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Abstract
The Design and implementation of a measuring and control circuit for a
three-level “Vienna” rectifier represents a Vienna rectifier circuit with a
demonstration of a theoretical and experimental control implementation required for
operating such a circuit. The Vienna rectifier generates a DC voltage out of the threephase AC voltage and is often presented in higher power applications such as
Uninterruptible Power Supply (UPS), Electric Vehicle Charging Stations (EVCS) as
well as telecommunication and other similar power supplies. The primary question of
the presented research can be interpreted as follows: Is a two-level SiC solution
competitive compared to a three-level hybrid Si/SiC solution in terms of efficiency?
To answer this, a new test platform that assures rectifier tests of semiconductors in TType topology (Vienna rectifier) had to be developed. During the research, a new test
unit was developed with a complete control and measuring system. This provided the
possibility of testing semiconductors under rectifier conditions (an application which
enables conversion from AC to DC).
The first part of this thesis presents theoretical knowledge about rectifier
topologies used during the research in addition to providing the reader with the
ability to understand the written work. Theory includes a theoretical knowledge of a
boost PFC converter, active six switch boost-type PFC rectifier (two-level B6
converter) and a three-level Vienna rectifier. In the theoretical part, control
techniques used for accomplishing precise results are also presented. The core of this
study demonstrates modelling (simulations), description of practical work (PCB
design, sensors selection, programming) and continues with an experimental study
on existing boards for two and three-level topologies. The experimental results in
Chapter Tests and Results present the benefit of using more advanced (E.g. SiC)
semiconductors in a three-Level (Vienna rectifier) converter and compares them with
a two-level (B6) converter.
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Keywords: boost PFC converter (PFC boost), Rectifier, Inverter, AC/DC,
DC/AC, Vienna Rectifier, B6 converter, Semiconductors, Silicon (Si), Silicon
Carbide (SiC), Power Switch, Power diode, MOSFET, IGBT, two-level, three-level

Povzetek
Zasnova in izvedba merilno – regulacijskega vezja za tri-nivojski
"Vienna" usmernik predstavlja tokokrog usmernika impulzne širinske modulacije s
prikazom teoretične in eksperimentalne izvedbe krmiljenja za upravljanje takega
tokokroga. Usmernik impulzne širinske modulacije, ki iz trifaznega izmeničnega
toka proizvaja enosmerni tok, se pogosto uporablja v napravah z višjim tokom, kot so
brezprekinitveni napajalnik (Uninterruptible Power Supply/UPS), polnilne postaje za
električna vozila (Electric Vehicle Charging Stations/(EVCS) in tudi pri
telekomunikacijskih in drugih podobnih napajanjih. Primarno vprašanje v
predstavljeni raziskavi lahko interpretiramo tako: Ali je v pogledu učinkovitosti
dvonivojska rešitev SiC konkurenčna v primerjavi s trinivojsko hibridno rešitvijo
Si/SiC? Da lahko odgovorimo na to vprašanje, moramo razviti novo testno
platformo, ki omogoča preizkuse usmernika polprevodnikov v topologiji tipa T
(usmernik PWM). Med raziskavo smo razvili novo testno enoto s celotnim krmilnim
in z merilnim sistemom. S to enoto smo lahko izvedli testiranje polprevodnikov v
pogojih usmernika (aplikacija, ki omogoča pretvorbe izmeničnega toka v enosmerni
tok).
Prvi del magistrskega dela predstavlja teoretično znanje o topologijah
usmernikov, ki smo jih uporabili med raziskavo, bralec pa bo s posredovanim
znanjem lahko razumel magistrsko delo. Teorija vključuje teoretično znanje o
vzbujevalnem pretvorniku PFC (PFC/Power Factor Corrector = korekcijski faktor za
moč), o aktivnem usmerniku PFC, s šeststikalnim ojačanjem (dvonivojski pretvornik
B6) in trinivojskem usmerniku PWM. V teoretičnem delu predstavljamo tudi tehnike
krmiljenja, ki smo jih uporabili za doseganje natančnih rezultatov. Osrednji del te
študije vsebuje prikaz modeliranja (simulacije), opis praktičnega dela (načrt plošče
tiskanega vezja/PCB, izbiro senzorjev, programiranje), nadaljuje pa se s študijo
preizkusov obstoječih plošč za dvonivojske in trinivojske topologije. Rezultati
preizkusov v poglavju 6 predstavljajo korist uporabe naprednejših polprevodnikov
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(na primer SiC) v trinivojskem pretvorniku (usmernik PWM) in jih primerjajo z
dvonivojskim pretvornikom (B6).
Ključne besede: PFC Pretvornik, Usmernik, Razsmernik, AC/DC, DC/AC,
Vienna Usmernik, Semiconductors, Silicon, Silicon Carbide, Močnostni
polprevodniki (MOSFET, IGBT, dioda), (B6) dvonivojski in trinivojski pretvornik

Uvod
Močnostna elektronika se ukvarja s pretvorbo moči v različne oblike napetosti,
frekvenčne ravni ali z izolacijo z uporabo močnostnih polprevodniških stikal (IGBTji, močnostni MOSFET-ji) in diod. V sodobnih visokoučinkovitih sistemih
energetskih procesov potrebujemo močnostne polprevodnike za zagotavljanje
učinkovitih pretvorb, kot je prenos moči z višjega na nižji potencial ali pa nasprotno.
Močnostne polprevodnike danes uporabljamo v napravah, kot so vetrne
elektrarne z uporabo pretvornikov vira napetosti (Voltage Source Inverter/VSI), ki
omogočajo obratovanje pri različnih hitrostih vetra. To omogoča boljše zbiranje
energije, višje zmogljivosti in običajno zagotavlja višji donos naložbe (Return On
Investment/ROI). Ti namenski programi lahko tudi izboljšajo industrijsko krmiljenje
močnostnih procesov z izboljšavo kakovosti in produktivnosti proizvodov v
modernih avtomatiziranih obratih, ki izkoriščajo prednosti močnostne elektronike.
Močnostna elektronika je dobro zastopana v namenskih programih napajanja z
energijo, kjer zagotavlja cenejše in manjše proizvode (potrebujemo manj virov). Tu
moramo omeniti, da je danes električna mobilnost ena najhitreje rastočih namenskih
programov (pretvorniki električnih avtomobilov, polnilne postaje), ki letno zraste do
65 % [43] in za obratovanje porabi veliko močnostnih polprevodnikov.
Močnostni polprevodniki zagotavljajo možnost boljšega varčevanja z energijo,
ki predstavlja pomembno prednost pri uporabi, pri kateri so stroški energije visoki
(na primer naprave, ki obratujejo 24 ur dnevno, 7 dni tedensko). Raziskave inštituta
EPRI (Electrical Power Research Institute) kažejo, da se od 60 do 65 % [44]
električne energije porabi v električnih pogonih, od tega pa poraba pogonov
ventilatorjev, črpalk ali kompresorjev predstavlja 75 % [44]. Tako bi lahko 30 % [44]
električne energije privarčevali z uporabo krmilnikov hitrosti motorjev z variabilno
frekvenco z močnostnimi polprevodniki.
Močnostni polprevodniki imajo pomembno vlogo pri reševanju težav
globalnega segrevanja, ki v naši družbi povzroča resno zaskrbljenost. Na svetu je
precej virov za vetrne energije in fotovoltaike (PV), ki so odvisni od močnostne
elektronike. Evropsko združenje vetrne energije je odkrilo, da bi imel svet, če bi
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lahko uporabljali 10 % [44] potenciala vetrne energije, dovolj energije za pokrivanje
vseh potreb po energiji za ves planet. Pričakujemo, da bodo v naslednjih 15 letih
fotovoltaika (PV) in vetrni viri narasli do 20 % [44].

Spodbuda
To magistrsko delo sem dokončal na Fakulteti za elektrotehniko Univerze v
Ljubljani. Predstavlja opisuje praktični projekt, ki sem ga izvedel v družbi Infineon
Technologies Austria, AG, na Oddelku za tehnično trženje za diskretne IGBT-je in
diode.
Infineon Technologies je podjetje za polprevodnike, ki se močno osredinja na
obrat za močnostno elektroniko s sedežem v Nemčiji. Proizvaja polprevodnike in
sisteme za širok razpon trgov in namenskih programov. Oddelek tehničnega trženja
(Department of Technical Marketing) diskretnih IGBT-jev in diod, ki je v južnem
delu Avstrije, predstavlja tehnični vmesnik med razvojem in kupci. Za razvoj idej za
nove proizvode mora biti ta skupina sposobna razumeti trende in potrebe kupcev, ob
tem pa mora kupcem tolmačiti nove proizvode in tehnologije. To je ključnega
pomena za razumevanje vrednosti različnih proizvodov in tehnologij v različnih
namenskih programih.
Da bi razumeli vrednost določenega proizvoda, moramo včasih izvesti
simulacije, na primer, da vidimo, kakšno izboljšanje zmogljivosti lahko pričakujemo
pri novem IGBT-ju v pretvornikih pogonske enote. Ker so rezultati simulacije vedno
odvisni od natančnosti modeliranja, pa je običajno treba izvesti preizkuse s pravo
strojno opremo in v realnih pogojih.
Cilj raziskave je bil razvoj nove platforme strojne opreme in ocena vrednosti
dvonivojskega sistema usmerjanja na osnovi SiC MOSFET v primerjavi z
najsodobnejšimi trinivojskimi usmerniki PWM.

Obseg Magistrskega dela
Primarno vprašanje v predstavljeni raziskavi lahko interpretiramo, kot sledi:
Ali je v pogledu učinkovitosti dvonivojska rešitev SiC konkurenčna, ko jo
primerjamo s trinivojsko hibridno rešitvijo Si/SiC? Ker lahko dobimo ustrezen
odgovor samo z rezultati preizkusov, sem moral razviti novo testno platformo, ki bo
zagotavljala testiranje usmernikov polprevodnikov v topologiji tipa T (usmernik
impulzne širinske modulacije). Posebno pozornost sem posvetil namestitvi vezij
krmiljenja in merjenja, ki morajo zagotavljati stabilno obratovanje.

1 Introduction and Motivation
1.1 Introduction
Power electronics deal with the conversion of power to different voltage forms,
frequency levels or isolation by using power semiconductor switches (IGBTs, power
MOSFETs) and diodes. In contemporary high-efficiency, energy processing systems,
power semiconductors are necessary to assure efficient conversions such as
transferring power from higher to lower potential or the opposite.
Power semiconductors are nowadays often used in applications like wind
power plants using voltage source inverters (VSI), which allows operations at
different wind speeds. This enables better energy harvesting, higher efficiencies and
usually provides a faster return on investment (ROI). Those applications can also
improve industrial power process control by improving the quality and productivity
of products in modern automated factories by using power electronics benefits.
Power electronics are well represented in power supply applications where
they ensure cheaper and smaller products (fewer resources are needed). Here it is
also important to mention that one of the fastest growing applications today is
electro-mobility (e-car inverters, charging stations), which is growing annually up to
65 % [43] and uses many power semiconductors for operations.
Power semiconductors give the possibility to increase energy saving which
presents a significant benefit in applications where energy costs are high (e.g.
applications which operate 24 hours, 7 days a week). EPRI (Electrical Power
Research Institute) research shows that 60-65 % [44] of electrical energy is used in
electrical drives, where 75 % [44] of them are used in fans, pumps or compressor
drives. Thus, 30 % [44] of electrical energy could be saved by using variablefrequency motor speed controls with power semiconductors.
Power semiconductors represent a significant role in solving the issue of global
warming, which is a serious concern in our society. The world has considerable
resources for wind and photovoltaic (PV) energy sources that are dependent on
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power electronics. The European Wind Energy Association has discovered that if we
were able to use 10 % [44] of wind energy potential, the world would have enough
energy to satisfy the entire energy needs of the entire planet. It is expected that PV
and wind resources will increase up to 20 % [44] in the next 15 years.

Figure 1.1: Saving potential using power electronics [45]

1.2 Motivation
This master thesis was completed at the Faculty of Electrical Engineering of
the University of Ljubljana. It describes a practical project which was carried out at
Infineon Technologies Austria AG in the Department of Technical Marketing for
Discrete IGBTs and Diodes.
Infineon Technologies is a semiconductor company with a strong focus on
power electronics headquartered in Germany. It produces semiconductors and
systems for a wide range of markets and applications. The Department of Technical
Marketing for Discrete IGBTs and Diodes is located in southern Austria and can be
seen as the technical interface between development and customers. On the one
hand, this group needs to understand customer trends and needs in order to derive
ideas for new products, while on the other hand, it explains new products and
technologies to customers. Thus it is crucial to understand the values of different
products and technologies in different applications.
In order to understand the value of a certain product, it is sometimes sufficient
to run a simulation, for instance, to see how much efficiency improvement one can
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expect from a new IGBT in the drive inverters. However, since simulation results
always depend on the modelling accuracy, it is typically necessary to do tests with
real hardware under realistic conditions.
The aim of the research was to develop a new hardware platform and assess the
value of the SiC MOSFET based two-level rectification systems compared to the
state of the art three-level Vienna rectifiers.

1.3 Scope of this work
The primary question of the presented research can be interpreted as the
following: Is a two-level SiC solution competitive when compared to a three-level
hybrid Si/SiC solution in terms of efficiency? Since only experimental results can
provide a solid answer, my commitment was to develop a new test platform that
would assure rectifier tests of semiconductors in the T-Type topology (Vienna
rectifier). Special attention was paid to the control and measuring circuitry which
should provide stable operation.

2 Rectification Topologies
2.1 What is a rectifier?
An appliance which enables conversion from AC to DC is called a rectifier.
Nowadays, most of the electronic devices supplied from the AC grid contain a
rectifier at the front-end to generate constant DC voltage for their sub-circuits.
Probably the most common topology for rectifications used in today's
applications is the Power Factor Corrector (PFC) circuit with an inherent BOOST
converter, where current and voltage waveforms are kept sinusoidal and in-phase.

