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Abstract

Efforts in decarbonization lead to electrification, not only for road vehicles but also in
the sector of mobile machines. Aside from batteries, those machines are electrified by
tethering systems, nowadays featuring an AC low voltage system. Those systems are
applied, e.g., to underground load haul dumpers with short tethering lines and low
machine power. To expand tethering to further markets as agricultural machinery,
this work proposes an HVDC tethering system allowing higher machine power and
transmission length due to thinner, lighter tethering lines. The HVDC voltage is
converted by distribution over a number of series connected DC/DC converters. Less
blocking voltage on the semiconductors allows faster switching technology to reduce
the converters” weight and volume. Since comparable concepts exist for offshore wind
farms connectivity, its applicability for this is discussed. A full bridge inverter/rectifier
LLC resonance DC/DC converter is presented for the modules. A switched LTI
converter model is developed and a Common Quadratic Lyapunov Function (CQLF)
is computed for prove of stability. The converter control features soft startup and
voltage control over all modules. The concepts are validated by simulation and on a
scaled prototype.

Kurzfassung

Die Bemiihungen zur Dekarbonisierung fithren zur Elektrifizierung, nicht nur bei
Straflenfahrzeugen, sondern auch bei mobilen Arbeitsmaschinen. Neben Batterien
werden diese durch Schleppleitungssysteme mit AC Niederspannung elektrifiziert.
Solche Systeme werden z. B. bei Untertage-Radladern mit kurzen Leitungen und
geringer Leistung eingesetzt Um Schleppleitungen in weitere Mirkte wie Landmaschi-
nen auszuweiten, wird eine HVDC-Anbindung vorgeschlagen, die durch diinnere,
leichtere Leitungen héhere Maschinenleistung und Ubertragungslinge erlaubt. Die
hohe Leitungsspannung wird durch in Reihe geschalteten DC/DC-Wandler aufgeteilt
und gewandelt. Geringe Sperrspannung ermdglicht den Einsatz schnell schaltender
Halbleiter, um Wandler-Gewicht und -Volumen zu reduzieren. Da vergleichbare
Konzepte fiir Offshore-Windparks existieren, wird seine Anwendbarkeit fiir diese
diskutiert. Fiir die Module wird ein Vollbriicken-LLC Resonanzwandler vorgestellt.
Ein switched LTI Modell wird abgeleitet und die Stabilitit durch eine Common
Quadratic Lyapunov Function (CQLF) nachgewiesen. Die Spannungsregelung en-
thilt eine Softstart Methode und Regelung tiber alle Module. Die Konzepte werden
simulativ und prototypisch validiert.
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1. Introduction

Electrical power transmission and conversion experiences a continuously increasing
relevance in academia and industry due to constantly growing demand of electrical
energy in nearly every aspect of life. Additionally, efforts to reduce Carbon-Dioxide
(CO3) emissions and other environmental protective aspects, result in constantly
tightening emission regulations for a vast number of applications throughout the
world. In the electrical energy generation sector, this leads to a changing situation
due to decentralization by a growing share of renewable energy sources. Additionally,
electrification of further applications, e.g., from the transportation sector and mobile
machinery, adds to the growing demand for electric energy and the increased research
interest. Regarding mobile machinery, as of the year 2010, in the European Union
(EU) non-road mobile machinery contributed 2 % of the Unions total COy emission
[VVHFF10].

Decentralization of the electrical energy generation and increased energy demand lead
to more dynamics in the electric energy transmission paths and transmitted power in
the energy transmission grid. The dynamics are induced due to the higher volatility
of the renewables: if one renewable energy source produces high excess supply in one
region, this will be transmitted to a region, where the demand exceeds the current
generation capacity. While the transmission amount and direction are subject to a
highly dynamic process in such a system, the energy transmission paths in a classical
supply grid are not static but still far less dynamical. Second, the energy supply of
systems as electrified vehicles of all kind or mobile machines display additional loads
of significant measure, which further stresses the grid. In response, transmission
technology and energy conversion techniques are under research with respect to meet
these changing requirements.

The following sections will briefly set the topics of electrical energy transmission and
electrical energy conversion in the context of its current utilization. Transmission and
conversion techniques and their applications are sketched out and chances, offered by
Modular High Voltage (HV) DC/DC Converters are motivated. This introduction
closes with an outline of this theses.



2 1. Introduction

1.1. Electrical Energy Transmission

In a classical grid, electrical energy is transmitted from the electrical power plant to
the consumer via a High-Voltage Alternating Current (HVAC) grid. At the power
plant site, the voltage is transformed to HV with a transformer, fed into the grid,
transmitted to the consumers region, where it is transformed back to Low Voltage
(LV) and fed to the LV distribution grid. This method is known as HVAC transmission,
voltages up to 400 kV are commonly used in Europe. Transformation to and from
HVAC with transformers is a long known, relatively cheap technique. Losses on
the transmission line are considerably low, but due to the capacitive nature of the
transmission lines, reactive losses occur, that lead to an over proportional increase of
transmission loss with increasing distance. This fact limits the economically reasonable
maximal transmission voltage and distance. In literature, HVAC transmission is
considered economically reasonable for distances up to a few hundred km [KSW13,
Ch. 7.2, [OO11, Ch 19.5].

To connect, for example power plants in remote areas or offshore wind farms to
the electric grid, HVAC transmission quickly reaches its practicable limits, due to the
above discussed loss to distance relation. In such cases, High-Voltage Direct Current
(HVDC) transmission is applied, where the source power is transformed, rectified
and fed to the transmission line in Direct Current (DC) form. The DC transmission
line represents a point-to-point connection. On its end the current is inverted back to
Alternating Current (AC), transformed and fed to the HVAC grid. Within HVDC
transmission, no reactive losses exist and hence, voltages up to some MV are possible.
Since the majority of the cost and the losses occur in the head stations and HVAC
is reasonably cheap on short distances, HVDC transmission is mainly applied for
distances above 1000 km, where it is more economical than HVAC and for sea cables —
where the parasitic capacitance per meter is large - above 40 km [Sch12, Ch. 10]. With
the rising growth of the renewable energy generation sector and the corresponding
increasing distance between power source and sink, HVDC transmission becomes
more and more interesting for academia and industry.

