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The Vienna rectifier is a circuit that converts AC to DC power. It's used in many
applications due to its efficiency and reliability. In telecoms, it provides stable power
for equipment. Vienna rectifiers are also key components in LED drivers and battery
chargers. Their ability to handle high current loads makes them ideal for these
applications. In medical devices, Vienna rectifiers ensure accurate operation with low
noise. They are even finding use in aircraft for converting power.

In this thesis, a six-phase Vienna rectifier is implemented, and the thermal behaviors
and efficiency are compared with a three-phase Vienna rectifier at the same power
level.

June 2024 Furkan DURAN
(Engineer)
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DESIGN AND ANALYSIS OF A SIX-PHASE VIENNA RECTIFIER

SUMMARY

The Vienna rectifier is named after the city of Vienna, Austria. The rectifier was
originally developed for use in telecommunications power supplies, but it has since
been adopted for a wide range of applications. The Vienna rectifier is a versatile and
reliable power supply circuit that is well-suited for a variety of applications.

A Vienna rectifier is an electronic circuit used to convert an alternating current (AC)
to direct current (DC). The rectifier converts the AC signal using a diode bridge and
then smooths it using a capacitor. The diode bridge consists of four diodes and directs
the AC signal in a single direction. This allows the signal to flow in the same direction
during both the positive and negative half-periods of the signal. The rectified signal is
then smoothed using a capacitor. The capacitor absorbs the signal’s ripple, creating a
smoother output signal.

Telecommunications equipment requires stable and regulated DC power supplies to
operate reliably. Vienna rectifiers are well-suited for this application due to their high
efficiency, low noise, and ability to handle high current loads. They are often used in
base stations, switching equipment, and routers to convert AC mains voltage into
regulated DC voltage for telecom devices. Further, LED lighting systems are becoming
increasingly popular due to their energy efficiency and long lifespan. Vienna rectifiers
are a key component in LED drivers, which convert AC mains voltage into DC voltage
with a regulated current for driving LED lights. Their ability to handle high current
loads and generate low ripples makes them ideal for LED applications. On the other
hand, UPS systems are essential for critical applications that require continuous power
supply during power outages or disturbances. On the other hand, Industrial motor
drives control the speed and torque of electric motors, which are widely used in
manufacturing, transportation, and other industrial applications. Vienna rectifiers can
be used in motor drives to convert AC mains voltage into DC voltage for driving DC
motors or to rectify the AC generated by induction motors.

Medical equipment often requires stable and regulated DC power supplies to ensure
accurate and reliable operation. Vienna rectifiers are well-suited for this application
due to their low noise and ability to handle high current loads. They are often used in
medical imaging devices, life support equipment, and other medical devices.

Battery charging systems are used to charge batteries in various applications, such as
electric vehicles, power tools, and mobile devices. Vienna rectifiers can be used in
battery chargers to control the charging process and regulate the charging voltage and
current. Their efficiency and ability to handle high current loads make them well-suited
for battery charging applications.

One of the primary applications of Vienna rectifiers is MEA, and it is the conversion
of AC power from onboard generators or the aircraft's auxiliary power unit (APU) to
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DC power for various electrical systems. This includes power distribution to
propulsion systems, avionics, lighting, and other essential components.

In addition to power conversion, Vienna rectifiers are also being employed in the
control and regulation of electric motors and motor drives used in aircraft systems.
Their ability to handle high current loads and provide stable DC power is crucial for
the accurate and efficient operation of these electric systems.

Increasing of the six phases systems caused demand of the six phase rectifications.
Six-phase rectification is a power conversion technique that uses six alternating current
(AC) sources to deliver a smoother and more stable direct current (DC) output. This
technique is becoming increasingly important in modern applications where high-
power density and low ripple are required.

Six-phase rectification produces a much lower ripple in the DC output compared to
single-phase or three-phase rectification. This is because the six AC sources are evenly
spaced in time, which helps to smooth out the AC waveform.