2.2 Why is a PFC needed?
The reason to involve a PFC circuit in the individual application can be found
in standard requirements, which vary from country to country and focus to increase
the quality in the distribution network.
For a grid operator, it would be perfect if all electrical appliances would
present a load that emulates a pure resistor. Such a condition, where reactive power
would not burden the network, is in practical applications an illusion due to the
presence of intrinsic and purposely added inductive and capacitive components
which have the main impact on grid stabilisation. In recent years, the front-end of
many power supplies were made of uncontrolled (diode) or controlled (thyristor)
type rectifiers that suffer from low efficiency (η), low power factor (PF) and
introduce high current harmonics (THDi) into the grid system. The effect of such a
passive rectifier alone to the grid is negligible, but when considering many power
supplies (for example every household might use more than 20 power supplies), they
could decrease the quality of voltage in Point of Common Coupling (PCC) and
endanger the operation of adjacent devices. To avoid this, it is necessary to use
power supplies with reduced THDi (Total Harmonic distortion of current), improved
PF and high efficiency.
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2.3 What does the relevant standard impose?
All electrical equipment in Japan and Europe must comply with the IEC610003-2 standard. This standard requires that electrical equipment with rated power
higher than 75 W [46] up to and including 16 A per phase of input current – and
intended to be connected to public low-voltage distribution systems – needs to follow
requirements from the norm [46]. In detail, the standard restricts (class A) maximum
permissible current up to the 40th harmonic that if fulfilled, guarantees the THDi is
kept below 5 % (THDi < 5 %) [4] and the ohmic fundamental mains behaviour lower
than 0.99 (cos Φ > 0.99) [4]. Besides conversion efficiency, the PF and THDi are
also major concerns of many energy efficiency standards such as Energy Star 2.0 for
external power supplies and the Energy Star 5.0 for computers [47].

2.4 Basic concept of a boost PFC converter (PFC boost)
2.4.1 Passive rectification: Diode Bridge rectifier
Passive power supplies usually consist of a half wave or full wave Diode
Bridge rectifier (Fig. 2.1), where the capacitor is used to smooth the output voltage.
The output voltage reaches its peak value at the top of the input voltage sinusoidal,
afterwards, it decays as the diodes are reversed biased. The charging phase begins
when the instantaneous value of input voltage exceeds the capacitor one.
Consequently, the input current of the passive rectifier has a pulse-shaped waveform
(Fig. 2.1) which provides enough charge to the capacitor to supply load through the
rest of the rectification cycle. The amplitude of the pulse-shaped current, as well as
its effective value, is 5-10 times larger than of its fundamental component. On top of
that, the capacitor is charging only in short time interval which boosts current slope
(di/dt) also to higher numbers.

Figure 2.1: Diode Bridge rectifier and its input waveforms [6]
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As input current wave-shape differs from the sinusoidal one, the passive
rectifier exhibits THDi value exceeding 30 % [50], which is much higher from what
the present standards require (THDi < 5 %) [46]. In addition, its fundamental
component is not in-phase (ϕ1) with an input voltage, which in turn, can be identified
as an increased reactive power flow. The same fact is defined as displacement factor
(cos ϕ1) reaching the value well below 1 (0.5-0.65 without any PFC and 0.7-0.75 for
passive PFC [48]).
Definition of PF
The relationship between the harmonic distortion (THDi), the phase shift
between fundamental components (ϕ1) and power factor (PF) is defined as:
1

𝑃𝐹 = 𝜆 =

√1 + 𝑇𝐻𝐷𝑖

2

∙ cos 𝜙1

(2.1)

Where THDi is defined as:
∞

𝑇𝐻𝐷𝑖 [%] = 100 ∙ √∑

𝐼ℎ 2

𝐼
ℎ=2 1

2

=

√𝐼2 2 + 𝐼3 2 + ⋯ + 𝐼𝑛 2

(2.2)

𝐼1

Total Harmonic Distortion of the input current is calculated as the quadratic
Gauss sum of the undesirable higher harmonics (I2 … In) over fundamental harmonic
(I1). The THDi, being a common measure of distortion, is usually expressed in dB or
percent (dB value multiplied with 100). The equation (2.1) defines THDi as the real
absolute value (in dB) and determinates that the PF reaches its ideal value (PF = 1)
only if the distortion is negligible (THDi = 0) and the displacement factor is at its
peak value (cos ϕ1).

Figure 2.2: Harmonic content of the current waveform in a Diode Bridge rectifier [7]
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2.4.2 Active rectification: PFC boost
In practice, there are many proofs that the reduction of input current THDi and
grid voltage distortion can be efficiently achieved using active PFC rectifier systems.
One of the most frequently used and relatively straightforward concepts is the boost
PFC converter (PFC boost). When compared with a basic full wave Diode Bridge,
the PFC boost is a slightly more expensive solution due to the extra components it
requires (high-switching frequency power switches (MOSFET or IGBT and a diode)
and an inductor). It is seen (Fig. 2.3) that the PFC boost has at its front-end a Diode
Bridge rectifier with a subsequent BOOST converter inserted between the rectifier
and the storage capacitor. The latter smooths output voltage.

Figure 2.3: Active PFC boost with high Power Factor [6]

The PFC boost achieves an almost perfect sinusoidal input current waveform
with only a small content of higher harmonics (Fig. 2.4). Through the control
circuitry, it also reduces the phase shift between the input voltage and the
fundamental component of input current (cos ϕ1) near to zero. Consequently, the PFC
boost grid is similar to a resistive load by consuming only real power flow.

Figure 2.4: Harmonic content of the current waveform in PFC boost [7]

The PFC boost easily keeps THDi lower than 5 %, usually with it around 1-2 %
[4], which satisfies all power quality restrictions imposed by rectification standards.
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The high power factor and low distortion are co-dependent and thus improving
one also improves the other. The limitations of high harmonics will decrease the
“pollution” of input current, thereby creating an easier distribution of electrical
energy.
The PFC boost makes it possible to control when and how much charge a
circuit can deliver input to output.
2.4.3

Operation of a PFC boost

The primary task of the PFC boost is to maintain the input current sinusoidal
shape and in phase with the input voltage. Since the output voltage should also be
kept constant (within given tolerances) all three tasks can be achieved only by having
control over the instantaneous power flow through the rectifier. In short, the control
circuitry has to vary the duty cycle accordingly – in time and with regard to changes
of input voltage amplitude and to load variations.
Generally, the PFC boost proceeds among two operational states. When the
switch is closed (S1 on – state 1), energy accumulates in an inductor (L), and when
the switch is open (S1 off – state 2) the energy passes from an inductor to the
capacitor and load.
The first state coincides with an interval in which the switch S1 is closed and
a whole input voltage is impressed across the inductor (Fig. 2.5). In this interval, the
inductor is energised with the input voltage, and the inductor’s current starts to
increase. At the same interval, diode Dpfc is reverse biased as the anode is connected
to the ground through S1. The energy supplied to the load is solely provided by the
capacitor. [5]

Figure 2.5: Equivalent circuit of PFC boost during State 1 [5]

The second state, illustrated in Figure 2.6, coincides with an interval when the
energy stored in the inductor is brought to the output. In this state, the inductor deenergises (the current decreases) as it supplies energy to the load and recharges the
capacitor. [5]
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In Figures 2.5 and 2.6, the operations of the PFC boost are explained during a
positive half wave of input AC voltage. During a negative half period, the circuit
operates almost identically with the exception of the input current which flows
through other two diodes of the Graetz (diode) bridge.

Figure 2.6: Equivalent circuit of PFC boost during State 2 [5]

Switching back and forth between states is happening with a frequency usually
in the range of 10 kHz or higher depending on the application. The controlled AC
input current would not look like an ideal sinusoidal waveform (Fig. 2.3), but like a
waveform with ripple (Fig. 2.7), which becomes smaller as the switching frequency
increases.

Figure 2.7: Input current of a PFC boost [5]

2.4.4 PFC boost and its operating modes
The PFC boost can operate in three different modes: Continuous Conduction
Mode (CCM), Critical Conduction Mode (CrCM) and Discontinuous Conduction
Mode (DCM).

Figure 2.8: Different operating modes for PFC boost [8]
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The CCM mode is mainly used in higher-power applications up to 5 kW and
more, where it ensures a minimal peak and RMS value of input currents. For the
same power level, the CCM in comparison with the CrCM exhibits an up to 50 % [7]
smaller current peak and an up to 25 % [7] lower RMS current, which reduces power
losses in the inductor. The demands for EMI filter attenuation are lower with CCM,
as the current through the boost inductor is smoother. In addition, the design of the
boost inductor and EMI filter are more manageable since the switching frequency
does not change during operation. However, the CCM requires a much larger
inductance than the other two modes, which increases the inductor size and its costs.
CrCM is commonly used in a broad range of applications due to the many
advantages it has to offer. The current waveform of CrCM is visible as a combination
of the CCM and DCM forms. CrCM is mostly recommended for low power
applications with advantages such as energy savings and improvement of power
density.
DCM is designed with the benefit of achieving low switching noise and
allowing constant frequency operation but at the cost of a much higher current peak
compared to other operating modes (as seen in Fig. 2.8).
Table 2.1: Comparison of PFC boost operating modes [7]

2.4.5

Basic selection guidelines for PFC boost semiconductors

All design processes and presented research results are based on a CCM
operated PFC boost since the targeting application is focused on higher power levels.
Rectifier Diode Bridge usually has the largest semiconductor loss of all PFC
components. That is why it is essential to choose an optimal one. Using a higher
rated current bridge could decrease the voltage drop across the diode (Vf), potentially
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reducing the temperature and the total power dissipation, all on account of an
incremental cost. The requested current rating of the rectifier diode can be calculated
as,
1 √2 ∙ 𝑃𝑜
(2.3)
𝐼𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = ∙
𝜋 𝑉𝑎𝑐,𝑚𝑖𝑛
where Po stands for the maximum power of the system and Vac,min is the minimum
RMS value of input voltage. [8]
𝑃𝑏𝑟𝑖𝑑𝑔𝑒 = 4 ∙ 𝐼𝑎𝑣𝑔 ∙ 𝑉𝑓

(2.4)

Where Vf, is the voltage drop on one diode of the rectifier bridge. [8]
Main switch (IGBT, MOSFET, etc.) selection and its dimensioning depend
on a thorough understanding of the selected switch and on basic requirements
imposed by a PFC boost. The following specifications should be considered for a
high-efficiency application design (in this case for MOSFET):
- Fast turn-on/off switching to reduce the device’s switching losses [8],
- Drain-source breakdown voltage VBR(DSS) to handle over-voltages,
- Low thermal resistance RthJC. Package selection must consider the resulting,
total thermal resistance from the junction to the ambient, and the worst case
surge dissipation, typically under low-line,
- Cycle skipping and recovery into high-line cycle while ramping the bulk
voltage back up (chip size),
- The body diode commutation speed and reverse recovery charge are not
important since the body diode never conducts in the CCM boost converter.
Approximate calculations for different power losses in the worst case scenario
(the minimum input voltage and the maximum load) can be made as follows:
𝑷𝑺,𝒕𝒐𝒕𝒂𝒍 = 𝑷𝑺,𝒄𝒐𝒏𝒅 + 𝑷𝑺,𝒐𝒏 + 𝑷𝑺,𝒐𝒇𝒇 + 𝑷𝑺,𝒐𝒔𝒔 + 𝑷𝑺,𝒈𝒂𝒕𝒆

(2.5)

Where PS,cond represents conductive loss, PS,on stands for turn-on loss, PS,off is turnoff loss, PS,oss is output capacitance, Coss is switching loss and losses in the gate
(PS,gate) [8]. More detailed calculations can be found in the application notes for
switches which are provided by manufacturers [8].
Boost diode presents a major design decision in the CCM boost converter and
due to that, it has to be selected with care. Namely, the diode could demonstrate a
significant power loss due to the reverse recovery during hard commutations and at
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high currents. The following precautions and specifications should be taken into
account when choosing an appropriate boost diode for CCM mode:
- Voltage range,
- Type of diode – selecting a SiC diode which has a small power loss, low
reverse recovery charge and a higher switching frequency design compared
to others (Si ultrafast diodes, Schottky diodes…),
- Chip size – a high rated diode with a much lower voltage drop could reduce
the conduction losses at the actual operating current.
Total power loss that occurs in the PFC boost diode is calculated as [8]:
𝑷𝑫,𝒕𝒐𝒕𝒂𝒍 = 𝑷𝑫,𝒄𝒐𝒏𝒅 + 𝑷𝑫,𝒔𝒘𝒊𝒕

(2.6)

Where conductive and switching losses can be expressed as:
𝑃𝐷,𝑐𝑜𝑛𝑑 = 𝐼𝐷,𝑎𝑣𝑔 ∙ 𝑉𝑓

(2.7)

𝑃𝐷,𝑠𝑤𝑖𝑡 = 0,5 ∙ 𝑉𝑜 ∙ 𝑄𝑐 ∙ 𝑓

(2.8)

For more details see [8].

2.4.6

Boost Inductor selection

When selecting the optimal inductor for a PFC boost it is important to consider
the following:
- Inductance (L) – its value depends on the permitted level of current ripple,
- Size of losses (power loss) and
- Saturation (ferrites).
As with every component in the PFC boost, it is also important to be aware of
power losses in the inductor, which can be differentiated among inductor copper or
Joule's losses:
(2.9)
𝑃𝐿,𝑐𝑜𝑛𝑑 = 𝐼𝐿,𝑟𝑚𝑠 2 ∙ 𝑅𝑤𝑖𝑟𝑒
and inductor core losses which can be calculated with the help of a simplified
Steinmetz's equation [10], which is also sometimes designated as the Power
equation:
𝛽
(2.10)
𝑃𝑣 = 𝑘 ∙ 𝑓 𝛼 ∙ 𝐵𝑝𝑘
Where Pv presents core loss (hysteresis and eddy current losses) for a particular
volume, f is switching frequency. Bpk presents peak flux density of a sinusoidal
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excitation and k is constant value (typically 1 < α < 3 and 2 < β < 3), which is usually
dedicated from core loss graph (Fig. 2.9) or is given in datasheets.

Figure 2.9: Core loss graph plotted against peak flux density at different frequencies [11]

The equation (2.10) and graph in Figure 2.9 demonstrate the increasing
tendency of core losses with an increase of frequency. Furthermore, to obtain a small
current ripple and consequently a small THDi it is essential to increase the switching
frequency. The question is how to concurrently keep losses small.
The answer might be:
1) Reduce the applied voltage to the inductor that consequently decreases ΔB,
since ΔB (Bpk) is proportional to the applied voltage and time
2) Reduce the (magnetising/de-magnetising) time. This step assumes an
increase of frequency, which in turn decreases ΔB (Bpk). Since β > α (see
equation (2.10)), a decrease of core losses can be gained. With lower
losses, you can reduce the core size, consequently reducing the length of
copper wire and thus, copper losses.
Topology selection and switching frequency are levers to reduce losses in the
inductor and thus the inductor size and cost.