Besides the energy sector, a second application, where high electric power has
to be transmitted is that of tethered mobile machines, namely in the open pit and
underground mining industry [YFMO09, JHB14]. In the state-of-the-art setup, these
machines, like large excavators and LHDs, have a reel installed on the body, whereon
a tethering line is stored. The schematical setup of the power supply of such a tethered
mobile machine is given in Figure 1.1. On the operating site, a 50 Hz or 60 Hz three-
phase transformer isolates the site’s energy supply net versus earth potential, forming
an Isolé Terre (IT)-net. The machine is connected to the site’s net via a reelable,
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Figure 1.1.: Schematics of the power supply of a tethered machine on the example of
an electrical underground mining Load Haul Dumper (LHD).

flexible tethering line, which is stored on a reel on the LHD. From the reel, the energy
is transmitted to the machines electric drives via a set of slip rings. The drives - here
depicted in the form of an Asynchronous Machine (ASM) - usually power hydraulic
pumps for the bucked operation, moving power, etc.. The power is transmitted in AC
machine voltage level, which requires thick and heavy tethering lines, even for low
power. The machine’s action radius arises from the available tethering line on the reel.
For current machines with Low-Voltage Alternating Current (LVAC) supply, this is
limited to a few hundred meters due to the thick LV lines [JHB14]. To increase the
power, that can be installed on such a machine and/or the possible operating radius
without reconnecting the tethering line to another connection point, the transmission
systems power density must be increased. Therefore, the most promising option
is increasing the transmission voltage. Increasing the power density could possibly
be an enabler to apply tethering systems to more mobile machines - also in further
industries.

1.2. Electrical Energy Conversion

Electrical energy converters are widely used in many different applications, like electric
power generation and transmission, electric motor applications and the voltage supply
of many end devices. Converters for AC to AC (transformer / frequency converter),
DC to DC (DC/DC converter), AC to DC (rectifier) and vice versa (inverter) exist.
The converter power ratings reach from few mW up to the multi-MW range. Especially
in high power applications, conversions between different voltage levels are often
implemented with a transformer to obtain a more stable design and in some application
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cases to isolate the different grids from each other. In some applications it is necessary
to operate transformers in higher frequency to safe installation space and weight. For
simple rectification, diode rectifiers can be utilized, however for higher conversion
power, rectifiers with active Power Factor Correction (PFC) technologies are used
to reduce Electromagnetic Interference (EMI) emissions (e.g., distortion reactive
power) to the AC grid. In (two phase) inverters, electronic switches like Metal-
Oxide-Semiconductor Field Effect Transistors (MOSFET) or Insulated Gate Bipolar
Transistors (IGBT) are arranged and driven in a way, such that the positive DC voltage
is alternately conducted to the two conductors of the (AC) output - it is the inverse
operation of a rectification.

In recent years, some trends with positive influence on research efforts in power
converter technology can be observed. One is the increasing use of renewable energy
and the therewith ongoing growth of the market for HVDC transmission, where high-
voltage and high- -power power converters are requ1red [HBM*13, MP15]. Second the
growing interest in electrification in the automotive industry and for mobile machinery
pushes the inverter and DC/DC converter technology [PTB10, SEMR*15, SJB15].
Major research goals are increased efficiency, reliability and power density [DBK12,
LL10, MLC*08]. To keep stress of the grid by harmonic distortion and reactive
power low, the improvement of the waveform quality for grid connected converters
becomes more relevant with increasing number and power rating and hence, is subject
to research and must comply with legal regulations and valid standards e.g., EN
50160:2010 Voltage characteristics of electricity supplied by public distribution nerworks
[CEN10], [Ank00, Ch. 10].

To meet these given development objectives, one major focus lies in the improve-
ment of the physical characteristics of the converter components. Ohmic losses are
reduced and fast switching capabilities are increased. For high-voltage applications,
efforts to increase the maximal blocking voltage of semiconductor switches are under-
taken. The current limit for commercially available IGBTs lies at 6.6 kV, in research,
blocking voltages as high as 13 kV are reported [CRC*09]. For a few years, on the cir-
cuit side, resonance switching techniques are state-of-the-art in commercially available
power converters. In such converters, resonance circuits are excited in the vicinity of
their characteristic frequency, generating a waveform that allows the semiconductor
switches to be turned on and off close to the zero-crossing instance of the oscillation.
This technique leads to quasi-lossless operation with significantly reduced stress to
the semiconductor components and EMI emissions. This loss and stress reduction
enables more eflicient, faster converter operation and can increase its robustness.
Higher frequencies reduce the size and weight of passive components, so that higher
volumetric and gravitational power densities can be achieved. With smaller passive
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components, usually the cost can also be reduced, contrary, fast switching capable
semiconductors might counteract the economical goal.

For power conversion at the endpoints of HVDC transmission lines, converters
with a structure, that is known as multilevel converter is presented in literature and is
commercially available. The key in these converters is the division of the terminal
voltage to series connected power semiconductor switches. By the voltage division,
voltages, that are higher than the blocking voltage of a single semiconductor switch
can be handled. This splitting of the voltage to the semiconductors can be achieved for
example with diodes (e.g., diode clamped converter) ore capacitors (flying capacitor,
modular multilevel converter). For example, a brief review on existing multilevel
inverter topologies is given e.g., in [Miin11].

A further field of application, where high voltage is divided over a number of semi-
conductor switches are electrical railway traction systems, it is also described in
[SRO7, MLC*08]. From the catenary wire, a number of full bridge rectifiers are
connected in series at their AC terminals, each rectifier output feeds into a separate
low voltage DC link. From there, DC/DC converters with magnetic coupling gen-
erate the voltage for the drive systems. Here the magnetic coupling ensures that the
voltage drop across the input semiconductors is leveled out.[MLC*08] For high power
DC/DC applications, a patent [Rei02] describes a setup, where the DC capacitors
of DC/DC converters form a capacitive voltage divider. The voltage dividers outer
terminal is connected to the high voltage output terminal.

For the connection of high-power offshore wind farms to the HVDC line, new dis-
tributed converter concepts based on DC/DC converters are discussed in academia
for a few years already, e.g., in [HJSK 11, MP15]. In the given references, it is proposed
to series connect the DC output of the single wind turbines and thereby form the
high DC voltage for transmission to shore. This way, the complexity of the single
wind turbines increases, but the need for a central conversion station is obsolete.
Even though the described systems greatly differ from each other, they all have in
common, that a voltage, that is too high to be switched by one semiconductor switch,
is distributed over a number of semiconductors and that high frequency is applied for
voltage conversion.