Six-phase rectifiers can operate at higher power densities than their single-phase or
three-phase counterparts. This is because they can handle higher current loads without
sacrificing ripple control.

Six-phase rectifiers produce less noise than single-phase or three-phase rectifiers. This
is because they have a lower ripple frequency, which makes it more difficult for the
noise to couple into sensitive electronic circuits.

In this study, a six-phase Vienna rectifier was designed, and its performance was
compared to that of a three-phase Vienna rectifier. Power loss, total harmonic
distortion (THD), and semiconductor temperature were analyzed through their
simulation models in PLECs. Requested output voltages are 650V, 700V, 750V and
800V, and requested output currents are 4A, 8A, 12A, 16A, 20A, 24A, 28A, 32A and
36A. Configurations of these voltages and currents were run in simulation, and results
were presented.

The used control method of the designed Vienna rectifiers is hysteresis control.
Hysteresis control is a used control strategy employed in Vienna rectifiers for
regulating the output voltage.

Consequently, the six-phase Vienna rectifier has more advantages over the three-phase
Vienna rectifier. A six-phase rectifier requires fewer switching operations to achieve
the same output power as a three-phase rectifier. This results in lower switching losses
and, therefore, lower power loss. A six-phase rectifier produces a smoother output
voltage than a three-phase rectifier. This results in lower THD of the input current,
especially for high power demands. A six-phase rectifier uses a lower switching loss,
and conduction loss than a three-phase rectifier. This results in lower semiconductor
temperature.
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ALTI FAZLI ViYANA DOGRULTUCU TASARIMI VE ANALIZI

OZET

Viyana dogrultucu, adi Avusturya'nin Viyana sehrinden alimmistir. Dogrultucu, ilk
olarak telekomiinikasyon gii¢ kaynaklar1 i¢in kullanilmak {izere gelistirildi, ancak o
zamandan beri ¢ok ¢esitli uygulamalarda benimsenmistir. Viyana dogrultucu, cesitli
uygulamalar i¢in ¢ok yonlii ve giivenilir bir gii¢ kaynag1 devresidir.

Viyana dogrultucu, alternatif akimi (AC) dogru akima (DC) doniistirmek igin
kullanilan elektronik bir devredir. Dogrultucu, AC sinyalini bir diyot kopriisii
kullanarak doniistiiriir ve ardindan bir kapasitorii kullanarak diizeltir. Diyot kopriisii
dort diyottan olusur ve AC sinyalini tek yonlii olarak yonlendirir. Bu, sinyalin hem
pozitif hem de negatif yarim periyodlarinda ayni yonde akmasma izin verir.
Diizlestirilmis sinyal daha sonra bir kapasitore kullanilarak diizeltilir. Kapasitor,
sinyalin dalgalanmasini filtreler, bu da daha yumusak bir ¢ikis sinyali olusturur.

Telekomiinikasyon ekipmani, giivenilir bir sekilde c¢alisabilmeleri i¢in kararli ve
diizenlenmis DC gii¢ kaynaklarina ihtiya¢ duyar. Viyana dogrultucular, yiiksek
verimlilikleri, diisiik giiriiltiileri ve yiliksek akim yiikleri ile basa ¢ikma yetenekleri
nedeniyle bu uygulama i¢in idealdir. Baz istasyonlari, anahtarlama ekipmanlar1 ve
yonlendiricilerde, telekomiinikasyon cihazlar1 i¢in AC sebeke voltajin1 diizenlenmis
DC voltaja doniistiirmek i¢in kullanilirlar. Ayrica, LED aydinlatma sistemleri enerji
verimliligi ve uzun Omiirleri nedeniyle giderek daha popiiler hale geliyor. Viyana
dogrultucular, AC sebeke voltajin1 LED 1s1klar siirmek i¢in diizenlenmis DC voltajina
dontistiiren LED siirliciilerin 6nemli bir bileseni olarak kullanilabilir. Yiiksek akim
yukleri ile basa ¢ikma ve diisiik dalgalanmalar iiretme yetenekleri, onlari LED
uygulamalar1 i¢in ideal hale getirir. UPS sistemleri, kesinti veya kesinti sirasinda
siirekli giic kaynag:1 gerektiren kritik uygulamalar i¢in gereklidir. Ote yandan,
endiistriyel motor siiriiciileri, elektrik motorlarinin hizin1 ve torkunu kontrol eder ve
bunlar imalat, nakliye ve diger endiistriyel uygulamalarda yaygin olarak kullanilir.
Viyana dogrultucular, DC motorlar siirlimek i¢in AC sebeke voltajin1 DC voltaja
doniistiirmek veya indiiksiyon motorlar tarafindan iiretilen AC'yi dogrultmak i¢in
motor siiriiciilerinde kullanilabilir.