Figure 2.10: Example of an inductor with double core used in PFC boost [8]
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Boost capacitor selection

The outer (filter) capacitor is used in the PFC boost to smooth output voltage
and to maintain voltage ripple (peak to peak voltage) under tolerable limits, this is
typically given in a percentage [8]:
𝑉𝐴𝐶,𝑟𝑚𝑠
(2.11)
𝑉𝑟(𝑝𝑝) =
∙ 100 [%]
𝑉𝑜𝑢𝑡
Where Vr(pp) is voltage ripple, VAC,rms is input voltage and Vout is the output
voltage of a PFC boost. The capacitance is according to [8] calculated as:
𝐶𝑜 ≥

𝑃𝑜

(2.12)

2 ∙ 𝜋 ∙ 𝑓𝑔𝑟𝑖𝑑 ∙ 𝑉𝑜𝑢𝑡 ∙ (𝑉𝑜𝑢𝑡 ∙ 𝑉𝑟(𝑝𝑝) )

Where Co is nominal capacitance for the defined ripple in percent, Po is a
nominal power of the system, fgrid is the frequency of the input voltage (usual grid)
and Vout is the output voltage of the system.
Depending on the application, the output voltage should also not differ from its
nominal value by more than 1 % - 5 % [49].

2.5 Two-Level Converters
2.5.1

Three-phase converter (B6)

The Three-phase B6 Converter (officially Six Switch/Step Three-phase
Voltage Source Converter) was developed by the Fraunhofer Institute ISE [18] and is
a very common topology in a three-phase conversion scheme, mainly as an inverter –
where continuous power flow from load towards the DC source is not mandatory.
The B6 converter (Fig. 2.11) is a two-level topology, which is indispensable in most
of the industrial applications. Due to its simple topology, it is very well presented in
practice, i.e. in VFD (variable frequency drive) applications, high-power
applications, grid interfacing converters, power quality conditioners and UPS
applications. Despite the fact that improved multilevel converters have been
developed, B6 converters are still widely used in medium-voltage applications in the
industry. The reason behind this is topological simplicity, where the B6 converter has
three-phase legs connected in parallel with a common DC-link, usually consisting of
two serial connected capacitors.
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Figure 2.11: Three-phase Voltage Source Inverter (VSI) [13]

2.5.2 Single-phase simplification of B6 converter
A good example of using a single-phase converter (Fig. 2.12) instead of a
three-phase converter can be found in labs that perform semiconductor components
testing. Such a simplification is allowed as the semiconductor component is being
evaluated merely on its transistor leg’s v-i circumstances – and they do not
differentiate from the v-i circumstances in the three-phase converter, as long as a
single-phase corresponds to one phase of a balanced symmetric three-phase system.

Figure 2.12: Single-phase (Half Bridge) converter [13]

In addition, the test platform can be made smaller if the load power has been
reduced. The cost of test equipment for a three-phase system is also much higher
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than that of a single-phase one (for example, a 5 kW active-load device is used
instead of a 20kW one).
A transistor leg consists of two switches with antiparallel diodes. Switches that
are connected in series should never be turned on simultaneously to prevent a shortcircuit of the DC link (filter capacitors). As a result, a dead-time (time interval
wherein both switches are intentionally opened) is inserted in both PWM signals.
The single-phase converter uses a split DC link, where a neutral potential has
been assigned to a centre point between two bulky capacitors. The neutral connection
serves to connect a single-phase load. In the three-phase topology, the neutral point is
not necessarily required, whereas it is mandatory in the single-phase one. The
capacitors C+ and C– should have sufficiently large capacitances, which assure that
the voltage across capacitors is kept within the allowed limits.

Figure 2.13: The half-bridge VSI ideal waveforms for the SPWM (ma = 0.8, mf = 9) (a) carrier and
modulating signals (b) switch S+ state (c) switch S− state (d) ac output voltage and (e) dead time [13]

The single-phase converter typically covers low-range power applications,
whereas medium and high power applications are covered by the three-phase B6
converter. Single phase converter solutions are the most appropriate solutions for
smaller and cheaper devices where only a single-phase connection is available. This
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means that the single-phase converter is a system to be used in such an environment.
For example, a home photovoltaic electric system where the energy supplied to the
grid or for charging the battery of EV or UPS is converted within a single-phase
converter, either of half- or full-bridge arrangement, working only in rectifier mode.
A very common control used for such a topology is the Sinusoidal Pulse Width
Modulation (SPWM) technique (Fig. 2.13), which is a carrier-based method. This
method consists of simple bipolar voltage switching, where the output terminal can
obtain only two different potentials, either vi/2 or –vi/2. The output potential
correlates with three different switches states (Table 2.2). In the first two, the
potential is independent of output current polarity, which is not true during the dead
time interval.
The bipolar SPWM technique has the advantage of having lower power
consumption, i.e. higher energy efficiency (up to 90 %) and is very easy to
implement and control. [13]
Table 2.2: Switch states for a half-bridge single-phase VSI [13]

2.5.3 Semiconductor technologies suitable for B6 converter
During the 1980s, the IGBT (Insulated Gate Bipolar Transistor) was invented.
For a long period, the IGBT was the main switching device in power electronics
applications since it can enable high efficiency at high currents (also over 500 A) and
at high voltages (also over 1 kV). The IGBT is suitable for converters from 1 kW, up
to 200 kW, where the antiparallel diode is usually placed within the same package. In
general, the IGBT takes over the best of two different technologies, i.e. its input
characteristics are similar to the MOSFET, while the output ones resemble those of
the bipolar transistor. IGBTs had a big advantage over MOSFETs in the past, as
MOSFETs were unable to achieve a high blocking voltage. High voltage and high
power MOSFETs with materials like SiC (Silicon Carbide) were invented in the last
decade and they are slowly surpassing the IGBTs. Frequency and voltage are
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fundamental parameters for selection amongst the two competitive components
(IGBT and MOSFET) for an individual application. Namely, there is an area where it
is pretty clear which device is more recommended for usage, but the selection is still
not so obvious within the breakdown voltage range of 250-1000 V and frequency
range of 20-100 kHz [15, 16].

Figure 2.14: Shows the range of using MOSFET and IGBT at a different voltage and switching
frequency [14]

Many articles like [18] show that 1200 V Silicon Carbide MOSFETs are ideal
candidates for hard switching bridge (B6) converters due to the superb performances
of the body diode. The SiC MOSFET diode is a PN diode with a negligible stored
charge. The main reason for using SiC MOSFETs over Si IGBTs is a substantial
advantage in conduction losses, especially in low-power applications. Switching
losses of a SiC MOSFET are almost half as much as those of a Si IGBT. From
Figure 2.15, a significant difference in performance is noticeable between these two
devices. If an IGBT is replaced with a SiC MOSFET, the switching frequency can be
drastically increased. However, when comparing SiC MOSFETs and Si IGBTs it is
necessary to mention that the price of SiC devices is much higher when compared to
devices based on silicon.

Figure 2.15: Semiconductors loss comparison example for SiC MOSFET and Si IGBT with turn-off
characteristics [19]
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2.6 Multilevel Converters: Vienna Rectifier
The concept of multilevel converters was introduced in the 1980s with a new
approach in high power applications and was brought to perfection in the last decade
by improving the efficiency of voltage conversion. Multilevel converters are strongly
present in PV (Photo Voltaic), UPS (Uninterruptible Power Supplies) and GPI
(General-Purpose Inverter), where they can easily achieve high-power densities and
improve efficiency in regard to classical two-level converters. The multi-level
converters enable voltage conversion in medium voltage and in megawatt range
without the use of power transformers. This can drastically reduce the cost and size
of high-power applications.
The count of power semiconductor switches in the multilevel converter
increases its complexity. Additionally, the increased number of switching states, as
shown in Fig. 2.16, enables a high number of voltage levels to take part in output
voltage generation. Consequently, a smoother AC voltage with lower harmonic
distortion is present at the output terminals. Another advantage is the use of power
switches with a lower blocking voltage, i.e., 600 V (three-level) instead of 1200 V
(two-level). Due to an increased control complexity, a greater number of
semiconductor switches obtain a higher efficiency.

Figure 2.16: Grid voltage of a six-level converter [20]

The noteworthy features of a multilevel converter can be briefly summarized as
follows:
- An outstanding solution for high voltage (HV) systems using low voltage
(LV) components,
- Reduced switching losses due to the use of low voltage and faster switches,
- Multilevel converters provide less stress on inductors and EMI filters.

Multilevel Converters: Vienna Rectifier

2.6.1
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Three-phase Vienna Rectifier

The Vienna rectifier was first explained and proposed by Johann Walter Kolar
(presently at ETH Zurich) at the Technical University of Vienna in 1993. There are
many reasons why this three-phase rectifier prevails over the B6 converter:
- High power density,
- Efficiency up to 98 % with Si-based devices or over 99 % with advanced
wide band-gap semiconductors and materials like SiC,
- Additional reduced cost and hardware dimensions.
The Vienna rectifier provides excellent performance for applications like EV
(Electrical Vehicles) charging stations and other power supply applications
(Telecommunications power supplies) where power density is of vital importance.
An original three-phase Vienna rectifier consists of three switches that enable threelevel operation with boost functionality (Fig. 2.17). It supports only the rectification
mode of operation, i.e. with unidirectional power flow.
A neutral terminal is in three-phase systems usually not connected to the
system. The Vienna rectifier commonly operates with an injected 3rd harmonic into
the PWM modulator to enlarge the generation of the fundamental AC component.
The injected harmonic increases high common mode voltage at the AC side which
should be efficiently rejected by the EMI filter. Like in any other topology with a
split DC link capacitor, an unequal charging could occur causing a voltage
imbalance. However, the Vienna rectifier can resolve this voltage imbalance through
the use of the so-called redundant switching states [2,4].

Figure 2.17: Circuit topology of the original Vienna Rectifier [24]
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2.6.2 Alternative Vienna Rectifier topologies
A T-Type Vienna rectifier was chosen as the state of the art solution for the
presented thesis. Three additional versions of the Vienna rectifier exist (Fig. 2.18),
which are also very well documented, with some advantages and disadvantages over
state of the art (T-Type) topology.
Topologies differ in the implementation of the bridge-leg structure, where
lower blocking voltage stress is imposed to the power diodes. An extra bridge-leg
requires six semiconductors for each phase or 18 semiconductors in total for a threephase system.
In the T-type topology (Fig. 2.18 – a), four semiconductors per phase are
required or 12 in total for a three-phase system.
In NPC-topologies, two additional diodes are needed. However, both diodes
that form a bridge with MOSFETs can be rated to half of the full blocking voltage
(i.e. 600 V in the NPC circuit instead of 1200 V for the T-type). As the T-type
Vienna rectifier uses fewer semiconductors, lower conduction losses are achieved in
comparison to other topologies. Consequently, the T-type Vienna rectifier has a
higher efficiency at lower switching frequencies where conduction losses are
dominant over switching ones.

Figure 2.18: Alternative circuit topologies of the Vienna Rectifier: (a) (T-Type) Vienna rectifier
used as state of the art topology of presented thesis, (b) First original Vienna rectifier (Fig. 2.17),
(c) and (d) Alternative bridge-leg structures (NPC) Vienna rectifiers [4]

Multilevel Converters: Vienna Rectifier
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The original Vienna rectifier topology (Fig. 2.18 - b) overpasses all topologies
in terms of the MOSFETs needed per phase – it uses only one (instead of three)
MOSFET per phase. This makes it an ideal topology in applications where
manufacturing costs are the prevailing design factor. High power factor (PF) and
high efficiency can be obtained, although fewer power switches are used.
The NPC-type Vienna rectifier (Fig. 2.18 - c) topology is mostly used where highefficiency is required and where the in-rush currents during the start-up procedure
should be under control. As a result, this can shorten the life-span or even damage
output capacitors. This problem can easily be resolved with resistors being added in
series during the start-up interval. However, this is not required in the NPC-type
rectifier, as the same functionality is achieved through the adequate duty cycle
control applied to the MOSFETs. The alternative NPC-type Vienna rectifier with a
mirrored bridge (Fig. 2.18 - d) topology has, compared with the topology (Fig. 2.18 c), smaller conduction losses under specific conditions.
The evaluation of different topologies is, in general, an ungrateful job, as the
results can be problematic to justify under all circumstances (numerous applications,
a broad range of voltage, current and power levels, etc.), especially when different
semiconductor technologies (advanced SiC devices) are taken into consideration. As
a result, a straightforward answer, which would conclude which semiconductor
technology is the best match to the particular rectifier topology, is difficult to obtain.

2.6.3

Single-phase simplification of the T-Type Vienna Rectifier

In the following chapter, the theoretical backgrounds of this thesis are
presented, verified and confirmed with experimental results obtained on the singlephase Vienna Rectifier as well. The research was carried out on a single-phase
Vienna rectifier instead of a three-phase due to the already mentioned power and cost
limitations of the available test equipment. The research focuses on the system
related comparison, meaning that only rectifier performances, like efficiency, are
merits of interest.
Change of these merits is monitored and evaluated for the semiconductors (in
respect to different technologies and competitors) placed under the test. The achieved
results are expected to provide an answer to the question of which semiconductor
coincides the best with a particular topology.
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There are many reasons to choose a T-Type Vienna rectifier instead of other
Vienna topologies. The main advantages are [26]:
- Patent is released and is free to use,
- Simple analogue or digital implementation of the controller,
- Low voltage stress on the power transistors,
- Low harmonic content in input currents spectrum,
- Two partially controlled output voltages with high-current handling
capability (5-10 %),
- Split capacitors provide a centre point which makes it possible to burden
the partial voltages asymmetrically [25],
-

High reliability (no possibility of a short-circuit on the output DC side in
the event of control errors).

