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Investigation of LLC converter benefits

A study about resonant converter benefits in low-power telecom applications
George Falk

Niklas Midefelt

Department of Electrical Engineering

Chalmers University of Technology

Abstract

The report covers the topic whether if it’s beneficial to exchange an active clamp
forward converter to a resonant LLC converter for a certain telecom application with
55W of output power. Theoretically the resonant converter should perform better
with its zero voltage switching, also known as soft switching. The investigation is
performed by simulating both the circuits to be able to draw conclusions. The main
aspects to evaluate is the efficiency, the electromagnetic interference and the cost of
the converters. The efficiency at the operation point of the forward converter was
simulated to 95.4% and the resonant converter to 95.3% respectively, for a 300kHz
design. What was also found to be interesting is that when the switching frequency
was doubled, it was found that the forward converter efficiency is 92.1% and the
resonant converter efficiency is 94.7%. This lead to a sidetrack where increasing the
switching frequency was explored, which is clearly in the resonant converters favour.
The electromagnetic performance is better for the resonant converter and the cost
of both converters in terms of component count is approximately the same. For the
same input/output scenario as used today in the application, the resonant converter
was found to have a possibility to perform marginally better, but it is not certain
without a physical product.

Keywords: Resonance converter, Efficiency, EMI, LLC, Zero voltage switching.
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Introduction

1.1 Problem Background

Within telecommunication the standard supply voltage for the system is —48V" [1].
Usually there is a need for 12V, 5V and 3V on the printed circuit board (PCB)
and this is achieved through on-board converters [2]. Traditionally, hard switching
topologies have been chosen due to their simplicity and low price. The consequences
of using hard switching methodologies is high switching stresses and for higher fre-
quencies, large spikes in current (%), as well as voltages (27), creating electromag-

dt
netic interference (EMI) [3].

Another topology of converters are resonant converters, which switches with zero
voltage over or zero current through the switch which increases the efficiency and
decreases the EMI [3]. The topology has been used in telecommunication industry
for powers in the kW range, the front end conversion [4], [5]. A resonance converter
could also affect the entire board for the better with reduction of EMI from the con-
verter. It could therefore be interesting to investigate how the resonant converter
is suited for lower powers and on-board conversions for a telecommunications PCB
compared with a switch mode topology as done today. Figure 1.1 shows an overview
of a telecommunication power system and how the voltage level is transformed from
grid level to PCB levels through the front end and the on board conversions stages,
where the focus of this investigation is the on board conversion.

The results from this project can be relevant for other on board power converter de-
signs, especially within telecom. Interesting sustainable and social aspects regarding
project are material selections, energy usage and efficiency.
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Figure 1.1: Overview of a telecommunication power system and focus of project

1.2 Previous Work

The majority of previous work for the resonant converter topology has been done for
optimizing the efficiency and usually for higher power ratings (kW), such as in front
end telecom applications but also the technology has become popular concerning
battery charging for electric vehicles [6], [7].

Investigations with ratings of 150W has been done where different resonant circuits
and converter topologies has been used, where results in efficiency’s are promising,
compared to conventional hard switching converters [8]-[11] . A rated power of
100 has been implemented as well with a high voltage input (400V") compared to
an telecom on board scenario (—48V'), where different voltage and current scenarios
will change design aspects in many details in [12]. Resonant circuit implementations
has been done for lower power ratings as well, such as zero voltage transitioning
buck converters within 15 — 35W and 15 — 50W range, where the simulated effi-
ciency results are approximately 95 percent over the complete power range [13], [14].
Considering EMI, resonant circuits are usually known for low EMI, but as the %’
waveforms are reduced more low frequency noise content appears [15]. Differen-
tial mode (DM) noise is not a problem, but common mode (CM) noise due to %
from converter nodes propagating through parasitic capacitance’s from transformer
windings into ground causing noise [16]. Ways of handling this can be shielding or

interleaving the current [17], [18].

All in all many investigations have been done within the resonant converter topic but
the majority been done for higher power ratings and optimized considering primarily
efficiency. The results from this investigation will help in either recommending or
not recommending the resonant topology for low power ratings for instance for on

board PCB design.



1. Introduction

1.3 Purpose

To investigate if there are any and what suitable resonant converter alternatives for
the specific DC/DC application within 50 — 60 power range that is used today
considering efficiency, EMI and cost. Secondly, present a suitable design.

1.4 Scope
The investigation targets a converter with the specification presented in Table 1.1.
There are other scenarios where the converter could be implemented but this thesis

work will focus on this specification.

Table 1.1: Converter specification

Input Voltage | 36-60 V
Output Voltage | 56V
Output Power | 50-60 W

The primary focus of the report is investigating if resonant converters are suitable
for the application and secondly to construct a suitable design. Due to time lim-
itations and workload a complete manufactured converter will not be made. The
consequence of the last mentioned point is that no physical measurements will be
conducted on the designed circuit which limits the comparison of the simulation and
actual measurement.

A delimitation will be to not check the thermal properties of the components. This
is to limit the amount of complexity of the project. The thermal aspect does not
directly affect the efficiency or EMI if its assumed that the circuit does not break
with the chosen components due to thermal characteristics. This decision is made
since the study will be theoretical.

Simulations are considered as steady state evaluation where transient events not
related to the steady state operation such as start up transients, sudden line and
load variations are not considered. In other words the stages front end conversion
and PCB devices in Figure 1.1 are considered as ideal and constant. For evaluating
the resonance converters suitability, the drive circuit implementation is excluded.
The specific drive circuits for the switches and feedback control between input and
output is not investigated.

Conclusions regarding radiated EMI will have to be excluded. This is because the
simulation tool does not provide any information regarding this and the circuit will
not be built and therefore there will be no measurements.
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1.5 Environmental and Ethical aspects

In an investigation and design stage the environmental and ethical aspects should
be considered so that the products can go through laws and legislation’s. Within
EU the Restriction of Hazardous Substances Directive exists (RoHS) [19]. The aim
is to reduce the amount of electrical and electronic equipment that is going to waste
and not being recycled. If the resonant converter shows higher efficiency than the
hard switched, then the frequency of design can be increased and the size of the
passive components can be reduced. This will reduce the amount of material usage
for components such as capacitors, inductors and transformers, which is beneficial.

DC/DC converters use switches which usually are semiconductor devices. Semicon-
ductors are using combinations of materials such as Silicon Carbide SiC, or a new
trend for recent years, Gallium Nitrate GaN for high frequency designs (MHz). If
using GaN is more unsustainable than using SiC, then higher frequency selections
has a disadvantage. How the selection of components is done must consider how the
extraction of the raw materials that affect the environment and can therefore affect
design choices.

An investigation resulting in a more efficient DC/DC converter for the application
than the existing converter could be for the greater good as less electricity would
be needed, Even if the electricity used is unsustainable produced or not, a solution
with higher efficiency would use less of the electricity, which is good.

Concerning ethics and telecommunication two relevant aspects are military usage
and wire-tapping. Could this project in the long run improve products that are
used in a purpose of hurting people or perhaps spying purposes? How the company
uses its product is hard to say but until someone proves unethical usage, it will be
assumed no harm is done from products or their application.
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Theory

This chapter will present the most important theory and background material to
the project results.

2.1 Resonant Converters

The difference from the hard switching converters is that the resonant converters
has a so called resonance circuit that is constructed with different configurations
of inductances and capacitors depending on which characteristics that are required.
The load resonant converters are using a resonance tank which allows what is called
soft switching, which reduces the stress on the switch and should allow higher fre-
quencies to be utilized as the switching losses decrease [20]. The following section

will present the basic concepts and usual configurations of this category of resonant
DC DC converters

2.1.1 Load Resonant Converters

The load resonant converters can be divided into three groups, the series, the par-
allel and the series-parallel. Series resonant converters (SRC) has as resonant tank,
an inductor and a capacitor, in series with the load. The SRC acts like a current
source for the load. The major advantages of this type of configuration is the low
device current and low conduction loss. Another advantage is that the series capac-
itor makes it difficult to saturate the transformer since it blocks the DC component
of the current. The disadvantages is that the output voltage is difficult to regulate
during low or no load conditions and the output capacitor has to be able to handle
high output ripple current. This makes it difficult to be in high current and low
voltage applications. As the tank is in series with the load, the voltage gain will
never be above 1 [21].

As the name suggests, the difference of the SRC and the parallel resonant converter
(PRC) is how the load is connected. By connecting the load in parallel the PRC
acts like a voltage source instead of a current source. The PRC does not need as big
variation in frequency as the SRC to control the output voltage with load variations.
The output current of the PRC is independent of the output voltage. The advantage
of the PRC is that is suitable for high current and low voltage application and the
load can also be short circuited. The PRC has a high device current, which does
not decrease with the load, which leads to bad efficiency at lighter loads which is its
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major disadvantage.

Series-parallel resonant converters (SPRC) combines the advantageous characteris-
tics of the SRC and PRC which makes it a good option to use. It has an additional
capacitor or inductor connected in the resonant tank. All of the variations can
be seen in Figure 2.1 The 2 most common combinations of SPRC circuits are the
LLC and the LCC. The LLC is a SRC which has an extra inductor connected in
parallel making it a SPRC and the LCC is the same but with a capacitor in paral-
lel. There are a lot of other combinations that are possible for the resonant tank [20].

SRR T Oy
NN

(a) SRC (b) PRC (c) SPRC

Figure 2.1: Conventional Load Resonant Converters

2.1.2 Switching Methodology

Switching losses for power converter applications are one of the biggest issues to-
gether with conduction losses. Higher switching frequencies makes it possible to
reduce the size and weight of the components which is beneficial, but the upper
frequency limit depends on how much switching losses that can be tolerated. It is
possible to use snubber circuits, to move the switching losses but instead energy
is dissipated in the snubber [3]. Two methods to reduce switching losses for the
resonant converter are to accomplish either zero current switching (ZCS) or zero
voltage switching (ZVS).

