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Abstract

Carbon Neutrality by 2050 is the goal of the European Green Deal. From the Smart
Grids point of view, in which BEVs (Battery Electrical Vehicles) participate in the stabi-
lization of the network through the V2G (vehicle-to-grid) configuration, the development
and the installation of bidirectional chargers therefore becomes a necessity.

The state of the art sees the emerging birth of CLLC resonant converters, character-
ized by greater efficiency compared to previous bidirectional DAB (Dual Active Bridge)
and unidirectional LLC resonant converters.

The research and development work conducted at the company Prima Electro had
the objective of using the results obtained as a first evaluation tool for the possible cre-
ation of CLLC resonant converters.

Using the FHA (First-Harmonic-Approximation) concept known from the literature,
an analytical study has been conducted on a converter simplified model to obtain the
formulas describing its frequency behaviour. The expression of the voltage gain depend-
ing on the operating frequency and defining the buck or boost operation mode has been
obtained first. Then, the inductive and capacitive behaviour was studied as a function
of frequency to ensure Soft Switching operation. To conclude the analytical procedures
the expression of the delay for controlling the rectifier bridge switches was found to
guarantee the SR (Synchronous Rectification) and to limit the losses.

Finally, simulations were conducted on Plecs to verify the validity of the analytical
models, to evaluate the error made with the assumptions, and as a tool to map the
operating regions of the converter. Furthermore, component stresses were evaluated, as
an evaluation tool for future design work.
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Chapter 1

Introduction

1.1 Motivation

Nowadays, the electricity system feels the need to start an energy transition due to the
impacts that energy use has on a three-dimensional framework called ”Energy trilemma”
shown in Fig.1.1. This concept outlines the need to achieve a balance between energy
reliability, affordability, and sustainability.

ENERGY
SECURITY

© o

ENVIRONMENTAL ENERGY
SUSTAINABILITY EQUITY

Figure 1.1: Energy trilemma [1]

Firstly, the actual energy use has impacts on the environment compromising the ba-
sic needs of human life like the air, water, and food quality. At a global and European
level, the need to move towards a sustainable production system has arisen. The Euro-
pean Green Deal aims for climate neutrality by 2050 and a 32% emissions reduction by

1



CHAPTER 1. INTRODUCTION

2030. Globally, initiatives such as the Paris Agreement and Mission Innovation promote
innovation and collaboration in clean energy. These efforts emphasize renewable energy,
efficient technologies, and interconnected grids for a sustainable future. Furthermore,
the European Roadmap to 2050 indicates some targets with a common point: “The
share of renewables rises substantially in all scenarios, achieving at least 55% in gross
final energy consumption in 2050”7, which requires “smart infrastructure including elec-
trical storage* [2].

Secondly, society and economics characterize the equity dimension. This concept
embraces the economic prosperity of a nation measured by its purchasing power, but is
also closely tied to the mental and physical well-being of its inhabitants.

Lastly, there’s the dimension of security, which encompasses geopolitical conflicts
and the reliability of the electricity grid. Although seemingly disparate, these two are
interconnected. Geopolitical conflicts often create problems that compromise the relia-
bility and accessibility of the electricity system, see the hostilities between Russia and

Ukraine.

Figure 1.2: Smart grid configuration [3].

A race towards smart grids is underway to improve the stability of the electricity sys-
tem. From this perspective, the production-transmission and distribution system passes
from a centralized to a distributed system, from a vertical to a horizontal structure. This
type of system sees the active participation of the final users who become ” prosumers”
to indicate that they are both producers and users of electricity. A representation of the
main characteristics of smart grids is shown in Fig.1.2.

In this scenario, one of the active roles of the prosumers is to participate in the
storage system through the V2G configuration. The Vehicle-to-Grid (V2G) technology
facilitates electric vehicles to discharge during grid power insufficiency and charge during
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excess power availability through incentives like electricity pricing. V2G offers flexible
and cost-effective energy storage for the grid while presenting a new solution for inte-
grating renewable energy and optimizing power grid operations. Additionally, it allows
electric vehicle owners to benefit from incentive policies and utilize their vehicles as idle
resources [4].

In this concept, the charging infrastructure for Electric Vehicles (EVs) is poised to
be a crucial factor in decarbonization over the coming decades. This will enhance the
pivotal role of power electronics converters as a key technology in the broad acceptance
of clean energy sources and their efficient utilization during the energy transition.

Fast chargers Slow chargers
0.06 c 0.09
a 2 @
o s 0.08
0.05 @ 4
o 007 o
0.04 0.06
0.05
0.03
0.04
0.02 0.03
0.02
0.01
0.01
0 0
@AChina @Europe [AUnited States @Japan [india @Other countries ©EVSE/EV (right axis)
IEA. CCBY 4.0

Figure 1.3: Regional Trends in Public Light-Duty Vehicle Charger Installations (2022-
2030)15].

According to IEA estimates [5], the total number of public chargers needed to sup-
port LDV (light electric vehicles) electrification in the world by 2030 is projected in
Fig.1.3. The principal contribution will come from China with an estimation of 7.5 mil-
lion public charging stations, while in Europe, the stock of public chargers is expected

to increase to around 2.4 million.

An important role in the charging infrastructure is played by the DC transformer
(DCX), which retains all the functionality of a traditional transformer, but unlike this
one, the frequencies involved are much higher resulting in benefits such as smaller di-

mensions, less weight, rapid response, and low impedance.



CHAPTER 1. INTRODUCTION

1.2 Thesis Objectives

The main objective of the present work is the development of a research work thesis on
the CLLC bidirectional resonant converter conducted at Prima Electro company (Mon-
calieri, TO) in order to give a first evaluation tool for the possible creation of this kind of
converter. The company is actively involved in the converter market and is particularly
interested in the high power density and efficiency offered by these converters, hence
providing an opportunity to undertake this research thesis.

The specific objective is therefore to conduct analytical and theoretical studies on
the operation of the converter and on its frequency behavior. This groundwork will lay
the foundation for the second step, which involves using simulation tools to evaluate
component stresses at various operating points, using an existing converter as a model.
This tool will be valuable in the post-design process, although it’s not the focus of this
thesis. It will help determine the appropriate size for components based on the stresses
identified through this tool.

1.3 Personal Contributions

Firstly, an extensive literature search was conducted to study the CLLC resonant con-
verter. Theory imposes the necessity of deriving a simplified model to study the circuit,
operating under the assumption that this simplified model accurately represents the be-
haviour of the complex circuit.

The simplified model was derived starting from the FHA assumption, enabling the
analysis of the circuit under sinusoidal conditions and the application of established
methods from electrotechnics. This approach assigns all the energy contribution from
the conversion only to the fundamental harmonic. When dealing with a circuit under
sinusoidal supply, a transition to phasor analysis can be made to study the circuit be-
haviour in the frequency domain.

The expression of the voltage gain was derived from the simplified model, represent-
ing a transfer function between the output and input. This expression indicates whether
the converter operates in buck (step-down) or boost (step-up) mode depending on the
operating frequency and the load’s absorption.

Subsequently, the inductive and capacitive behaviour of the converter was studied
to ensure Soft Switching operation by examining the sign of the imaginary part of the
impedance at the input terminals. Therefore, the frequency spectrum that guarantees

4
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the inductive behaviour was identified.

To conclude the analytical procedures, a mathematical method was proposed for cal-
culating the phase shift expression used to control the rectifier bridge in order to ensure
Synchronous Rectification and limit the losses.

Furthermore, simulations were performed on an existing converter in the PLECS
simulation environment to validate the analytical model. The simulations were con-
ducted reversely compared to the analytical steps, starting from the simplified circuit
and progressing toward the resonant CLLC converter model. Qualitative and quantita-
tive evaluations were conducted from these simulations to assess the error incurred from
the assumptions made. Additionally, maps of the operating regions of the converter were
extrapolated.

Finally, stress maps for the components were derived from the PLECS simulation,
intending to provide a useful tool for component sizing in the post-design phase, in
order to evaluate the necessary conductor insulation, conductor section, and magnetic
core section, topics not evaluated in this thesis work.
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Chapter 2

CLLC General Technical Aspects

2.1 Charging Systems General Aspect

Power electronic systems utilized in EV charging must address various simultaneous
requirements like safe battery charging, compliance with grid harmonic standards, effi-

ciency, compactness, and reliability.