1.3. Motivation and Objectives of this Publication

With this publication, the concepts from literature regarding high voltage power
converters with modular structure is picked up and brought into a form, where it is
suitable to be installed on a tethered mobile machine. The goal is to show, that with
a DC/DC converter with a compact design, a mobile machine can be tethered by
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HVDC. This way, the total tethering systems power density is increased and either
more tethering line or more machine power can be installed on the machine. Both
are key factors to spread tethered machinery technology to further industry sectors.
With the chosen approach, the high tethering line voltage is distributed between
a number of converter modules. The then small maximal voltage on one module
(semiconductor switch) allows the utilization of semiconductors with fast switching
capabilities. In combination with state-of-the-art resonance switching technologies,
high power densities can be achieved and high power ratings are implementable on
the very limited space of a mobile machine.

The publication is outlined as follows. In the following Section 2, the state-of-the-
art of resonant switched DC/DC converters are outlined, an in-detail view for LLC
converters is given, control methods for DC/DC converters are briefly discussed and
the theory on linear switched systems is summed up. Section 3 justifies the converter
architecture and closes with example applications, once, for an offshore wind farm
power conversion and second the implementation of a HVDC tethering system on
a mobile machine. Mathematical system analysis and controller design on module
and system level are located in Section 4. In Section 5, results from simulation and
measurements from a scaled prototype are given. The publication is closed with a
conclusion of the work and an outlook to new perspectives in Section 6.



2. State-of-the-Art of Resonant
Switched DC / DC Power

Converters

The input inverter of conventional switched mode DC/DC converters is driven by
Pulse Width Modulation (PWM) in hard switching mode. With the hard switching
technique, the semiconductor switches are forcefully turned on, while the full rated
voltage is applied to them and forcefully turned off, while the full rated current runs
through them. Output voltage and current are rated by variation of the inverter
duty cycle and therewith by the voltage-time-integral. This operating scheme allows
compact converter designs with good efficiency, mayor losses occur during switching
of inductive loads in the switched semiconductors. Contrary, hard switching operation
of semiconductor switches in circuits with inductive components induces stress by
voltage and current peaks during turn-off and -on, respectively. These peaks and sharp
edges during switching results in high EMI [MURO3, Ch. 9] [Lut12, Ch. 6].

In the following chapter, methods to further improve the converter operating
characteristics are discuses and a survey over the state-of-the-art of these techniques,
namely zero voltage / zero current switching, is given. In the second part of this
chapter, resonant DC/DC converter topologies with one, two and three resonant
elements are given and state-of-the-art modeling and design methods are discussed.
For the converter operation, an overview over control strategies from literature for
DC/DC converters in general and resonant converters in particular are given. If not
otherwise specified, in the following content, it will be taken as given, that IGBTS are
utilized for power semiconductor switches in the converters.

2.1. Zero Voltage / Zero Current Switching

The goal in soft switching is to turn on the semiconductor switch under zero voltage
condition, where the voltage drop across the switch is neglectable, and turn it off under
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zero current condition, when no or little current flows through the semiconductor.
The concept of Zero Current Switching (zcs) in power converter circuits reaches
back to the early 1970s [Sch70], the one of Zero Voltage Switching (zvs) back to
the late years of the same decade [KSY79]. Towards hard switching operation, these
techniques aim improvements in a number of physical effects, as power dissipation
and EML

2.1.1. Switching behavior and losses in IGBTs

The thermal energy, lost in the current carrying path during a turn-on or -off transition
of an IGBT is given by

ton/off

Won/oft = /t ,

where W, /o is the lost energy during turn-on or -off, respectively. vcg is the col-
lector to emitter voltage and ic is the collector current of the IGBT. The respective
transition for turn-on or -off starts at time ¢ and ends at ¢, /0. The typ1cal voltage
and current waveforms during hard switching turn-on and -off transitions are visual-
ized in the middle diagram of Figure 2.1, the top diagram shows the corresponding
IGBT Gate-to-Source voltage vgs and in the lower diagram, the power dissipated
in the semiconductor’s channel is given. The individual sections and their physical
correlations are well described in literature like [MURO3, Ch. 25] and [Lut12, Ch. 3].
From the waveform in the figure, it can be observed, that during turn-on, the current
rises, before the voltage starts falling to its on-value Vopon during the conducting phase
and during turn-off, the voltage rises to the blocking voltage before the current begins
to fall. This results in the power dissipation peaks, displayed in the figure during
turn-on and -off.

(ver(t)ic(t)) dt, (2.1)

For an IGBT in a circuit with inductive load, according to [Lut12] and the piecewise
integration of the turn-on time interval from Figure 2.1 according to equation (2.1),
the dissipated turn-on energy per pulse resolves to

Won = %Vdc(ic + Irrm)ti + %Vdc(ic + %IRRM)tfv + %VCEontfadey (2.2)
where Vj, is the DC voltage applied to the circuit, Iggy is the reverse peak current
of the freewheeling diode and Vo is the on voltage drop of the channel. The time
intervals are t,; for the current rise time, tf, for the voltage fall time and #,qe for
the voltage fading to Vegon. [Lut12] The first two summands correspond to the fact
that the device current rises before the voltage starts falling, these two contribute
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Figure 2.1.: Typical simplified voltage and current waveforms and corresponding
power dissipation of an IGBT

the majority of the total turn-on losses in hard switching condition. The height of
the peak current Igpy is proportional to the current rise 4i/a: and the strength of
ic in conducting mode, which leads to additional stress to the IGBT and high EMI
radiation. Respective to the turn-on losses, the integral for the turn-off loss yields

1. 1 . 1
Woff = Ex/dclctrv + 5(‘/(10 + A‘/p)ZCtﬁ + Eltailvdcttaily (23)

with the voltage peak AV, and the tail current Ii,5. The time intervals correspond to
the voltage rise time ¢y, the current fall time ¢4 and the tail current time ¢,i1. [Lut12]
Corresponding to the turn-on losses, the first two summands contribute the majority
to the hard switching energy loss, however the loss, caused by the tail current is larger
than the one caused by the voltage fading. The voltage overshoot is proportional to
the current i¢ and the voltage rise factor dv/d: roots in the inductances of the current

path.