To reduce the electrical stress during turn on for a switch it is beneficial with zero
voltage over switch before the turn on process starts, hence ZVS. ZVS is achieved by
reducing the voltage over the switch by external means so that there is no voltage
over the switch when it turns on [20], [21]. Figure 2.2 shows an example of a MOS-
FETs turn on process where the drain source voltage has dropped to zero before the
gate signal is applied.
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Amplitude
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Ids —
Vgs —
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t

Figure 2.2: ZVS during turn on process of MOSFET

To reduce electrical stress and losses over the switch during the turn off process,
the current conducted through the switch should be zero. This why it is called zero
current switching (ZCS). If the current is not zero, power dissipation will appear
during the turn off process when the voltage increases over the switch. To prevent
this the goal is to shape the current waveform during the conducting time interval,
by using inductive and capactive elements so that the current is zero when the turn
off process of the switch starts [20].

Both ZVS and ZCS reduces the losses but ZVS is preferred due to during the turn on
process reverse recovery of the free wheeling diode exists. ZVS is usually preferred
such that the biggest loss is reduce.

2.1.3 Working Principles

The half bridge LLC (HBLLC) circuit is presented in Figure 2.3, where compared
to an ordinary half bridge a resonant tank is placed on the primary side and the
inductor between the output capacitor and output load is not needed. The circuit
operation is similar to a half bridge converter but with a sinusoidal waveform of the
current ¢z, due to the resonant tank. Similar as an ordinary half bridge there is a
transformer magnetizing current i, which changes sign of the slope dependent on
the voltage vr,,, which is dependent of which switch (); or Q)5 that is conducting.
The voltage of L3 is positive for positive vp,,, causing D; to conduct and the other
way around for Ds.

] |

— L,
O
Cr Lr } L L3
~| Q2 ) l Lm 2 1 — %Rload
ILm Cout
~

~

Figure 2.3: Basic schematic of the HBLLC converter
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The topology uses a frequency based control where varying the switching frequency
instead of duty cycle the impedance of the resonant tank causes to vary and therefore
the output voltage can be controlled. Depending on how much gain is needed, the
switching frequency has to be changed relative to the resonance frequency. Both in-
creasing and decreasing voltage gain is possible by changing the switching frequency
above or below the resonance frequency. In Figure 2.4 the most important wave-
forms of the converter is presented for three different frequency operations. Between
times t1-12 Q1 is active, between times t3-t4 Q2 is active, cycle repeats at 5.

a2

t1qt2 Jt3

14

Time

Time

Time:
(a) fsw:f() (b) fsw<f0 (C) fsw>f0
Figure 2.4: Operational waveforms HBLLC

e fs = fo normalized gain:

When the switching frequency equals the resonance frequency the current
through the resonant inductor,iz,., is continuously conducting which results
in a continuous power transfer, see Figure 2.4a. The power transfer through
diodes changes direction when i, equals the magnetizing current , iy,,. Be-
tween times to-t4 the transformer voltage, vy,,, will be negative, resulting in
diode D, conducting. Between times t4-t5 vp,,, will be positive, resulting in
diode D; conducting.

e fsw < fo, boost operation:
When the switching frequency is lesser than the resonance frequency the cur-
rents ir, and 77, will become equal before ()1 turns off. This leads to an inter-
val t11-to without power transfer and circulating currents instead, see Figure
2.4b. The power transfer will continue when (), turns off, resulting in a change
of the transformer voltage, vy,,, from positive to negative. In the primary side
current changes direction and instead diode D, will conduct.
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o fsuw > fo buck operation:
When the switching frequency is higher than the resonance frequency, the
switch ) will turn off before currents i, and i, are equal, resulting in extra
switching losses, see Figure 2.4c. The power transfer is continuous where the
diode D5 conducts for negative vy,,, which is between t2-t4, and vice versa for
diode D;. Secondary side rectification is not soft switched for this operation.

2.1.4 Analytic Model of the Converter

For designing a resonant converter a transfer function is helpful to predict the cir-
cuit behaviour for different frequencies. As a complete converter circuit includes
switches, duty cycles and other problematic considerations, a simplification called
First Harmonic Approximation is often used for AC analysis [21]. The primary side
voltage source and bridge switches are represented as an square wave voltage source,
which can be simplified as an AC input only including the first harmonic of the DC
signal. Figure 2.5a shows the DC simplification and Figure 2.5b shows the AC sim-
plification of circuit. The secondary side of circuit is simplified and transformed to
primary side of circuit and represented as a resistive load.

$%<5“ 3

(a) Nonhnear DC sqaure wave (b) Linear AC input
input simplification

Figure 2.5: First Harmonic simplification of load resonant converter

2.1.5 Circuit Design

To design the resonant converter according to the characteristics that it needs, cer-
tain parameters has to be determined or chosen. The following equations will be
used to achieve the correct characteristics of the converter, starting by choosing the
resonance frequency which is going to be utilized.

The resonance frequency of the LC resonance tank is calculated as,

1
Jo= 27/ L,C,

where L, is the resonance inductance and C. resonance capacitance.

[Hz] (2.1)

For many calculations the normalized frequency is used. This normalized frequency

is
fsw

="

[H?] (2.2)
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where fy, is the switching frequency and makes it possible to calculate the gain
achieved with any switching frequency. By calculating with the normalized fre-
quency it is possible to chose the resonance frequency and switching frequency to a
desired level after calculating most of the parameters.

When having an LLC circuit there are 2 frequencies where the circuit resonates since
there is a magnetizing inductance, Lj;. This frequency is called f, and is defined
as,

1

f pr—
" on (L, + La)C,

[H 2] (2.3)

where L, is the resonance inductance, L), is the magnetizing inductance and C.
resonance capacitance.

The ratio between the magnetizing inductance and the resonant inductor is called

L,

Ly

and is important for the characteristics of the converter. A higher value improves
efficiency and increases the switching frequency spectrum needed while some of the
achievable gain is lost. A lower ratio requires a more narrow frequency spectrum
and the achievable gain is increased, but is less efficient. Which means that there is
a trade of. L, is usually in the range of 1-10. [21], [22].

L, (2.4)

The equivalent resistance of the load can be calculated as

8 21/; 8n?2
R.="20 =" R0 (2.5)

w2, 72

where V,, is the output voltage, I, is the output current and Ry, is the load resistance.

The quality factor Q). is a factor to help the design of the voltage gain characteristics
of the converter. The quality factor describes how damped the resonant circuit is.
A higher quality factor results in a more narrow bandwidth of the converter. This

factor is defined as
Ly

Qe = ?CT (26)

where R, is the equivalent resistance from (2.5).

The possible voltage gain of the converter is defined as M, and is obtained by the
converters transfer function, see Figure 2.5b, which yeilds

_‘ (jWLrHRe)
g . . 1
(JwLe|[Re + jwLly + 5567)

B (2.7)

But with the the normalized variables derived in (2.2), (2.4), (2.5) and (2.6) the
equation for the voltage gain can be rewritten into a normalized version. This means

10
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that the equation can be used without having any specific values for the components.
It makes it possible to use this equation to design the gain characteristics of the
converter when there are a lot of uncertainty’s regarding component values but the
amount of needed gain is known. The equation is rewritten to,

M, | Lnfy
! [(Ln + 1)]2 - 1] +][<f7% - 1)aneLn]
After the needed voltage gain has been determined, the transformer ratio n in a half
bridge converter can be calculated by

B (2.8)

Vin
n=Migy

where V;,, is the input voltage, V, is the output voltage and M, is the desired gain
over the resonant tank. At resonance frequency M, is 1.

(2.9)

The voltage gain interval shall make it possible to obtain the highest but also the
lowest output voltage. This should also take the input voltage in consideration, a
lower input voltage would require a larger gain to achieve the correct output voltage
for example. The maximum voltage gain can be obtained through

2”‘/0,771(11

M maxr — 2.10
> V;n,min ( )
The minimum voltage gain is defined as
2”‘/0 min
My min = —— 2.11
. V;n,maz ( )

Figure 2.6 shows the maximum gain value of given a () by varying L,, in (2.8). This
makes it possible to choose the appropriate induction ratio to achieve the correct
voltage.

Figure 2.6: Voltage gain as a function of Ln and Q

11
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A selected inductance ratio, L,,, can be used with a varying quality factor instead
which is shown in Figure 2.7. The figure shows the amount of gain which is achiev-
able with different quality factors for a normalized frequency from (2.2). It can
be observed that all quality factors generate a voltage gain of 1 at the resonance
frequency, (f, = 1). The boundary between ZCS and ZVS can be visualized by the
black dotted line. To achieve ZVS the converter needs to always operate at a higher
frequency then at the maximum gain for the selected () value, in other words, at
a higher frequency then the black dotted line. Figures 2.6 and 2.7 displays (2.8)
in two different ways. They are helpful in designing the converter since they both
display how the different parameters affect the voltage gain.

4
0.1
3.5F 0.2
0.3
L _ 0.4
3 Ln=5 05
0.6
2571 0.7
- ——— ZCS/ZVS
[=)]
s 2
15¢F
1F ™~ 1
| §
|
0.5 |
|
|
0 L | |
0 0.5 1 1.5 2

Figure 2.7: Voltage gain vs normalized frequency for a selected Ln and varying Q

2.1.6 Ensuring Zero Voltage Switching

To ensure there is enough inductive energy according to [21]

1 1
S (Lt + L) P 2 5(2C) V2 (212)

mn

where I, peqr, is the peak magnetizing current and C¢, the equivalent stray capaci-
tance. The deadtime t4.,4 should be sufficiently large so that MOSFET drain source
voltage can fall to zero before turn on, yielding

tdead 2 8C’eqfswLM~ (213)
A third condition that is important as well is that
Cr > Cq (2.14)

where C). is the resonant capacitor. If the condition is not full filled, the energy
conversion from C). during dead time can not be ignored, which will interfere with

12
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the Cys charge and dicharge process. In a simplified case with no stray capacitance
in the circuit, Cey = 2Cy,, the MOSFETS drain source capacitors. Operating in ZCS
the soft switching of the primary side switches is lost and therefore not beneficial.
High current spikes are produced from reverse recovery spikes from the body diode
during turn on, which causes both losses and more EMI emissions [21].