Figure 2.19: Circuit of single phase (T-Type) Vienna rectifier

The topology uses fewer power diodes than other Vienna topologies, but they
have to block the full DC link voltage (i.e. 1200 V) instead of half (i.e. 650 V) of it.
In comparison, the MOSFETs are stressed with only half of the DC link voltage (i.e.
650 V) as they are connected on one side to the middle point provided by both
capacitors.
Comparatively, the two-level PFC rectifier (Fig. 2.12) has a major advantage
over the Vienna rectifier. Due to its simplicity, the two-level PFC rectifier can also
support bidirectional power flow between the grid and DC side. The converter can
work as an inverter or rectifier with no change in the topology (can operate in all four
quadrants). This property brings the topology to the top of application fields where
the generation and/or the consumption of electrical energy are needed on both sides
of converter terminals. The Vienna rectifier (Fig. 2.19) allows only unidirectional
power flow which permits it to operate only as a rectifier. It is important to note that
the Vienna rectifier does not provide any advantage in regards to the number of
applied active power semiconductors.

3 Control of Vienna Rectifier
The control of the single-phase Vienna Rectifier is treated as the main
discussion through the theoretical and practical parts of the presented work.
Control is one of the essential sections of this thesis by providing a better
understanding of real systems. The following chapter presents basic control
techniques, such as feedback loop, and more sophisticated methods (like Phase
Locked Loop) which were used during the research.

Figure 3.1: Control of the output voltage and the input currents of the three-phase Vienna rectifier
with underlying mains phase current control [26]

Figure 3.1 shows the control concept of the Vienna rectifier control with a
basic two-loop structure. The inner control loop (current control) has the task of
adjusting the input (AC) current, while the outer control loop (voltage control) is
providing a proper shape of the outer (DC) voltage.
The current control uses control with a main (grid) voltage pre-control signal
(Fig. 3.1 uN,pre), derived from the main input (AC) voltage. A high-quality input
current can be achieved by using only the Proportional (P) control. Integral (I)
control is normally not in use for the current control, or it is minimal at best. The
most dynamic loop, named the current control, has the main function of providing
21
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the rectification with a nice sinusoidal input current shape in phase with the input
voltage.
The correct voltage control together with the input voltage feed-forward
control provides small voltage variations on the output voltage. The centre point of
control (Fd(s) in Fig. 3.1) is less dynamic compared to the current control. The result
of the voltage control is interpreted as the reference power delivered to the load
which is connected to the output. The power is limited to the maximum value (pmax)
inside of the controller. The control of a single-phase Vienna rectifier can be
depicted as a simple control loop block diagram as shown in Figure 3.2.

Figure 3.2: Simple control loop block diagram of a single-phase Vienna rectifier where the red square
represents an inner/current control loop and the blue square represents an output/voltage control loop

The function control for a single-phase Vienna rectifier can be structured as
three main operation functions, which are:
- Current control loop
- Voltage control loop
- Phase Locked Loop (PLL)
The PLL is an essential element of the control for single phase systems and
thus ensures good rectification results.

3.1 Phase Locked Loop (PLL)
The Phase Locked Loop (PLL) is indispensable in applications connected to
the grid, especially in those operating in inverter mode. An accurate estimate of the
grid angle is a demand for giving synchronous flow to the grid. The PLL is a closed
loop system where an internal oscillator together with a feedback loop keeps the
synchronised time of periodical signals. The PLL operates as a simple servo system
with its primary goal of keeping the phase error between output and the reference
signal as small as possible. The PLL is used in a broad spectrum of applications at
different voltage ranges.

Phase Locked Loop (PLL)
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The basic structure of the PLL consists of three main fundamental blocks:
- The Phase Detector (PD) generates an output signal proportional to the
phase difference between the input signal (v) and the signal generated by
the internal oscillator of the PLL (v'). Depending on the type of PD, highfrequency AC components appear together with the DC phase-angle
difference signal. [28]
- The Loop Filter (LF) presents a low-pass filtering characteristic to
attenuate the high-frequency AC components from the PD output.
Typically, this block is constituted of a first-order low-pass filter or a
Proportional Integral (PI) controller. [28]
- The Voltage-Controlled Oscillator (VCO) generates at its output an AC
signal whose frequency is shifted concerning a given central frequency (ωc)
as a function of the input voltage provided by the LF. [28]

Figure 3.3: Basic structure of a PLL [28]

3.1.1

Why to use PLL?

Measured signals (e.g. grid voltage) in real systems often contain noises in
measurements, which can be caused by errors in measurement or by noises caused by
switching and such.

Figure 3.4: Simulated noise on the sinusoidal signal (grid voltage)
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Figure 3.4 shows an example of the noise given with the (simulated) grid
voltage where black points demonstrate the same measured value located in a
different field of the same signal. The same measured point can match up to 30 % of
the periodical signal (a grey area) and gives the point’s exact location on the
sinusoidal signal. This makes it a challenging job for the control to ensure correct
results. In this case, the control can only operate with a measured value at a certain
moment and does not have any information about the amplitude, frequency, angle
phase, etc.
Using Orthogonal Signal Generator – Second-Order Generalized Integrator
(OSG-SOGI) PLL in the system gives the control many advantages such as:
-

Information about the amplitude of the signal,
Information about the frequency of the signal,
Information about the phase angle of the signal,
Provides a possibility to detect and get rid of grid harmonics (works as a
digital filter),
Permits the opportunity to phase shift the controlled input current (e.g. in
PFC circuits like the Vienna rectifier),
Allows full control of the voltage, not only at the zero crossing
(synchronisation of an inverter connected to the grid),
Provides an orthogonal (90° shifted) signal (d-q theory).

Figure 3.5: Benefits of using OSG-PLL

Figure 3.5 shows the advantage of using PLL in the system, where a
measurement is detected and its location in the sinusoidal signal is known. This
makes the control much more comfortable and correct.

Phase Locked Loop (PLL)

3.1.2
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Different types of PLL

The implementation of each fundamental block (PD, LF, and VCO) can be
completed by using different techniques depending on the application where PLL is
in use. In general, two methods for grid synchronisation exist, the Fourier analysis or
the PLL.
The most complex fundamental block is PD, which is commonly based on the
following signal generations and filtering:
Some PLLs based on In-Quadrature Signals [28]:
- PLL based on a T/4 Transport Delay
- PLL based on the Hilbert Transform
- PLL based on the Inverse Park Transform
- PLL based on the Orthogonal Signal Generator (OSG)
Some PLLs based on Adaptive Filtering [28]:
-

The Enhanced PLL with Adaptive Notch Filter
The Second-Order Adaptive Filter
The Second-Order Generalized Integrator (SOGI)
The OSG-SOGI PLL (used and shown in this thesis)
The SOGI Frequency-Locked Loop (FLL)

By browsing different works of literature, it is possible to come across even
more PLL techniques. One of the most common techniques that provide good results
with low complexity is the OSG-SOGI-PLL. For this project, the mentioned
technique was chosen, based on the experiences and papers like [28] and [29].
3.1.3

OSG-SOGI PLL

Orthogonal Signal Generator - Second-Order Generalized Integrator Phase
Locked Loop (OSG-SOGI PLL) consists of three basic key blocks (PD, LF, and
VCO). The phase detector is defined by orthogonal signal generation and a Park
Transform, where LF and a VCO use basic control theory (similar to the PI
regulator).

Figure 3.6: Fundamental block system of a single phase OSG-SOGI PLL [28]
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The OSG-SOGI PLL in Figure 3.6 generates in-quadrature output signals (sin
and cos). Two feedback loops are used – the first feedback loop provides information
about the instantaneous phase angle of the VCO (θout) back to the Park Transform in
order to evaluate vd and vq out of the alpha (vα) and beta (vβ) components:
𝑣(𝛼𝛽) = [

𝑣𝛼
cos(𝛳𝑜𝑢𝑡 ) − sin(𝛳𝑜𝑢𝑡 ) 𝑣𝑑
]=[
][ ]
sin(𝛳𝑜𝑢𝑡 ) cos(𝛳𝑜𝑢𝑡 ) 𝑣𝑞
𝑣𝛽

(3.1)

As is evident, vq is fed to the LPF (PI-controller), so it can be treated as control
error. Subsequently, the PI controller tries to keep the vq close to zero.

Figure 3.7: Second-Order Generalized Integrator for Orthogonal Signal Generator [28]

The second control loop (Fig. 3.6) feeds the ωout (ωn), which is also received
from VCO back to the OSG. There, both αβ components are generated out of the vgrid
(v) according to the scheme shown in Figure 3.7.
When the PLL reaches steady-state, the sin signal has stable amplitude and is
in-phase with the fundamental component of the vgrid. In this case, the ωout becomes
equal to the ωn that stands for the natural frequency of the system.
In practice, the grid frequency changes as well as the phase angle of the
measured voltage at the point of common coupling (PCC). As a result, the PLL
system should be capable of following these changes. The merit of its performance
can be estimated from the SOGI closed-loop transfer functions
𝐻𝑑 (𝑠) =

𝑣´
𝑘 ∙ 𝜔𝑛 ∙ 𝑠
(𝑠) = 2
𝑣
𝑠 + 𝑘 ∙ 𝜔𝑛 ∙ 𝑠 + 𝜔𝑛 2

(3.2)

and
(3.3)
𝑞𝑣 ´
𝑘 ∙ 𝜔𝑛 ∙ 𝑠
𝐻𝑞 (𝑠) =
(𝑠) = 2
𝑣
𝑠 + 𝑘 ∙ 𝜔𝑛 ∙ 𝑠 + 𝜔𝑛 2
Where k is defined as the constant of the SOGI-QSG parameters and ωn is
defined as the natural frequency of the system (e.g. extract grid frequency from VCO
as shown in Fig. 3.6)

Basic Control Theory
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The discrete function for achieving trapezoidal approximation is described as:
𝑏0 + 𝑏2 ∙ 𝑧 −2
1 − 𝑎1 ∙ 𝑧 −1 + 𝑎2 ∙ 𝑧 −2

(3.4)

𝑞𝑏0 + 𝑞𝑏1 ∙ 𝑧 −1 +𝑞𝑏2 ∙ 𝑧 −2
1 − 𝑞𝑎1 ∙ 𝑧 −1 + 𝑞𝑎2 ∙ 𝑧 −2

(3.5)

𝐻𝑑 (𝑠) =
and
𝐻𝑞 (𝑠) =

Where derivations and components of the discrete function of equations 3.4 and 3.5 are very well presented and explained in the article [29, page 14].
The result of the OSG fundamental block are provided and detects the d and q
components in the rotating reference frame where the product of Park
Transformation is in tune with the VCO and LPF blocks. This provides selective
tuning and allows for the elimination of high harmonics in the input signal.
The OSG-SOGI method was explained in detail in [28].

3.2 Basic Control Theory
This chapter focuses on two different methods of control which are necessary
for the presented research and are used in almost every control system. At the
beginning of Chapter Control of Vienna Rectifier (Fig. 3.2), a simple schematic of
the control for the Vienna rectifier was presented, where a feedback and a feed
forward loop are included. For a better understanding of the following chapters, it is
necessary to provide the reader with a basic explanation of these two basic loops and
their use in real systems.
3.2.1

Feedback control

The single-loop feedback system, often referred to as feedback control, is built
from three components: Plant/System (any object which needs to be controlled),
Sensor (an object which measures the output of the plant) and Controller (generates
the plant's input).
Each of the three components includes two inputs, where one is internal to the
system and the other is external to the system. The simple structure of a feedback
loop can become very complicated due to the many dynamic systems connected to it
that can influence one another’s operations. This makes the analysis of the whole
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system very complex, however this analysis is mandatory in order to understand the
system.
Signals shown in Figure 3.8 have the following interpretations:
- r – reference or command input
- v – sensor output
- u – actuating signal, plant input
- d – external disturbance
- y – plant output and measured signal
- n – sensor noise

Figure 3.8: The most elementary feedback control with primary objects [30]

The Feedback controller operates on the principle of eliminating measured
errors by using computed (add, subtract…) inputs and controllers like P, I, D.

3.2.2 Feedforward control
There are some instances where a feed-forward loop is used as a pure control
loop and in this case, it is called the ballistic control. Feed-forward control typically
wraps around the feedback controller, but still operates independently. In a feedforward control, disturbances are measured and controlled based on mathematical or
logical models. It is important that models are built precisely, as there is no feedback
loop, which would compare the returned values with the reference values to ensure
correct operation of the control. Feedforward control is a non-reactive control
method compared to a feedback loop which is considered a reactive control method.
In the feedback control, all differences in the output of the system are controlled by
regulators (P, I, D etc.) where the forwarding control output of the system can change
without any control reaction.

Basic Control Theory

3.2.3
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System with Feedback and Feedforward controller

Thorough knowledge of the system is very important for control, meaning that
the better the control model is, the better control results can be expected. When the
system knows the payload changes, the information about it can be used in the feedforward control (the main part of the control), thus simplifying the system. Feedforward control defines small errors present in the feedback loop and uses a primary
calculation to eliminate the errors, making control much more comfortable and
precise. However, in order to use primary calculation effectively, it is important for
the system to be correctly described. Otherwise, the primary calculation does more
harm than good. Complex systems often require a lot of invested effort and research
in order to ensure that the primary calculations are correct and effective.

Figure 3.9: Feedback and Feedforward controller in the system

4 Modelling (simulation)
Before working in a real experimental environment (real application), it is
important to begin research by building simple models with simulation tools. The
presented simulation results are based on the simulation platform for power
electronic systems called Pexim (Plecs). The mentioned tool allows the user to make
models in a user-friendly way, making results precise enough for simple applications.

4.1 Modelling of the PFC rectifier
With appropriate simulation tools, a basic knowledge of the PFC boost
concentrated only on the steady-state performances can be comprehensively
extended. This can provide a thorough insight into the dynamic performances of the
converter which becomes crucial when a complexity of the converter upgrades e.g.
from PFC boost to Vienna rectifier.
4.1.1 Modelling of the inner control loop (current control)
The theory of a PFC boost, presented in Chapter Basic concept of a boost PFC
converter (PFC boost), is mandatory knowledge to understand the circuit and to
provide the foundation to conceive the control model.

Figure 4.1: Scheme for a PFC boost converter build in simulation
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The simulation model of the rectifier’s power stage (chapter Active
rectification: PFC boost and chapter Operation of a PFC boost) designed in the Plecs
simulation tool is shown in Fig. 4.1.
It is known that the current through the PFC boost flows in two different ways
depending on the switch state (open or closed).

Figure 4.2: Current flows through the PFC boost when the switch is closed (green flow) and open (red
flow)

The current paths shown in Figure 4.2 are presented for the positive sinusoidal
half-period. During the negative sinusoidal half-period, the flow paths remain the
same except that now diodes D4 and D5 conduct instead of D3 and D6.
The rectifier reaches its steady-state operation when the average value of the
inductor current does not change during consecutive switching periods (Ts).

