0.5

2.9

1.54

63

1.0

5.4

1.58

38

0.5

2.8

61

In this example where full load Q = 1, at 25% load and Vo Vi = 0.5 the hybrid modulation
and SSPSM see a 17% and 20% reduction in Is respectively. The SSPSM angle β was set at 10° for
comparisons in Table 3-1. Switching frequency reduction for SSPSM depends on resonant tank
parameters but for this design example it was marginal at ω = 1.54 and 1.58 for Vo Vi = 1.0 and
0.5 respectively. SSPSM reduces the maximum switching frequency for a given k. To further
increase efficiency, k can be reduced to utilized the full range of permitted switching frequencies.
The merits of hybrid modulation techniques have been discussed in detail in [38] [39] [42]
[51]. This section regarding modulation techniques aims to provide support towards the usefulness
of the frequency domain model. It serves as a single tool in the comparison of multiple modulation
schemes.

3.4 PSM Model Verification
Section 3.2 outlined a general frequency domain model for the LCC CF resonant converter.
Time varying waveforms, phase angle ϕ, non-conduction angle θ, and normalized gain Vo Vi were
used to verify the accuracy of the VFM model. As shown in Chapter 2, simulations from PSIM
were accurate in when compared with the experimental results of the prototype. The validity of the
frequency domain model will then be verified against PSIM in this section. Figure 3-13 shows
steady state normalized resonant tank waveforms vs, is, and vCp from the frequency domain model
and PSIM simulation where results are identical. Table 3-2 compiles normalized results from the
model and PSIM simulation for this operating point.
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(a)

(b)

Figure 3-13: Normalized waveforms under PSM [k = 1.0 Q = 1 ω = 1.4 δ = 90°]
(a) Frequency domain model (b) PSIM Simulation
Table 3-2: Normalized analytical results under phase shift modulation [k = 1.0, Q = 1,
ω = 1.4, δ = 90°]
Analysis Method

ϕ (rad)

θ (rad)

Vo Vi

Frequency Domain Model

1.04

1.45

0.74

PSIM

1.01

1.46

0.73
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4π

The following Figure 3-14 to Figure 3-16 compares the derived model to PSIM simulation
results for various operating points. The model continues to provide accurate results for these
operating points.

(a)

(b)

Figure 3-14: Gain ( Vo Vi ) vs. pulse width (δ) analytical and PSIM results [k = 1.0]
(a) various ω [Q = 1.0] (b) various Q [ω = 1.4]

(a)

(b)

Figure 3-15: Phase angle (ϕ) vs. pulse width (δ) analytical and PSIM results [k = 1.0]
(a) various ω [Q = 1.0] (b) various Q [ω = 1.4]
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(a)

(b)

Figure 3-16: Non-conduction angle (θ) vs. pulse width (δ) analytical and PSIM results
[k = 1.0] (a) various ω [Q = 1.0] (b) various Q [ω = 1.4]

It is worth noting that while phase-shift modulation does regulate output voltage, ZVS
cannot be maintained for all conditions. Though resonant current phase angle ϕ is may be lagging,
this does not guarantee ZVS. Because ϕ is independent of δ and if δ is sufficiently small, ϕ will not
be large enough to maintain ZVS. δ must satisfy    − 2 for ZVS.

3.5 Summary
In this chapter, the operation of the LCC CF resonant converter under PSM was discussed.
Based on the model derived in Chapter 2, modifications were made to accommodate PSM. An
equivalent circuit was presented which is valid for VFM, PSM and hybrid modulation techniques.
From the model, the characteristics of the converter were explored. Comparisons were made
between modulation techniques for ZVS and conduction losses. Using the frequency domain
model, merits of hybrid modulation schemes were broadly discussed highlighting the usefulness of
this general model. Analytical curves were compared to PSIM simulation software results and were
confirmed to be accurate for high and low Q conditions. This model provides analysis for VFM,
PSM or a combination thereof.
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Chapter 4
Design of the LCC CF Resonant Converter
A frequency domain model for the LCC CF resonant converter was presented in Chapter
2 and 3. In this chapter, the model is used to generate characteristic curves and outline a design
process which lead to ideal resonant component values. The objective of the design process is to
reduce resonant component stress and size for compactness and efficiency. It can be used for an
LCC CF resonant converter in any application given the configuration produces input and output
waveforms to the resonant tank described in this thesis. This chapter will discuss the process and
provide an optimal design example for the DC-DC stage in a solar microinverter application. A low
Q allows for high power density which is important for this design example. The switching
frequency variation limit will help determine a k factor by reviewing the gain curves for a potential
rated Q of 1.0 or below. The next subsections outline a design procedure and apply it to the
microinverter example.
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4.1 Design Procedure
START