2.2 Forward Converter

The forward converter is a step down, hard switching converter. The forward con-
verter is derived from the buck converter but with a transformer in the circuit. For
continuous conduction mode (CCM) the ratio between the input and output is,

o_"2p (2.15)

’ D2 ) Icl _—¢c¢ RL ilo
O m

Figure 2.8: Forward Converter

Figure 2.8 displays a forward converter and the important currents and their direc-
tion.
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Figure 2.9: Working principle waveforms for the forward converter

During CCM the forward converter is expected to have the currents displayed in
2.9. It can be observed that the transformer magnetizing current, I,,, increases
when the switch is on and decreases when the switch is of which is what transfers
power through the transformer. The diode currents I;; and Iz is the same as [j.
To get a DC output I, needs to be compensated with the output capacitor. This is
displayed by I~ which oscillates around 0. When I > I, the capacitor is charged
and when I < I, the capacitor is discharged.

2.2.1 Active Clamp

An issue with the forward hard switching converter is the hard switching. To lower
the losses the utilization of an active clamp is possible. An active clamp is a ca-
pacitance and switch in parallel with the original switch, which is turned on when
the MOSFET (M1) in Figure 2.8 is turned off. The capacitance (Ceqm,) discharges
when the M2 MOSFET is turned on in Figure 2.10 which also displays the active
clamp.
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Figure 2.10: Forward converter with active clamp

The energy in the magnetizing inductance must be equal during on and off time of
the switch,
Vin DT = (Veaamp — Vin) - (1 — D)T (2.16)

in steady state operation where T is the whole period and D is the duty cycle.
Which means that the needed capacitor voltage rating can be calculated as,

Vi

VCclamp = (1 — D) (217)

Active clamp working principle

Magnetizing current
Clamp current

Figure 2.11: Magnetizing and active clamp current

In Figure 2.11 the ideal current waveforms are displayed. They illustrate how the
clamp capacitor is used together with the magnetizing current. When the main
switch is on and the magnetizing current is rising the active clamp is turned off
and the other way around.Benefits of an active clamp is the reduction of switching
losses and the energy stored in the magnetizing inductior is circulated rather than
dissipated [23].
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2.3 Power Electronics Losses

All types of converters do have losses which effects the efficiency. There are different
losses and they occur in different types of components in the circuit. The main
overall losses are conducting and switching losses, where the later can be divided
into turn on and turn off losses.

2.3.1 Diode Losses

To understand the losses of the diode a simple model is used and can be seen in
Figure 2.12. In the model a series resistance and a voltage source is placed in series
with an ideal loss less diode. The series resistance illustrates the conduction losses
while the voltage source represents the voltage drop across the diode, this is also
known as the threshold voltage.

+ | P

Figure 2.12: Simple model of the diode

The conduction losses for a diode are given by

Piiode = ‘/thlo,afug + Rd]2 (218)

o,rms

where Vy, is the threshold voltage, I, ..,4 the average output current, R; the diode
dynamic resistance and I, ;s the output RMS current [24].

Reverse recovery of a diode is a short time period where the diode conducts current
in the opposite direction during its turn off, due to the removal of minority carriers
[25]. This phenomena can be seen in Figure 2.13. The charge @, which is the area
marked in the figure represents the losses. The amount of charge can approximately
be calculated as,

[TT'tTT

Qr‘r ~ 2

(2.19)

where I, is the peak recovery current and ¢,.,. is the recovery time. With the charge
Q,r, the power losses from the diode reverse recovery current is calculated as,

Prr = ‘/;erfsw~ (220)
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Forward current
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Diode current —

Figure 2.13: Reverse recovery characteristics of a diode

2.3.2 MOSFET Losses
The MOSFET conduction powerloss can be calculated through

Pps = Rpsonlpg (2.21)

where Ppg is the conduction power loss, Rpgon is the dynamic series resistance
as a, Ipg is the drain source current. In reverse direction the forward diode blocks
and instead the free wheeling diode can conduct, its power loss can be calculated
according to (2.18).

The MOSFET switching losses can be divided into turn on and turn off power losses.
The losses are achieved as the drain voltage and the drain current do overlap in the
turn on and the turn off process of the device. The worst case of turn on power loss
can be calculated through

bri + tfu

5 fsw + QrUps pear f sw (2.22)

PON = UDS,Peak:IDS,Peak

where Ppy is the turn on switching power loss, Ups peqr the peak drain-source
voltage, Ipg pear the peak drain-source current, ¢,; the current rise time and ¢y, the
voltage fall time. The turn off switching power loss can be calculated in a similar
manner, but without the reverse recovery term resulting in

tri + tfu

Porr = UDS,PeakIDS,Peakasw (2.23)

where Popp is the turn off power loss.

2.3.3 Transformer Losses

The transformer also contributes to losses in the circuit. The main power losses
comes from the conduction losses and the core losses. These losses are represented
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in the model with resistances. These can be seen in Figure 2.14. The conduction
losses and leakage inductance is represented by R,, L,, R, and L, for the primary
and secondary side. These losses comes from the resistance of the coil in the wind-
ings. With an increase in frequency the conduction losses increases due to the skin
and proximity effects.

R. and L,, represents the iron core and the losses in it. R, is the conduction
losses and L,, is the magnetizing inductance. N1 and N2 are the windings of the
transformer, this transformer in the model is an ideal transformer just representing
the turns ratio. The losses in the core is called hysteresis losses, the changing
magnetic field also causes eddy currents which also contributes to the losses. The
winding and core losses are the dominating losses in transformer components.

—VVWV——JIU % % VWA—JI U~

Rp Lp . Rs Ls

N1 N2

Figure 2.14: Transformer model

For a resonant tank configuration like the LLC which uses two inductors, leakage and
magnetizing inductor can be combined in the transformer. The leakage inductance
can be changed by changing the distance between windings [24].

2.4 EMI

Disturbances found in a electrical systems can come from the same system or other
nearby systems, where the later mentioned is referred to as EMI. The main source
of EMI in power converters originates from the switch and transformer. The switch-
ing results in ripple currents and also induce currents in stray capacitances. EMI
can appear as conducted or radiated disturbances. To keep this disturbance low,
electromagnetic compatibility (EMC) standards have been set. EMC is essentially
that every circuit in a multi-circuit arrangement should not emit more EMI then
the limit and should be able to keep the EMI below the limit. Which means that
one circuit should not affect the ones around it.

The voltage disturbance caused by EMI can be divided into 3 general cases.
1. Noise
2. Transients

3. Short-duration impulses superimposed on the mains voltage

EMI can be transmitted through wires (conducted) or through space (radiated).
Below 10 MHz the conducted EMI is a lot larger then the radiated. The conducted
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EMI appears in 2 forms, common-mode (CM) and differential-mode (DM). [26]

2.4.1 Common and Differential Mode

Common mode noise is conducted to the ground in the circuit through the parasitic
capacitances. The main source of CM noise is from the semiconductor switching
devices in the converter. The high derivative of the voltage is the main source of
the CM current. The total CM current of the converter is defined as

. dv
tem = Z Cpara% (224)

where C,q, parasitic (stray) capacitances to ground in the circuit from any % node
in the circuit. [27]

Differential mode EMI only flows through the wires of the circuit, between the pos-
itive and negative conductor. It can be considered as a circulating current in the
circuit. DM noise originates mostly from ripple in the input current of the converter.
This is possible to counteract rather easily by having a large input capacitance to
lower the input ripple. A consequence of this is that DM noise is mainly present
in other parts of the power supply circuit, such as a power factor correction cir-
cuit (PFC) before the converter. Consequently the DM noise does not need to be
considered when a large input capacitor is present.

Idm Icm
Is =

W

S0Urce Load
Idm Icm

A

Figure 2.15: Visualization of common and differential mode

Both CM and DM can be seen in Figure 2.15. The most important thing to consider
is that CM noise generates an imbalance of the current because of how the noise
travels through the circuit, which means that Iy # .. As mentioned above DM can
be filtered with a capacitance since the noise travels in the same direction as the
current, and in a circuit without CM I, would be equal to I,.

For normal operation there are certain standards that must be forfilled. The telecom
converters goes under the standard EN 55022 which comes from the CISPR 22
standard. There are 2 limits, one for the average noise and one for quasi peaks [28].
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2.5 Cost

The net present worth (NPW) can be calculated according to

C

NPW =
(1+4)t

—1 (2.25)

Where C' is the cash flow, i is the discount rate, ¢ the economical life length of
investment and I the investment cost. The residual value is assumed as zero.
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Design

The following chapter will include the design procedures and what assumptions
where made to achieve the needed simulation result.

3.1 Evaluation

When designing the converter it is important to have an understanding of what is
important for the project. The 3 main criteria to be evaluated with the design is
how efficient it is, how much EMI can be expected and how much does it cost. This
needs to be in relation to the forward converter which is used for the application
already.

3.1.1 Converter Specification

The converter specifications that where provided and will be looked at is presented
in Table 3.1. The rated output operation point that will be related to is specified as
5.5V with 10A, or in other words, 55W of output power. The switching frequency
is set to 300k H z, as the forward converter in operation today.

Table 3.1: Converter specification

Input Voltage | 36 — 60V
Output Voltage | 5 — 6V
Output Power | 50 — 60W

3.1.2 Efficiency
Efficiency is evaluated by

- Pout - Pout
B R B Pout + Plosses

(3.1)

where P,,; is the measured output power, P, the measured input power and Pjses
the estimated power losses. The power losses of the converter is calculated by,

Plosses = Iyectifier + Psw + Ptrafo + Pother (32)

where Pectifier is the power losses over the rectifying components, P, is the power
losses over the switching components, P, is the power loss in the transformer and
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Piner are the sum of all other small losses found in other non ideal components of
the circuit. Depending on if the secondary side of the converter consists of diodes
or MOSFET:s the Pcifier Will be very different in terms of size. As long as the
rectifying side uses the same component (diode or MOSFET) the comparison should
still be valid.

Identifying the biggest losses of the circuit is important to see what can be improved.
The theory suggests that the resonant converter is better for higher frequencies since
the switching losses are lower. Therefore operation points at higher frequencies will
also be evaluated.