Figure 4.3: Current waveforms for the PFC boost rectifier during a steady-state operation [35]

Accordingly, the increase of the current during State 1 (switch closed)
𝑉𝑖𝑛
∙𝑡
𝐿 𝑜𝑛
should be equal to the current decrease during the State 2 (switch open).
𝐼𝐿𝑜𝑛 =

𝐼𝐿𝑜𝑓𝑓 =

𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡
∙ 𝑡𝑜𝑓𝑓
𝐿

(4.1)

(4.2)
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However, during the transitions, e.g. when the load is suddenly changed, values
by (4.1) and (4.2) differ. That is why the current experiences an increase ΔI (Fig. 4.4)
which should be compensated for by the variation of the duty cycle (d) in the
consecutive switching periods.

Figure 4.4: Current change disproportion causes an increase of average current (red line) through the
inductor

In the following an averaged dynamic model is derived as follows. First, the
current increase ΔI is averaged over TS:
∆𝐼 𝑑𝑖̃
≈
𝑇𝑆 𝑑𝑡

𝑑=

𝑡𝑜𝑛
𝑡𝑜𝑛 + 𝑡𝑜𝑓𝑓

𝑇𝑠 = 𝑡𝑜𝑛 + 𝑡𝑜𝑓𝑓

(4.3)

Then by the insertion (4.1) and (4.2), the current increase can be specified as:
𝑉𝑖𝑛
𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡
∆𝐼 = 𝐼𝐿𝑜𝑛 + 𝐼𝐿𝑜𝑓𝑓 =
∙ 𝑡𝑜𝑛 +
∙ 𝑡𝑜𝑓𝑓=
𝐿
𝐿
𝑉𝑖𝑛
𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡
=
∙ 𝑑 ∙ 𝑇𝑠 +
∙ (1 − 𝑑) ∙ 𝑇𝑠 =
𝐿
𝐿
𝑉𝑖𝑛
𝑉𝑜𝑢𝑡
(𝑑 ∙ 𝑇𝑠 + (1 − 𝑑) ∙ 𝑇𝑠 ) −
=
∙ (1 − 𝑑) ∙ 𝑇𝑠 =
𝐿
𝐿
𝑉𝑖𝑛
𝑉𝑜𝑢𝑡
𝑉𝑜𝑢𝑡
=
∙ 𝑇𝑠 −
∙ 𝑇𝑠 +
𝑑 ∙ 𝑇𝑠 =
𝐿
𝐿
𝐿
𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡
𝑉𝑜𝑢𝑡
(4.4)
∙ 𝑇𝑠 +
𝑑 ∙ 𝑇𝑠 =
𝐿
𝐿
Current change over time describes the response of the system and is described
∆𝐼 =

as:

∆𝐼 𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡 𝑉𝑜𝑢𝑡
(4.5)
=
+
𝑑
𝑇𝑆
𝐿
𝐿
If is assumed that TS is small enough, then the discrete formulation in (4.5) can
be written down in differential form:
∆𝐼 𝒅𝒊̃ 𝑽𝒊𝒏 − 𝑽𝒐𝒖𝒕 𝑽𝒐𝒖𝒕
≈
=
+
𝒅
𝑇𝑆 𝒅𝒕
𝑳
𝑳

(4.6)
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Figure 4.5: Block diagram for current control

Equation 4.6 describes a relationship between the small change of averaged
current (ĩ = iact) and duty cycle variation. The graphical (time domain) representation
of the equation (4.6) can be easily recognized as part of the current feedback control
loop (Fig. 4.5).
In Fig. 4.5 a feed-forward path is also shown in order to diminish the effects of
the slowly changing variations of the input voltage on the system's performances. If a
feed-forward signal (Grey Square as shown in Fig. 4.5) is fed to the summation point
that succeeds the P-controller, the control scheme simplifies to the one shown below.

Figure 4.6: Optimized block diagram of current control

4.1.2

Simulation of a current control

The performance of current feedback is evaluated by using the simulation
circuit shown.

Figure 4.7: A simulation model of the rectifier with solely current feedback applied. Output voltage is
kept constant by inserting an ideal DC source – the smoothing capacitor is detached
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This model differs from the optimized model in Figure 4.6 in order to
emphasise how a real physical circuit is connected with a control part, which is
represented by the functional blocks. The rectifier behaviour is evaluated with an
assumed constant output voltage where instead of a capacitor, a regulated voltage
source (generator) with the possibility of variable values of (output) voltage and
current/load is used. The reference of the inductor current is of rectified sinusoidal
shape with a constant amplitude (seen as Constant Current Amplitude in Fig. 4.7).
The input voltage has a constant amplitude as well.
As a result, the input current has a sinusoidal shape (Fig. 4.8) and is in phase
with the input voltage. The input current waveform has a visible ripple which is
dependent on the switching frequency – the higher it is, the lower the ripple.

a)

b)
Figure 4.8: a) Obtained simulation results and b) zoomed part of the inductor current with visible
ripple

Figure 4.8 shows the actual results obtained from the first simulation run. This
success is more or less expected due to the simplifications that are mentioned above.
4.1.3 Setting the parameters for a current control
In a current control, there is only one parameter that needs to be set, i.e. Pcontroller gain (Kp). The optimal gain can be found by using many different
optimizing approaches or simply by performing some experimental tests. The most
known and used approach is to apply a step response of a selected variable.
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Figure 4.9 shows step responses for different gains (Kp) of the derived firstorder system (4.6) to the step-change of the reference signal (iref).

Figure 4.9: Response of the output signal for different Kp where the input signal is defined as a step
signal

4.1.4

Testing the current control for various values of currents and voltages
using Zero Order Hold (ZOH)

Using a Zero Order Hold (ZOH) block during the simulation of switching
converters is very useful because it eliminates the ripple from the simulation results,
as is seen in Fig. 4.10. A smoother waveform gives a clearer picture when comparing
the actual current with its reference one.

Figure 4.10: Example of using ZOH in simulation

To fully evaluate the performance of the applied control, it is necessary to
check during the simulation tests for all scenarios which could occur on a real circuit.
In our case, it is important to check if the current controller still works correctly in
case of a higher/lower output load. The same also applies to the change of the output
or input voltage, which could happen during rectification.
Test for variable input and output voltage:
The waveforms presented in Figure 4.11 and 4.12 show that the input current is
correctly controlled and keeps the same value and stays in-phase with the input
voltage for changeable input or output voltage values. This means that the current
control has the correct parameters and is designed correctly. 330 V was chosen as the
lowest output voltage, which is still bigger than the maximum grid voltage (325V).
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This is important because the PFC boost cannot operate with an output voltage that is
lower than the input voltage.

Figure 4.11: Simulation results of current control with a variable input voltage (blue – 150 V, purple –
200 V, red – 250 V, dark red – 300 V, brown – 350 V and green – 400 V max input voltage value)

Figure 4.12: Simulation results of current control with a variable output voltage (blue – 330 V, purple
– 380 V, red – 400 V, dark red – 450V, brown – 500 V, and green – 600 V)

Test for variable input current:
The current control test in this thesis was done by variable input current, where
the input and output voltage is constant. From Figure 4.13 it is possible to recognise
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that the control works correctly for any current value and that the current has a nice
sinusoidal shape phase with the input voltage.

Figure 4.13: Simulation of current control for different input current values (purple – 1 A, red – 5 A,
dark red – 10 A, brown – 15 A, and green – 20 A)

When the performance of the current control is completely verified, it is
important to apply the similar modelling approach to the voltage control which is
presented in the following chapter.
4.1.5

Modelling of the outer – voltage control loop using only the PI regulator

After the optimisation of an inner control, it is necessary to implement a
control for the outer loop. This will ensure a stable output voltage for the variable
load. At the beginning of the simulation, it was predicted that the voltage control
loop would work satisfactorily by using a basic PI control only, which later showed
to be the wrong prediction. To model the voltage control, the constant voltage source
that was used during the current loop simulations is replaced again with a smoothing
capacitor and a resistor in order to emulate load.
A block diagram of a voltage control is added to the previously presented
current control (Fig. 4.7), where the PI controller is used to hold an output DC
voltage constant. This is done by comparing a reference DC voltage to the measured
one. The result, voltage error (e), is then handled by the PI controller. The result of
the PI controller presents an amplitude of the reference current, which is multiplied
by the absolute value of the input sinusoidal voltage.
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Figure 4.14: Voltage control (blue square) using only the PI regulator

4.1.6 Simulation of voltage control
Before simulating the control of the voltage circuit, it is necessary to define a
proper load for the present system. For a real system of this research, the maximum
power of 5 kW is expected and the load in the simulation can be defined by a simple
calculation:
(4.7)
𝑈𝐷𝐶 2 4002 V
𝑹𝑳𝒐𝒂𝒅 =
=
= 𝟑𝟐 𝛀
𝑃
5 kW
A 32 Ω resistor is inserted in the simulation model to emulate the maximum
power of a real load.

Figure 4.15: Waveforms of the first simulation of voltage control using the PI regulator

Modelling of the PFC rectifier

39

In Figure 4.15 the results of the first simulation run with unoptimized
parameters of the PI controller are shown. Despite the fact the output voltage is
constant, and although the actual current perfectly follows the reference one, both
currents exhibit large distortion and thus are far from a sinusoidal shape.
Through the research, it was recognised and understood why distortion (nonsinusoidal current) occurs. In fact, the reason rests that the output voltage is not
perfectly constant, but it has an AC component (with 100 Hz) superimposed due to
the rectification (for details see Chapter Boost capacitor selection).
By merely using a P controller, the voltage control is wrong since it provides a
response that is too fast and too sensitive due to the superimposed 100 Hz component
of the output voltage. As a result, the output of the P controller has an amplified AC
component present as well – this means that the same issue applies to the amplitude
of the reference current. The results are seen as the incorrect amplitude of the
reference current and an improper shape of the controlled current as shown in Figure
4.19. This problem can be simply resolved by applying an integral controller.

Figure 4.16: PI regulator presented with logarithmic scale

Figure 4.16 addresses this issue when a PI controller with too high kp and ki
parameters is used. In this case, the AC (100 Hz) component could be amplified with
a too large gain (Fig. 4.16-c). To prevent this, it is important to use only I controller
with a small ki parameter and ensure a more appropriate and correct control. In case a
faster control response is required, the P controller can be added as well, however
with a very small gain (kp).
4.1.7

Issue of a running Integral in the voltage control

For the second step of modelling voltage control it is necessary to examine two
fundamental issues which could occur during the normal operation of the system:
- Immediate loss of a load, the power of the system goes from the max
value of 5 kW → 0 W (overvoltage on the output is expected)
- Immediate connection of a max load, the power of the system goes
from 0 W → 5 kW (over-current on the input is expected)
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The simulation results for solely using an Integral controller are shown for the
two scenarios.
Scenario 1 – Immediate loss of a load (max power goes to 0 W)
From Figure 4.17 it is seen that the voltage controller is not capable of keeping
the output voltage constant.

Figure 4.17: Waveforms using only the Integral regulator in case of an immediate loss of a load

Such a response is reasonable, as the PFC boost rectifier copes only with a
unidirectional power flow. This is why the energy held in the boost inductor can be
transferred only to the smoothing capacitor – and its voltage consequently could run
over the limit (over 1000 V) which would destroy the devices (capacitors) in a real
system. During this time interval, the output of I controller increases continuously.
Scenario 2 – Immediate connection of a max load (from 0 W to max power)
If the sudden increase of a load succeeds the scenario 1, the output voltage
might look as it is seen in Figure 4.18.

Figure 4.18: Waveforms of simulating an immediate connection of max load where the so-called
running integral is seen
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At the beginning of the simulation, scenario 1 occurs. As a result, the
smoothing capacitor charges to the voltage higher than the preferred one. Therefore,
from the beginning and up to 1.4 s, the integral´s value decreases. When at 1.4 s, a
maximum increase of load happens and the integral controller cannot react fast
enough due to a meagre value (-80). The effect is seen by a significant drop in the
output voltage and the prolonged reaction of the voltage control. The output voltage
is stabilised after 3 s which is too slow a response for proper operation.

Figure 4.19: Complete control of the PFC boost using the limitation of an integral controller in voltage
control

The issue of the running integral can be resolved efficiently by limiting the
integral output (Fig. 4.19, denoted with block “saturation”). The limitation of the
integral controller does not only solve the problem of slow response but also limits
the reference current as well as the actual one. This is the primary safety measure
used to ensure the protection of over-current values in the real system. In this case,
the maximum input current which is expected is set to:
𝑃
5 kW
(4.8)
=
= 21.74 A,
𝑤𝑖𝑡ℎ 𝑎 𝑝𝑒𝑎𝑘 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝟑𝟎. 𝟕𝟒 𝐀
𝑈𝐴𝐶 230 V
For the limitation of the integral controller, it is important to allow the systems
that use integral values for control to define the amplitude of reference current only
between 0 and IAC_max values. This ensures that the input current is within the correct
limits and provides a fast response.
Parameter ki of the integral controller has been defined experimentally, where
𝐼𝐴𝐶_𝑚𝑎𝑥 =

the fitting value is determined by the observation of the output voltage response. The
chosen parameter must ensure enough active control to prevent a delay in the control
(e.g. seen in Fig. 4.18). In a steady state operation (Fig. 4.20) a fitted system’s
waveforms are shown. The input current has no visible distortion, while the output
voltage has some small AC component (100 Hz) present.
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Figure 4.20: Simulation of the PFC boost waveforms of measured input current compared with a
reference current and measured output voltage compare to the reference output voltage.

4.1.8 Calculation of Total Harmonic Distortion (THD) presented in a
simulated input current in a PFC boost
In the introduction of the Chapter Rectification Topologies, the importance of a
low THDi of the rectifier’s input current as defined by (2.3) was mentioned.