•
•
•
•
•

Vi_min and Vi_max
Vo
Po
fs_min
fs variation

Select k factor

Increase k
factor

Regulation achieved
for light load and Vi_max within
fs variation?

No

Decrease k
factor

Yes

Can k factor be
reduced and still maintain
regulation?

Yes

No

Increase k
factor

Find Optimal Q for
chosen k factor

No

Does optimal Q
achieve regulation?

Yes
Calculate transformer
turns ratio

Calculate resonant component
values Ls Cs and Cp

END

Figure 4-1: LCC CF resonant converter design flowchart
67

4.2 Design Example
The design procedure in outlined in Figure 4-1 aims to reduce the k factor while
maintaining the regulation requirements. From the frequency domain model derived in Chapter 2,
the optimal Q for that specific k factor is chosen. This process is applied to the solar microinverter
example with requirements outlined in Table 4-1 below. Because the converter components would
need to operate throughout the frequency range, an upper limit should be imposed in order to design
magnetic components. Commonly, a maximum to minimum switching frequency variation of 2:1
is acceptable. Especially with the inductor and transformer having parameters which vary with
frequency. Parameters that vary in frequency include inductive and capacitive parasitic elements.
Careful consideration should be paid that the component parameters be constant through the
frequency variation range.
Table 4-1: Solar microinverter requirements
Parameter

Requirement

Input Voltage Range (Vi_min – Vi_max)

22 – 44V

Output Voltage (Vo)

380V

Output Power (Po)

250W

Minimum Switching Frequency (fs_min)

150kHz

Maximum fs variation

2:1

The following base quantities are used in this design process to normalize circuit quantities
and determine optimal resonant components.

Vbase = Vi

Zbase =

Ls
Cs

I base =
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Vbase
base = r
Zbase

=

s
r

1) Select minimum k factor on the basis of maximum fs variation
Figure 4-2 provides resonant tank gain curves for various values of Q to determine k factor.
The Q = 0.01 curve represents an extremely light load condition by which regulation must be
achieved. Given the input voltage variation is 2:1, the light load Q must be able to achieve half of
the maximum gain (Gmax) of the rated Q values within the 2:1 fs variation requirement. An absolute
upper limit should be placed on ω and here it is taken as ω = 3.0. No designs above this value will
be considered. A k = 0.25 cannot regulate for any of the displayed values of Q so it cannot be
considered as a potential design candidate.

(a)

(b)

(c)

(d)

Figure 4-2: Gain ( Vo Vi ) curves vs. normalized switching frequency (ω) for various Q
(a) k = 0.25 (b) k = 0.5 (c) k = 0.75 (d) k = 1.0
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In Figure 4-2 (b) the Gmax = 1.9 for Q = 0.5 and k = 0.5, achieved at ω = 1.4. This is the Vi_min
operating point. For Vi_max, gain must be half at 0.95. At light load, the gain is able to achieve 0.9
at ω = 2.5 which is within the 2:1 frequency variation requirement. However, it can also be observed
that higher values of Q are not able to regulate within that requirement. Since there are some valid
Q values, k = 0.5 is selected and will be verified for its optimal Q value in the next step. If the
optimal Q is not one that can regulate within the variation requirement then k factor must be
increased. k = 0.5 is then chosen for this solar microinverter design example. The k factor should
not be increased unnecessarily as it increases conduction losses with higher circulating current in
the resonant tank.
2) Find optimal Q for chosen k factor.
Once a potential k factor is selected, an optimal Q can be determined for minimal size and
stress. Figure 4-3 and Figure 4-4 show normalized iˆs and vˆCs of resonant components Ls and Cs.
Voltage stress of Cp will be clamped to the output voltage reflected on the primary side of the
transformer. Figure 4-3 is also representative of the Ls inductance and should be minimized.
Graphically for a k = 0.5, a Q = 0.5 is the optimal choice both in terms of iˆs and vˆCs . This confirms
the validity of k = 0.5 from the previous step as Q = 0.5 does regulate within the frequency variation
limit and also is the optimal choice for this specific k factor.
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(a)