3.1.3 EMI

When using power converters EMI will be present as a consequence of the fast
switching that is done. EMI will be evaluated by comparing the frequency spectrum
for the converters. Radiated EMI can’t be simulated in the software used.

3.1.4 Cost

The cost will be evaluated by comparing the different converter circuits and look at
their differences rather then the individual components. Some of the components
will be kept the same for both circuits to be able to give a fair estimate, these
components can be seen in section 3.3. Circuits that drive the converters will be
assumed to have the same cost.

3.2 Resonant Converter Design

The following section will present the resonant converter considerations made before
simulating a preliminary design.

3.2.1 Resonant Converter Choice

As resonant converters are often used for high power ratings a full bridge setup is
commonly used. For high primary currents the conduction losses are lower when
using four switches compared to two, but on the other hand it is more expensive
as there are two extra switches [29]. For medium power range a half bridge can be
considered due to the lower cost but also due to higher efficiency’s at lower power
ratings [30].

The possibility of both step up and down is good taking into account if a converter
shall have a wide application range but also galvanic isolation. Topologies such as
buck and boost are therefore excluded. Flyback and Forward are relevant alterna-
tives but their high voltage over the switch during turn off, compared with the full-
or half bridge, are bad for the switch as well as the EMI performance [30]. For a
wide output range one should consider the switch utilization factor, how close in
relation input and output voltages are, where the bridge has good performance for
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a wide input output relation compared to other mentioned topologies [3]

For the secondary side, a full bridge rectifier or a full wave rectifier can be used.
For high voltage ratings it is recommended to use a full bridge as diodes then are
exposed for half the voltage but on the other hand one uses two extra diodes [29].
Full wave was chosen for preliminary design, as the voltage rating is low, the number
of switches is less and the conduction losses are less as well.

A galvanic isolated half bridge converter is chosen to be investigated.

3.2.2 Resonant Tank Choice

A resonant converter is based on a resonant circuit but also its converter topology.
There are several resonant circuits and topologies which could probably achieve the
performance needed for the application. The project will look at the most promis-
ing topology with regard to what was investigated in Section 1.2 to achieve the best
possible result.

The most simple load resonant circuits are SRC and PRC but because of their draw-
backs mentioned in Section 2.1.1 it is more suitable to use 3 resonant elements in the
circuit. This is called SPRC and combines the most important positive characteris-
tics of the SRC and PRC at the cost of another component. Researches regarding
circuits with bigger resonant tanks consisting of 4 or more components do exist [31].
Their biggest advantage is related to bidirectional power transfer and will not be
further looked into as scenario given is unidirectional.

Of the three element resonant converters the LLC and LCC resonant circuits are
most frequently used, where LL.C has shown higher efficiency than LCC in the 100W
region [8], [12]. LLC uses one less component as inductors can be integrated within
the transformer in the form of leakage inductance, but the LLC utilizes 2 capacitors,
where an extra capacitor has a cost and size disadvantage [12]. For LCC in high
voltage applications there are advantages when using a transformer with high turns
ratio which results in high parasitic capacitance in transformer and hence act partly
as a resonant component [12]. High turns ratio and high voltage will not be used in
this investigation and therefore the LCC benefits are not relevant. LLC is chosen
as the resonant circuit to continue investigating, see section 2.1.3.

3.2.3 Resonant Tank Design

From given specification in Table 3.1 combined with (2.9) the preliminary turns ra-
tio was approximated. The turns was rounded off such that a suitable voltage gain
interval is received and rated operation as close as possible to the resonance fre-
quency is recommended. The maximum and minimum voltage gain was calculated
through (2.10) and (2.11) combined with the maximum and minimum output volt-
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ages. Voltage drops assumptions where changed depending on diode and secondary
rectifier stage model.

Higher switching frequencies can reduce the size of passive and active components
in converter circuits, but on the other hand risk of disturbing telecommunication
applications on PCB. The preliminary design considered the 150kHz limit (funda-
mental) for electrical devices for which EMI laws/tests has to be evaluated for. For
a better comparison between HBLLC and existing converter the actual frequency
today used was later designed for. The preliminary L,, value was selected following
recommendations from [21],[32]. With the proposed L,, value and previous calcu-
lated maximum voltage gain, using Figure 2.6 the intersection gave the preliminary
quality factor.

Using Figure 2.7 but with specified values of maximum and minimum voltage gain,
a new quality factor can be chosen such that the output load requirments are achiev-
able. In Figure 3.1 the maximum voltage gain vs normalized frequency characteristic
are visualized. The red curve shows how the designed converter can vary between
M gimaz and Mgy, by varying the frequency within the normalized frequency interval
of fnmin and fnmax, for the maximum load. The component values of resonant tank
was calculated by using (2.1), (2.2), (2.4) and (2.6). An easy verification of C, and
L, values calculated is to recalculate the qualitiy factor and resonance frequency
with the calculated C, and L, values.
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Figure 3.1: Preliminary resonant tank design

The final resonant tank design was made considering both input and output varia-
tions, resulting in a wider voltage gain interval and therefore a smaller L,, value was
used such that approximately the same frequency interval could be used as previous
design. Compared to the preliminary resonant tank design, the final considers the
turns ratio on todays transformer.
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Figure 3.2: Final resonant tank design

3.3 Circuit Components

Components that are present in both converters are approximated to be the same.
This is to make the comparison as fair as possible and see what difference the differ-
ent topology makes rather than the complete design. Small variations in components
exists due to the resonant tank elements.

3.3.1 Transformer

The transformer used in the simulation is based on measurements and data sheets
of the one used on the forward converter used for the operation today. The im-
plemented values are presented in Table 3.2. These values are not the same for
the resonant converter since the open circuit inductance and leakage inductance is
customized to fit the LLC setup. The turns ratio was changed for the version of the
circuit which utilizes rectifying diodes. The turns ratio was then changed to approx-
imately 4:1. This was done order to compensate for the voltage drop over the diodes.
The values in the table are measured at 100kHz, which means that physically they
will most probably change when increasing the frequency of the circuit.

Table 3.2: Transformer data

Characteristic Value | Unit
Turns ratio 4.5:1
Open Circuit Inductance 255 pH
Leakage Inductance 350 nH
Primary Series Resistance 45 m¢?
Secondary Series Resistance 2.4 m{)
Capacitance 450 pF
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3.3.2 Equivalent Series Resistance

A big advantage of an LLC resonant tank is to remove switching losses and the disad-
vantage is the extra conduction losses that the LLC stage produces. The equivalent
resistance values of Lj; was chosen as DC resistance value from the existing used
transformer, see Table 3.2. The value for L, was decided from an inductor with
similar inductance and rating needed for scenario. The equivalent resistance for
inductors has a small frequency dependence from the skin effect and proximity de-
pendence that is small and ignored.

The equivalent resistance value for C,. was chosen by finding a capacitor with appro-
priate capacitance value and rating for the scenario. The equivalent resistance value
for C) is frequency dependent, a characteristic that is assumed handled by LTspice.
The equivalent resistance is reduced with higher frequencies, a property that should
benify higher frequency designs. The output capacitors values were choosen from
the todays used forward converter solution.

Table 3.3: Additional ESR data

ESR | Value | Unit
C, 50 mS?
L, 5 m¢)
Cout 15 m¢)

3.3.3 Output Capacitor

The output capacitor was picked to match the values of the physical one that is
in the converter used in the application today. This decision was made to make
the results more comparable instead of designing a new capacitor for the resonant
converter. Dimensioning after hold up time was ignored due to only investigating
steady state behavior of circuit.

3.3.4 Input Capacitor

The input capacitors are assumed to be large, to remove the input current ripple
and therefore the DM currents of the EMI can be neglected, see section 2.4. In other
words is the input voltage source plus the input capacitors belonging to the earlier
converter stage and are therefore not explicitly investigated in this report.

3.3.5 MOSFET

The switches used are MOSFETSs, due their suitability for high frequency applica-
tions and commonly used for switch mode power supply applications. The primary
and secondary side switches for the HBLLC will use the same MOSFETSs as the for-
ward converter solution, BSZ0902NS. The MOSFET in question has a combination
of low Rpson and @y, total gate charge, compared to many other MOSFETSs in the
LTspice library for similar voltage ratings. Low Rpgon is very important for the
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application as the duty cycle is almost 50%, Low @), value is important for a fast
discharge of the MOSFET drain source capacitors, much related to dead time and

to achieve ZVS.

Table 3.4: Relevant MOSFET data BSZ0902NS

Parameter | Value | Unit
Rason 3.5 mS?
Qq 26 nC
Coss 600 pF
tdon 4.2 ns

t, 9.2 ns
taon 21 ns

t f 3.6 ns
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Circuit Verification

This chapter explains the verification process of the circuits before collecting specific
results. The chapter also presents some of the specific characteristics and behaviors
of the two converters.

4.1 Base Simulations

An electrical model is built to be able to simulate the resonant converter and eval-
uate the criteria given in Section 1.3. The model is built in LTspice since its a
powerful simulation tool for electrical circuits and easy to handle. The LTspice
model of the preliminary converter was built according to Figure 2.3. The prelim-
inary circuit behavior and design was evaluated through approaches explained in
coming subsections, all considering the preliminary tank design.

4.1.1 Owutput Behaviour

To verify that the simulated converter could achieve the specifications from Table
3.1, the output voltage for a certain power level and at different switching frequencies
were plotted. The design can regulate the output voltage by varying the switching
frequency. The basic waveforms that were expected was achieved, with similar be-
havior as shown in Figures 2.4a, 2.4b and 2.4c. The simulations were done with a
constant power load such that the power of 50 and 60 W was constantly drawn from
converter circuit.