The power electronics configuration of a typical EV supply equipment (EVSE) is
structured as a two-stage system: a rectifier stage with power-factor correction (PFC)
connected to AC mains, which may vary from single phase to three phases based on
the power requirements; a DC-DC stage responsible for regulating battery voltage and

current.

Charging methods are categorized into conductive chargers, wireless chargers, and
battery swapping. In the category of conductive chargers, there are On-board Chargers
(OBC) and Off-board chargers.

— ]
Integrated Charger/

Onboard A \

Charger Motor Drive |

| A

-~
Onboard Integrated Charger/
charger Motor Drive

Figure 2.1: Conductive chargers: (a) On-board chargers; (b) Off-board chargers [6].
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On-board Chargers (OBC) are powered by dedicated AC charging stations or do-
mestic outlets (wall box) with capacities of 3.3 kW or 22 kW, as shown in Fig.2.1a.
The conversion stages from AC/DC and DC/DC are all done on board of the vehicle
and Off-board chargers. OBCs must seamlessly connect to outlets worldwide, facing
challenges due to varying AC voltage magnitudes and frequencies globally.

On the other hand, Off-board DC chargers, shown in Fig.2.1b, differ fundamentally
from AC charging solutions as the vehicle exposes its battery to the outside and most
power conversion occurs externally. This external conversion allows for charging powers
that can exceede 50 kW without the need for massive on-board electronics.

High Frequency )

Power Converter

I

Secondary
Compensator

- T
mrvmm\q

Secondary Rx unit

Nazzes)

Prlmﬂry Primary Primary Primary Primary
‘Compensator C ompensator Compensator Compensator, Compensator E
]
—
:
Input Power > Full Bndge Primary High - Frequency b
Supply Rectifier Power Modulator

Figure 2.2: Wireless charging [7].

In Fig.2.2 the wireless resonant inductive power transfer (WRIPT) charger system
is shown. It uses the magnetic resonance inductive coupling principle and consists of
a primary wireless source power transmitting unit coupled with a secondary receiving
device [7]. However, these technologies are still in the research and development phase.

Figure 2.3: Battery swapping [8].

o



2.2. CLLC RESONANT CONVERTER

Lastly, battery swapping shown in Fig.2.3 involves replacing drained vehicle batteries
with fully charged ones at swapping stations [9]. On one hand, it offers advantages such
as price parity with ICE (internal combustion engine) vehicles, faster recharging, and
battery-as-a-service subscription models. It also enables better battery management,
grid coordination, and revenue generation. On the other hand, it requires multiple bat-
teries per vehicle leading to material demand and environmental concerns, along with
high initial investment costs for swap stations. Additionally, standardization or vehicle-
specific stations are needed and the success of battery swapping depends on regional
conditions such as policies, market structure, and vehicle applications.

2.2 CLLC Resonant Converter

A valid option for bidirectional isolated DC/DC conversion is the CLLC converter which
is attracting more and more attention from research in electric vehicles and energy stor-
age systems due to its high power density and high efficiency. This converter is designed
to minimize switching losses, ensuring high efficiency, and enabling operation across a
broad voltage range. One notable benefit of the CLLC converter is its effortless attain-
ment of soft switching operation in both forward and reverse modes when subjected to
frequency modulation [10].

2.2.1 Types of CLLC Resonant Converter

Four types of converters can be identified based on the morphological structure [11]. The
two kinds of switching networks could be full bridges or half bridges while considering
the resonant network allows for the choice between a symmetric or asymmetric tank.
Various combinations give the four structures represented in Fig. 2.4. All analyses from
a mathematical point of view will be conducted in chapter 3.

9
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CLLC
Topology
Switching Resonant
network network
Full Bridge ‘ ‘ Half Bridge ‘ ‘ Symmetrical HAsymmetrical

SFBCLLC

AFBCLLC

SHBCLLC

AHBCLLC

Figure 2.4: Configuration of the four CLLC resonant converters types.

The CLLC converter employs a 4th-order resonant topology and consists of a primary

inverting side bridge, a secondary rectifier side bridge, and a resonant tank between them,

as shown in Fig. 2.5. The direction of power flow is determined by the desired operation:

if the converter participates in grid-to-vehicle (G2V) application, the active bridge on

the primary side acts as an inverter, meanwhile, the active bridge on the secondary

side serves as a rectifier utilizing synchronous rectification or antiparallel diodes of the

transistors when they are in the OFF state. This operation is called also ”forward mode”.

On the other hand, in the case of vehicle-to-grid (V2G) applications the secondary side

active bridge inverts the voltage from the batteries and applies it to the resonant tank

and this operation is called "reverse mode”.

10
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sﬂg}k T

th) e O _ Yol DCM —— — Vo

vu(]) cumy

Figure 2.5: Bidirectional CLLC resonant converters: (a)Symmetrical Full Bridge CLLC;
(b) Asymmetrical Full Bridge CLLC; (c) Symmetrical Half Bridge CLLC; (d) Asymmet-
rical Half Bridge CLLC.

The output load, the battery in the case of chargers, is seen in an equivalent way as
an equivalent resistance as depicted in Fig. 2.6.

11
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::Vout Rout,DC Vout

Figure 2.6: Equivalent output resistance.

Referring to the generic case of SFBCLLC, the high-order resonant tank is composed
of capacitors C1 and C2, the transformer magnetizing inductance Lm, and the primary
and secondary leakage inductances L1 and L2. The transformer guarantees the galvanic
isolation of the charger. The resonant tank assumes an inductive or capacitive behavior
depending on the operating frequency which will determine the buck or boost operation.

2.2.2 Synchronous Rectification

The switches of the two bridges are controlled with square wave signals and a duty cycle
of 0.5 as in Fig.2.7. From the literature [12], the rectifier bridge can work in two ways:

e Not controlled, the body diodes conduct;

e Synchronous rectification, an effective method that allows for reducing secondary
losses, increasing efficiency.

12
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VA

8l swv4  s23 S1/4
| I
1 1
1 I
1 ! >
Uncontrolled Rectification: S5-S8 blocked
> |
L0, ss8  se/7 S5
| 1
| : l
I I |
1 1 1 > t

Figure 2.7: Switch command signals.

Determining the phase delay to communicate to the rectifier bridge is not simple.
Drawing from the literature [12], there are three potential methods for determining the
delay, all represented in Fig. 2.8:

e Device current Detection Method;
e Device voltage sensing;
e Theoretical calculations.

The first method wants switching on synchronized to the sign of the current tanks to
a high-frequency current sensor. This method would seem to be the most effective but
requires the use of a sensor, implying higher costs.

The second option implies that the rectifier bridge switches are turned on when the
Vgs (voltage drain-source) is detected > zero and turned off when crosses zero. The
problem with this method is represented by a stray inductance which, crossed by the
secondary current, takes to zero the Vg before it should.

The last method consists of a calculation of the phase shift using the simplified model
of the converter. In the chapter 3 will be proposed a method for the calculation of the
phase shift. Unfortunately, this method relies on the FHA (First Harmonic Approxima-
tion) which weakens phase prediction for frequencies far from the resonance frequency.
To address this issue, reading [13] is recommended, which includes higher-order harmon-
ics, thus increasing the complexity of analytical calculations.

13
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=
\

1+
1+

Viu

hY|

a J. — = Mathematical phase shift

parameter variation problem I Modulator
— :LV("’ I, —| Caleulation i ordle

Figure 2.8: SR methods for CLLC converter: (a) theoretical calculation, (b) voltage
sensing and (c) current sensing [12].
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Chapter 3

Theoretical Analysis and Model

3.1 Equivalent Circuit with FHA

The analytical approach to study the converter starts from simplifying the complex sys-
tem and conducting analytical studies on an equivalent arrival circuit [11],[14], [15].

First of all, referring to Fig.2.5, it can be noted that the voltages between terminals
A and B of the inverting bridge and the voltages between terminals C and D of the rec-
tifier are square waves where the second is shifted by a certain delta positive or negative,
represented in Fig.3.1.