(b)

Figure 4-3: Normalized peak current ( iˆs ) vs. Q (a) Various k factors (b) k = 0.5

(a)

(b)

Figure 4-4: Normalized peak voltage ( vˆC s ) vs. Q. (a) Various k factors (b) k = 0.5
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3) Calculate Transformer Turns Ratio
With the chosen k and Q, the Gmax point is used to calculate the required transformer turns ratio.
Since this is the Vi_min, full load and ZVS operating point, the maximum turns ratio will be required.
From the microinverter design example, k = 0.5 and Q = 0.5 has a Gmax = 1.9 so the turns ratio is
calculated as follows.

n=

Vo

(Gmax ) (Vi _ min )

=

380V
= 9.09
(1.9 )( 22V )

(4.1)

To account for the voltage drop across the rectifier diodes and other non-ideal components, n
is rounded up to n = 11.
4) Calculate resonant tank components Ls, Cs and Cp.
Since the normalized and required fs_min are known at ωmin = 1.4 and 150kHz, the resonant
frequency fr is calculated. Additionally, with the full load resistance Ro, the three resonant tank
components Ls, Cs and Cp are calculated as follows.

fr =

f s _ min

min

=

150kHz
= 107.1kHz
1.4

(4.2)

V 2 ( 380V )
Ro = o =
= 577.6
Po
250W
2

Ls =

Cs =

QRo
n 2 2 f r
1

( 2 f r )

2

=

=
Ls

(4.3)

( 0.5)(577.6 )
= 3.55 H
(11)2 2 (107.1kHz )
1

2
( 2 (107.1kHz ) ) ( 3.55 H )

C p = kCs = ( 0.5)( 622nF) = 311nF

= 622nF

(4.4)

(4.5)

(4.6)

The resonant components are calculated to be Ls = 3.55µH, Cs = 622nF and Cp = 311nF for
k = 0.5, Qrated = 0.5, and turns ratio n = 11.
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4.3 Experimental Prototype Design
4.3.1 Transformer and Series Resonant Inductor
The design process described in this chapter outlines an optimal design for a specific
application. The experimental prototype used for verification in Chapter 2 was designed to
accommodate several configurations of resonant tank values hence the turns ratio n = 15 was
chosen, which is greater than an optimized design. A high turns ratio also can have a significant
impact on leakage inductance which negatively impacts operation of the converter. In [2], [29], and
[30] a voltage ripple is evident during the clamping interval of vCp. The inductance between Cp and
the output filter capacitor should be minimized to eliminate this. With LV to HV designs the
primary side current is significant and even with minimal leakage inductance this voltage is
detrimental. The high turns ratio amplifies the overshoot and can cause permanent damage to
converter components. If an external Cp is required it should be placed on the high voltage side of
the transformer. Details of the transformer structure and parameters are in Table 4-2 with
measurements done using the Agilent 4294A Precision Impedance Analyzer.
Table 4-2: Transformer Parameters
Parameter

Value

Core Material

3C95

Core Shape

RM-14

Primary to Secondary Turns Ratio

3:45

Primary Wire Size

4 x Litz 405/44 (4 x 18 AWG)

Secondary Wire Size

Litz 105/44 (24 AWG)