The converter can achieve the upper and lower power limit and vary the voltage
within the specified voltage interval. From Figure 4.1a the frequency interval is
around 82.5 to 107.5kHz, and the frequencies 80 and 115kHz are outside the voltage
interval. For the calculated design shown in Figure 4.1b, the frequencies 80 kHz
and 115 kHz are within the voltage interval. The behavior between a DC transient
analysis vs a steady state AC analysis using the first harmonic simplification is not
the same. The results between simulated and calculated values vary more as the
switching frequency differentiates more from the resonance frequency. The conclu-
sion is that for the same voltage gain interval the simulated characteristics requires
a lesser frequency interval compared to the calculated.
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Figure 4.1: Simulated and calculated output voltage, 50W
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Figure 4.2: Simulated and calculated output voltage, 60W

4.1.2 Zero Voltage Switching

An important criteria and one of the main goals with resonant converters is achiev-
ing ZVS, see Section 2.1.2, to reduce the voltage stress for switch during turn on.
The requirement was checked in two ways, from theoretical equations and from
simulations. Equation (2.12) and (2.13) were evaluated with the preliminary design
values where big margins existed. The resonance capacitance was much greater than
the equivalent capacitance of the MOSFETs and in that way (2.14) was full filled.
For verifying ZVS from simulations, the turn on behavior of the switch was checked
for the minimum, resonance and the maximum switching frequencies such that the
drain source voltage had reached to zero before gate source voltage was applied.

In Figure 4.3 the most important waveforms of one MOSFET are visualized during
one period together with a zoom of the turn on process, for f., = fo and rated
load. The turn on behavior can be divided into four intervals, where the MOSFETs
behavior will be different for each of them. During the first interval, the drain source

30



4. Circuit Verification

voltage, V DS1, is positive and the drain source current ,/DS1, is negative. The
current is in other words going through the anti parallel body diode. This will con-
tinue until V' DS1 drops below zero. For the second interval V' DS1 is negative due
to the body diode voltage drop and a power dissipation occurs. The gate source
voltage, VGS1, has not been applied and the MOSFET is not conducting. In the
third interval, VGS1 is applied and the MOSFET is turned on but there is still a
negative current, hence both the MOSFET and the body diode are able to conduct.
In the fourth interval the MOSFET conducts and the body diode is reversed biased.
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Figure 4.3: Primary side MOSFET waveforms overview and turn on waveforms
for ZVS condition

4.1.3 Power Losses

For assuring simulation quality and understanding of the model behavior the differ-
ent losses in circuit were estimated and calculated. The most important losses for a
HBLLC are the conduction losses of the rectifying diodes and the switching losses
of the MOSFETSs [9]. The conduction loss in the secondary side rectifying diodes
were estimated by (2.18) using the existing converters MOSFET Ry, value. The
difference between the LTspice model loss compared to (2.18) were close, verifying
the understanding of the model behavior.

The MOSFETs drain source losses were split into turn on, turn off and conduction
losses for being able to evaluate its loss behavior for different frequencies and loads.
The turn off loss were estimated through (2.23) which matched simulation results
well. The turn on loss was calculated as the average power dissipation over the
intervals 2 and 3 in Figure 4.3. Considering interval 1 aswell, the power loss would
be negative as the turnoff loss associated with the switch turning off is considered
(which will look like generated power in the perspective of the switch about to turn
on). The assumption can be verified where the power loss during turn off is identical
in appearance and quantity to the one appearing during interval 1.
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The power losses were calculated for different frequencies and loads, where the gen-
eral behavior followed the characteristics that were expected. Using (3.1) the LTspice
measured input and output powers could be compared to the estimation of losses,
where the resulting efficiency’s were similar.

4.2 Rectifying MOSFET implementation

For making a more realistic model of the converter scenario the rectifying diodes were
aimed to be replaced with MOSFETs. The implementation for this investigation was
important in many aspects.

o Firstly, implementing a MOSFET rectifying stage for lowering the secondary
side conduction losses, the largest power loss in circuit.

e Secondly, verifying and implementing soft switching on the secondary side of
the circuit, a result from the primary side ZVS behavior [24], much relevant
both in efficiency and EMI perspectives.

From many unsuccessful tries of active rectification two conclusions where drawn.
First, the secondary side circuit, see Figure 2.3, must be changed such that the
body diode does not conduct when the output capacitor voltage is higher than the
transformer voltage. This is a problem as the body diode will conduct the current in
opposite direction as from what is preferred. To prevent this, switches and respective
connections where placed according to Figure 4.4, such that the MOSFETSs source
pin is connected to ground.

L
T1T

M3

¢ L3

D)
7

L4

T

Figure 4.4: Secondary circuit configurations with rectifying MOSFETs

The second conclusion was related to the secondary gate signals which carefully
must be designed for creating a model that should be valid for more than one
specific scenario. To summarize, the basic idea was to receive the secondary side
current waveforms seen in Figure 2.4. The control has in simulation not used an all
ready made drive circuit. Instead a voltage source for each switch has been used,
yielding that settings have been costumed made for rectifying switches. The most
important problems mentioning were due to
e Dead time between the four switches, where the solution was to use time
dependent variables and carefully draw the waveforms with focus on whats
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happening between the time of the primary first and second MOSFET gate
signals.

o Phase shift between primary and secondary side gate signals, which is depen-
dent on the frequency scenario. The solution was to use three different gate
signal settings, one for each of the three frequency scenarios.

« For frequencies where f, # fo the gate signals need to be adapted depending
on how far the switching frequency is from the resonance frequency. The
solution was to create frequency dependent linearly terms compensating the
gate signals.

4.2.1 Verification MOSFET implementation

The most important primary and secondary side waveforms for the rectifying MOS-
FET implementation, for rated load and operated at resonance frequency, are seen
in Figure 4.5. The primary side transfomer waveforms and the secondary side cur-
rents waveforms in Figure 4.5a are close to the ideal case, see Figure 2.4a.

In Figure 4.5b one of the rectifying MOSFETSs power loss is visualized during turn on,
conduction and turn off. The drain source power loss spike is usually the dominating
one during turn on but is small compared to the gate source spike. By zooming in
on the positive turn off spike, see Figure 4.5¢ and estimating the power loss as one
triangle, the turn off loss over period could be estimated. The loss for this frequency
would be close to 7.2mW, which is close to negligible in the context. This means
that the MOSFET is utilizing soft switching.
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Figure 4.5: Rectifying MOSFET waveforms operated at resonance frequency

In Figure 4.6 the most important waveforms concerning the primary and secondary
sides of circuit are shown lowering the switching frequency. The behavior of the
secondary side current is not ideal, see Figure 4.6a. The timing of the secondary
MOSFET is switching at the time ¢5 when it should switch at the time ¢, the time
instance where I, and I r becomes equal.
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By creating a frequency dependent variable the control settings can be adjusted
to be used for frequencies lesser than resonance frequency as well, yielding results
of Figure 4.6b. When I, and I r become equal the power transfer stops where
Ly will go from a scenario of being shunted to the reflected load R, to a no shunt
scenario. The sudden circuit change will make L), participate in the resonance and
its voltage Vs oscillate. The high frequent oscillations in the transformer voltage
can have an impact from an EMI perspective. From Figure 4.6¢ the secondary
side MOSFET still achieves soft switching, which is expected for operation below
resonance frequency.

S)
IS
S

5 8
_ VLM - VLM | . Gate S
=4 — R < 2 wR| < 7 Draim Souree
(0] = —
8, - N 2L E e
= ‘5 = e
g { J &) g 20 & ‘ 8 g 5
0 ® 740‘ 5 !
12 14 16 18 20 22 15 20 25 g 3
o
N 20 Z 2 Conduction |Turn off
2 " M3 — M3 o Turn on
< o M4 o M4 !
E 0 \ \ Sw 0
2 ) g
3 '10‘1 t.Ntz \ O s A
] L 2
2 12 14 16 18 20 22 0 15 20 25 10 12 14 16 18 20
Time [us] Time [us] Time [us]
(a) Unsuccessful (b) Successful (c) Succesful MOSFET
waveforms waveforms loss

Figure 4.6: Rectifying MOSFET waveforms operated below resonance frequency

In Figure 4.7 the primary side waveforms are close to the ideal case for switching fre-
quency greater than resonance, but the secondary current is not perfectly switched.
In Figure 4.7b, a small loss area can be seen at turn on, a consequence from the body
diode conducting, something that is happening during turn off as well. With better
settings of the MOSFET gate signal the body diode conduction loss can be reduced,
see Figure 4.7c. The amplitude of the drain source power loss during turnoff loss is
higher in than previous two frequency scenario, but for frequencies above resonance
the reverse recovery losses is expected to exists, see Section 2.1.3.
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Figure 4.7: Rectifying MOSFET waveforms operated above resonance frequency

The expected waveforms and behaviors for the rectifying implementation is achieved
for the different frequencies. The rectifying switching losses are close to zero. The
conduction through the body diode and the gate signal settings are both playing
a crucial part for the difference in behavior between simulations and theory. The
switching losses are insignificant compared to the conduction losses, at least for the
frequencies used for the base simulation, but they do not equal zero.

4.3 Factors that affect Zero Voltage Switching

To be able to keep the efficiency of the converter ZVS needs to be achieved during the
whole working range of the converter. The switching losses will increase substantially
if ZVS is lost and there are factors which affects this.

4.3.1 Dead Time

The most important factor for achieving ZVS is sufficient dead time. If increasing
the switching frequency a sufficient dead time must exist between the switches on
both primary and secondary side gate signals such that a short circuit does not ap-
pear. For higher frequencies the complete time period will be smaller but the dead
time should remain approximately constant. A non sufficient dead time will create a
short circuit and a too large dead time will create extra conduction loss, see Figure
4.3. The minimal dead time can be calculated from the MOSFETs specifications
shown in Table 3.4. The deadtime used was two times the minimal, yielding a safe
margin from ZCS.

Of the three frequency cases, see Section 2.1.3, for switching frequency equals or
above resonance the current on secondary side of circuit is always conducting. A
dead time for secondary switches is still needed, creating a gap where the body
diodes will conduct instead. The relation between frequency, gate drive and dead
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time are important for assuring as little body diode conduction as possible since
that is where the greater losses appear.

4.3.2 Transformer Capacitance

Besides sufficient MOSFET dead time, the ZVS condition is dependent on how fast
the MOSFET drain source capacitors can be discharged, which is affected by stray
capacitance in the circuit. The transformer has a stray capacitance which now shall
be considered in an independent investigation, by inserting Cjtyq, from the primary
side to the secondary side center tap, see Figure 4.8. The transformer used for the
forward converter solution is not center tapped, which the transformer needs to be
for the full wave implementation. An assumption is therefore made that the size of
Clstray 1s the same between a center tapped vs a non center tapped configuration.