Diger yandan tibbi ekipmanlar, dogru ve giivenilir ¢alismay1 saglamak i¢in genellikle
kararli ve diizenlenmis DC gii¢ kaynaklarina ihtiya¢ duyar. Viyana dogrultucular,
diistik gtirtiltiileri ve yiiksek akim yiikleri ile basa ¢ikma yetenekleri nedeniyle bu
uygulamalar i¢in idealdir. Tibbi goriintiileme cihazlari, yasam destegi ekipmanlar1 ve
diger tibbi cihazlarda yaygin olarak kullanilmaktadir.

Akt sarj sistemleri, elektrikli araglar, el aletleri ve mobil cihazlar gibi cesitli
uygulamalarda pilleri sarj etmek ic¢in kullanilir. Viyana dogrultucular, sarj islemini
kontrol etmek ve sarj voltajin1 ve akimimi diizenlemek i¢in pil sarj cihazlarinda
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kullanilabilir. Verimlilikleri ve yiiksek akim yiikleri ile basa ¢ikma yetenekleri, onlari
akii sarj1 uygulamalar i¢in ideal hale getirir.

Viyana dogrultucularinin bir numarali uygulamalarindan biri, MEA ve ucaklarda
kullanilan yardime1 gii¢ tinitesi (APU) veya ucak iizerindeki jeneratérlerden AC
giiciiniin DC giiciine doniistiiriilmesidir. Bu, tahrik sistemlerine, aviyoniklere,
aydinlatmaya ve diger temel bilesenlere gii¢ dagitimini igerir.

Gli¢ doniistiirme disinda, Viyana dogrultucular ayrica ugak sistemlerinde kullanilan
elektrik motorlarinin ve motor siiriiciilerinin kontrol ve diizenlenmesinde de
kullanilmaktadir. Yiiksek akim yiikleri ile basa ¢ikma ve kararli DC gii¢ saglama
yetenekleri, bu elektrik sistemlerinin dogru ve verimli ¢aligmasi igin kritik dneme
sahiptir.

Ayrica alt1 fazli sistemlerin artmasi, alt1 fazli dogrultuculara olan talebi artirdi. Alt1
fazli dogrultma, yiiksek gili¢ yogunlugu ve diisilk dalgalanma gerektiren modern
uygulamalarda giderek daha onemli hale gelen, alti alternatif akim (AC) kaynagi
kullanan bir gli¢ doniistiirme teknigidir.

Alt1 fazli dogrultucular, tek fazli veya ti¢ fazh diizeltmeye kiyasla DC ¢ikista cok daha
diisiik bir dalgalanma olusturur. Bunun nedeni, altt AC kaynagin zaman iginde esit
araliklarla yerlestirilmis olmasidir, bu da AC dalga formunu yumusatmaya yardimci
olur.

Alt1 fazli dogrultucular, tek fazli veya ii¢ fazli muadillerine gore daha yiiksek giic
yogunluklarinda c¢aligabilir. Bunun nedeni dalgalanma kontroliinii kaybetmeden daha
yiiksek akim ytikleri ile basa ¢ikabilmeleridir.