By introducing the Fourier theorem, according to which every periodic function can
be represented as a linear combination of sinusoidal functions, it’s possible to write the
voltages of Fig.3.1a as:

[

4V; 1
vag(t) = —= Z —sin(27n foyt) (3.1)
n=1,3,5,... n
4V, o1
vep(f) = =24 Z —sin(2an fowt — 6) (3.2)
T =351

On the other hand, for the half-bridge in Fig.3.1b the voltages are halved compared to
the previous ones and are:

(o)

4V; 1
vag(t) = 2l Z — sin(27n fowt) (3.3)
T op=izs.."
4V, o 1
vep(t) = 2—Om Z —sin(2zn fyt — 6) (3.4)
T =135 "

15



Figure 3.1:

CHAPTER 3. THEORETICAL ANALYSIS AND MODEL
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Voltages of: (a) Full bridge converter; (b) Half bridge converter.

For the following analytical treatment reference will be made only to the fundamen-
tal harmonic employing the First Harmonic Approximation (FHA), even though as the

operating frequency moves away from the resonant frequency the accuracy of the hy-
pothesis decreases [13].

By converting the secondary to primary it is possible to refer to the equivalent circuits

in Fig.4.22:
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3.1. EQUIVALENT CIRCUIT WITH FHA
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Figure 3.2: Equivalent circuits :

AHBCLLC.

(d)

17

(a) Equivalent circuit of SFBCLLC; (b) Equivalent
circuit of AFBCLLC; (c) Equivalent circuit of SHBCLLC ; (d) Equivalent circuit of



CHAPTER 3. THEORETICAL ANALYSIS AND MODEL

There is a way to equate SCLLC and ACLLC and it is done by assuming that the
resonant current (i1,is) and terminal voltage (vagvep) of SCLLC are the same as those
of ACLLC [11]. Thanks to these hypotheses, Some formulas to switch from one structure
to another exist which allows referring equivalently to an SCLLC:

Cs.r1 = Ca,r1 (3.5)

Ca.r2 = Cq R2 (3.6)
Cs.11/s5,12 = Ca11/a,12 (3.7)
Cs.21/5,22 = Ca21/a,22 (3.8)
Ly = L]Z’” (3.9)

niLss = L:C’l’" (% - 1) (3.10)
Lot =Lar+Lam (1 - ni) (3.11)

In the case of a full bridge in forward mode, the equivalent resistance reported to
the primary of the transformer by considering the transformer ratio n, is calculated as
in 3.12.

2\/QV"OUT V/ 2
, Vep,FHARMS p 8 Vour 8n;
RO,FHA = = r == == Rour.pc (3.12)
I FHA,RMS ™our Sl T
2V2

For the case of Half Bridge always in forward mode, power conservation was used
instead and the equation referred to the primary side is in 3.14:

2
P — VOUT
batt = Rour.pe
272 (3.13)
P _ "M Vép.RMs
CD — R’
O.FHA

Considering Vep rus = @, the equivalent resistance is obtained as:

, 2
Ro.rua = —3 Rour.pc (3.14)
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3.1. EQUIVALENT CIRCUIT WITH FHA

In summary, as long as V/ and 1]

CD,FHA,RMS 2,FHA,RMS

is equivalent to a resistor that is subjected to sinusoidal waveforms.

There is a further way to refer to a single schematic that unifies all 4. When the
magnitudes of DC power supplies is V;;,, and the output voltage is V,,; the equivalent
input and output voltages of the FBCLLC and HBCLLC can be expressed as +mV;;,, and

+mVpy, with m = 1 for FBCLLC and m = 1/2 for HBCLLC.

i1 pa(t) joLg,
Y Y Y

joL'r,

il

are in phase, the rectifier bridge

2ralt)

-J,iHLFHA(t)

W_l

o

+
MV AB FHA ms (D JoLpy MV'ep priams m*R'o prra ¢
| | o | |
| |
] J
(DCR] OJC‘Rz
Figure 3.3: Unified equivalent circuit in forward mode.
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Y °
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i ]
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Figure 3.4: Unified equivalent circuit in reverse mode.

From this point on, reference will be made to the equivalent circuit of the SFB-
CLLC, because of its status as the most efficient configuration given identical converter

specifications, as highlighted in [11].
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CHAPTER 3. THEORETICAL ANALYSIS AND MODEL

3.2 Gain Analysis

As long as all elements are subjected to the same frequency, the phasor method is em-
ployed to analyze the circuit in the frequency domain.

By referring to the equivalent circuit of SFBCLLC in Fig.3.2a the gain with FHA of
the converter in forward mode operation is found as:

V’
H = _CD.FHA (3.15)

VaAB,FHA

By performing all calculations outlined in A, the result is reported in 3.16.

1

(%—wL%+1)+j[an(1+%+a)—a%(%+%+%+1)+

(3.16)

kbw} ]

The module of 3.16 is calculated in 3.17:

2
M(jwn, ©) = {(% - )

kb k b kbwn
(3.17)
Where the following parameters have been introduced:
1
WRl = ——— (3.18)
VLs,r1Cs.r1
Wg
W, = 3.19
nE (3.19)
L
k=—— 3.20
Lar (3.20)
Lgi
Zo = | — 3.21
0=y (321)
Zy
= — 3.22
0= (3.22)
L/
a=-22 (3.23)
Lg1
Cl
b=12 3.24
Car (3.24)
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3.2. GAIN ANALYSIS

Where the following simplifications have been introduced:

Lgr1 = Ls,Rl 5 L;QQ = L;’Rg 3 Lip = Ls,m 5 CRr1 = Cs,Rl 5 C;gg = C;’RQ ; R:; = R:),FB,FHA’
The definition of Q is closely related to the load condition R, and will be extensively
examined in the 4 chapter. At this point, it suffices to notice that the transfer function,

besides being dependent on the operating frequency, also relies on the load conditions,
as illustrated in Fig.3.5.

Voltage Gain

Mmax

05

0 0.5 1
normalized frequency fn

=

Load factor Q

Figure 3.5: Transfer function of CLLC.

In Fig.3.5, the two resonance frequencies f.1 and f,2 are visible and are defined as
in 3.25. Furthermore, it can be seen that for zero load (Q = 0) the maximum gain M,
is reached.

1
o=t
2rVL1Cry
VEnt (3.25)
fr2 =

2n \ (Lrl + Lm)Lrl
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CHAPTER 3. THEORETICAL ANALYSIS AND MODEL

3.3 ZVS Region Boundary

To maintain soft switching conditions, it is advisable to ensure that the circuit operates
in an inductive condition. This analysis was conducted by studying the sign of the
imaginary part of the impedance of the equivalent circuit as seen at the input terminals

[16].

Z1 = jwsLp1 +
JwsCr1

(3.26)

Zo = jwgLho + ————
2 = JWslpo ](Usc;u

Zn = jwsLm
where, to simplify the notations the following parameters have been imposed:
Lri=Lsr1; Lr2 = L o 5 Lin = L 1y 5 Cy = €4 gy 5 Cro = Cl o s Ro = R, b pya

For the CLLC resonant converter, the input impedance is calculated in C where has
been found:

0% - w2Q%(ab + kb +k +1) + wtQ?(ab + kb + kab) + jOb(w, — w3 (1 +k))
—w2b + jw,0[1 — wib(a+ k)]

Zin =R, (
(3.27)

In which the parameters defined in 3.18, 3.19, 3.20, 3.21, 3.22, 3.23, 3.24 have been
used.
To find the Im(/Z;,), some manipulations of the formula 3.27 have been performed,

like imposing the following parameters:
c=0%-w20%(ab+kb+k+1)+wiQ?(ab + kb + kab) (3.28)
d = Qb(w, — w3 (1 +k)) (3.29)
e=-w’b (3.30)
f=wnQ[1 - wpb(a+k)] (3.31)

,c+jd _R ce+df —j(cf —de) _R C€+df+ —R/(cf —de)

7. =R =
n ()e+jf o 62+f2 Oe2+f2 .] €2+f2

By imposing Im(/Z;,) equal to zero, has been found the 3.33 equation:
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3.3. ZVS REGION BOUNDARY

o wi(l+k) - w?
Quim = \/(1 —W02(2k+2) + w2k + 1))(1 - w2(k + 1)) (3.33)

The 3.33 equation has been substituted in the Gain Voltage formula 3.17 and rep-
resented graphically in Fig.3.6. From the substitution the red curve has been obtained,
present only in the half-plane to the left of the resonance frequency. This means that
in URFM (upper resonant frequency mode) operation (fy, > f»1) each operating point
operates in the inductive region. On the other hand, for LRFM (low resonant frequency
mode) operation (fsw < fr1) it must always stay above the red curve.