Cstray

Primary Secondary

Figure 4.8: Configuration of added transformer stray capacitance Cgpqy

For the preliminary design using 600kHz switching frequency, see Figure 3.1, one of
the primary MOSFETs turn on waveforms are shown for three scenarios in Figure
4.9. In Figure 4.9a the drain source voltage falls to zero just before the gate source
voltage starts, where the operation is very close to the boundary of ZVS and ZCS.
Adding the transformer stray capacitance in the circuit, the drain source voltage
fall time is increased and ZVS is not achieved, see Figure 4.9b. ZCS is achieved
instead, easy recognized by its current spike which is a consequence of operating in
this region, see Section 2.1.6. To still achieve ZVS a longer dead time is needed such
that the drain source voltage receives a longer time margin to fall from its peak to
its zero value before the gate source voltage is applied. This can be observed in
Figure 4.9c where the dead time has been increased.

36



4. Circuit Verification

VDS VDS VDS
40 1 —VGS lo 40 —VGs||° 40 ——VGS /15
—IDS —IDS 4 —IDS
j— —_ — 3 — — 30 1 —_
=" wE 27 LT = Z
= =9 =
‘ag? 20 s % 20 ] g 05§
S 5 S 25 S 5
> 10 o > 10 o > 10 o ©
1
0 0 .- o 0 0
-10 -2 -10 -1 -10 1
1.6 1.65 1.7 1.75 1.6 1.65 1.7 1.75 1.55 1.6 1.65 1.7 175
Time [us] Time [us] Time [us]
(a) Original (b) Added Cgtray (c) Increased deadtime

Figure 4.9: Achieving ZVS with a stray capacitance

The scenario of adding transformer capacitance can be evaluated by equations as
well, using variables and assumptions from Table 4.1 combined with (2.12) and
(2.13), giving the results of achieving ZVS or not according to Table 4.2.

Table 4.1: Conditions used for evaluating

Variable Assumption

Ly, Ly, 0, Vg IMpeak, fsw | Preliminary design 600kHz
Clys C,ss MOSFET data

Cstray Transformer data
Deadtime 33ns and 100ns

The results differ for the original scenario, where from simulation its expected that
both energy and dead time conditions are full filled, which they are not from (2.12)
and (2.13). As ZVS is very close to not be achieved, the mismatch between simula-
tion and calculations is not considered as a problem. One reason for the mismatch
could be related to the equivalent capacitance, where perhaps the C,. in LTspice
simulation is not the same as the C,, typical value from the MOSFET data sheet.
For the other two cases, Cyqy added and increased dead time, simulations and cal-
culated results match.

Table 4.2: Calculated results of achieving ZVS or not

Case Energy | Dead time
Original OK Fail
Cstray Added OK Fail
Increased dead time | OK OK

Adding stray capacitance increases the MOSFET drain source voltage fall time and
as a consequence the dead time must be increased to satisfy the ZVS conditions. The
match between the theoretical equations and the simulation results is satisfactory.
As the stray capacitance in the circuit is frequency dependent, but with an unknown
behavior it is hard to in a realistic way, implement the component and knowing how
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to select the dead time for different frequencies. The Cgqy used was measured for
a certain frequency, see Section 3.2 and how realistic it is using this value for higher
frequencies is much uncertain, therefore Cy,qy is not further evaluated in report.

4.4 Existing Active-clamped forward converter

To compare the results of the resonance converter, a forward converter with active
clamp is also implemented in LTspice. This is the type of converter that is used for
the telecom application now. The converter is presented in Figure 2.10. It works
just like an ordinary forward converter but with an active clamp which transfers the
energy from the magnetizing inductance (LM) to the capacitor (Cegmp) during the
off time. This increases the efficiency of the converter since some of the otherwise
lost energy is stored and reused. The converter also has a RC-snubber on the sec-
ondary side of the transformer. This was decided to be left in the circuit since the
comparison should be as fair as possible against the converter that is used in the
physical applications.

The forward converter constructed in LTspice is a simpler version of the real con-
verter. The converter is verified by comparing it with measured values from the
real converter. The simulated converter matches the measured values well enough
to be able to draw conclusions. The simulated version does have a slightly higher
efficiency than the real one, this is probably a consequence of not having the driving
circuit drawing any power and some parasitic elements are not present in the LT-
spice model. The comparison with the resonant converter should still be valid since
it is also simulated.

4.4.1 Basic Waveforms

The forward converter used in the application today is rated with an output voltage
of 5.5V and an output current of 104, which is 55W. The waveforms from simulated
version used in this project is shown in Figure 4.10. It can be observed that the
output power in the simulation for the rated operation is 55W just as expected
with very low ripple. The primary side of the transformer has some ripple when the
switch turns on and off, this is a direct consequence of the transformer parameters,
in particular the leakage inductance and open circuit inductance from Table 3.2
[33]. The inductor current is from the secondary side inductor. The converter is
operating in CCM since the inductor current is always > 0.
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Figure 4.10: Forward converter waveforms
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Efficiency

The most important factor of the converter is the efficiency. Without a good effi-
ciency the converter would not be usefull. The efficiency for the converters will be
presented for different input and output voltages, different frequencies and the most
importantly losses will be visualized.

5.1 Input Voltage Variations

When the input voltage varies the converters must be able to keep the voltage at a
correct level by adjusting the duty cycle for the forward converter and by adjusting
the frequency for the resonant converter. Table 5.1 shows how the forward converter
can adjust to input and output variations by changing its duty cycle during the op-
eration. The efficiency is kept high at all 3 input voltages. It can reach the output
power needed with any configuration of possible input voltages that can occur.

Table 5.2 shows how the resonant converter converter can adjust to input and output
variations by changing its frequency during the operation. Compared to Table 5.1,
Table 5.2 shows a higher efficiency for 4 out of 5 cases but in general the results are
very similar in efficiency.

Table 5.1: Performance during input voltage variations for the forward converter

Input Voltage | Output Voltage | Duty Cycle | Output Power | Efficiency
36V 5.5V 73% 55W 93.2%
48V 5.5V 54% 55W 95.4%
60V 5.5V 43% 55W 95.75%
36V 6V 79% 60W 91.8%
60V 5V 39% 50W 95.7%

Table 5.2: Performance during input voltage variations for the HBLLC

Input Voltage | Output Voltage | Frequency | Output Power | Efficiency
36V 5.5V 240kHz 55W 93.82%
48V 5.5V 282kHz 55W 95.32%
60V 5.5V 354kHz 55W 96.55%
36V 6V 230kHz 60W 93.74%
60V 5V 390kHz 50W 95.52%
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5.2 Efficiency at 300 kHz

The forward converter is switching with 300kHz and to get a valid comparison the
resonance frequency of the HBLLC circuit is set to 300kHz.
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Figure 5.1: Forward Converter Losses

In Figure 5.1 the losses for different rectifying circuits are displayed for 55W output
power of the forward converter. The blue stacks are for the diode rectifier while the
orange stacks are for the MOSFET rectifier. The stack named "other" represents
transformer and output capacitance losses. It can be observed that the rectifying
diodes contributes with the largest losses. The most interesting result is that the
primary switch contributes with the second most losses. This can be compared
Figure 5.2, where the primary switching losses are considerably lower. Another
interesting result is that the rectifying MOSFETs loss for both the circuits are
approximately the same at 300kHz.
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Figure 5.2: HBLLC Converter losses

The efficiency for the converters at the rated operation point is presented in Table
5.3. The forward converter converter shows higher efficiency at the operation point

for both a diode and MOSFET rectifier.

Table 5.3: Efficiency for converters at rated load, 300kHz design

Rectifier | Forward converter (%] | HBLLC [%]
Diode 85.6 84.1
MOSFET 95.4 95.3

Table 5.4 presents the switch losses for the resonant converter, both primary and
secondary side for rated load and a switching frequency lower than the resonance
frequency. The turn on loss is not zero, due to body diode conduction, see Section
4.1.3. Conduction and turnoff loss quantities are as expected. On the secondary side,
conduction losses should be the dominating and switching losses close to zero. The
switching loss during turn off is not equal to zero due to a small spike, similar as in
Figure 4.6. Also small body diode conduction exists due to non perfect switching,
affecting turn on and turn off. The results are fine for a functional circuit but
improvements can be done, see Section 9.2.

Table 5.4: Breakdown switch losses at rated load and fy, < fo

Turn ON [mW] | Conduction[mW] | Turn off [mW]
Primary side 35 50 222
Secondary side 26 427 30

Table 5.5 presents the tank losses for the MOSFET implementation at rated load
and switching frequency lower than resonance. As expected the resonant capacitor
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contributes to the majority of loss. For the same equivalent resistance value of C,
and L,, the power loss in the capacitor will always be greater for all loads as the
RMS magnetizing current always will be lesser than the RMS current going through
the capacitor.

Table 5.5: Breakdown of tank loss at rated load and f,, < fo

Cr [mW] | Lr [mW] | Lm [mW]
Power loss 822 82.2 420

5.2.1 Load Variations

This section will investigate the efficiency for different loads at 3 cases of input
voltages with either the diode or MOSFET rectifier. The forward converter is sim-
ulated with the input voltages and corresponding duty cycle from Table 5.1 at the
55W operation point. The resonant converter is respectively simulated at the input
voltages and frequency from Table 5.2 at the 55W operation point.
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Figure 5.3: Efficiency with a diode rectifier at 300 kHz

From Figure 5.3 it can be observed that the resonant converter is better for power
levels lower then the rated operation. This is due to that the switching losses is the
largest loss in percentage, and is kept the same when the output power decreases
since the frequency is still the same. At higher power than 60W the efficiency for
the resonant converter is lower where the conduction loss is the higher loss. The
resonant converter has a longer on time and it has 2 primary switches which conduct
approximately half of the period each while the forward only has 1. The reason for
the 36V input dropping in efficiency for higher loads is due high conduction loss,
where the output voltage can not for the simulated frequency stay above 5V for
powers above 80W, yielding extra high current. For powers below 25W the 36V
scenario cannot keep the voltage below 6V. In a more realistic efficiency sweep the
frequency should be changed for each operating point. This is related to control
aspects which are not considered.
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Figure 5.4: Efficiency with a MOSFET rectifier at 300 kHz

Figure 5.4 shows approximate the same result as Figure 5.3 but with an overall
increase in efficiency over the whole load spectrum. The resonant converter is still
better at lower power but is much closer to the forward at the power levels above
rated power. In both figures it can be seen in the case of a 36V input, the efficiency
is affected negatively. The overall effect of voltage variation over the whole load
spectrum has a lower impact on the resonant converter in relation to the forward
converter.