On the gate side of a MOSFET or an IGBT, the loss roots from the repetitive
charging and discharging of the input capacitance cies = Cgr + Cge. The gate
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Table 2.1.: Operating frequency limits of semiconductor switches for hard- and soft
switching methods [WNTR15, p. 275]

Semiconductor  Maximal Operating Frequency
Switch Type Hard Switching  Soft Switching

MOSFET 100 kHz 250kHz
1200 V-IGBT 20kHz 150 kHz
1700 V-IGBT 10kHz 150 kHz

charge current repetitively flows through the gate resistor and through the upper and
lower driver transistor, while charging and discharging respectively and by this emits
charging losses. [WNTR15]

To reduce the switching losses, the area under the power curve in Figure 2.1 must
be reduced. In hard switching operation, this would mean, that the rise- and fall times
of voltage and current in the switching instance must be reduced to reduce switching
losses. The time intervals ¢,; and tg at turn-on as well as ¢,, and ¢5 at turn-off are
approximately proportional to the IGBT gate resistance and can be reduced, to a
certain degree, by the use of a lower gate resistance. [Lut12, WNTR15] The time
intervals tg,qe and ti, cannot be influenced. A reduction of these discussed time
intervals, would reduce the results of equations (2.2, 2.3) and hence the switching
losses. While the goal of reducing losses is reached in the switches, the losses in the
reverse diodes are increased [WNTR15]. The voltage overshot

di
AV, = Lpar(TtC + VrrM, (2.4)

is proportional to the steepness of the current falling slop dic/as and the turn-on
voltage peak of the diode Virry and hence, will be increased by reducing the switching
time. The increase of the overshot and the steeper current and voltage slopes generate
stronger undesirable EMI and component stress [AnkO00, p. 321]. Hence, increasing
the switching transient time does not lead to improved overall switching behavior.

The discussed effects of hard switching on efficiency, EMI and component stress
are the major motivations to develop methods, where the collector-emitter voltage
drops preferably to zero, before the collector current starts rising during the turn-on
transition and vice versa, the current drops to zero, before the voltage rise starts at turn-
off. Further, with reduced switching losses per transition, the operating frequency
of power electronic circuits can be increased without increasing the overall thermal
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Figure 2.2.: L-type (a) and M-type (b) zero current switch in accordance to [LL84].
Subfigure (c) displays the switch control voltage and switch current of a
buck converter with zero current M-type switch.

stress on the switched semiconductors. As a consequence, increased frequencies
lead to smaller passive components and hence more compact and often more cost-
efficient converter designs. Table 2.1 recites an overview of switching boundaries
for hard- and soft switching frequencies for a selection of power semiconductor
switches, especially IGBTSs profit from soft switching operation by increased operation
frequencies. [MURO3, p. 251] [WNTR15, p. 273] Soft switching is gained by the zcs
and zvs, the transient behavior of both is discussed in the following sections.

2.1.2. Zero Current Switching

An early description of zcs was published in 1970 by Schwarz [Sch70]. In his pub-
lication a Series Resonance Converter (SRC) with a thyristor half bridge inverter
is presented, where an LC series resonant circuit in the primary side, forms an ap-
propriate current wave form to turn on the thyristors under zero current condition.
In the following decade, Liu et al. presented two types of zero current switches and
experimentally demonstrated its functionality with MOSFETs [LL84]. The schemat-
ics of the L- and M-type switching networks, presented by Liu et al., are given by
Subfigure 2.2a and 2.2b, respectively. The circuits consist of a semiconductor switch
S1, an inductance Ly and a capacitor Cj. If the switch has a free-wheeling diode - like
in the Figure - a serial diode Dy, reversely polarized to the free-wheeling diode must
be installed to block the reverse current path through the freewheeling diode. The
current Igs of a zero current MOSFET switch with its gate voltage vgs is plotted in
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Subfigure 2.2c. When the switch is turned on, the current describes a quasi-sinusoidal
half-wave form, there is no instantaneous current rise, the switch is turned on at zero
current. While conducting, the current rises to its maximum and drops back to zero,
where the switch is turned off under zero current condition. For further details on L-
and M-type zero current switches refer to [LL84]. With the described circuits, zcs is
possible and the di/at is reduced in the switching network, but the voltage waveform
still contains sharp edges, hence, EMI issues are reduced, but still remain.

The internal dynamics of an IGBT, turned off under zero current condition was
investigated by Trivedi et al. in [TS99]: When an IGBT is turned off at zero current, a
large amount of excess charge remains inside the semiconductor, at hard turn-off, this
charge forms the IGBT-specific tail current. During the following time, this remaining
charge decays partly by recombination and mainly by equal electron and hole currents
inside the semiconductor. When the external voltage rises high enough, the remaining
charge is swept out. Due to the minor remaining charge at the instance of the voltage
rise time, this part of the turn-off losses is lower than the hard switching turn-off loss
part of the tail current in equal system configuration but non-zero.

2.1.3. Zero Voltage Switching

To achieve zero voltage switching in practice, the current is commutated to the
antiparallel diode of the semiconductor switch. Then, the voltage drop across the
switch is equal to the voltage drop of the conducting diode - which is near zero
- and the switch is turned on. After the current is reversed, it commutates from
the diode to the already fully conducting channel. Two switching networks for zvs
are presented in [LL90], that are similar to the zcs switch from section 2.1.2. The
half-wave mode switches, given in the reference, are shown in Subfigure 2.3a and
2.3b respectively. Refer to the reference for the full-wave setup of these switching
circuits. In both switching networks, one terminal of the capacitor is connected
between the semiconductor and the inductance. The capacitor, that is connected
directly to the switch terminals, shapes an appropriate voltage waveform to turn
on the semiconductor at zero voltage, as displayed for the example of a MOSFET
switch in part (c) of the figure. In the instance of turn-off of the MOSFET, its drain-
source voltage vpg is zero. After the zero-voltage turn-off, vpg starts to describe a
quasi-sinusoidal wave form, rises to its maximum and falls back to zero before the
end of the off-time of the device. At the end of the off-time, vpg is still zero and the
MOSFET can be turned on under zero voltage condition. Liu et al. also state, that the
junction capacitances are already discharged at switching time, which further reduces
the switching losses in the channel. [LL90]
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Figure 2.3.: Half-wave mode L-type (a) and M-type (b) switches for zero voltage
switching according to [LL90] Subfigure (¢): Switch control voltage and
switch voltage drop of a zero voltage M-type switch in a boost converter.

At zero voltage turn-off of IGBTSs, the remaining charge in the device causes a
current bump with following tailing current. At the same time, the emitter-collector
voltage starts to rise and power is dissipated. Compared to zcs, the distinct existence of
current tails leads to higher losses in zvs-circuits with IGBTs. Contrary, circuit design
is simpler and component values are smaller for zvs designs. [TS99] Zvs turn-on
and quasi-zcs turn-off for IGBT was experimentally evaluated by Pavlovsky et al.
[PdHF06]. Concordant to the effects, described in [TS99], the lowest turn-off loss
was measured in devices with very small tail currents.