Leakage Inductance

130nH

Magnetizing Inductance

25µH
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Both transformer and series resonant inductor (Ls) design were done using manufacturer
data sheets and guides based on the required stored energy and inductance per turn (AL) [61]. Table
4-3 contains the external series resonant inductor specifications.
Table 4-3: Series Resonant Inductor (Ls) Parameters
Parameter

Value

Core Material

3C95

Core Shape

PQ3220

Wire Size

Litz 1050/44 (14 AWG)

Inductance

4.87µH
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4.3.2 Experimental Prototype
Figure 4-5 is a photograph of the experimental prototype and Table 4-4 contains
descriptions of important components. Open loop control was programmed using the
TMS320F28335 DSP.

Ls
Transformer
Cs

Cp

Inverter
Figure 4-5: Experimental Prototype of LCC CF resonant converter
Table 4-4: Experimental Prototype Component List
Component

Description

Full Bridge MOSFETS (Q1-Q4)

N-CH 100V 100A 4.2mΩ IPB042N10N3

MOSFET Gate Driver

HI/LOW SIDE NCP81075

Series Resonant Capacitor (Cs)

FILM 0.033UF 5% 1.25KVDC RAD B32652

Parallel Resonant Capacitor (Cp)

CER 220PF 1KV C0G/NP0

Parallel Resonant Capacitor (Cp)

CER 270PF 1KV C0G/NP0

Rectifier Diodes (D1-D4)

GEN PURP 600V 4A VS-4EGU06-M3

Output Capacitor (Co)

FILM 4.7UF 10% 630VDC RAD B32674
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4.4 Summary
This chapter outlines a design process using the frequency domain model for converters of
any rated Q. A flowchart describing the process was applied to an example for a solar microinverter
with the goal of minimizing of voltage stress and size of magnetic components. Design curves
generated using the VFM model from Chapter 2 were presented to aid in minimum k selection to
maintain efficiency while being able to fulfil regulation requirements. An optimal Q selection was
then made based on the k factor for minimum stress and size of the series resonant inductor. Key
aspects of the experimental prototype design were described including construction of the
transformer, resonant inductor and PCB components.
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Chapter 5
Conclusion and Future Work
5.1 Conclusion
The focus of this thesis was the LCC resonant converter with capacitive output filter
topology. It was chosen based on its popularity, benefits of transformer construction, parasitics
utilization as resonant components and suitability for LV to HV applications. The capacitive output
filter was then a logical choice as it clamped the voltage stress on rectification diodes which operate
with ZCS turn off, and has a fast response to dynamic load conditions. Analysis techniques were
compared which found that a frequency domain model could be used eliminated drawbacks faced
by the FHA and time domain techniques while maintaining their advantages. The degree of
computation was decreased from time domain and accuracy improved over FHA by accurately
representing input and output voltage waveforms resulting in an accurate model for any rated Q.
The frequency domain model incorporated two popular modulation techniques in one
general model providing steady state characteristics and waveforms of the converter. By deriving
the Fourier series expression of the clamped voltage (vCp) waveform, an equivalent circuit was
presented with a general expression for the input voltage source under VFM and PSM. General
curves provided information on the characteristics and performance of the converter for VFM, PSM
and efficiency improvements for hybrid modulation. Then using the model, design procedure based
on normalized curves focused on the minimization of resonant component size and stress. From
design curves a reduction in the required k factor would lead to greater overall efficiency and
therefore and lower rated Q selection minimizing the size of the converter.
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5.2 Contributions
The first contribution is a general frequency domain model for the LCC CF resonant
converter. The highlights of this are:
•

Accurate for low Q designs and operating conditions unlike FHA methods for any
application.

•

The ability to present accurate steady state waveforms under VFM, PSM or a hybrid
technique based on the previous two.

•

Derived the Fourier series expression for the clamped voltage (vCp) waveform.