What is not considered though is the power loss of driving the circuit, which for
the forward converter is adjusting the duty cycle at a given frequency and for the
resonant converter its needed to adjust the frequency. The frequency variation
depending on input voltage, shown in Table 5.2, is quite large and could need a
more complex controller and comparison circuit. This is neglected for both circuits
in the figures but when implemented it might have an undesirable effect on the
expected result.

5.3 Efficiency at 600 kHz

When the switching frequency of both the circuits is twice as high, the results are
getting more interesting. In Table 5.6 it can be observed that the efficiency is not the
same as in Table 5.3. Compared to the 300kHz design, where the forward converter
showed better results, for the 600kHz case the HBLLC shows a very small change in
loss and shows more promising result than the forward converter. The efficiency of
the forward converter is lower mostly because of the increased switching losses of the
primary switch while the switching losses for the resonant converter is approximately
the same.
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Table 5.6: Efficiency for the converters at rated load, 600 kHz design

Rectifier | Forward converter [%] | HBLLC [%)]
Diode 83.6 84.0
MOSFET 92.1 94.7

At 600 kHz the same scenario for efficiency graphs are presented as in Section 5.2.
Besides from the less noise in Figure 5.5a then in Figure 5.3a there are not a lot of
differences. The most important thing though, is that the forward converter requires
more power to get up to approximately the same efficiency as the HBLLC. This is
due to the increasing switching losses, which is an even bigger percentage of the
total losses at 600 kHz.
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Figure 5.5: Efficiency with a schottky diode rectifier 600 kHz
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Figure 5.6: Efficiency with a MOSFET rectifier 600 kHz
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The resonant converter efficiency curves in this section is almost identical to the
ones in Section 5.2. What’s interesting is that even at twice the original frequency,
the converter is still as efficient over the whole spectrum. This phenomena is due
to the ZVS, which means that the frequency of the switching is not important since
the losses are so low. Assuming that the resonant tank is being redesigned for the
HBLLC circuit for every new resonance frequency to keep it working properly. By
doing this it could have an effect on the overall result since the forward converter
is kept the same with an increased frequency and adjusted duty cycle. The forward
converter might have performed better if it also where redesigned for the new fre-
quency.

These results lead to increasing the frequency even further to see what it does and
what further conclusions could be taken. This can be read about in Chapter 7.
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Electromagnetic Interference

Results regarding EMI and how it was measured is displayed in the following chapter.
Everything is analyzed from simulation and no results are measured on an actual
circuit.

6.1 Input Filter

When performing the EMI simulations an input filter was implemented to the con-
verter to achieve better results. The input filter can be seen in Figure 6.1 and it
consists of a CM choke, a DM filter and capacitances to ground. These capacitances
contributes to making the conductors into a positive and a negative one instead of
one of them being grounded. Investigating EMI with the input filter included should
bring some more realistic results. The filter does not affect the efficiency enough to

be worth considering.

CM Choke DM Filter T ¢ T c
@v J_c : _Lc Lx%yu —Lc —Lc bULUb —Lc Converter Input
T T, T T T

T.
!

Figure 6.1: Input Filter

6.2 Frequency Spectrum at Resonance

The points in the circuit which are investigated are the input voltage and current
to the converters. Measuring this together with the input filter gives an overview
of the EMI noise created by the circuit. The input voltage to the converters can be
seen in 6.2. In the figure it can be observed that the HBLLC consists of a lower
amplitude for the spectrum up to 1 MHz. Both frequency spectrum’s consists of
peaks at the switching frequency and multiples of the switching frequencies. For
every multiple, except 2 (600kHz), the HBLLC amplitude is much lower.
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Another interesting thing to notice in the same figure is that the level between the
peaks is considerably lower for every frequency below 1 MHz. Overall the level of
the HBLLC is substantially lower than the forward converter. So according to the
simulation the HBLLC performs better when it is operating at resonance frequency
with regard to voltage noise. The amplitude of the EMI analysis is not certain, but
the results should be comparable since they are simulated with the same conditions.
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Figure 6.2: Voltage EMI at the input

The current through the converters was also investigated. The frequency spectrum
of the current at the input is very similar the voltage frequency spectrum and can
be observed in Figure 6.3. The overall amplitude is lower then in Figure 6.2. Other
then that, there is not a lot more to be seen from the figure which was not present
in the voltage noise.
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Figure 6.3: Current EMI through the converter, measured at the input
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6.2.1 Other Frequencies

Since the HBLLC is controlled by manipulating its switching frequency the input
voltage were also investigated for the usual cases of a switching frequency that is
both higher and lower than the resonance frequency. The forward converter spec-
trum is unchanged.

The case of fs, < fo can be seen in Figure 6.4. It can clearly be seen, just as ex-
pected, that the spectrum is shifted to slightly lower frequencies since the switching
frequency is lowered. The biggest difference that can be observed is that the peak
at 2fs, is now higher in amplitude relative to the forward converter. But, when
comparing the noise at the switching frequency, the HBLLC is lower then before
and performs even better. Other then that, the spectrum looks approximately the
same as before.
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Figure 6.4: Voltage EMI at the input for f,, < fo

For fy < fs which can be observed in Figure 6.5 the EMI performance seems
to be the best for the 3 different options. Whats interesting is that the peak at
the switching frequency pretty much disappears. The reason for this in our case
is uncertain and not really known. From the waveforms in the time domain its
expected to be lower, but to disappear completely was not expected.
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Figure 6.5: Voltage EMI at the input for fs, > fo

From the presented results on the EMI performance, it can be concluded that the
HBLLC performs better overall for a resonance frequency of 300kHz and switching
frequencies above or below 300kHz. From a pure EMI perspective the HBLLC would
be preferred for the application based on our simulation results.
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Increasing the Switching
Frequency

To see the benefits of achieving ZVS for the HBLLC circuit, simulations at fre-
quencies up to 3.6MHz where performed for both converters. The HBLLC circuit
should theoretically be able to perform better at higher frequencies compared with
the forward converter. To be kept in mind is that the transformer for the forward
converter was never changed and the HBLLC circuit runs at resonance frequency.
This makes the comparison not entirely fair and it probably has a big margin for
error. Both circuits use the MOSFET rectifier in this chapter.

7.1 Increased Frequencies

At 300kHz it has been shown that the circuits are fairly similar in efficiency, see
section 5.2. But more interesting results can be seen when the frequency increases.
In Figure 7.1 it can be observed that the forward converter efficiency is somewhat
linearly related to the switching frequency of the converter. The efficiency decreases
to approximately 50% when the frequency is 3.6MHz, 12 times the original 300kHz.
The HBLLC efficiency also decreases almost linearly but with a much slower pace
and is still at around 90% at 3.6MHz.
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Figure 7.1: Efficiency comparison when increasing the frequency for rated load

The two first subfigures in Figure 7.2 shows in blue how the voltage and power is
close to constant when increasing the frequency and at the same time redesigning
the tank. Similar is shown in red for the forward converter but it is not redesigned
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for every frequency.

The last subfigure compares the primary switching losses of the converters. It can be
observed that the forward converter primary switching losses increases linearly with
the frequency which is the reason for the behaviour in 7.1. The HBLLC does also
increase linearly with the frequency but with a lower loss at 300kHz and a lot less
increment over the spectrum which makes the HBLLC circuit considerably much
more efficient.

5.6 60 30
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>.5.2 =) =
s %50 E20
g 2 8
E 5 = 7]
S T 45 S5
548 2 S
= S 40 =10
O 46 o w
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Frequency [MHz] Frequency [MHz] Frequency [MHz]

Figure 7.2: Comparison of output voltage, output power and primary switching
losses for the forward converter and HBLLC

The switches on the secondary side of the converters does also contribute to the
efficiency. In Figure 5.1 and 5.2 it can be observed that the secondary side switches
for rectification contributes to approximately the same amount of losses for 300kHz.
When the frequency is increased to 3MHz the losses for the HBLLC circuits sec-
ondary side switches is approximately 0.7V, while the forward secondary side switch
losses is approximately 2.4W. Just as expected the losses on the secondary side for
the HBLLC is close to unchanged while the forward losses has increased considerably
relative to what they were. However, these losses does not have nearly the same
impact on the efficiency as the primary switching losses displayed in Figure 7.2 and
is therefore not looked further into.