2.2. Resonant Switched Converters

The zero current and zero voltage switches described in the forgoing sections can
be used for zcs/ zvs in buck- and boost-type converters with one single switch (see
[LL84, LL90]). For converter types with half- or full bridge inverter and rectifiers,
it appears more suitable to approach this subject more comprehensively. However,
the insights from the previous sections still hold their significance: To enable zvs
and/ or zcs, an appropriate waveform must be formed, ideally, for zvs the voltage,
and for zcs the current, should be close to sinusoidal. To achieve these wave forms,
a resonance circuit — also known as resonance tank - is formed with one, two or
three energy storage elements e.g., capacitors and inductors. Due to their specific
switching circuits, these converter types are also known as resonant switched converters
or resonance converter.
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Figure 2.4.: Structure of a resonance DC/DC converter with input inverter, resonance
tank, optional transformer and output rectifier

Resonance converter topologies can be classified by different characteristics. The most
common classifications are the arrangement of their energy storage elements, e.g.,
series-, parallel connected [Yan03, p. 95 - 106], and by the number of their storage
elements, respectively their number of resonance peaks [Bat94].

The common structure of a resonance converter is given in Figure 2.4. The DC
input voltage Vi, is inverted by a half- or full bridge inverter. The resonance tank,
consisting of two, three or four energy storage elements, is excited by the resonance
tank input voltage V; ;n, which is the output of the inverter. The converter may have
an optional transformer to adept the converters output voltage to a desired voltage
range. If a transformer exists, the resonance tank output voltage is applied to it, else, it
is fed to the rectifier. The rectified and filtered converter output is the DC voltage V.
For the following discussions, it appears handy to focus on the analog filter charac-
teristic of the resonance circuit to describe its effect on the converter voltage gain at
varying inverter switching frequency. The damping behavior of this filter is influenced
by the converter load, incoherently off the resonance tank topology, higher loads
affect stronger damping behavior. Hence, the output voltage of a certain resonance
tank depends on the switching frequency and the converter load. Typically, the output
voltage regulation is accomplished by the variation of the switching frequency. The
voltage gain characteristics of resonant converters are typically visualized by their
steady state voltage gain characteristics, where the ratio between the resonance tank
input and the output voltage is drawn over the operation frequency at various loads.

In the next subsections, resonance converter topologies will be classified by the
number of their resonance peaks, and topologies with one, two and three resonance
peaks will be introduced and briefly discussed. In topologies with more than one
resonance frequency, f, always denotes the resonance frequency at full load. Fol-
lowing, a more detailed insight into the LLC converter topology will be given. A
comprehensive survey over resonance tank layouts with two, three and four storage
elements is given in [Bat94].
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Figure 2.5.: Resonance tank (a) and voltage gain diagram (b) of a LC series converter

2.2.1. Single Resonance Circuits

The energy storage elements in a single resonance circuit can be arranged, for instance,
in series with the resonance tank output. This layout is known as Series-loaded or
SRC [MURO3, Ch. 9]. A series resonance tank, formed of a capacitor C; and an
inductor L, is depicted in Figure 2.5a. The converter voltage gain is defined as the ratio
between the resonance tank input- and output voltage, V; i, and V; ,, respectively and
is commonly plotted over the normalized frequency fs/f.. The associated voltage gain
diagram for steady state operation at different loads over the switching frequencies is
glven in part (b) of the Figure. For simplicity, the resistive power loss in the resonance
circuit is commonly neglected. [MURO3, Yan03]

The resonance tank acts as an analog filter with variable resistive load, which can
be mathematically described in the Laplace domain by the voltage gain function
s

G(s)=4——"—"-F, 2.5
() }Ii—£52+s+ R]}Cr ( )

where Ry, represents the converter load. It can be seen in the equation, that the reso-
nance circuit is a second order bandpass filter with the eigenfrequency f; = /2r VL C..
By variation of the inverter switching frequency, the impedance of the filter varies and
reaches its minimum at its eigenfrequency. The voltage gain diagram in Figure 2.5b
shows the dependency between increasing load and decreasing damping behavior,
further, it can be seen, that the gain never exceeds 1. The gain curves for all loads
show rising slopes for switching frequencies below and falling slope above resonance.
At resonance frequency, the gain is 1 for all load cases, which is the highest gain for
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Figure 2.6.: Resonance tank (a) and voltage gain diagram (b) of a LC parallel converter.

SRCs. The described relations between load, frequency and damping can also be
approached by physical interpretation. At resonance, the impedance of the filter is
zero and all voltage drops at the load. Above and below resonance, the load voltage is
proportionally divided to the impedance of the filter elements and the converter load.
At switching frequencies below resonance, the phase of the filter is positive allows zcs.
While the switching frequency approaches the gain peak, the phase decreases to zero,
above the peak, at falling slope, the phase is negative and zcs is achieved.

If the output is utilized parallel to the capacitor of a second order resonance tank
with an inductor in series with a capacitor, it is commonly known as Parallel Resonance
Converter (PRC) [Ank00, Yan03]. The corresponding resonance tank layout and
voltage gain curves are given in Figure 2.6. The voltage gain function in the Laplace
domain is

1
T L,Cs2+ RLLs+ 1

G(s) (2.6)
From the schematic in part (a) of the Figure and the gain function, it is obvious, that the
resonance tank is a second order low pass. The gain curves for light load, which is equal
to low damping, show rising slops and gain amplification towards the eigenfrequency.
For increasing load, respectively damping, C, is more and more bypassed by the
load. Hence, the peaks shift towards smaller frequencies, the achievable amplification
decreases and at short circuit condition only falling slopes appear. Like in the SRC,
rising slopes correspond to zvs and falling to zcs.
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Figure 2.7.: Resonance tank (a) and voltage gain diagram (b) of a LCC series parallel
converter

2.2.2. Dual Resonance Circuits

With a third energy storage element added to the system, resonance circuits with
two gain peaks can be implemented. One type of three-element converters are series-
parallel resonance converters, that add a second eigenfrequency to the network. Two
series parallel resonance converters, the LCC and the LLC converter will be discussed
in this section. An overview over resonance tank circuits with tree energy storage
elements is given in [Bat94].