Figure 4.21: Measuring blocks for THD calculation

A THDi of the measured signal can be calculated by the THDi block found in
the simulation tool. Before use, the user should enter the fundamental frequency of
the measured signal (e.g. 50 Hz) and the number of higher harmonic components to
be taken into consideration (e.g. 100). Measuring the THDi value in a PFC boost is
very important because it gives information about a control’s success. The THDi can
vary depending on the load level, at a small power the THDi is higher than at the high
power level (usually measured at 20 % of the maximum load). At a smaller power
load, the fundamental component of the input current is low, that is why higher
harmonics become superior, i.e. with a higher percentage value.
𝑹𝑳𝒐𝒂𝒅𝒂𝒕 𝟐𝟎% =

𝑈𝐷𝐶
𝐼𝐷𝐶_20%

=

400 V
= 𝟏𝟔𝟎 𝛀
12.5 A ∙ 0.2

(4.9)
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Figure 4.22 shows the calculated THDi prior, during and after a load stepchange is applied. It occurs at 1 s with an amplitude of 20 % of the max load. When
the system becomes completely stable (after 2.5 s), the THDi is lower than 2 %.

Figure 4.22: The calculated THDi value of a simulated input current of the PFC boost

During the simulation, the THDi for a maximum power load was also
measured, where the THDi was less than 1 %. Both results are below the limits (5 %,
Chapter What does the relevant standard impose?) demanded by the standards.

4.2 Modelling the PLL
The Phase Locked loop (PLL) was already theoretically presented and
explained in Chapter Phase Locked Loop (PLL). Knowing the basic theory of the
PLL and using literature such as [28, 29] can help make the building of a simulation
model for PLL easy.

Figure 4.23: Complete PLL model sorted with subsystems

The PLL model shown in Figure 4.23 can be used in the PFC boost as well as
in a Vienna rectifier to synchronise its operation with a grid voltage.
Adaptive filter – The primary goal of an adaptive filter (AF) is to define the
so-called alpha and beta components, where the alpha component is “filtered” input
voltage, and the beta is the orthogonal (90° shifted filtered) input voltage.
The AF waveforms from the beginning of the simulation are presented in
Figure 4.25.
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At the start of the simulation, a delay is always present to allow for the
stabilisation of the control (and filtering) and the starting calculations. After these
tasks have been performed, the delay disappears (as seen in Fig. 4.25)

Figure 4.24: Adaptive Filter

Figure 4.25: Waveforms of the Adaptive Filter

Phase Detector (Park Transformation) – The model of a Phase Detector
(PD) is based on the Park transform matrix (3.5) which is used to convert alpha and
beta components to dq components. The direct (d) component in PLL presents an
amplitude value of the input voltage where the quadrature component gives an error
of the PLL system, which should be kept at 0 or at least as small as possible. The low
value of the quadrature (q) component and the large d value (e.g. expected amplitude
of 325 V at 230 Vrms) are indicators of a stable PLL system. In the Park
transformation, a phase angle is used which is obtained from the VCO block of the
PLL system.

Figure 4.26: Park Transformation in modeling
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Loop filter (LP) – Locking error Vq is the input signal to the LP circuit, which
is nothing but a primary PI controller and is used in the PLL model to keep the
locking error at a steady value (around zero). The right parameters of the PI
controller can be found using the experimental method.

Figure 4.27: Loop Filter

A voltage-controlled oscillator (VCO) – A VCO block provides a phase
angle, which is essential information for a PFC boost or a Vienna rectifier control.
Information about a phase angle and having the possibility to change it can be
beneficial. Complete control of the input current yields good rectification results
where a good power factor and low THDi values are ensured. This provides complete
control of the input current, where the changing phase angle (phase shifting) can
improve the power factor and the THDi value.
Calculation of the phase angle is done by simply knowing the natural rotational
frequency (ωn), which is provided from the loop filter and added to or subtracted
from the reference grid (50 Hz) frequency. The equation for the phase angle of the
input voltage and the simulation block can be shown as follows:
𝜔=

𝑑𝜃
→ 𝜽 = ∫ 𝝎 ∙ 𝒅𝒕
𝑑𝑡

(4.10)

Figure 4.28: Voltage-Controlled Oscillator

4.3 From a PFC boost to the Vienna rectifier
The Vienna rectifier (state of the art) topology was developed from the primary
PFC boost, making it a more progressive circuit and control that provides better
conditions for rectification. Understanding the principles of the PFC circuit operation
and its control is the primary requirement for developing a simulation model of the
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Vienna rectifier. This is why it was important to build a control model of a PFC
boost first (as explained in the previous chapters), although the model itself was
never used in the real experimental tests made during the project. Building a PFC
boost model provides a better understanding and allows for upgrading the simulation
model from a basic PFC boost to a Vienna rectifier with a better performance.
Research has shown that this was a correct and recommended approach, especially
for young engineers with less experience in this field.
4.3.1 Model of a single-phase Vienna rectifier
In this chapter, the essential subject of setting a simulation model for the
Vienna rectifier circuit is described and the basic principles of its operation are
shown. This gives an easier control implementation of application (Vienna rectifier)
in a real system.

Figure 4.29: Circuit for a single-phase Vienna rectifier explained with »positive« and »negative« PFC
boost

The operation of the Vienna rectifier can be described in a straightforward
manner if the topology is fragmented into two equivalent circuits.
Equivalent circuit for positive half-period (Positive part) – The so-called
“positive” PFC boost is nothing more than the primary circuit of a PFC boost which
operates on the same principle during the positive half-period of the sinusoidal input
voltage (see Fig. 4.30) and has been thoroughly explained throughout this thesis
(Chapters Basic concept of a boost PFC converter (PFC boost), Modelling of the
PFC rectifier and Modelling the PLL).

Figure 4.30: “Positive” PFC boost
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In the positive half-period (red scheme in Fig. 4.30), the circuit operates as a
separated PFC boost circuit, where a switch in the second circuit (green scheme at
Fig. 4.31) needs to be ON. During this interval the upper smoothing capacitor
charges in a controlled manner which is accomplished by the control of the duty
cycle. Both the voltage across the smoothing capacitor and the input (inductor)
current are under control as already described in Chapter Modelling of the PFC
rectifier.
Equivalent circuit for negative half-period (Negative part) – The denotation
“negative” PFC boost is only used in this master thesis to provide an easier
understanding of a Vienna rectifier circuit and is typically never used as a selfoperating circuit in practice (only as a Vienna rectifier combined with a “positive”
PFC boost). In principle, the “negative” circuit operates entirely in the same way as
the primary PFC boost with the only difference being an opposite connotation (+ sign
changes to – sign) in the equation (4.6) which was derived and explained in Chapter
Modelling of the inner control loop (current control).

Figure 4.31: “Negative” PFC boost

In the negative half-period, the control is based on the same principle used in
the positive half-period, except that the green component presented in Figure 4.31 is
the conduct. During this interval, it is important to ensure that the switch in a positive
circuit (red) is ON. During this interval the bottom smoothing capacitor charges in a
controlled manner which is accomplished by the control of the duty cycle.
Accordingly, the voltage across the bottom smoothing capacitor and the input
(inductor) current are under control as already described in Chapter Modelling of the
PFC rectifier.
As a consequence, the control of the Vienna rectifier can be viewed as a
combined control of two separate sub-units depending on the period (positive or
negative) of the input voltage. This secures safe control and prevents a short circuit
in the event that both switches are closed.
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The control of the Vienna rectifier consists of three general subsystems:
- Recalculation block,
- PLL block,
- Control of the Vienna rectifier.

Figure 4.32: Simulation model of a single-phase Vienna rectifier with the main subsystem blocks of
the control

A simulation model for the Vienna rectifier control block can be easily
designed by assuming what is already known from a PFC boost model. With the
consideration that the Vienna rectifier is composed of two PFC boost (“positive” and
“negative”) converters, the same control circuitry with some modifications can be
accepted for both sub-circuits of a Vienna rectifier.

Figure 4.33: Simulation model of control for the single-phase Vienna Rectifier

An upgraded control model of the Vienna rectifier with separated paths in
some part of the scheme is seen in Fig. 4.33.

4.4 From continues time domain (Simulation) to discrete time
domain (Microcontroller)
When control is well understood and evaluated in a simulation environment, it
is of mutual interest to test the simulation model in a real application and compare
the results between them. Generally, the power switches are controlled by a
microcontroller (more precisely by gate drivers), which is programmed with one of
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the commonly used programming languages (such as C). During the thesis research
and modelling of the simulation, an approach using a block called C-script was used,
making it easier to transfer the simulation model to the real system. The C-script
block allows engineers to simulate under conditions based on the programming
language instead of the simulation blocks. This provides the same results as a
continuous time domain. The discrete-time domain (programming in C-code) in
simulation allows for the possibility to convert a continuous time domain (“physical”
blocks) into a discrete time domain (programming) already in the simulation
environment. This enables the trial of every single line of code and gives the
possibility of optimising the discrete control without any damage to a real
application.
In general, the control is transferred from a simulation environment into the
real application (microcontroller) by the following two steps.
Step 1: From continues to discrete time domain in the Simulation tool
With step 1, it is suggested to make the conversion from a continuous time
domain (“physical” blocks) into a discrete time domain (programming) step by step,
converting every subsystem separately until the complete control of the system is
written with a programming code. Sometimes it is required to use some basic
knowledge of discrete theory for control here. This knowledge includes mathematical
methods such as Z-transform or Laplace transform for transferring from the
continuous to the discrete domain. The single-phase Vienna rectifier uses relatively
simple blocks (e.g. PI controller) in the control, for which the discrete models
(equations) are already known. This makes transformation in the simulation tool
from continuous time to discrete time (C-code) simple.

Figure 4.34: Transformation from continues blocks to programming c-code using simulation block
called C-script

Step 2: From simulation tool to microcontroller (XMC 4400)
When the control for Vienna rectifier is completed and optimised in the
simulation using a C-script, transformation to the real application is straightforward
and easily done. The code can be approximately copied from the simulation to the
industrial microcontroller by complying with the guidelines of every microcontroller
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independently. Such an approach allows for simulation changes before the system
transforms into the real application and can shorten the time needed for the
transformation itself.

Figure 4.35: Transferring C-code in the simulation tool to a microcontroller (during research XMC
4400 was used)

5 Design of measurement boards
Measurement boards are essential equipment that is required to be designed in
the direction of performing tests on a real application. Within the Vienna rectifier
power board which is shown in Figure 6.3 many values should be measured either to
be used for control or for protection purposes. These measurements are concentrated
on the measurement board – a set of PCB boards (Fig. 5.1) which contain
components such as transducers (voltage, current), relays (safety, charge, and
discharge), a microcontroller (XMC 4400), EMI filter, etc.

Figure 5.1: A simple measuring scheme of primary measuring devices which are implemented in
measuring boards

5.1 Current and voltage transducer
The essential part of the design process is choosing an appropriate current and
voltage transducer, this is vital for the accurate and dynamic control of the Vienna
rectifier. As an optimal choice, the voltage (LV 25-P) and current transducer (LA 50P) were selected, both from LEM and both capable of measuring AC or DC values.
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Figure 5.2: Schematic of a current (left) and voltage (right) sensor [51, 52]

The output current (in the range of mA), that is proportional to the measured
value, can be sensed as a voltage drop across the measuring resistor (Rm). As a result,
with a proper resistor, the voltage drop can be easily adjusted to the voltage range of
the Analogue to Digital converter (ADC) that is a part of the applied microcontroller.
The ADC converts analogue signals into discrete ones (digital information) which
are then used within the control algorithm of the rectifier.
Resistors (R1 and Rm) in both implementations (Fig. 5.2) could be of low
precision. The measuring resistance Rm is chosen by the assumption of 1.5 larger
values of the predicted nominal current or voltage values. For example, if the
predicted output maximal voltage is 400V, the transducer should be capable of
measuring voltages up to 600 V. A suitable shunt resistor in the circuit ensures for
optimal resolution of the acquired signal. The resistor’s design process is commonly
defined in the data-sheets of the treated sensor. Usually, calculations require only a
basic knowledge of electrical engineering like Ohm's and Joule's laws. The
understanding of the whole process is very important, that is why it is essential to
look at the example of measuring an AC input voltage with the following
specifications:
- The nominal value of input voltage is +325 V or –325 V,
- The maximum resolution of 1.5 larger values: +500 V or –500 V,
- Voltage drop fed to the ADC should be within –5 V and +5 V.
Most of the ADC of a microcontroller has the possibility of gathering analogue
values in the range between 0 V and 5V or sometimes in the range of 0 V to 3.3 V.
The XMC 4400 which was used during the research has an ADC which can handle
input voltage in the range between 0 V and 5 V. As a result, an additional circuit was
required that could convert the voltage from one range (–5 V up to 5 V) into another
(0 V up to 5 V). This issue was resolved with a differential amplifier placed between
the transducers and microcontroller.

Current and voltage transducer
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The Differential Amplifier circuit for AC measurement

The differential amplifier is one the most commonly used circuits in analogue
electronics.

Figure 5.3: Circuit of a differential amplifier [37]

The topology of a circuit with operational amplifiers is often called the voltage
subtractor because it amplifies the voltage difference (V1 and V2) that is present
between inputs.
𝑹𝟑
(5.1)
𝑽𝒐𝒖𝒕 =
∙ (𝑽𝟐 − 𝑽𝟏 )
𝑹𝟏
The (5.1) with the assumption of R1 = R2 and R3 = R4 [37]. To achieve the
preferred voltage range conversion – from (5 V up to –5 V) into (0 V up to 5 V), it is
important to find out the resistor ratio and reference voltage. This information should
be applied to the input index 2 since the differential amplifier is specified as the
inverted one.
Rewriting the (5.1) for both known values at the input (V1) and for the
preferred output ones, we get:
𝑹𝟑
𝑉𝑜𝑢𝑡
5V
𝟏
=
=
=
𝑹𝟏 (𝑉1(in) − 𝑉2(const) ) (−5 V − 5 V) 𝟐

(5.2)

The behaviour of the differential amplifier for a calculated resistance ratio and
reference voltage was verified by simulation.
The waveforms presented in Figure 5.4 show that the differential amplifier
competently solves the issue of different voltage ranges. The inverted signal could be
resolved on many options like using a new inverted op-amp circuit, but this would
make the design more complicated and increase the costs. Regarding the presented
research, the polarity of the signal was changed in a straightforward way inside of
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microcontroller. In the case of a 10 bit ADC where the result is given between –1024
and 1023 values, the result can multiply with an opposite connotation (–1). The
presented results of ADC in a microcontroller are then given as proper values of an
amplified signal. The input voltage at a value of 2.5 V is presented in the discrete
time domain as a 0 binary value.