Gain at different Q

451
—Limit for inductive region
4+ —Q=01
Q=03
L —Q=05
85 Q=07
Q=09
3r —Q=11
—Q=13
c 250 Q=15
g
2 =
1.5
1+
/]
0.5
O P 1 | | | | 1 1 | |
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Normalized frequency fn

Figure 3.6: Inductive limit for ZVS operation.

From a control point of view, there is an interest in remaining within the inductive
region to ensure stable control of the output voltage. Using a PI controller, the correction
in terms of voltage is proportional to the error value. As shown in Fig. 3.7, if the output
voltage decreases following small disturbances, ) increases, moving from the operating
point A to B. Following a negative error, the PI controller produces a frequency command
lower than the initial one moving to point C. At point C, the output voltage is greater
than the reference voltage at point A; therefore, a frequency command higher than the
frequency at C is generated. The converter will operate at point D until iterating, where
it will work at point F with the same voltage as point A before the disturbance.
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Gain at different Q

14
——Limit for inductive region
—Q=02

10— Q=11

T —Q=2

| | | |
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Figure 3.7: Operation in the inductive region.

On the other hand, looking at Fig.3.8, for greater disturbances the converter will
work again at point B. In this case, however, the PI controller will generate a much
lower frequency command compared to the starting point by going to point C. Since
the output voltage is still lower than the reference one, the controller will continue to
decrease the frequency command. The converter therefore becomes unstable when it
goes to work in the capacitive region where the gain slope is positive.
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3.4. PHASE SHIFT ESTIMATION

Gain at different Q

14
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—Q=02

1.2 [~ Q=11

. —Q=2
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0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 14
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Figure 3.8: Operation in the capacitive region.

3.4 Phase Shift Estimation

Since there is a resistance at the output, the current and voltage on that resistance are
in phase. The objective of the synchronous rectification (SR), as seen in Chapter 2.2.2,
is to synchronize the opening of the switches in the rectifier bridge with the phase of
the secondary current. In addition, the phase of the current in the equivalent circuit is
the same as the voltage across the resistance. Therefore, the calculation of the phase of
the transfer function was performed (ZH(jwy, Q)) considering the phase of the primary
bridge generator as the reference phase. By referring to 3.16 and defining A and B as in
3.34, the phase calculation is reported in table 3.1.

_1_ 1
A =<% w%k+1

e L T S

(3.34)
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A=0& B<0 ph=7%
A=0&B>0 ph=-%
A>0 ph:arctan(%)

A<0&B<0 ph:arctan(%)+7r
A<0&B>0 ph=arctan(% -

Table 3.1: Calculation of phase shift.

Phase Shift
200
100 -
& o
e
o
-100 ¢
_200 1 Il 1 Il |
0 0.5 1 1.5 2 2.5
frequency [HZ] «10°

Figure 3.9: Phase shift from theoretical calculations.

In Fig.3.9, the phase calculation at various load conditions as a function of frequency
is depicted. Furthermore, to have a modeling correspondence, a rapid simulation was

performed on LTspice (Fig. 3.10), and the phase of the Vout node represented in Fig.3.11
was extrapolated.

Vin ﬁ\l L1 L2 c2 Vout
vi {é‘1} {L1} {L2} (c23
L3 R1
96 {RL}
AC1

.ac dec 1000 10 10meg

Figure 3.10: CLLC equivalent circuit modeled on LTspice.
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V(vout
out) 200°

- 160°
- 120°

- 80°

-o40°

Lo
- -40°
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~-120°

\ --160°
|

| T 1 T T \ 1 T 1 -200°
24.99KHz 49.98KHz T74.97KHz 99.96KHz 124.95KHz 149.94KHz 174.93KHz 199.92KHz 224.91KHz 249.90KHz

Figure 3.11: Phase shift from LTspice.
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Chapter 4

Plecs Simulations Results

To arrive at the simulation of the real CLLC a step-by-step process was undertaken
beginning with the simplified model of the equivalent resistance, which represents the
culmination of the theoretical analysis conducted in Chapter 3, and progressing to the
final complete model of the CLLC.

The values used in the simulations are taken from an already existing converter and
are reported in table 4.1.

LRI 15.2 /JH
LR2 9.9 ﬂH
Cr1 54 nF
Cr2 | 91.6 nF
L, 96 uH
n; 24/19
fr1 | 175 kHz
Zy | 16.8 ohm

Table 4.1: Parameters of CLLC.

4.1 Equivalent Output Resistance Model

The objective of the following simulation is to verify if the phase shift formula in 3.1,
which will be used to synchronize the output bridge switches of the real model, is correct.

The parameters used in Fig. 4.1 have been reported to the primary side of the
transformer considering the transformer ratio n;. According to the FHA, the input V,
is sinusoidal, to subject the circuit to the fundamental harmonic only.
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C1 L1 L2 c2

Ay >(*) vin % Lm H i
L oS

Figure 4.1: Equivalent resistance model.

In this simulation, the equivalent output resistance and the operating frequency are
cyclically imposed. Subsequently, given that the phase shift formula ph = ph(Q, fsw)
is a function of the load factor and the frequency (cf. 3.1) and knowing the relation of
the load factor Q = %, is possible to determine the theoretical delay between the input
voltage and the outpﬁt voltage across the resistor.

To verify that the obtained values are correct, a method through simulation is pro-
posed. From the model the input and output voltage signals are taken and sent to the
”hit crossing” blocks, as represented in Fig.4.2. From this block, a pulse signal equal to
1 is generated when the respective sinusoidal wave signal crosses zero and then enters
into the ”"Phase shif integrator” subsystem, shown in Fig.4.3.

,@ | ’@I

Phase shift integrator from[s] to [] fase ottenuta

Switch phase of Vout in [°]

Figure 4.2: Diagram of the phase shift calculation.

Looking at Fig.4.3, the signals from the ”hit crossing” blocks are sent to the ”flip-flop”
block, which is activated when it receives the first signal (S) and remains equal to 1 until
the second signal (R) arrives. At the output, there will be a signal equal to 1 as long as
the delay between the two signals lasts. By integrating the delay, the measurement of the
delay in seconds is obtained and represents the output of the subsystem. Subsequently,
the signal is converted into degrees and saturated at 360°.
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Figure 4.3: ”Phase shift integrator” block.

The acquired data from the theoretical calculation and the simulation’s calculation
have been compared and shown in Fig.4.4, where, for each simulated point, the values
appear to coincide.

Comparison between calculated and obtained phase

150 -
——phase calculated at Rac = 5 ohm
o phase obtained at Rac = 5 ohm
phase calculated at Rac = 270 ohm
100 o phase obtained at Rac = 270 ohm
——phase calculated at Rac = 535 ohm
phase obtained at Rac = 535 ohm
5 —phase calculated at Rac = 800 ohm
— © phase obtained at Rac = 800 ohm
= 50
e
]
[0}
8 0
= © S S 4 —
o ° °
-50 -
-100 : : :
1 1.5 2 2.5
fn

Figure 4.4: Comparison between calculated and obtained phase.

But, to get an idea of how much the two datasets differ, Fig.4.5 shows the error
between the two, reaching a maximum of 0.18 ° for frequencies 2.5 times higher than
the resonance frequency fgry. Furthermore, it is also obtained that the error between the
two forms of calculation is independent of the type of output, but will depend only on
the frequency.
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Phase shift error [°]
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Figure 4.5: Error between theoretical and obtained phase shift.