The LCC network is shown in Figure 2.7 and consists of a series inductance Ly, a
series capacitor Cys and a parallel capacitor Cy,,. The voltage gain function is visualized
in part (b) of the figure, and the corresponding equation is

S

- _ A 2.7)
Llrcfrpsd + 1%:52 + (% + 1) S+ 7RLlCrs

G(s)

The network forms a third order bandpass with two eigenfrequencies. At high
power the parallel capacitor is shortened by the load and hence, resonance occurs at
J11 = Y/2xvL:Cw. Like in the SRC, at this point the gain for all load cases is 1. With
decreasing load, the influence of the parallel capacitance increases, which causes the
resonance to shift to higher frequencies towards f. = 1/2r\ /L. £=% and - similar to
the parallel resonance converter - the height of the gain maximum to increase. In
zvs operation, LCC converters are problematic, due to their light load peaks in the
frequency range between the zvs high load area and the zvs light load area. If the




18 2. State-of-the-Art of Resonant Switched DC / DC Power Converters

4 —— short circuit
—— 2Paom
nom
O H ! O 3 — 0.5Phom

0.25Pnom

Q
~

V;,in Lrp

=
[=}
Voltage Gain
N

o
o

07 1 14
Normalized Frequency fo/ f:
(b)

(@)

Figure 2.8.: Resonance tank (a) and voltage gain diagram (b) of a LLC series parallel
converter

converter load is reduced, the voltage peaks must be overcome to stabilize the output
frequency, this can lead to damage on the converter [ Yan03].

A second common way to form a series parallel resonance tank is to connect a
capacitor C; and an inductor L in series and a second inductance L, parallel to the
load. This LLC topology and its voltage gain curves are depicted in Figure 2.8. The
gain function is

SQ

Ls 3 Lys 2 _1 1 -
mS (T D+ gast e

G(s) = (2.8)

The principles of operation are very similar to the ones of the LCC converter. The
difference lies in the order of the resonance frequencies for high and light load. For
high load, the parallel inductance is shortened and therefore, the resonance frequency
is fy = 1/2nvInCr, where the gain for all loads is 1. For light load, resonance shifts
towards the lower frequency fi1 = 1/2r\/(Les+Lip)Cr. For efficient hardware designs,
in converters with a transformer, the magnetizing or transformer main inductance
Ly can be used as parallel inductance and the primary leakage L; as part of the serial
inductance [JK07, Hual0]. The principles of operation of LLC resonance converters
will be further detailed in section 2.3.

In dual resonance converters, the steepness of the voltage gain functions and the
amplification for certain loads depends on the distance between the two resonance
frequencies. For LLC converters, this is quantified by the design parameter normalized
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inductance L, = In/L,, for small Ly, the resonance frequencies are close together, for
large Ly, they are far apart from each other. For small normalized inductances, the
maximal achievable gain and the load, for which gains in excess of 1 are achievable,
are large, the slopes of the gain function plot are steep. With increasing normalized
inductance, the gains decrease and the slopes become more even. [Hual0] The
discussed behavior of the converter has consequences for the voltage control. At small
normalized inductance, a larger load margin can be stabilized with the same switching
frequency range, than in controllers with large L,,.

2.2.3. Triple Resonance Circuits

In [Bat94], all possible combinations for fourth order resonance circuits are given
and disused. It is clarified, that not all combinations qualify for resonant converter
operation and of those, most are of minor relevance in praxis [Bat94].

Fourth-order resonance circuits are becoming more relevant with increasing operating
frequencies, where component parasitics as transformer leakage inductance and wind-
ing capacitance, and semiconductor junction capacitances can be utilized to form the
resonance circuit. Additionally, the use of parasitics contributes to the converter size
and cost reduction. Necessary frequency range to achieve wide load margins further
shrinks, compared to second and third order resonance topologies due to the higher
filter order. On the other hand, this high order induces high order nonlinearities
and hence, the steady state analysis becomes more difficult, but first order harmonic
analysis still delivers acceptable results. [Bat94]

Further discussion on LC(T)LC-type converters with LC(T)LC-type converters will
not be further considered in this work and are only mentioned the for sake of com-
pleteness. Detailed analysis on this converter type is given in [SBD*02] and [DBK12].

2.3. LLC Converters

The LLC resonance converter is a dual resonance peak converter, that combines the
behavior of a SRC in high load with that of a PRC in light load. The resonance
frequency in the SRC-type behavior is higher than the one of the PRC-type, because
the effective inductance of the parallel resonance frequency adds the transformer
magnetizing inductance to the serial resonance inductance and hence is always larger
than the serial one. This relation and the achievable gains in series and parallel
converters result in the LLC-typical gain curve shape. Resonance tank scheme and
DC gain curves are given in Figure 2.8b and were briefly discussed under dual resonance
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Figure 2.9.: Setup of a LLC resonance converter, with blocking capacitor, inverter with
rectangular voltage output, resonance circuit, transformer with depicted
magnetizing inductance, inverter and filter capacitor.

converters in subsection 2.2.2. A full scheme of an LLC converter with full bridge
inverter and rectifier is given in Figure 2.9. The DC input voltage is inverted to
rectangular AC voltage and applied to the resonance circuit, that consists of a capacitor
C}, an inductor L, in series to the load and - parallel to the load - the transformer
magnetizing inductance Lyr. The input to output voltage relation is adapted with the
transformer 77, that also realizes galvanic isolation between the converter terminals.
The rectifier is depicted as diode full bridge. Capacitors Ci, and C, reduce High
Frequency (HF) coupling of the converter to the in- and output DC lines. The
inverter can either be a full bridge or a half bridge. The implementation of a full
or half bridge has no influence on the principal functionality of the converter, see
[AR12, PTB10] and [ Yan03, JK07]. However, for given power ratings, quantities like
the power factor are different for full and half bridge converters, this will be discussed
in section 2.3.2. For the output, full wave rectifiers, ether full bridges or transformers
with center tap on the secondary, are common. In the following, the fundamentals of
this converter type will be detailed.

LLC converters meet most of today’s requirements for power converters in high
power applications (see section 1.2), as good controllability of the output voltage and
compact designs. High efficiency is gained by resonant operation, that can be achieved
over a wide load range. Due to its DC gain character from Figure 2.8b, buck-boost type
converters can be implemented [JK07]. The bandwidth of the operating frequency
can be small, even if a broad load range is to be covered, therefore gain adjustments
are executed by narrow frequency changes and hence ensure high converter dynamics.
The operating area is completely on the negative slope, the gain maximum does not
need to be overridden for means of regulation. The integration of the resonance
inductance and the transformer into one device can further reduce the converter
size [ Yan03, Hua10] Secondary side rectifier diodes are commutated at zero current,
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which is favorable with respect to efficiency and component stress [JK07]. Due to the
second order low pass characteristics of the resonance circuit, high frequency signal
components of the square wave input voltage are suppressed, component stress and
EMI is reduced. [Yan03, JK07, Hua10]

2.3.1. Operation Principles of LLC Converters

Generally, LLC converters are designed to operate on the negative slope of the volt-
age gain diagram in zvs mode of the inverter semiconductor switches. The voltage
stabilization is ensured by adaption of the input inverter’s switching frequency in the
resonance frequency’s vicinity.