Figure 5.4: Waveforms for input voltage (V1 - red waveform), constant input voltage (V2 - blue
waveform) and output voltage (Vout - green waveform) of a simulated differential amplifier

5.2 Charge and discharge resistors
The measurement board is also equipped with two power resistors (also shown
in Fig. 5.1), which allows for the soft charge and discharge of the smoothing
capacitors on the DC side (DC link) of the Vienna rectifier. Choosing the correct
power resistors is important to ensure that the start and stop (normal or emergency)
procedures remain soft and safe.
5.2.1 Selecting the correct charge resistor for a starting operation (charging a
DC link)
The resistor for charging a DC link is connected in series with the inductor of
the Vienna rectifier (Fig. 5.1). Its purpose is to charge smoothing capacitors slowly
thus preventing the occurrence of the surge currents, which could destroy the devices
(capacitors, semiconductors, etc.) in a system. The resistor also increases the
charging time of the capacitors. During this interval, the resistor is subjected to
energy flow and consequently to power loss. The energy loss to which the resistor is
exposed was defined using a simplified circuit model with the following parameters:
R1 = 200 Ω, C1,2 = 1500 μF and maximum voltage drop on resistor VR,AC = 325 V
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Figure 5.5: Simulation model for defining the charging resistor

Figure 5.6 shows the energy flow during the charging of an output capacitor –
the resistor absorbs around 125 J. This result gives the designer the possibility to
calculate which charging resistor is suitable for implementation. That is why the
selected resistor should be verified to ensure it can handle the energy flow and as a
consequence of it, a temperature increase.

Figure 5.6: The instantaneous value of energy converted into heat inside a charging resistor

The equation (based on the specific heat capacity equation) for a temperature
increase of the resistor during charging time is defined as:
∆𝑇 =

𝐸
𝐸
=
𝑚∙𝑐 𝑉∙𝜌∙𝑐

(5.3)

Where is E - energy, V - volume, ρ – volumetric mass density, c - specific heat
capacity.

Figure 5.7: Example of dimensions of a power resistor from the datasheet [38]
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Based on the literature and the review of different data-sheets, a ceramic
resistor with the max power of 10 W, max temperature of 200°C and dimensions
presented in Figure 5.7 (a resistor with part number PNP10W) was selected.
From the known energy flow through a power resistor (125 J) with volume
(1244 mm3, calculated from datasheet) and with a known constant value of ρ = 280
kg/m3, c = 980 J/kgK for ceramic materials [39], a temperature rise can be calculated
(after fully charged dc link):
125 J
(5.4)
= 𝟑𝟓𝟐 𝐊
3
1244
∙ 280 kg/m ∙ 980 J/kgK
From equation 5.4, it is observed that the temperature rise on the resistor after
charging capacitors would be 352 K. This is not a final temperature but the
temperature difference. If the ambient temperature is assumed as 25°C, the final
temperature of such a resistor would rise to approximately 380°C. This is well above
the allowed temperature (200°C), meaning that the selected resistor does not satisfy
the required conditions. The solution might be to find a bigger resistor or to put more
of them in parallel.
In the case of the presented thesis research, it was decided to use x resistors of
the selected type in a parallel connection in order to ensure and prevent the overtemperature of the individual resistor.
∆𝑇 =

mm3

∆𝑇 =

𝐸
𝐸
→ 𝒙=
(𝑥 ∙ 𝑉) ∙ 𝜌 ∙ 𝐶
∆𝑇 ∙ 𝑉 ∙ 𝜌 ∙ 𝐶

(5.5)

two resistors should be used in parallel.
𝒙=

125 J
≈𝟐
(200°C − 25°C) ∙ 1244 mm3 ∙ 280 kg/m3 ∙ 980 J/kgK

(5.6)

Their total resistance has also been determined, as it defines the max inrush
current during the charging time interval. The same simulation model (Fig. 5.5) was
used, where a set of simulation runs was launched for the different resistances of a
charging resistor.
The results in Fig. 5.8 demonstrate a well-known fact – the higher the
resistance is, the lower inrush current and the longer charging time appears.

Charge and discharge resistors
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Figure 5.8: Power flow through the charging resistor during DC-link charging

At the end of this design procedure, the resistor with a nominal resistance of
200 Ω that is loaded with a peak power of 1000 W at the beginning of a charging
interval (green waveform Fig. 5.8) was selected. The charging time (from 0 % up to
90 % of the final capacitor voltage) is lower than 3 s which is acceptable for the
application.
5.2.2

Selecting the proper discharge resistor for (emergency) turn off
operation (discharging a DC link)

The measuring board also includes a discharge resistor which is connected in
parallel with the smoothing capacitors whenever the rectification conversion
terminates, i.e. when emergency turn off occurs. This precaution is mostly due to
safety reasons, as large capacitors could stay charged for a long time (a few minutes)
and touching the power board even when the input voltage is no longer connected
could be life-threatening.
Defining the correct resistors for this mode is made on the same principle as
was described in the previous Chapter Selecting the correct charge resistor for a
starting operation (charging a DC link).
The energy loss to which the resistor is exposed was defined using a simplified
circuit model with parameters: R1 = 200 Ω, C1,2 = 1500 μF and maximum voltage
drop on resistor VR,DC = 800 V (boost voltage).

Figure 5.9: a) Simulation model for defining the discharge resistor and b) energy converted into
heat inside a discharge resistor
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From calculation (5.7), it is seen when capacitors are discharging more energy
flow through the circuit and it is required to use at least 4 of the chosen resistors
connected in parallel to ensure a safe discharge.
𝒙=

240 J
≈ 𝟒
(200°C − 25°C) ∙ 1244 mm3 ∙ 980 J/kgK ∙ 280 kg/m3

(5.7)

5.3 Design of a single-phase AC measurement board
The layout and the 3D view of the AC measurement board are seen in Fig.5.11.

Figure 5.10: The layout and 3D view of single-phase AC measurement board

It includes AC transducers for measuring all the alternating quantities needed
by the control algorithm. In addition, adapting circuits (explained in detail in Chapter
Current and voltage transducer) which are required to filter and to adjust the
transducers’ output voltages to a voltage an ADC in microcontroller can cope with.

5.4 Design of a DC measurement board
A DC measurement board is designed to measure DC voltages – with the same
voltage, current transducers and adapting circuits. Altogether two voltage transducers
are used to capture voltage of both of the smoothing capacitors.

Design of an optional three-phase AC measurement board
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Figure 5.11: The layout and 3D view of the DC measurement board

5.5 Design of an optional three-phase AC measurement board
During the study, an optional three-phase AC board was also designed. The
decision to create a three-phase measurement board was done to assist in the
measuring of the three-phase Vienna rectifier that has been planned to be built in
future.

Figure 5.12: The layout and 3D view of a three-phase AC measurement board
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5.6 Motherboard for measurement boards
The so-called motherboard holds and connects all of the measurement boards
and the Vienna rectifier power board together. Having separate boards makes it
possible to conduct tests with different conditions such as measuring single or threephase systems, including the EMI filter into a system or measuring without it. A
separated design with the board to board connection also has the advantage of
making it easier to eliminate non-predictable mistakes with a first generation
(prototype) version.

Figure 5.13: Design of a mother board with included with a 3D view of the measurement boards and
EMI filter

Altium Designer tool was used for the design of the measuring boards. The
selected tool provides an engineer-friendly and straightforward experience to design
PCB boards.

Figure 5.14: Assembled measurement boards as a part of the control requirements for testing the
Vienna rectifier

6 Tests and Results
The experimental results are presented and discussed in the following chapter.
The Chapter Putting the Vienna rectifier into a test operation shows how the
parametrization of the system is done, whereas Chapter Efficiency tests with various
semiconductor technologies shows the running system in order to compare the
performance of various semiconductor devices.
The test system is setup as Figure 6.1 illustrates. The Vienna rectifier
functionality is provided by the power (the power board shown in Fig. 6.3) and the
optimal control of the system (using the new platform shown in Fig. 5.15). Input
voltage (power) is provided with an AC source or a direct connection to the grid
voltage, whereas the output is terminated with an electronic load.
During the test operation, the power meter (E.g. Yokogawa) is used to measure
input and output power, as well as the current and voltage quality (THD), and an
infrared (IR) camera is used to measure the semiconductor temperatures.

Figure 6.1: Measurement setup
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6.1 Putting the Vienna rectifier into a test operation
The very typical three-level topology used for the inverter is called T-type
topology, which is very similar to the (T-type) Vienna rectifier and allows for the
possibility to use the same power board for making tests as an inverter (T-type) or as
a rectifier (Vienna). This can make tests easier and cheaper, as there is no need to
design two different boards for these topologies. In this thesis, an already created TType power board, which was previously used for inverter tests, was used.

Figure 6.2: (a) Single-phase three-level T-type Inverter and (b) Single phase three-level (T-type)
Vienna Rectifier

Complete understanding of the entire system and the use of the new platform
are mandatory for doing a test on a real system. This is important because the real
system works with high voltages and uses large capacitors which could explode in
the case of wrong operation. Due to that possibility, attention to detail and a smooth
beginning are necessary when putting the system into operation. Before the
conversion from AC to DC starts, the following critical points, which could happen
during a test operation, should be considered:
Over-current – is recognised as a peak current which has a bigger value than
the components in the system can endure. Over-current is expected at the starting
point of rectification, because of a big load or the immediate connection of a max
load to the system (load goes from zero to max value, explained in Chapter Issue of a
running Integral in the voltage control).
Over-voltage – is expected only on a DC voltage which potentially rises
(boosts) over the allowed limits, which can destroy devices in the circuit, especially
with a significant stress on the output capacitors. Over-voltage occurs due to an
immediate disconnection of the load (load goes from max to zero, described in
Chapter Issue of a running Integral in the voltage control) or in the case of a
slow/poor control of the output voltage.
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Over-temperature on semiconductors – is usually seen and measured with a
thermal camera which is connected (via LAN) to the computer and the over
temperature limits for the devices under observation are set. Over-temperature is
controlled with a soft turn-off of the system (over 110°C) and the immediate break of
conversion at higher temperatures (over 130°C). These temperatures are still much
lower than those that the devices can handle without any significant problems
(devices can handle temperatures of up to 170°C).
For the security of the system, a safety algorithm was implemented into a
microprocessor to ensure for immediate turn-off in the case of overvalue. This is
done via a safety relay (for details see Fig. 5.1 – grid connection) which disconnects
the system from the grid. At the same time, it is important to set a discharge circuit
which discharges the DC-link and ensures a zero potential environment.
To ensure human safety and the prevention of ruining devices, a variable AC
source with the possibility of current and voltage limitation was used as a safe startup of the rectification. The power board with a Vienna rectifier topology was
connected to the grid voltage and tested under real conditions by changing the
variable load using internal software for communication between measurement
devices.
In Figure 6.3 (right) the power board of a single-phase Vienna rectifier is
presented in order to provide lab tests of semiconductors. This single-phase power
board of the Vienna rectifier is in comparison to the optimised three-phase system
(left) which is much larger.

Figure 6.3: Optimised three-phase Vienna rectifier board (12 kW) (left) and single-phase power board
of the Vienna rectifier (6 kW) (right) was used for the lab tests of semiconductors

6.1.1

Test as a Passive Rectification (Vienna Rectifier without switches)

A significant test at the beginning is to operate only with diodes in the system
and to test the Vienna topology as a diode rectification. This gives the engineer the
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first feeling of a real rectification and ensures that the power semiconductors and
passives are connected correctly.
In Figure 6.4, the waveforms of the Vienna rectifier using only diodes for
rectification are shown, this is when switches are not in operation (open switches).
During this test, the Vienna rectifier basically operates as a diode rectifier.
Through the presented work it was mentioned many times that the primary
reason for using the Vienna rectifier for conversion from AC to DC is the low
harmonic content of the input current. From Figure 6.4, it is clearly seen that
distortion is much higher than standards require (THDi < 5 %) in this kind of
operation. Due to the high distortion in such an operation, it is important to use the
proper control for rectification and ensure a low harmonic content.

Figure 6.4: Waveforms of the Vienna rectifier operating as a diode rectifier (switches are open).
Yellow – input AC voltage, green - input AC current, light blue - output DC voltage and purple output DC current.

6.1.2 Choosing correct parameters for an optimal operation
After the measurement boards have been optimised and the algorithm code
written for the three most important loops referred to as the inner, outer and PLL
loop, it is important to set optimal parameters for the control. In this research eight
main parameters exist, which need to be configured to achieve optimal conversion.
The main parameters of the Vienna control are:
- Proportional, integral and phase detector parameters for PLL control
(Kp_PLL, Ki_PLL, Kf_PLL),
-

Proportional and integral parameters for current control (Kp_I, Ki_I),
Proportional and integral parameters for voltage control (Kp_V, Ki_V),
The phase shift of input AC current (ϕ1).

All of the parameters were set empirically based on measurements with the
starting values obtained from simulation tests.
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Parameters for the PLL control were set separately, by only measuring the
input voltage and comparing it with the PLL results. The parameters were already set
in the simulation tool and in this project. During testing, it was discovered that the
simulation results were very similar to the real ones. Therefore in the real system, the
PLL parameters used in the simulation can be used. The similarity between the
simulation and the real system was not only seen for the PLL but for the whole
system.
Parameters for the current control of the system are Kp_I, Ki_I and ϕ1, which
are important to achieve good rectification results and a low THDi value. For that
reason, choosing the optimal values for the current control is mandatory.
Selecting the finest values was done on the basis of simulation results, which
were optimised through experimental tests. To be precise, during the operation of the
Vienna rectifier, the THDi was measured using a power meter (Yokogawa)
measurement tool and by changing the mentioned parameters to the best value for the
lowest THDi that was found which is considered an important result of the
conversion. Here it is important to mention that the parameters were optimized for
low power. THDi was measured at a power around 3 kW, where the harmonic
content is higher than at a larger power (E.g. 6 kW, 20 kW). For high power, it is
expected to get better results since the first harmonic (main wave) is getting bigger
and becoming increasingly more dominant.

Figure 6.5: Input waveforms of the Vienna rectifier at optimal parameters (left) and measured THDi as
0.79 % at 2.9 kW using the Yokogawa instrument (right)

With the same parameters at the lower power of 300 W, the THDi is still
optimal and has a value of 3.78 %, which is still lower than the standards require.
This means that for a power range of 5 kW, the THDi values are lower than 0.7 % as
in the example in Figure 6.5. The test was conducted at a switching frequency of 30
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kHz, where the control parameters have similar values for higher and lower
switching frequencies.
Parameters for the voltage control were initially used in the same way as in
the simulation and were then optimised by experimental tests. The voltage control
response, i.e. observing the output voltage, was tested by turning the high load off
and on. The purpose of the test was to determine how fast the DC voltage needs to be
in order to be stable and whether it includes some oscillations.