Alt1 fazli dogrultucular, tek fazli veya ii¢ fazli dogrultuculara gore daha az giiriilti
tiretirler. Bunun nedeni, daha diisiik bir dalgalanma frekansina sahip olmalaridir, bu da
giiriiltiiniin hassas elektronik devreleri etkilemesini daha zorlastirir.

Bu ¢aligsmada, alt1 fazli bir Viyana dogrultucu tasarlandi ve performansi ii¢ fazli bir
Viyana dogrultucunun performansiyla karsilastirildi. Giig¢ kaybi, toplam harmonik
bozulma (THD) ve yariletken sicakligi, PLECS'deki simiilasyon modelleri
araciligiyla analiz edildi. Talep edilen ¢ikis voltaj1 650V, 700V, 750V ve 800V'dir ve
talep edilen ¢ikis akimlar1 4A, 8A, 12A, 16A, 20A, 24A, 28A, 32A ve 36A'dir. Bu
voltajlar ve akimlar simiilasyonda calistirildi ve sonuglar sunuldu.

Tasarlanan Viyana dogrultucularinin kullanilan kontrol yontemi histeresis kontroliidiir.
Histeresis kontrolli, c¢ikis voltajin1 diizenlemek i¢in Viyana dogrultucularinda
kullanilan bir kontrol stratejisidir.

Bu nedenle, alt1 fazli Viyana dogrultucu, ii¢ fazli Viyana dogrultucusuna gore daha
fazla avantaja sahiptir. Ug fazli dogrultucuya gére aym cikis giicii elde etmek igin alt1
fazli dogrultucu daha az anahtarlama islemi gerektirir ve faz basina diisen akim miktari
yuksek giiclerde azalmistir. Bu, daha diisiik anahtarlama ve iletim kayiplarina ve
dolayistyla daha diisiik glic kaybimna neden olur. Alti fazli dogrultucu, ii¢ fazlh
dogrultucudan daha yumusak bir ¢ikis voltaji tiretir. Bu, 6zellikle yiiksek giic talepleri
i¢in girig akiminin THDsinin daha diisiik olmasi anlamina gelir. Alt1 fazli dogrultucu,
ti¢ fazli dogrultucudan daha diisiik anahtarlama kayb1 ve iletim kaybina sahiptir. Bu,
daha diisiik yariiletken sicakligina neden olur.
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1. INTRODUCTION

A rectifier is an electrical device that converts alternating current (AC) into direct
current (DC). Rectifiers are used in a wide variety of applications, including power
supplies, battery chargers, and motor controllers. There are many different types of

rectifiers.

Rectifiers are used in a wide variety of industries. Consumer electronics, rectifiers are
used in power supplies for consumer electronics devices, such as televisions,
computers, and smartphones. Industrial automation, rectifiers are used in motor
controllers and other industrial automation equipment. Power generation, rectifiers are
used in power generation equipment, such as wind turbines and solar inverters. Electric
transportation, rectifiers are used in battery chargers and motor controllers for electric
vehicles and hybrid electric vehicles. Telecommunications, rectifiers are used in power
supplies for telecommunications equipment, such as base stations and routers. Data
centers, rectifiers are used in power supplies for data center servers and other

equipment.

Diode rectifiers are passive rectification of the AC voltage, but by using semiconductor
switches or combination of diodes and semiconductor switches active rectifiers can be
created. Since diode and thyristor rectifiers require input currents with high total
harmonic distortion (THD) from the grid, their use should be avoided. To prevent grid
disruption, some new developments or improvements of existing topologies have been

performed. Vienna rectifiers are one of these active rectification topologies.

The Vienna rectifier is a type of three-phase rectifier that is known for its high
efficiency and power density. It is a boost-type rectifier, which means that it steps up
the input voltage to a higher output voltage. Moreover, the Vienna rectifier consists of
three bidirectional switches, three inductors, and two capacitors. The bidirectional
switches allow current to flow in both directions, which is why the Vienna rectifier can
operate in boost mode. The Vienna rectifier operates by switching the bidirectional

switches in a specific sequence. This causes the inductors to store energy and the



capacitors to charge. The stored energy is then released to the output, resulting in a DC

output voltage that is higher than the input voltage.