The converters operation mode can be distinguished by operation at, below and
above resonance frequency. The corresponding waveforms are given in Figure 2.10,
showing the on-states of the switches S ... Sy, the resonance current i, with the
transformer magnetizing current 7y; and the AC secondary side current is. with the
diodes, where it runs through, from top to bottom. Note that the current in the
resonance tank is the sum of the magnetizing current and the current, taking part
in the power transfer, to the secondary side. The qualitative waveform is equal for
converters with full- or half bridge inverter - see e.g., [JK07] and [PTB10]. In a full
bridge setup, energy is delivery from the DC input to the resonance circuit every
half cycle. In a half bridge configuration, the energy for one full cycle is obtained
from the DC side in the first half cycle. In the second half cycle, the resonance circuit
is shortened by the semiconductor switch Sy, that causes the primary current to
circulates within the resonance circuit and energy, stored therein, is transferred to the
output. [ Yan03, JKO7, Hual0]

Figure 2.10a gives the converters waveforms at f,. The switching cycle starts at ¢;
when the switches S; and Sy are open. Precisely this is the instant, when the falling
current in the resonance tank reaches the value of the magnetizing current. The
opening of the switches forces the transformer magnetizing current to commutate to
the antiparallel diodes of the opposite switches, which are still open. With the current
in the antiparallel diodes, the voltage drops across switches S5 and Sj is as low as the
diode forward voltage Vi, and hence, quasi zvs can be achieved. The magnetizing
current does not contribute to the energy transfer. Consequently, when the primary
current falls to the value of 4y, the current of the secondary side diodes reaches zero,
power transfer is stopped. In the consequence turn of under zero current condition is
achieved for the secondary diodes. [JK07]

When S, and S5 are closed after a small dead time at time instance ¢, the current
quickly falls to zero and commutates from the diodes to the now closed switches. At
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Figure 2.10.: Typical current waveforms of a LLC full bridge converters (a) at, (b)
below and (c) above resonance frequency f;.

the same time, the magnetizing current is reversed and begins to fall. In the time
interval ¢; - t3, the resonance current describes a negative half wave, that has the
form of the sum of a sinusoidal half wave and a ramp, where the ramp is the part of
the magnetizing current, falling linearly over the complete interval. In a converter
with full bridge inverter, the resonance circuit is connected to the DC input by the
closed switches and energy flows into the circuit. With a half bridge inverter, in this
interval, the resonance circuit is shorted and energy from the foregoing half wave
circulates in the circuit. At instance t3, the resonance current has reached the value
of the magnetizing current and Sy and Sj are opened and energy transfer is stopped.
During the complete interval, energy is transferred to the secondary side and the
secondary current describes a quasi-sinusoidal half wave. [JK07]

With the commutation of the magnetizing current to the antiparallel diodes of S and
Sy, the positive half cycle begins, the waveforms of the first half-cycle are repeated
with inverted sign. In the positive half cycle, the full and half bridge inverter both
connect the resonance circuit to the DC supply and energy flows into the converter.
The secondary current is only shortly interrupted during the dead time between
t1 and ¢5 and an optimum between soft commutation of the secondary diodes and
acceptable ripple. [JK07]

The waveforms for the operation area, where the slope of the DC gain curve is still
negative and the switching frequency is below f;, are given in Figure 2.10b. In this
mode, the quasi-sinusoidal current half wave duration is shorter than the on-time of the
conducting path. Most of the statements from the previous paragraph for operation
at resonance frequency are still valid. When the resonating part of the current reaches
the value of the magnetizing current, energy transfer is stopped, thus the secondary
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current reaches and will remain zero until the beginning of the following half cycle.
In the resonance circuit the magnetizing current continues to flow, until the inverter
switches are turned off and commutation begins. [JK07]

On the primary side, the switches are turned on under zvs condition, the turnoff is
executed with switch current reduced to the magnetizing current. The secondary side
commutation condition equals the one at resonance frequency. Due to the interrupted
secondary current, the current-time integral is reduced. Therefore, the current peak
and hence the losses namely in the semiconductors rise to transmit the same amount
of energy at the same voltage levels as at f,. [JK07]

The third operation region lies above f;, the corresponding waveforms are given in
part (c) of the figure. Here, the conducting path is interrupted, before the resonance
current has fallen to the value of the magnetizing current. At turn-off, the current is
forced to rapidly fall to zero and commutate to the antiparallel diodes of the opposite
current branches. The turn-on of the switches for the next half cycle path is executed,
while the falling current still flows through the diode to ensure zvs in this mode. The
short on-time of the primary side switches results in a loss of zcs for the secondary
diodes (see figure). [JK07]

The higher primary turn-off current and the loss of zcs for the secondary diodes causes
increased converter losses in this operating mode.

2.3.2. First Harmonic Approximation

For the purpose of converter design, a mathematical model with good computational
qualities is useful. Therefore, the converters input voltage square wave is approximated
by its sinusoidal fundamental. In the case of second order resonance converters, the
method of First Harmonic Approximation (FHA) leads to sufficiently good results
for design purposes, since only quasi sinusoidal currents occur in the converter and
only the input voltages fundamental contributes to the power transfer [JKO07].

Limitations are clearly given in the converters dynamic transfer behavior coming
from the absence of the blocking and filter capacitors in the model.

In literature, e.g., [ Yan03, JK07, LL10], the circuit from Figure 2.9 is commonly
simplified as given in Figure 2.11 by neglection of ohmic losses, the transformer
stray inductances and internal voltage drops and losses in the inverter and rectifier.
In Subfigure (a), the inverter is represented by a square wave voltage source with
effective voltage Vin. The transformer secondary side and connected components
are transformed to the primary. The load is represented by an ohmic resistance, its
primary side equivalent is Ry. For the FHA the equivalent circuit from Subfigure
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Figure 2.11.: For FHA simplified equivalent circuit of an LLC resonance converter
with rectangular (a) and sinusoidal (b) excitation, as commonly used in
literature e.g., [Due98, JK07]

2.11b is introduced, where the square wave voltage source is replaced by the sinusoidal
voltage V; and R} by R., where the equivalent sinusoidal voltage V. drops. Here, the
input Root Mean Square (RMS) voltage

22
Vi = ivin (2.9)
T

is the first coefficient of the Fourier series of the rectangular oscillation Vi, and

Voo = 22,1, (2.10)
T

is the transformed fundamental of the output voltage V,, where n is the transformer
turns ratio or respectively the corrected turns ratio. The equivalent output current

T 1
A
2v/2n
flow through R., I, is the converter DC output current. The equivalent load resistance
is the ratio of equivalent output voltage to current and hence, is defined

Ioe = (2.11)

Voe 81?2V, 8n?
R— Ve _8n7Vo _ 8n7 o 2.12
¢ Ie w21, w2 (212)
where Ry, is the DC load equivalent resistance. In the equivalent circuit, the trans-
former magnetizing inductance is parallel to R, and hence, V,. is applied to it. There-
fore, the magnetizing current is

Iy = ——Voe (2.13)
M
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with the angular frequency
W = 2 fans (2.14)
where fqy is the operating frequency of the converters input inverter.