In conclusion, the error between the two forms of calculation is minimal with a
maximum of 0.18°. So, from now on, the theoretical phase shift formula will be used
without making large errors.

4.2 Sinusoidal Model

In the following model, the output resistor is removed and replaced by a sinusoidal input
voltage generator, going to add another variable.
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Figure 4.6: Sinusoidal model.

4.2.1 Sinusoidal Model Validation

The goal of the model is to verify that the converter behaves as expected. In fact, a
certain value of the equivalent resistance R/, is imposed, from which the value of the load
factor Q is calculated. A certain Q and a certain switching frequency fi,, are cyclically
imposed to the model and the delay with which the output generator is shifted with to
respect the input voltage is calculated. The formula used is the one that was validated
in the paragraph 4.1, as well as that found theoretically.

In calculating the amplitude of the sinusoidal voltage of the generator, the procedure
involves advancing through the mathematical model. The gain formula derived from the
theoretical analysis is applied, by knowing the operating frequency and the load factor,
after which the calculation of Vout is conducted as V,,;, = M - V;,, according to the
definition of voltage gain, where the input voltage is imposed by the model.

Once all the values to be given in command to the model are known, the simulation
starts.

The objective is to ensure that the equivalent output resistance R/, as a consequence
of parameters derived from analytical calculations matches the initially set value.
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Figure 4.7: Calculation of equivalent output resistance in the sinusoidal model.

To calculate the equivalent resistance in the simulation, cf. Fig.4.7, is carried out by
applying the theoretical formula outlined in eq.3.12. In fact, by definition, the output
resistance is equal to the ratio of the RMS values of the voltage and current input to the
rectifier bridge. In this simplified model they correspond to the voltage imposed by the
generator and the current passing through it. By referring to the schematic in Fig.4.7,
the gain equal to -1 was introduced to use the user’s convention.

As a result, all the values obtained from the simulation method coincide exactly with
the output resistance value imposed on the model.

4.2.2 Sinusoidal Model Working Points Map

Once the correct functioning of the model was verified, a second simulation was carried
out, to sweep more operating frequencies and operating gains. From this simulation,
the various load factors obtained are compared with the theoretical ones. Finally, the
currents and powers absorbed by the equivalent output load for each operating point are
mapped.

First of all, by cyclically imposing an operating frequency and an output voltage,
and consequently also the gain, is possible to obtain the load factor. Indeed, the gain
M = f(Q, fsw) is a function of Q and f;,,, so the load factor Q can be found from the
inverse relationship. The equation of the gain in 3.17 is expressed as 4.1 :

M= (4.1)

Nyerwseres
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where A and C are defined to simplify as 4.2 and 4.3:

1 1
A=——-—+1 4.2
k w2k (42)
a 1l (a 1 1 1
= — 1)—— -+ —+—+1]+— 4.
¢ “’"(k“” wn(k+kb+b+ )+w3kb (4:3)
The load factor is derived as:
1 2
4 — A
M2
QZT (4.4)

The regions of existence of the root are satisfied by the following relation:

1
-5 A%>0 (4.5)

From which the limit gain equation 4.6 is obtained for each operating frequency by
imposing the minimum possible load factor Q = 0:

Here, once the switching frequency f;,, and the load factor are known, the phase
delay ph = ph(Q, fsw) to be applied to the output generator is determined.

At this stage, all parameters required for the simulation are known, thus initiating a
40x40 grid map and displaying the results.
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Comparison of Q between simulation and model
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Figure 4.8: Comparison of voltage gain between the theoretical model and the obtained
results in the sinusoidal model.

Fig. 4.8 shows the comparison between the gain at different load factors Q from the
theoretical analysis and those recorded by the point-by-point simulation, in a map of
40x40 points.

The plot was obtained initially by doing a filled contour plot containing the isolines
of the matrix Q taken from the Plecs simulation, where Q contains height values on the
fsw-M plane. The filled contours are the regions colored on the scale from yellow to blue
in Fig.4.8. Then, the Q-isolines of the theoretical equation of the Gain 3.17 are overlaid
on the previous graph and are the colored lines represented in the same figure.

It can be seen how the iso-curves of the load factor are fairly respected and also how
the estimate of the maximum gain 4.6 at Q = 0 is predicted correctly. Indeed all the
operating points are below the red line in Fig.4.8.
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Map of Current lout [A]

20
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Figure 4.9: Output current map in the sinusoidal model.

In Fig.4.9 the current drawn by the output load is shown. By referring to the Q-
isolines in Fig.4.8,and according to the definition of the load factor (eq.3.22), when Q is
high, the equivalent output resistance R/, is low. At that point, the current will be high
too. Therefore, the current absorption at the various swept working points is consistent
with the theory.

37



CHAPTER 4. PLECS SIMULATIONS RESULTS

Map of Power Pout [W] % 10*
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Figure 4.10: Output power map in the sinusoidal model.

The same consideration of the output current can be done for the results of the
output power, shown in Fig.4.10. Note that the step across the red gain limit curve is
due to the choice of map numbers. If the mapping is thickened by increasing the number
of points, these would no longer be a staircase and all the points should be below the
red line.

4.3 Square Wave Model

The next step was to leave the FHA and also subject the circuit to higher-order har-
monics. Referring to Fig.4.11, the sinusoidal generators have been replaced with square
wave generators, simulating the voltages seen at the output of the inverting bridge and
the input of the rectifier bridge, as seen in Fig.3.1.
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Figure 4.11: Square wave model.

4.3.1 Square Wave Model Validation

Comparing the behavior of the square wave model concerning the sinusoidal one is the
objective of a first simulation, to determine what error is made by introducing all the
other harmonics.

The simulation requires defining a vector of desired equivalent resistances and sub-
sequently calculating the necessary parameters for running the simulation. Once these
parameters are established, the obtained values are compared to the desired ones.

The method for deciding the voltage to power the output, in terms of amplitude
and delay compared to the input generator, is the same as what has been done in the
paragraph of the verification of the sinusoidal model 4.2.1.

What changes is how the output equivalent resistance R’o is now calculated in the
model. According to the definition 3.12, Vep rra.rms is calculated as %EV[’,W, while
the Is Fua.rms Was obtained by letting the output current 7, enter the RMS block, as

shown in Fig.4.12.
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Vout b (« —>{ 28.1582]

R'o equivalente

Tout [> > RMS
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Figure 4.12: Calculation of equivalent output resistance in square wave model.

By testing some resistance values at multiple operating frequencies, the results shown
in Fig.4.13 were obtained, where the continuous lines are the obtained values from the
model, while the dashed lines are the imposed values.
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obtained Ro
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250 ——obtained Ro
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50~
0 T T T T T
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Figure 4.13: Comparison between the imposed and obtained equivalent output resistance
in square wave model.

From a general analysis of Fig.4.13, it is possible to notice that at low frequencies
there is a greater difference between the imposed value and the one obtained. Further-
more, as the output equivalent resistance value increases, the error at low frequencies
increases. To get an idea of what the error is, in Fig.4.14 the relative percentage error
is shown.
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Figure 4.14: Relative percentage error between the imposed and obtained equivalent

output resistance in square wave model.

From an analysis of Fig.4.14, it can also be added that, near the resonance frequency,
the error that occurs using the analytical model with FHA is very low. On the other
hand, moving far below the resonant frequency leads to a significant error, while above
this smaller errors are reached. In conclusion, the evaluations obtained are consistent
with what is present in the literature [12] [13].

4.3.2 Square Wave Model Working Points Map

Once an idea has been given of the error made with the FHA, also for this model a
second simulation was carried out, to sweep more operating frequencies and operating
gains. As was done in paragraph 4.2.2, the various load factors obtained are compared

with the theoretical ones.

For the procedure to calculate the load factor and the phase shift of the second
generator, refer to paragraph 4.2.2, where the calculation of the maximum gain at each
operating frequency, by imposing the minimum possible load factor Q = 0, is still valid
4.6.

Given the considerations of the error committed in estimating the output resistance

mostly at low frequencies, a good representation of the real model is expected from the

simplified model.
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Comparison of Q between simulation and model
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Figure 4.15: Comparison of voltage gain between the theoretical model and the obtained
results in the square wave model.