The Vienna rectifier has several advantages over other types of three-phase rectifiers,
including. The Vienna rectifier can achieve efficiencies of over 98% for high efficiency
applications, and Vienna rectifiers can achieve high power density values. Another
advantage of the Vienna rectifiers is that they can be operated in continuous conduction
mode (CCM) which means that the input current is always flowing. This results in a
lower input current ripple and a higher power factor. Further, reduced voltage stress
on power devices is possible with Vienna rectifier. The voltage stress on the power
devices in the Vienna rectifier is lower than in other types of three-phase rectifiers,

which extends the lifetime of the devices.

The Vienna rectifier is used in a wide variety of applications, power supplies for high-
power electronic devices, such as electric vehicles and data center servers; battery
chargers for electric vehicles and hybrid electric vehicles; motor controllers for
industrial and automotive applications; renewable energy systems, such as solar and

wind power systems.

1.1 Literature Review

Since AC sources transfer has been started, and AC generators are used, rectifiers are

designed to have DC sources.

One of them is mechanical rectifier for high voltage is published in [1] in 1922. DC
rectification is performed from generators, and generator connected to transformer and
phases rectified by synchronous commutators because the semiconductor technologies
were not developed. This system is called direct-current-generator of mechanical
rectifier. Another old rectifier type is mercury-arc rectifiers which are known since
1902 according to the in [2]. In this topology there is a vacuum tube, and electrons are
drawn from cathode to anode when anode is positive. However, if anode is negative
current is not drawn. The operation of the mercury arc rectifier is based on the
phenomenon of the electric arc, where it is a good conductor in the direction of the arc
burst, but not in the opposite direction, and consequently only allows the passage of

unidirectional currents [3]. Figure 1.1 is symbolization of the Mercury Arc Rectifier.
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Figure 1.1: Mercury Arc Rectifier

In the forthcoming years, in [4] Clymer designed and implemented Phanotron
Rectifiers to use them for elevator motors. It does not have rotating parts as mechanical
rectifiers, and they are quiet in operation. They used phanotron tubes and they can
work temperature between 20°C and 80°C. Power circuit of the rectifier is seen in
Figure 1.2 and CHT is Cathode heater transformer, FG-166 is phanotron tube, IPT is
interphase transformer, PT is power transformer, LA1,2,3 are anode contactors, T is

thyrite arresters, and TR1,2,3 are thermal relays.



Figure 1.2: Phanotron Rectifier Power Circuit

Control of the rectifier basic is arcing of the electric inside phanotron tubes as similar

to mercury arc rectifiers.

Rectifiers development was continued by using similar approaches such as mechanical
rectification, and electrical arc-based solutions until the semiconductors development
is achieved the proper maturity level. By controlling of the mercury arc tubes as

mentioned in [5] inverting of the DC was made possible.

On the other hand, development of the diffusion techniques of silicon as explained in
[6], by Smith from Bell Telephone Laboratories, lay the power diodes. Basically,
having the low forward resistance, and high reverse voltage of component provided
single direction current flow, and AC source have been rectified without control.
Further, in 1955 Smyth from Power Sources Branch of the Squier Laboratories

explained that studying of the power transistors for power conversion devices in [7]



While all investigations and development were obtained, in 1927 similar today’s power
electronic circuit developed in [8], but its power is low. However, the developed
rectifier component production technique is similar to nowadays semiconductor
production techniques. Figure 1.3 shows the used power component. In addition, by

connecting the half wave rectifier as proper, full wave rectifier is also able to

performed.
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Figure 1.3: Single Half Wave Rectifier

Rectification occurs at the junction between the copper and the oxide. This activity

does not cause any chemical or physical changes in the component.