The goal of the FHA model is to derive a DC input to output voltage gain func-
tion. Thus, the network of the equivalent circuit is described by its nodal- and mesh
equations. For complex networks systematic methods like the method of the com-
plementary tree should be applied [FLMO05]. With the given circuit diagram and the
relations above, the problem at hand can be analyzed straight forward. The outer
mesh yields

. 1.
‘/f = (JCLJLr + Jw—cr> i+ V;)e. (215)
The left mesh confirms, that V;. applies to R, and Ly as
Voe = jwLmIy = Reloe (216)

and hence, the output current can be solved to

Lyt
R,

Loe = jw=2 Iy (2.17)

The networks node yields

L
ip = I+ loe = (1 +JWFM‘> IMv (218)

e

that is inserted into equation (2.15), with (2.15), yielding

L, L, 1 1
Vi=|jw—+ + 14 - + Ve, 2.19
! (J R Lyt jwRCy (jw)2 CrLM) ( )
Voe _ (jw)? ReC: Lyt (2.20)

Vi (jw)? CoLeLng + ()2 ReCh (Ly + Lyt) + jwLy + Re’

which is the complex transfer function of the equivalent circuit in Figure 2.11b.
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In the state-of-the-art resonant converter modeling, the voltage gain function is nor-
malized to the resonance frequency. Therefore, the normalized switching frequency

o
Jo= 7, (2.21)

relates the inverter frequency to the circuits full load resonance frequency and hence,
the resonance is at unity. The inductance

_LM

Ly
L,

(2.22)

gives the ratio of resonance to transformer magnetizing inductance. In [PTB10], the
quotient of the effective inductances in full and light load is defined as

L. 1+YL,

= = 2.23
=TI L. (2.23)
With the given substitutions and the quality factor
1 | L
= |= 2.24
Q= (2.24

the converter gain characteristic can be expressed in a form, where it is normalized
versus the resonance frequency. Consequently, the absolute value of the converters
FHAs input to output voltage gain (2.20) is formed, and the circuit parameters are
substituted by the above given relations, yielding

M, _ ‘/oe _ 3wr2ReCrLM
A 2,2 2 3,3 2
f \/(Re - fnwr Recr (Lr + LM)) + (anrLM — JaWy CFLTLM)
(2.25)
2
- Ju (2.26)

V2 =02 (1+Ye) + Q2 (fu— f2)?

for the FHA models stationary converter gain, where Ly, is the normalized inductance
(see equation (2.22)). With the given gain function, the expected load and frequency
dependent voltage drop across a connected load Ry, at the output of an LLC converter
can be approximated. The voltage excitation for exact results with the gain function
(2.26) is the sinusoidal first harmonic of the according rectangular LLC converter
AC excitation, it is injected at the AC input of the converters resonance circuit. The
fictional converter equivalent load Ry, for this approximation is directly connected, in
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parallel, to the converter’s transformer magnetizing inductance Ly and experiences
AC voltage drop across it. Based on the above taken assumptions, the FHA model is a
good reflection of the LLC converter and the relation

nV,

M, = Mpc =
Vin

, (2.27)

between Mg, and the stationary, normalized converter DC gain Mpc holds true.
The right side of this equation represents the converter gain from its DC input to
its primary side transformed DC output. This relation includes all voltage losses on
the converter’s inverter and rectifier as well as the resonance circuit excitation by a
rectangular waveform. As described further above in this Subsection, the FHA gain
function Mpy, presents a good approximation of LLC converters input to output DC
gain characteristics. Additionally, the transformer turns ratio n is compensated in the
voltage gain function. [PTB10]

With the model at hand, the DC characteristics of an LLC converter can be de-
termined and different design drafts can be compared. Alongside, the possible gains
for specific loads end frequency ranges, the zvs and zcs area can be outlined. DC
capacitors cannot be modeled in the given pure AC model, so that they must be
neglected. But the dimensioning of the output filter capacitor C,, especially influences
the transient output voltage behavior and therefore cannot be neglected for dynamic
analysis and control tasks. That is why the FHA model is limited to stationary system
analysis.

2.4. Control Techniques for DC / DC Converters

To generate and stabilize DC voltage on DC/DC converters output terminals, a voltage
controller is mandatory. The primary control objectives are the general criteria control
accuracy, achievement of the required system dynamics and error compensation, that
are widely discussed in literature, e.g., in [Lun14]. For DC/DC converters, this is
voltage stabilization under a certain accuracy, compensation of disturbances of load
and input voltage variation. In addition to the voltage control, output current mode
control has been established, where the output voltage is indirectly controlled by
control of the output current [VSR13]. When turned on, the controller could perform
a start-up routine to guarantee, that the required voltage stabilization and/or power
provision are met within a defined time limit. For the control signal, the PWM duty
cycle of one or more semiconductor switches are commonly used. However, for phase
shift converters, the control signal represents the phase between the inverter’s half
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waves and multi-resonant converters are controlled by the fundamental frequency in
the resonance tank.

Subsequent to the primary control objectives, secondary control functions - mainly
safety functions - are regularly integrated into the controller structure. Common
functions are over current and temperature protection, since both phenomena quickly
lead to converter damage. Depending on the application scenario of the converter,
safety function can also protect aux1hary equipment such as batteries, by protection
from under voltage on the converter primary side.

A basic output voltage controller is a single loop voltage controller. Therefore, the
control error is generated by subtraction of the measured converter output voltage
from a reference value. The error signal is fed to a controller, which could be a
simple compensator or a Proportional-Integral-Derivative (PID) controller. In a
PWM converter, the controller output is compared against a sawtooth wave with the
converter’s specified PWM frequency. The comparator’s output is a PWM drive signal
for the converter’s semiconductor switch, its duty cycle depends on the controller
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