•

Normalized curves presenting resonant tank gain, current phase angle and RMS current
characteristics for changing control variables were presented.
The second contribution is a converter design process focused on high power density while

reducing the stress and losses of magnetic components of the resonant tank.
•

Gain curves from the frequency domain model helps select the minimum k factor required
for regulation of the output voltage within the specified switching frequency variation.

•

An optimal Q in terms of current and voltage stress is selected for a specific k factor leading
to an efficient and compact design.

5.3 Future Work
The accurate representation of input and output waveforms of the resonant tank for this
LCC CF resonant converter were required for this frequency domain analysis. It can then be
extended to other resonant topologies which have an output waveform of this nature. This relates
to topologies which have a purely capacitive parallel branch across a transformer winding in
combination with a capacitive output filter. The LCLC of [62] and [63] is one example where a
frequency domain analysis can be conducted. The modes of this converter would have to be
carefully studied and ensure proper mode selection to derive a model. This model could provide a
general model for the LCLC and its derivatives, LLC and LCC resonant topologies. Furthermore,
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multi-element resonant topologies would more closely represent practical designs where
transformer parasitics are significant and can be used as part of the resonant tank.
With accurate low Q modelling and high frequency design nearing 1MHz, power density
can greatly increase with resonant components integrated into the transformer. Aside from
optimized selection of resonant elements, the practical limitations of high frequency designs
would be beneficial to investigate. Improvements in efficiencies with SiC or GaN technologies
may be worth exploring.
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Appendix A
Fourier Coefficients Derivation
The following is a derivation of the Fourier coefficients for the vCp expression derived in
Section 2.2.2. Deriving An:

2 vC p _ clamp
An = 
cos ( ns t ) d s t

Vo

2



cos ( ns t ) d s t

=

 

=

2
 − sin ( n ) 
n 

(A.1)

Deriving Bn:

2 vC p _ clamp
Bn = 
sin ( ns t ) d s t

Vo

2



sin ( ns t ) d s t

=

 

=

2
1 + cos ( n ) 
n 
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(A.2)

Deriving Cn:

Cn =
=


2 vC p _ charge
cos ( ns t ) d s t
 0
Vo


2 
2
1 − cos (s t ) ) − 1 cos ( ns t ) d s t
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 0  (1 − cos ( ) )
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0
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(A.3)

Deriving Dn:

Dn =
=


2 vC p _ charge
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 0
Vo
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Appendix B
Jacobian Matrix Derivation
The following is a derivation of the elements of the Jacobian matrix of partial derivatives:

 f1
 
Ji = 
 f 2
 


f1 
 

f 2 
 

(B.1)

(i ,i )

Firstly, the partial derivatives of the Fourier coefficients with respect to θ are as follows:
The partial derivative of An with respect to θ:

An
2
= An =  − cos ( n )



(B.2)

The partial derivative of Bn with respect to θ:

Bn
2
= Bn =  − sin ( n )



(B.3)

The partial derivative of Cn with respect to θ:

Cn
2
= Cn =  E G + EG  − E  − G H − GH 


Where:

E=

sin ( n )
n

E
= E  = cos ( n )

G=

2
1 − cos ( )
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(B.4)

2sin ( )
G
= G = −
2

(1 − cos ( ) )
n cos ( ) sin ( n ) − sin ( ) cos ( n )

H=

n2 − 1

H
= H  = cos ( ) cos ( n )

The partial derivative of Dn with respect to θ:

Dn
2
= Dn =  M  − M G − MG  − G T − GT 
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Where:

M=

cos ( n ) − 1
n

M
= M  = − sin ( n )
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n cos ( ) cos ( n ) + sin ( ) sin ( n ) − n
1 − n2

T
= T  = cos ( ) sin ( n )

The partial derivative of f1 with respect to ϕ:
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( An + Cn )2 + ( Bn + Dn )2

(

Q n − 1

n
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cos ( n ) (B.6)



The partial derivative of f2 with respect to ϕ:
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)

(B.10)

Appendix C
PSIM Simulation Circuit and Parameters

Figure C-1: PSIM simulation circuit

Figure C-2: PSIM simulation parameters
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