Another rectification circuit technology is Germanium rectifiers. Industrial application

example presented in [9]

Pfaff R presents a good example of controlled rectifiers in [10] by 1958, to control AC
phase. Rectifier controls the armature current of the machine, and machine is able to
controlled. Figure 1.4 shows the power circuit, and machine equivalent circuit.
Thyratron 1V and 2V is controlled, and 3V and 4V are gas diode to complete the
rectifier bridge circuit. Half period of voltage which is positive cycle or negative cycle

provide current through 1V, and 4V or 2V and 3V according to the polarity.
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Figure 1.4: Thyratron Controlled Rectifier

By of 1956, in [11] Prince explains silicon rectifiers, and he exemplified the using of

the silicon rectifier, and transistors.

In [12], many of uncontrolled current limited rectifiers such as inductance limited half
wave rectifier, inductance limited full wave rectifier, capacitance limited half wave
rectifier, capacitance limited voltage double, capacitance limited full wave voltage
doubler, capacitance limited bridge rectifiers were explained in 1962. Using current
limited rectifiers are good approach for safety critical systems to avoid exceeding of
the short circuit current. For instance, inductance limited half wave rectifier is seen in

Figure 1.5.

E sin(wt) Es = l

Figure 1.5: Inductance Limited Half Wave Rectifier



Output current is function of the input inductance, and maximum current has been
limited according to the that dependency. The relation between input, output voltage

and current is explained by

Ep ,wLI
= (0.9)[1— T] (1.1)

where Ej is input voltage amplitude, E is output voltage, L is inductor, [ is direct
current, and w is equal to 27 f, f is source frequency. Other current limitation circuit

details also explained in [12].

After 1960s similar approaches for controlled and uncontrolled of the power
electronics circuits as nowadays are seen, because silicon-based transistors and diodes
replace of the other switches components. In [13], good example of analysis the three-
phase bridge rectifier is ablet to found. It explains three thyristor which means
controlled semiconductor, three diode semi converter, and six thyristor converter
details. Using the controlled semiconductor, thyristors, phase conduction delay is
created, and output voltage was examined. It shows that 180-degree delay on phases
1s maximum, and current cannot draw in resistive mode. On the other hand, analysis

was performed according to the load time constant.

In 1965, Distler examined single phase full-wave rectifier in [14], and filter was
developed to decreasing of the output voltage ripple. This study used also silicon-
controlled rectifier (SCR) as explained in [11], and added a diode to filter as seen in

Figure 1.6. Thus, appeared that this diode reduced the required inductance.
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Figure 1.6: Modified Circuit

In line with all these developments, rectifiers development rapidly grow up because of
silicon controlled rectifiers, in other words thyristors. Hence, analysis of the circuit,
and effect analysis to source had been studied. In [15] driving of a thyristor effect on
the AC power line is investigated. It explains power factor lagging. Furthermore, it
investigated semi-controlled and controlled rectifiers. Duff and Ludbrook in [16]
mentions about AC harmonics in AC side. Both studies showed that semi converters
are not enough for high quality rectification. Additionally, in [17], some novel circuit
structures are offered, and it tried increasing of the power factor of AC source.
Basically, it explains inverting of the variable DC input, but the approach is same for
both converting. It improved the power factor of the energy and kept stable by adding
circuitry between the DC and AC.

By the next years, developing of the digital signal processing, that is used to control
of the semiconductor switches, provided better solutions for rectifiers. This effect
facilitates the high speed ON and OFF status change in semiconductors, and higher
speed switching was made possible. Hence, rectifiers were started as PWM rectifiers
as made in [18]. They might be single phase or three phase. Another important
definition in [18] clarification of the phase voltages or line currents in complex
domain. This transformation from three phase to complex domain which is called also

as space vectors is power-invariant.

On the other hand, different control algorithm was proposed. Busse and Holtz in [19]
proposed multi loop control to have unity power factor for fast switching AC to DC

converters. It used complex vectors to control fast electronic switches in modulation



technique which is angle modulation. The control prevented good dynamic responses

but filter oscillations.