Figure 6.6: Waveforms of output voltages (voltage on upper and lower capacitor of the Vienna
rectifier) shown at different loads and control statuses

In Figure 6.6, the four main stages of output voltages on the upper and lower
capacitors of a single-phase Vienna rectifier circuit are shown:
At stage 1, a pre-charging of output capacitors is seen. It is required in order to
avoid high inrush currents (happens with an empty DC link).
At stage 2, semiconductors are switching periodically and the output voltage is
boosted up to the maximum allowed value. For this research, it was 30 V more than
the reference voltage for one side of the capacitors (350 V), meaning that in total, the
reference voltage of 700 V is set to boost up to a maximum of 760 V.
At stage 3, the variable load is active (at stage 1 and 2 the load is not present)
and the voltage control reacts to load changes. From Figure 6.6 it is possible to
recognise that the response to a different load value is recognised as optimal. This
means that the parameters were set correctly. If a too fast control (response) occurs,
it can result in unstable behaviour and for the voltage to begin to oscillate. An
excessively slow control can be problematic in a situation where the load suddenly
goes from full load to zero, which could result in a voltage increase (over limits).
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At stage 4, the immediate turn off is visible in the event of some failure being
detected. The reaction is very fast and it is visible that the capacitors are discharged
very quickly, ensuring a safe environment around the power board.

6.2 Efficiency tests with various semiconductor technologies
The following section assesses the value of different semiconductor
technologies in the Vienna rectifier (topology described in Chapter Multilevel
Converters: Vienna Rectifier). Furthermore, a comparison with a bidirectional twolevel solution based on SiC MOSFETs is provided.
6.2.1

State of the art solution for the Vienna rectifier

Nowadays, power applications (like power supplies, UPS, EVCS) often use
only silicon material in the Vienna rectifier as a basic technology for semiconductors
(diodes and switches). This ensures a relatively inexpensive solution compared to the
more advanced technologies and materials for power semiconductors. As a state of
the art solution, this thesis shows a reference system of the Vienna rectifier using
Trench-Field Stop IGBT (T-IGBT) in a combination with a PN Silicon diode.
For the efficiency results shown in Figure 6.7, the power system of 5 kW was
used. The IGBT and diode are selected using the following criteria:
- T-IGBT with a break down voltage (VCE) of 650 V and a maximum
-

current (Ic) of 50 A,
T-IGBT is considered as a fast technology,
Diode with reverse Voltage (VR) of 1200V and maximum current (Io)
of 30 A,
Diode is chosen based on the low switching losses with low reverse
recovery charge (Qrr) in this case with 1800 nC.

Figure 6.7: Efficiency results for a state of the art solution using T-IGBT and Si diode at a switching
frequency of 24 kHz (Left) and a temperature graph of semiconductor devices (right)
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Figure 6.7 presents the results of the measurements in the Vienna rectifier as a
state of the art solution (T-IGBT and Silicon diode) that serves as a reference for
other technologies.
6.2.2 Efficiency improvement with a SiC Schottky Barrier Diode
The Silicon Carbide (SiC) Schottky Barrier diode is more efficient in
comparison to the standard Silicon PN diode because it has no real reverse recovery
charge (Qrr). Improvement is seen by reducing the diode turn-off loss as well as
dramatically lowering the turn-on loss of the T-IGBT. Article [53] thoroughly
explains the advantages of the SiC Schottky Barrier diodes over PN diodes.
Lower switching losses give two main possibilities for improvement:
1. Keeping the same frequency and improving the efficiency of the system.
This provides for the possibility of running a system with higher output
power (see temperature curve at Fig. 6.8)
2. The increase of frequency and keeping the same efficiency of the system.
This allows for the possibility to reduce the magnetics (smaller inductor),
size of the application and cost reduction.

Figure 6.8: Efficiency results using a more advanced SiC Schottky Barrier diode at a switching
frequency of 24 kHz and a temperature graph of semiconductor devices (right)

Option 1 – Improvement of efficiency and increase of maximum power
The purple diagram (at 24 kHz) of efficiency in Figure 6.8 (Left) shows
improvement in terms of efficiency by changing a basic PN diode with a more
advanced one called a SiC Schottky Barrier diode in the Vienna rectifier circuit.
From Figure 6.8 (right) it is possible to recognise that devices using a Si diode
reach much higher temperatures than those using a SiC diode. For example, at a
temperature of 100°C the circuit can operate with a power of around 4.5 kW. Using
the same conditions with a more advanced diode (SiC), the circuit can operate at a
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power higher than 5 kW. This results in around 10-20 % higher power from the same
application. Using a SiC diode in the circuit allows semiconductors to operate at a
lower temperature. This means that it is possible to run the appliance at a higher
power or run the appliance at a lower temperature by only changing a few
semiconductors. The lower temperature of the devices also requires a smaller
(cheaper) cooling system.
Option 2 – Using smaller boost inductors with increased switching frequency
Operating the Vienna rectifier at 48 kHz (green graph at Fig. 6.8 (left)) does
not make the application more efficient but can reduce the size of the boost inductors
and may reduce the size of the EMI filter (because of the SiC diode) as well. This
means that operating at a higher switching frequency can decrease the total size of
the whole application. The explanation for reducing the boost inductor by increasing
the switching frequency was given in detail in Chapter Boost Inductor selection
(Steinmetz's equation).
For a better understanding of the mentioned benefits of using a more advanced
SiC diode in rectifiers, take, for example, an electric vehicle charging station.
Charging stations usually consist of multiple power modules which are connected
together in parallel. One charging module generally gives the power of around 10
kW, which means that a fast charging station of 100 kW consists of around 10
modules. In these applications, changing basic silicon diodes with the more
progressive (SiC) ones can provide the application many benefits such as:
- Increasing charging power (for 10-20 %) with the same size of
application (because of higher efficiency),
- Increasing switching frequency and making the charging station
smaller at the same efficiency.
Here it is important to mention that increasing switching frequency (decreasing
application size) or using the same switching frequency (increasing power) often
results in a combination of both. The decision to use the application at a higher
frequency or maintain it at the same frequency depends on several factors such as the
price of materials. Manufacturers always try to find the best trade-off between cost
and performance.
6.2.3

Efficiency improvement with a Superjunction MOSFET

A similar comparison to the one done in the previous chapter (Efficiency
improvement with a SiC Schottky Barrier Diode) can be done by comparing the
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benefits of changing the T-IGBT with a Super-junction MOSFET (S-MOSFET) to
the same state of the art solution. Using a more advanced switch in certain
applications is not the main driver of efficiency improvement but it can depend on
the range of switching frequency and in which combination it is used with a diode.
The best way to figure out its benefit is by conducting tests on real applications and
comparing them (as shown in the presented thesis).

Figure 6.9: Efficiency results using the power S-MOSFET instead of the T-IGBT in the Vienna
rectifier (left) and a temperature graph of the semiconductor devices (right)

From Figure 6.10 it is possible to recognise that changing the T-IGBT with the
S-MOSFET in the application does not drastically benefit it in terms of efficiency. At
a higher power (over 4.5 kW), the graph even shows that using the S-MOSFET
instead of the T-IGBT can bring worse results. This result is not due to the poor
performance of the S-MOSFET since the S-MOSFET has lower switching losses
than the T-IGBT. Additionally, this does not help the system, especially if the PN
(Silicon) diode is destroying all of the benefits of the switch. Findings show that in
the Vienna rectifier topology it might make more sense to invest in a more advanced
diode (SiC) than replacing the T-IGBT technology with the S-MOSFET (for a more
detailed analysis, compare the results of efficiency in Fig. 6.8 and Fig. 6.10).
6.2.4 Efficiency improvement with a greater switch and diode
An interesting result of this comparison is that the S-MOSFET in combination
with the SiC Schottky Barrier diode shows a greater improvement of efficiency in
comparison to the conclusions in the previous chapters (Efficiency improvement
with a SiC Schottky Barrier Diode and Efficiency improvement with a Superjunction
MOSFET) because the S-MOSFET can show its full strength while switching against
a fast SiC diode. The combination of a changing basic switch and a basic silicon
diode with more advanced semiconductors could greatly improve the efficiency of
the application.
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Figure 6.10: Efficiency results using the power S-MOSFET and the SiC diode instead of the state of
the art devices at 24 kHz (left) and a temperature graph of the semiconductor devices (right)

When comparing results with the state of art solution results at higher
switching frequencies (48 kHz instead of 24 kHz) the improvement of efficiency is
seen even higher than at lower frequencies (24 kHz). This can be attributed to the
low switching losses of the S-MOSFET and SiC diode at higher frequencies. The
results of the tests are presented in Figure 6.12.

Figure 6.11: Efficiency improvement with more advanced technologies at a higher switching
frequency of 48 kHz and a temperature graph of semiconductor devices (right)

6.2.5

Is a two-level SiC solution competitive compared to a three-level hybrid
Si/SiC solution in terms of efficiency?

Experimental results of this research show that comparing a general two-level
(B6) converter using a more advanced technology like the SiC MOSFET to an
optimised three-level Vienna rectifier (T-type) can be competitive but very
challenging. This is because they are different topologies and each one has a
particular approach to the operation.
Since the comparison is between the three-level and the two-level circuit, it is
important to mention that a fair comparison would be if a two-level system has a
double switching frequency. This is because a two-level system has roughly twice
the voltage-time-area on the inductor of a two-level system compared to the three-
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level system. To reach roughly the same inductor size (cost) the two-level system
needs to work at around twice the switching frequency of the three-level system.

Figure 6.12: Efficiency comparison between two-level B6 rectifier using the SiC MOSFET and the
three-level Vienna rectifier using different hybrid solutions

The comparison also depends on other parameters such as the modulation of
the neutral point connection etc. Comparing a two-level topology at double
frequency (even more at a factor of 2.5) with the Vienna rectifier at a smaller
switching frequency is essential to ensure similar testing conditions. This means
there is a same size of application, similar values of the inductor, filters, a similar
price of application, etc. (A detailed comparison between two-level and three-level
converters can be seen in articles like [41, 42]).
From Figure 6.13, it can be seen that at lower power loads (lower than 1.5 kW)
a three-level solution is predominant over a two-level solution. Figure 6.13 also
shows that for a two-level (B6) solution it is very challenging to compete with threelevel rectifiers which use more advanced semiconductors like the SiC diode or the
Super-Junction MOSFET instead of the state of the art solution which uses the Si
diode and the Trench-Field Stop IGBT.
Here it is also important to mention that two-level solutions have several
advantages over the Vienna rectifier such as the advantage of bi-directionality
(power can flow in both directions, either as power consumption or as regeneration)
and simplicity as a two-level circuit (fewer devices in the circuit are used, easier
control etc.).

7 Summary and Conclusion
This master thesis was accomplished at the Faculty of Electrical Engineering of
the University of Ljubljana as a practical project which was carried out at Infineon
Technologies Austria AG in the Department of Technical Marketing for Discrete
IGBTs and Diodes. The primary question that was addressed in the presented
research, “Is a two-level SiC solution competitive compared to a three-level hybrid
Si/SiC solution in terms of efficiency?” is now answered and explained based on real
experimental results.
With this, the master thesis project ended with the design of a new hardware
platform with a complete control (software) of a three-level Vienna rectification that
enables experimental rectifier tests of semiconductors in such a topology (explained
in details in chapter Design of measurement boards).
The test results which were obtained during the presented research give a
possibility to compare the benefit of using more advanced semiconductors (SiC
MOSFET) in two-level rectification systems over the three-level Vienna Rectifier (Si
or Hybrid Si/SiC solutions).
The mentioned solutions are not truly one-to-one comparable (It is partially a
comparison of apples and oranges) where:
- The Vienna Rectifier is a pure rectifier. It can only convert from AC
to DC, not the other way around.
- The two-level SiC MOSFET solution is actually a bi-directional
converter that can transfer power in both directions – not only from
AC to DC but also from DC to AC. It is very versatile.
If bi-directionality is needed, the Vienna Rectifier is not an option. So it is only
possible to compare the performance when converting from AC to DC. In this mode
of operation, it is very tricky for the flexible converter (2-level system) to compete
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against a rectifier (Vienna rectifier) that is optimized for converting AC to DC
(particularly when using the S-MOSFET). The rectifier can use fast and relatively
inexpensive silicon devices. Switching frequencies of around 24 kHz are realistic and
in combination with the three-level topology, lead to relatively small magnetic
components. An increase of switching frequency or efficiency is possible when
investing into 1200 V SiC Schottky Barrier Diodes. The two-level solution requires a
higher switching frequency when compared to the three-level solution in order to
have comparably small magnetics (considerably above 24 kHz is approximated with
48 kHz). Due to the limited switching performance, 1200 V Si IGBTs are not really
an option here. Money has to be spent for fast 1200V switches (SiC MOSFETs).

Figure 7.1: Efficiency comparison between the two-level B6 rectifier using more advanced (SiC
MOSFET) semiconductors and the three-level Vienna rectifier using Si and hybrid Si/SiC
semiconductors

The test results indicate that a two-level SiC MOSFET solution has a similar
performance as a three-level pure-rectification solution consisting of Silicon IGBTs
and the PN Diode as a state of the art solution (Fig. 7.1). However, if manufacturers
are willing to invest more money into the rectifier solution (SiC Schottky Barrier
Diode or S-MOSFET) the rectifier outperforms the two-level converters.
The test results also give an overview of the Vienna rectification outcome
using various semiconductor technologies (IGBT, Si or SiC MOSFET, Si or SiC
diode etc.). The performance of the system was presented in detail in the previous
Chapter Tests and Results, where it is possible to conclude that the Vienna rectifier’s
results, using primary silicon-based semiconductor devices (T-IGBT and Si diode),
can be improved by combining various semiconductor technologies.
From Figure 7.1 it is possible to conclude that the best improvement of
efficiency (compared to the state of the art solution) can be achieved by changing the
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basic PN diode and T-IGBT with an S-MOSFET in combination with the SiC
Schottky Barrier diode. The S-MOSFET shows its full strength when it switches in
competition with a fast SiC diode. The combination of a changing basic switch and a
basic silicon diode with more advanced semiconductors could greatly improve the
efficiency of the application.
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