For what concerns the gain at different frequencies and at different load factors Q,
a good correspondence can be seen by comparing the results between Fig. 4.15 and
Fig.4.8, in which all the curves seems to coincide.

Map of Current lout [A]
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Figure 4.16: Output current map in the sinusoidal model.

In Fig.4.16 the currents absorbed by the equivalent output load for each operating
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point are mapped. By comparing this result with the one obtained in Fig.4.9 a difference

can be seen. Indeed, at low frequency, the iso-lines doesn’t match with each other
perfectly.

Map of Power Pout [W] % 10*
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Figure 4.17: Output power map in the sinusoidal model.

Finally, the powers absorbed by the equivalent output load for each operating point

are mapped in Fig.4.17. Here, the same consideration of the output current can be done
by the comparison with 4.10.

4.4 Inverting and Rectifying Bridge Model

Before moving on to the full CLLC model, the following model is used to quickly check
for correspondence with the previous square wave model.

43



CHAPTER 4. PLECS SIMULATIONS RESULTS
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Figure 4.18: Inverting and rectifying bridge model.

4.4.1 Inverting and Rectifying Bridge Model Validation

The waveforms at the input of the rectifier bridge are the same as those obtained at
the output of the square wave model. Therefore, utilizing these voltages and currents
for output resistance calculation would yield identical results. However, with the intro-
duction of the inverting and rectifying bridge, for greater consistency with theoretical
considerations, opting for the voltages and currents at the output of the circuit, Vpq,
and Ip4s, represents a better choice. These voltages and currents are still referred to the
primary side, which means Vo, = V/,, and Ipq = I,,,. Therefore, no carryover factor
will appear in the calculation in Fig.4.19. Referring to the definition 3.12, the ratio Yo

out

7
Iout

is multiplied by a gain of %.

— (i}

Resistenza
Vbat D p@ ,b._

> 22.6388
Rac equivalente

;

1hat|>—> Jul

Figure 4.19: Calculation of equivalent output resistance in inverting and rectifying bridge

model.

Running the simulation and testing the same resistance values of 4.3.1 at multiple
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operating frequencies, the results are shown in Fig.4.20, where the continuous lines are
the obtained values from the model, while the dashed lines are the imposed values. From
a comparison with Fig.4.13 obtained with the square wave model is possible to see how

as the complexity of the model increases the error in the estimate also increases.
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——obtained Ro

| obtained Ro

250 ——obtained Ro
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200 ——obtained Ro
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-_ Imposed Ro
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Figure 4.20: Comparison between the imposed and obtained equivalent output resistance

in inverting and rectifying bridge model.
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Figure 4.21: Relative percentage error between the imposed and obtained equivalent

output resistance in inverting and rectifying bridge model.
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To have an idea of what the error is, the relative percentage error is shown in Fig.4.21,
in which in addition to presenting a significant error at low frequencies, modest inaccu-
racies also begin to appear at frequencies higher than the resonance frequency, without
however exceeding 10% of the error.

4.4.2 Inverting and Rectifying Bridge Model Working Points Map

For continuity of reasoning, take a quick look at the current and power absorption of
the output load.
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Comparison of Q between simulation and model
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4.5 CLLC Resonant Converter Circuit

Lastly, the final complete model was achieved in Fig.4.23 without carrying over to the
primary parameters of the resonant tank placed on the secondary of the transformer.

[>s14 [>ss,8
$2,3 [>s6,7

C1 c2
s1,4[>—>—| sz,3[>—>—|§ 1 : 1 by SS,BME% 55,7D—>-|

O vbatt

Figure 4.23: CLLC resonant converter schematic.

4.5.1 CLLC circuit Validation

To verify the model, the circuit’s validation has to be done similarly to the previous

simplified models. By applying the definition 3.12 in Fig.4.24, the ratio ‘I/””t’ is multiplied

2
by a gain of 8%, where Vour = Vpar and Iy = Ipas are the battery voltage and the current

through the battery.

-
o

Resistenza

Ibat |>—> [u] 2

Figure 4.24: Calculation of equivalent output resistance in CLLC resonant converter

schematic.

What is obtained are the same trends as the resistance calculation of the previous
model in paragraph4.4.1, shown in Fig.4.25, and so the same considerations can be done.
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4.5. CLLC RESONANT CONVERTER CIRCUIT

~ Imposed vs Obtained Equivalent Output Resistance
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Figure 4.25: (a) comparison between imposed and obtained equivalent output resistance
in CLLC scheme; (b) relative percentage error between the imposed and obtained equiv-
alent output resistance in CLLC scheme.
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4.5.2 CLLC circuit Working Points Map

Comparison of Q between simulation and model

@ Data of simulation
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—Q=0.3
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Figure 4.26: Comparison of voltage gain between the theoretical model and the obtained
results in CLLC scheme.

Taking a look at Fig.4.27 is interesting to note how, given the same gain and switching
frequency in the map, the corresponding current is n; times the current of the previous
graphs. This is consistent with what is expected since it corresponds to bringing a
current back to secondary. Furthermore, the output voltages are also affected by the
1; the output voltages of the previous models.

secondary carryover, becoming --
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4.5. CLLC RESONANT CONVERTER CIRCUIT

Map of Current lout [A]

20

15

10

0.6 0.8 1 1.2 1.4 1.6
frequenza fn

Figure 4.27: Output current map in in CLLC scheme.
Furthermore, another important result is shown in Fig. 4.28 in which the power

absorption from the output corresponds to what has been seen in the previous models.

It is therefore possible to state that the simplified circuits model the behavior of the
converter in terms of power.

Map of Power Pout [W] % 10*
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Figure 4.28: Output power map in CLLC scheme.
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Chapter 5

Stresses Evaluation

The following chapter aims to analyze and evaluate what are the maximum stresses of
the inductors and capacitors of the resonant tank, the transformer, and the MOSFETs.
The fundamental values of interest for the sizing of the circuit elements are:

Irms

LR1, Lr2, L

Vi
¢

Irms
Vi

IrRms
Ipi

Cr1, Cr2

MOSFETs

Table 5.1: Quantities of interest for sizing.

The maps were obtained by making the converter work in several operating points
and by recording the quantities shown in the table 5.1 for each element of interest. Then,
by considering some limitations for operating regions the maps were elaborated to take
the maximum stresses. The limitations that have been highlighted are the minimum
and maximum gain and the gain limit to reach maximum power at most. This limit was
obtained by seeing for which Q the maximum output power is obtained.

5.0.1 Primary Side Resonant Inductor Stresses

One of the main stresses of the resonant inductor of the primary side is the current RMS,
necessary in the calculation of the conductor section. The maximum stress reached is
shown in Fig.5.1, where a mask for the non-reachable regions is highlighted.
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Primary Side Resonant Inductor Current RMS ILR1 [A]
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Figure 5.1: RMS current of primary resonant inductor.
Another stress of the resonant inductor of the primary side is the current peak value,

necessary in the calculation of the saturation of the magnetic core. The maximum stress
reached is shown in Fig.5.2, where a mask for the non-reachable regions is highlighted.
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100
14
83 A 80
=12
= 60
&
1 40
0.8 20

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
fn

Figure 5.2: Peak current of primary resonant inductor.
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The maximum voltage reached by the resonant inductor of the primary side is shown
in Fig.5.3, necessary in the calculation of the conductor’s electrical insulation.

Primary Side Resonant Inductor Voltage Peak VLR1 [V]
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Figure 5.3: Peak voltage of primary resonant inductor.

Lastly, the maximum flux reached by the resonant inductor of the primary side is
shown in Fig.5.4. This value is necessary in the calculation of the magnetic core section.
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Primary Side Resonant Inductor Flux [mV/s]
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Figure 5.4: Maximum flux of primary resonant inductor.

5.0.2 Secondary Side Resonant Inductor Stresses

One of the main stresses of the resonant inductor of the secondary side is the current
RMS, necessary in the calculation of the conductor section. The maximum stress reached
is shown in Fig.5.5, where a mask for the non-reachable regions is highlighted.
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Figure 5.5: RMS current of secondary resonant inductor.