One of the interesting topologies for rectifiers is forced commutated rectifiers (FCR).
They include commutating element as inductance, capacitance or diode to forcefully
reduce the anode current of the silicon controlled rectifiers below the holding current
value. Kolar and Zach in [20]examined and analyze different current control concepts
of forced commutated rectifiers. Figure 1.7 shows the circuit of the forced commutated

rectifier.
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Figure 1.7: Forced Commutated Rectifiers

According to the Kolar and Zach in [20], forced commutation rectifier systems causes
low influence on the mains current, and power back into mains is possible, cos¢ is
adjustable, DC link voltage is controlled, DC link capacitors are smaller. Furthermore,
output DC voltage is bigger than the peak voltage of AC main., and it described FCR
via space vectors. FCR development was not stopped, and three level boost type FCR
studied in [21], in 1996. In three level DC link voltage is divided two through the
capacitors, and these were balanced. Drawing current is nearly sinusoidal, and current-

voltage phase difference is one.



On the other hand, different topology development was continued because of the
isolation needs to have safer components in [22], 1994. A flyback converter is
modified, and isolated converter system is used as three phase flyback rectifiers. Figure
1.8 shows the proposed topology. Basically, name of the topology is three phase single

switch discontinuous mode rectifier.
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Figure 1.8: Three Phase Flyback Rectifier

Its control is simple, there is only one switch. DC output is isolated from main, and it
might be used for single phase or multiple phases. It has high reliability, fault tolerance

because operation is continued when one or multiple phases is failed.

Development of the rectifiers appeared limitations. Switching of transistors causes
disruption in main, and IEEE 519 recommended some limitations to designed power
circuits in 1992. It considers THDU level, and TDD level of circuits. That
recommendation enhanced the developers’ perspective, and new designs also focus

power quality.

These challenges canalized the designers to have less ripple in current, less harmonic
effect to main, and increasing the power factor. [23] is one of the examples this type

of studies. They proposed a topology as seen in Figure 1.9.

10
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Figure 1.9: Rectifier with Interleaved DC Regulator

The topology includes zig-zag transformer, and this transformer is used to inject third
harmonic current by connecting to the common node of the nodulation circuit. After
rectification, there is one buck-boost converter. One inductor is used for buck or boost
operation. This new topology provided large ripple cancellation in a sinusoidal input.
On the other hand, according to the spice simulation, they achieve low THD results,

and high power factor over wide range of input voltage.

By 1994, all consideration of the regulation, and power quality concerns caused
creating new topology by Kolar, and his friends Drofenik and Zach in [24]. That
topology is named as Vienna rectifier. Fundamentals of the topology is explained in
Section 22VIENNA RECTIFIER. However, some details about contributing to

literature are explained in this section.

Vienna Rectifier switching carrier signal is compared in [25]. The comparison was
performed between non-synchronized sawtooth carrier and synchronized triangular
carrier. Changing the carrier signal from sawtooth which is not synchronized, to
synchronized triangular carrier caused less input current ripple by a factor of about 2
when the switching loss is not changed. That is very considerable effect to have less

input EMI filter weight, size, and cost.

Another switching effect in the power electronic circuit is mode of conduction which
are discontinuous and continuous mode, and in [26] analysis of the discontinues mode

switching i1s performed. One of the effects of the clamping of phase that means

11



discontinuous mode in time intervals provided less switching loss when it is compared
to constant switching frequency that means continuous mode. On the other hand, while
discontinuous mode is implemented, if modulation index is increased, third harmonic
amplitude is decreased. However, to have discontinuous mode switching frequency
should be higher as compared to continuous mode, and that naturally cause low ripple

in current.

Chongming and Smedley in [27] proposed a different control method which is named
as Unified Constant-frequency Integration, and it is basically one cycle controlling. It
asserts that all three phase power factor is corrected only using one integrator, and
resetting of signal through some flip-flops, comparators and logic and linear
components. The method does not request multipliers. Switching frequency is
constant. Hence, the proposed approach is desirable for industries. It is simple, and

implementation easy.