When increasing the frequency and simulating a new resonant frequency the resonant
tank has to be redesigned according to section 2.1.5. At higher frequencies, smaller
inductors and capacitors has to be used as seen in Figure 7.3. The value of C, and
L, decreases at the same rate and linearly. By doubling the switching frequency,
the value of the components would be halved which should have an impact on the
cost and size of the components.
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Figure 7.3: Component size in relation to increased resonance frequency

7.2 Waveform Distortion

Increasing the frequency in the design affects the waveforms, which is presented in
Figure 7.4 for three different frequencies, all operating at their respective resonance
frequency. In the Figure 7.4a the power loss of a secondary side MOSFET can be
observed where there are small spikes resembling turn on and turn off losses but
it is negligible in context since the conduction loss is dominating. In Figure 7.4b
the frequency has increased so that the dead time is visible in the duty cycle. The
turn on and turn off related body diode conduction is increasing in relevance for
the rectifying loss with increasing frequency. From Figure 7.4c the dead time of
the secondary side gate source voltages is more clear where during secondary dead
time, body diodes are conducting. This is easily seen from the positive bump in
V' L4. During turn on and turn off less ideal current waveforms are seen compared
to the first case in 7.4a. This is a consequence of the control settings not being
perfect as the frequency is increased. The conclusion is that for high frequencies the
control settings will be much important for yielding low rectifying losses. Higher
frequencies then 6MHz gives strange waveforms from simulations, something that
can partly be explained from (2.14), where for 6MHz the ratio between C, and C.,
is approximately 5 and equation argument is not clearly approved.
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Figure 7.4: Gate and secondary side waveforms for increased frequency, operated
at resonance frequency

By increasing the frequency the component size and values can be decreased while
still achieving a high efficiency. The ZVS criteria needs to be full filled at the
desired frequency or else the HBLLC would have similar switching losses as the for-
ward converter. With a faster MOSFET the efficiency would be better at the higher
frequencies since the rise and fall time of the MOSFET would occupy less time of
the entire switching period. At some point the resonance capacitor could get small
enough to interfere with the capacitance in the switches with increasing frequency,

which would interfere with the resonance.
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This chapter will present some of the component difference between the two inves-
tigated circuits and a small cost analysis, for a switching frequency of 600kHz.

8.1 Quantity of Components

The most relevant components and their quantities in both converter circuits are
listed in Table 8.1. Same components are used in respective circuit but their config-
uration and how they are used differs. This is commented together with quantity.

Table 8.1: Components, quantity and configuration comment for converters

Component | HBLLC [no. + comment| | Forward converter [no. + comment]|
MOSFET 4 4

Transformer | 1, center tapped 1, normal tapped

Inductor 1, integrated 1, output

Capacitor 1, tank 1, clamp

Drivecircuit | 1, frequency control 1 duty cycle control

8.2 Investment Cost

In Table 8.2 the most relevant components costs are estimated for the HBLLC.
Where the important thing to highlight is the high cost of the transformer. No
transformer has been found that suits the theoretical design which makes this esti-
mation uncertain. Two partly suitable transformers were found. The transformer
for the forward converter is custom made where the prize is unknown. Drive cir-
cuit costs are assumed to be equal. All costs are presented as per component, if
approximately 100 components ordered, no shipping prize. The costs are gathered
from web electronic sellers such as Mouser and Digikey [Accessed 2019-05-29]. The
conclusion is that all costs are low compared to the transformer and the transformer
cost is uncertain.
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Table 8.2: Estimated HBLLC costs at low frequencies

Component | Cost Part no.

MOSFET $0.57 BSZ0902NS
Transformer | $4.7, $9.9 | 750312504, 750310355
Capacitor Table 8.3
Drivecircuit | $0.92 ICE2HS01G

The costs are more uncertain if looking at higher frequencies. For higher frequencies
the MOSFET cost is expected to increase, due to higher performance demands. The
transformer cost will decrease due to lesser material used. In other words, the costs
in Table 8.2 will be frequency dependent. Depending on the chosen frequency, the
cost of the passive components change. Table 8.3 shows how the resonant capacitor
changes in prize for an increase of frequency. The resonant capacitor cost is small
compared to other components at higher frequencies.

Table 8.3: Cost of a resonant capacitor depending on frequency

300 kHz 600 kHz 900 kHz
Cr 128nF 64nF 32nF
Cr prize | $0.131 $0.067 $0.055
Part no. | C0603C124K5RACTU | C0603C683K5RECAUTO | C0603C333K5RECTU

8.3 Operating Cost

For 300kHz the forward converter shows higher efficiency for the rated operation
point and therefore this frequency will not be evaluated. From Table 5.6 the HBLLC
shows higher efficiency for a 600kHz design at rated operation point, which could be
used for a cost analysis. The cash flow C' of one HBLLC compared to one forward
operating for one year could be estimated. By taking the difference in efficiency
at rated operation for the converters and multiplying it with the rated power, the
difference in losses during operation is received. This multiplied with an assumed
electricity price and one year in constant operation will yield the possible operating
cost savings according to

C = (0.947 — 0.921) * 0.055[kW] * 0.12[$/kW h| * 24 * 365[h * days| = 1.5[$/year].

(8.1)
The cash flow that costumer can save in operating costs for one product during one
year operation is small.

8.4 Net present Worth

To continue the analysis it will be assumed that only the resonant capacitor is dif-
ferent in the circuits. The transformer costs will be assumed to be equal. The clamp
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capacitor is very small and neglected in the analysis. The difference in investment
cost is assumed to only rely on the resonant capacitor, see Table 8.3.

The net present worth can be calculated by assuming the economical life length as
fifteen years and assuming discount rate as two percent. The cash flow from (8.1),
the investment cost difference from Table 8.3 are used combined with (2.25) for a
600kHz design, yielding

NPW = <1$;2‘;’15 — $0.067 = $1.048. (8.2)

The cash flow is substantially larger than the investment cost, yielding a high net
present worth. The operation cost is in reality paid by costumer, but with a more
sufficient product it is assumed that Ericcson can sell their product for a higher
price. The assumption results in that the HBLLC can not cost more than the for-
ward plus the NPW if there should exist any chance of profit for the company.

The number of produced PCBs that would use this converter is assumed to be 40
per hour. Assuming 8h shifts, production running 47 weeks per year, five of seven
days are working days result in

PCB = 40 x [st/h] * 8[h] x 47 x 5[weeks *x days] = 75200[st /year]. (8.3)

Assuming a payback time of HBLLC implementation of one year, the amount of
produced PCBs multiplied with the NPW would then give the development cost
budget, approximately $75000.

8.5 Cost Summary

The quantity difference of components are small, yielding no clear results when com-
paring the converter circuits. The investment costs are dependent on the transformer
mainly but also the frequency, which affects both the active and passive components.
According to the analysis made the costumer would benefit of the solution through
the lesser operating costs. The company could benefit as the prize of the product
could be increased if the product is more efficient.

With greater knowledge concerning the economical assumptions, the reliability of
the results can be improved. Assumptions such as differences in initial cost (trans-
former dependent), payback time, number of produced PCBs etc. are important
assumptions for concluding if the HBLLC is supported economically for 600 kHz or
not.
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Conclusion

The simulated results suggests that the HBLLC is a candidate to replace the forward
converter for the telecom application. The simulated efficiency’s at rated operation
for the 300kHz design are 95.3% for the HBLLC and 95.4% for the forward con-
verter. This in itself does not show clear benefit for the HBLLC. When the input
and output voltage is varied the HBLLC shows a higher efficiency for 4 out of 5
scenarios. Even if the efficiency is approximately the same for 300kHz switching
frequency, the HBLLC performs better when considering EMI. The HBLLC EMI
spectrum is all in all lower than the forward up to 1 MHz where the noise of the
converters becomes similar.

For higher switching frequencies the HBLLC outperforms the forward converter be-
cause of the ZVS which lowers the switching losses significantly. The simulated
efficiency’s at rated operation for the 600kHz design are 94.7% for the HBLLC and
92.1% for the forward converter. When increasing the frequency to 3.6MHz, the
efficiency’s are around 90% for HBLLC and 50% for the forward converter. The
ZVS can be further improved, especially concerning the active rectification which is
of importance for higher frequencies. With regards to cost, the HBLLC should not
be a lot more expensive relative to the forward converter. The difference in cost is
not crucial compared to the other results.

9.1 Recommendation

The HBLLC definitely has potential to be better then the existing forward converter.
It is recommended to continue the research and build a physical circuit to verify some
of the simulated results and to be able to draw further conclusions.

9.2 Future Work

If the work is to be continued, there are a few areas that should be investigated.
To start of with, there are several control considerations important for the LLC
converter but the most important is a better and more stable way to perform the
active rectification frequency control. The quality of control implementation is much
related to what switching losses that appear, from theory, losses that should be zero.
The secondary side control should be able to handle many different frequencies and
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still keep a good quality, otherwise body diode conduction can appear. It is recom-
mended to use an existing drive circuit solution instead of simulating with individual
voltage sources, which hopefully will give an easier and more realistic control imple-
mentation.

The primary side control needs to be improved as well. The turn on loss related to
body diode conduction can be kept smaller than in our simulations but one is taking
a risk of getting closer to ZCS operation. Depending on how parasitic capacitance’s
affect at higher frequencies more dead time might be need for still assuring ZVS for
other frequencies.

Within the thesis, non steady state behavior was decided not to be investigated.
How the converter handles start up, sudden transients in load or input, need to be
simulated before stating a physical evaluation. Concerning control, for more realis-
tic simulation results of the efficiency curves it would be good to find the optimal
frequency for each load case, instead of keeping frequency fixed during load sweep
as Now.

The transformer for the LLC application needs to be custom designed if it is going to
be adapted after the theoretical design. It is crucial to investigate if the theoretical
design is possible to achieve. In other words, is it possible to manufacture a trans-
former according to the inductance of the final tank design and still manage ratings
related to for example voltage and current? If design can be done, what will its ESR
values be? If the ESR values are greater than the existing converter transformer,
efficiency will be affected negatively. The cost of converter will be much more clear
when a transformer investigation has been done.

To get a real evaluation, a resonant converter needs to be built. The simulation re-
sults tells one story but the real world might be quite different. With more parasitic
elements the results might not be as good and there would be a way to tell if EMI
is more or less problematic, especially radiated EMI. Parasitic elements and noise
maybe could affect the capability to achieve ZVS. Estimated efficiency and cost will
receive more reliability if built circuit aswell.

There are many different component configurations that could be edited. Changing
the MOSFETs in the circuit would be interesting. Changing them into faster ones
could mean that even a better performance would be achievable for higher frequen-
cies. There are a lot of other combinations of resonant circuits and resonant tanks
that could be tested to see if they fit better for the purpose. A buck converter with
an LCC resonant tank is one example of the many combinations available to try out.
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Figure A.1: Different inductance ratios

In Figure A.1 it can be observed that an increase of the induction ratio increases
the the switching interval in which where the switch needs to operate to be able to
achieve a certain gain. With an increasing inducting ratio, while keeping the same
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quality factor (Q), the maximum gain also decreases which can be observed when
comparing Figure A.la and Figure A.1d for example.
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