Another aspect of concern regarding the resonant inductor on the secondary side
is the peak current value, which is crucial for determining the saturation level of the
magnetic core. The peak stress levels are illustrated in Figure 5.6, with areas beyond
reach marked out.
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Secondary Side Resonant Inductor Current Peak ILR2 [A]
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Figure 5.6: Peak current of secondary resonant inductor.

Then, the highest voltage attained by the resonant inductor on the secondary side
is depicted in Fig.5.7, which is essential for calculating the electrical insulation of the

conductor.
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1800

1.4 1600
1440 V

1400
1200
1000
800
600
400

Gain M

0.8

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
fn

Figure 5.7: Peak voltage of secondary resonant inductor.

o8



Finally, the maximum flux achieved by the resonant inductor on the secondary side
is presented in Fig.5.8. This value is crucial for determining the magnetic core’s cross-
sectional area in calculations.

Secondary Side Resonant Inductor Flux [mV/s]
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Figure 5.8: Maximum flux of secondary resonant inductor.

5.0.3 Transformer Stresses

One of the main stresses of the transformer is the current RMS, necessary in the calcu-
lation of the conductor section. The maximum stress reached is shown in Fig.5.9, where
a mask for the non-reachable regions is highlighted.
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Transformer Current RMS Im [A]
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Figure 5.9: RMS current of transformer.

Another stress of the transformer is the current peak value, necessary in the calcu-
lation of the saturation of the magnetic core. The maximum stress reached is shown in
Fig.5.10, where a mask for the non-reachable regions is highlighted.

Transformer Current Peak Im [A]

1.4 20
| 16,2 A
= 1.2 15
-
5
1 10
0.8
5

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
fn

Figure 5.10: Peak current of transformer.
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The maximum voltage reached by the transformer is shown in Fig.5.11, necessary in
the calculation of the conductor’s electrical insulation.

Transformer Voltage Peak Vm [V]
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Figure 5.11: Peak voltage of transformer.

Finally, the maximum flux achieved by the transformer is presented in Fig.5.12. This
value is crucial for determining the magnetic core’s cross-sectional area in calculations.
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Transformer Flux [mV/s]
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Figure 5.12: Maximum flux of transformer.

5.0.4 Primary Side Resonant Capacitor Stresses

The stresses of the resonant capacitor of the primary side are reported in Fig.5.13, taking
the maximum stresses within the operating regions highlighted with a mask.
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Figure 5.13: Peak voltage of primary side capacitor.

5.0.5 Primary Side Resonant Capacitor Stresses

The stresses of the resonant capacitor of the secondary side are reported in Fig.5.14,
taking the maximum stresses within the operating regions.
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Primary Side Resonant Capacitor Voltage Peak VCR1 [V]
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Figure 5.14: Peak voltage of secondary side capacitor.

5.0.6 MOSFETSs Current Stresses

The stresses of one of the MOSFETS of the inverting bridge are reported below, where
the RMS and peak current are shown respectively in Fig.5.15 and in Fig.5.16. .
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Figure 5.15: MOSFET 1 RMS current.
MOSFET 1 Current RMS [A]
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Figure 5.16: MOSFET 1 peak current.

Then, the stresses of one of the MOSFETSs of the rectifier bridge are reported below,
where the RMS and peak current are shown respectively in Fig.5.17 and in Fig.5.18.
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MOSFET 5 Current RMS [A]
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Figure 5.17: MOSFET 5 RMS current.
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Figure 5.18: MOSFET 5 peak current.
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Chapter 6

Conclusions and Future Works

6.1

Conclusions

From the observations made, the results of this thesis work can be highlighted as follows:

e Based on the analysis conducted, the mathematical calculation of the phase shift

could be considered satisfying because reflects the frequency behaviour of the cur-
rent at the secondary side. To support this statement, a comparison between the
trends of the analytical development and the trends obtained in the simulation on
LTspiceXVII has been done where good correspondence has been noticed. Addi-
tionally, a basic circuit simulation was conducted using PLECS, consisting of a
resistor at the output. It was observed that the phase shift formula accurately
reflects the phase difference between the current flowing through the resistor and
the input generator voltage. With negligible discrepancies, such as 0.18° at sig-
nificantly higher frequencies, approximately 2.5 times greater than the resonant
frequency, the reliability of the phase shift formula has been affirmed. Then, this
formula is unequivocally utilized to control the opening and closing of the rectifier
bridge switches, ensuring synchronous rectification.

In addition to the aforementioned findings, an evaluation of the validity of the
treated method with the use of FHA has been done. For high output equivalent
resistance, the FHA makes estimation errors at a frequency far away from the
resonant frequency. This result can be used to stay close to the resonant frequency
when a high load is required by the application. In essence, the simplified circuit
effectively mirrors the converter when operating within proximity to its resonance
frequency, enabling a comprehensive study of its frequency behavior. On the other
hand, it is difficult to have a wide range of operating frequencies. Hence, focusing
on phenomena between 0.7 times and 1.3 times the resonance frequency provides a

67



CHAPTER 6. CONCLUSIONS AND FUTURE WORKS

suitable range where assumptions and hypotheses do not undermine the accuracy
of the results.

e Moreover, the simulation tool employed for analyzing point-by-point stresses is
robust and valuable, as it captures all stresses at different operating conditions,
providing a comprehensive framework for future design assessments.

6.2 Future Works

Considering the perspective of Prima Electro, the company where the thesis work was
carried out, the objective of developing a 25 kW resonant CLLC prototype capable of
providing a wide spectrum of output voltages is underway. Consequently, exploiting the
results derived from this thesis work becomes fundamental to shape an effective design
process, establish robust control mechanisms, and conduct laboratory tests to validate
the simulated results. This approach provides a solid foundation for prototype develop-
ment and optimization, aligning with the company’s goals and driving advancements in

resonant power converter technology.
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Appendix A

Calculation Gain Formula in
Forward Mode

Referring to the unified equivalent circuit depicted in Fig. A.l in forward mode, to

simplify the notations are defined:

1 JWsLR1 ] sC 1 ( )
Zg =jw L, + (A 2)
2 . ; .
I s R ]wSCRQ
Zm = .](,t)vLm (A3)

where:
. ’ — ’ . — . — . ’ — ’ . ’ ’
Lri=Lsr1 5 Ly =L{ go 3 Lm = Lsm 5 Cr1 = Cs.R1 3 Cpy = C{ po 3 Ro = R}, o ppya-

S,
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|llj’ﬁ(t) JoLg, joL'g, 1y pralt)
LYY Y VA " A i W —
lim,FHA(t) /'_l
mVCD,FHA, mZR'O,FHA,f

+
mVAB,FHA,rms () _]OJLm

J
(DCRI mC‘R:Z
Figure A.1: Equivalent circuit of SFBCLLC in forward mode.

The parameters of the equivalent circuit are all the parameters referred to the pri-
mary of the transformer. This means that Lg;, Cgr1 and L, remain unchanged because

they are already referred to the primary, while Lgs, Cr2 and the output resmtance must
CR2 R’ = Rout,DC-

be reported considering the turns ratio: Ly, = n; 2Lro Cro = n2
The transfer function is:
) ) Zyn(Zo+R)) )
. Zn || (Z3+R) R, Zn*Z2+R) R,
He(jo Q) = o 7o+ R Zo+ R, A AIAY Y
Y Zm+Z2+R}
_ ZnR, _ L _ (A4)
ZmZi+ 72122+ Z\R, + ZinZo + Z iR, g} +Zzllzf, + 2L L+ Ro 241
3 1
Z + - ( g 22 7 +1
- _ 1
Let’s introduce the following parameters, by considering that wgi = o
L
k=" (A.5)
Lr1
%
R1
= A6
0-5 (A.6)
P (A7)
WR1
L 9
a=—= (A.8)
LR1
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Cr1

Going to analyze some elements of the equation A.4, it’s possible to obtain A.10,
A.11 and A.12:

Zi _ JwsLri 1 . Lr1 1 1 3
R, " R, JosCrmR, T"ViiCo R o —Cm g
0 o K o R1LR1 o Jwy TriCry ‘o

[Lr1 . (A.10)
Cr1 J . .0 . 1
=Jon—p— — g =JwnQ —Jj = = jQwn — —)
o Wn Q Wn Wy
Lr1
CRr1
Next:
Z1  jwsLry N 1 1 Lgs N 1 B
Zn jwsLm jwsCRl jwsLm L, J.szchLm
k w%ﬁchkLRl ko wik
And finally:
. ’ 1
Zy JosLiy + 7a.e7 _ JwsLp, 1 B
R, R, R, JwsCroRy,
1 L, 1
:.]wi’l RRI2 + . 1 ’ ’ =
VLriCr1 Ko jong=5=CroRo
. aLp1 1 1
T TCr Ry ooy LSk g (A.12)
"VLr1Cr1 °
/% 1 0
= jwna~—— + — = jwnaQ - Jx -
R, jwnb% wyb
VT
1
= jO(awy - )
n b N
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Replacing in the transfer function A.4:

. 1
H(]a)Yl’Q) = . 1 1 1 ] 1 ] 1 =
JO(wn = =) + (¢ =~ o) []Q(awn ~pw)* 1] +j0(aw, — 55-) +1
f— 1 —
J(wn = )+ (= ) [70(awn - 50| + (= Zhp) + 70 awn - ) +1
_ 1
(A.13)
The final formula is:
) 1
H(jon, Q) = 7—— _ o . (A.14)
(I—w—’%k+1)+J [Qw"(1+%+a)_w_n(_b+%+5+1)+_kbw,§]
The module of A.14 is calculated in A.15:
2 b

11 2
M(jwn,Q)={(E—w2k+1) +
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Appendix B

Calculation Gain Formula in
Reverse Mode

Referring to the unified equivalent circuit depicted in Fig. B.1 in reverse mode, to
simplify the notations are defined:

Z =ja) Lgo + — B.1

! R w0 Cro (B-1)
1

Z =ja) L% t+ B.2

2 stR1 stCRl ( )

Zm = jwsL) (B.3)

where:
s,m

144 — 144 . —_ . " __ 144 . 144 — 144 . — . " 144
LRl = Ls,Rl ; Lra = Lsr2 5 Ly = L CRl - Cs,Rl ; Croa=Csr2 ; Ry = RO,FB,FHA'

i I.FHA(t) .]O‘)LR_Z Jle 'Rl i”z,l’HA(t)

-lim,m(t) T 1

. n _“
JOJL m mV AB,FH";,m‘lSé II]ZR"O_FHAJ

\

U+

mVCD,FHA,rms (

| ! I
|| |
- ]

0Cp, oC"gy

Figure B.1: Equivalent circuit of in reverse mode.
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The parameters of the equivalent circuit are all the parameters referred to the sec-
ondary of the transformer. This means that Lgs, Cro remain unchanged because they
are already referred to the secondary, while Lgyi, Cr1, L,; and the equivalent output
resistance must be reported considering the turns ratio: L%, = LRl ; Cgy = = n?Cgu;

RN = n ﬂ.g Rout,DC'

The transfer function is:

7 || (Z R//) R” —Z”’(ZT‘—R‘,’,) RII
. 2+ Zm+Z2+RY]
Hr(jo- Q) = z +mZ Il (Z +0R”)Z +OR" - m?zszq Zs+ R
1 m 2 o 2 o Zl + Z +Z +RN
- Zn Ry _ 1 _ (B.4)
Zmzl + ZIZQ + ZIR:; + ZmZZ + Zng % + Zzllz;/ + == Zl + W +1
B 1
R,, + Zl (R,, +1)+R,, +1
5 . . . . _ 1
Let’s introduce the following parameters, by considering that wgi = nts
L/I
k=2 (B.5)
Lg2
%
R2
= B.6
0="% (B.6)
P (B.7)
WR1
L//
a=-"2L (B.8)
Lgo
C//
p=—_RL (B.9)
Cro

Going to analyze some elements of the equation B.4, it’s possible to obtain B.10,
B.11 and B.12:

Zy _ jwsLg2 1 , Lrs 1 1
o 77 + = 77 :]wn—7+c—:
RO RO JWs CRQRO vV LRQCRQ RO R2 R

w
IO T raCrz©

NeE 0 (240

= Jon 5 T K ZanQ—Jw—nZJQ(wn—w—n)
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Next:

Zi _ jwsLpo 1 1 LR2 1 3
Zin~ josLy  jwsCrajwsLy Ly wfCroly
k w,% LR2cR2 CRQkLRQ k a),%k
And finally:
. ’ 1
Zy JwsLi, + JwsCr,  JwsLyp 1 B
RY R} RY JwsCg Ry
1 L%, 1 3
VLRQCRQ Ro ]wnmC R
aLR2 1 1
= JU)—_ =
V/ R) _bCra _ pr B.12
LRQCRQ o anm o ( )
/% 0
:jwna = + ” :.]wl’laQ_J_ =
RS jonb i Wnb
Vs
. 1
= jO(aw, — b )
Wn
Replacing in the transfer function B.4:
. 1
H(]wn, Q) = . 1 1 1 ] 1 ] 1 =
jO@n = )+ (k= ) [70(awn - 55y + 1] + j0(aw, - L) +1
JO(wn = )+ (= ) [10(awn - 50| + (- ) + 70 (awn - 5 +1
1

=

The final formula is:

%k+1)+jQ(w,,—

H(an’ Q) =
1_ 1
(-
The module of B.14 is calculated in B.15:

1 1 2
M(jwn, Q) = {(% - m"‘l)
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+1)+j[an(1+%+a)—w%(ﬁ+%+%+l)

an(1+k+a)—g(—+k+%+1)

_Q
+ kbw3]

n

1 Q

kbw;,

kb

)

(B.

15)

1
w,

1 a
_m_m"'kbw )+JQ(‘“"" Den
(B.13)
(B.14)
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Appendix C

Calculation of the Input
Impedance

For the CLLC resonant converter, by referring to the model in forward mode analyzed
A, the input impedance is expressed as:

1 JR,Ws Lin = w3 Lo Ly + éfm
Zin=Z1+Zn || (Z3+R)) = jwsLry + = +—— - —
stCRl RU + ]wSLRZ + m + _]a)sLm

. 2
JWsLm Wy L;QQL’" + Lm

JosLri 1 N R, R,? R,2Ch,
R, JwsCRr1R, 1

=R’ -
° JWsLi, 1
R, JwsR,Cr,

. Lm
+ +]wSR_;,

(C.1)

Let’s to analyze some elements of the equation C.1 referring to equations A.5, A.6,
A7, A8 and A.9.

1) From A.10 is known that:

JwsLR1 N 1
R, JwsCr1R,

- jo (wn - i) (C.2)

Then, all the others elements can be expressed as:

2)

JWsLm . Ly, 1 _ JwnkLR1 .
— = jwy — = ~ = jw,kQ (C.3)
R; VLRr1Cr1 Ro VLriCriR,
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APPENDIX C. CALCULATION OF THE INPUT IMPEDANCE

3)
a)2L’ L 2 LekL Lry
R2 ot e & 5 RL— a),%akc—R,1 = wlakQ? (C.4)
R’O2 LR1CR1 R R,
4)
L kLR k
72 m/ = 72 = _Q2 (C5)
Ro CR2 Ro bCRl b
5)
JjwsL), L %
stpo ]wna R1 . R1 .
= jwya——— = jwyaQ C.6
6):
1 L VLriCr1 _ _ J 0 (C.7)
JwsR,Chy ]w,, R/, bCg1 Wb '
7):
L 1 kL
jws—= M 81 = jw,kQ (C.8)

Ro ‘VLR1CR1 R’

Going to substitute in C.1 and carrying out simple steps (which have been omitted),
the impedance formula has been found:

jw?Q - jO N jwnkQ - w2akQ? + £ Q2
Wp 1+ jw,aQ — LQ + jw,kQ
_R, (Q2 —w2Q%(ab+ kb +k+1) +wiQ%(ab + kb + kab) + jOb(w, — w3 (1 + k))
—w2b + jw,Q[1 — wib(a + k)]

(C.9)
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