EMI effect also is examined by developers in [28], and a circuit reconstruction was
implemented. All PWM rectifiers have common mode voltage effect because of the
switching that is dependent on switching frequency between main network neutral
point and the central of the capacitors of the output. Proposed topology is seen in

Figure 1.10.

12
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It was reported by the proposed paper that the located of filtering capacitors C
connected between DC output voltage that is the center point M and the input terminals
significantly reduces the common mode EMI noise. However, it caused the increase
the RMS value ripple of input current, and these result is higher copper and core losses

in inductor.

Another analysis area for the Vienna Rectifier is unbalanced main input, and
controlling of the unbalanced main input Vienna Rectifier, and in [29] practical

realization of the current is performed. Detailed control was explained in [30].

According to the estimation in the [31], in 2003, power density of the power electronics
circuit was be reached and exceeded 30kW/liter after 2015, and it was reached to
8.5kW/liter in [32], 2007. In [32], six switches Vienna Rectifier is designed, it is seen
in Figure 1.11, and it includes two MOSFET to have less conduction loss. Design has

much high switching frequency up to 400 kHz.

13
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2. VIENNA RECTIFIER

Vienna rectifiers are used in certain industrial applications. They are generally
designed as 3-phase. As the demand for electrical power increases, an increase in
generator voltages is needed to increase the efficiency of the system. This brings about
the implementation of an AC/DC converter with reduced disturbing input current

effects.

Vienna Rectifier is a single direction boost type rectifier; they cannot be operated
opposite direction to invert the DC source to AC. In other words, Vienna rectifiers are
a nongenerative boost type rectifier [33]. It is three-level, and that topology used for
active power factor correction. Its output voltage is controllable by parallel connected
transistors to an uncontrolled diode in full wave rectifiers to have a kind of DCDC
boost converter. They are used for different industries such as telecommunication

power systems, aviation, and wind turbine systems [34], [35], [36].

Vienna Rectifiers fundamentals are acceptable as controlled output voltage by
sinusoidal main current source and low-blocking voltage stress on power transistors
[34]. Its output voltage is controllable by parallel connected transistors to an

uncontrolled diode in full wave rectifiers to have a kind of DCDC boost converter.

Vienna rectifiers’ advantages are high efficiency and power density, simple structure
and high reliability [34].Especially, high reliability in safety critic systems such as
aviation and automotive is hard to overcome in new electrical systems because of
complexity and using of numerous components. In other words, Vienna rectifier has
less active power components than that of PWM rectifiers, which is one of the main
advantages.[37]. On the other hand, Vienna rectifiers’ switches exposed to half of the

DC bus voltage, and that makes them appropriate for high voltage DC systems [38].

Even though Vienna rectifiers are three-level converters, the controlled point is only
the neutral point connection. When a phase difference exists between the reference

voltage and the input current, the converter produces voltage pulses when the reference

15



voltage and currents have different signs, leading to low-frequency voltage distortion
in the power source of the rectifier [39]. Therefore, the zero crossing of each phase

current affects all phases, and distortion appears especially at light loads [40] .

Vienna rectifiers are low complex, and their components have low stress. It has high

power density, high efficiency, and high reliability[41].

Derivations of the Vienna rectifier discussion is started in [34]. There are possibilities
to create many combinations of Vienna rectifier types according to the switch and
diode placing. Mainly, three variant of Vienna rectifier existing is mentioned [42]. In
that thesis these three different types of Vienna rectifiers are examined. One of them

has three switches, the other two types include six switches as seen in Figure 2.1.
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Figure 2.1 Switches Location for Different Types Vienna Rectifier

The types of the Vienna rectifier is applied according to the power level and voltage
level. Different types of Vienna rectifier support the finding appropriate solutions for

power volume ratio according to the requirements.

Even if there are different types of Vienna Rectifier, they have four different modes in
operation. These modes are named Mode I, Mode II, Mode III and Mode IV. These
modes” combinations consists of source cycle polarity and switches ON and OFF.
Obviously, four combinations emerge by multiplication of different two states, two

polarities of source, ON and OFF mode switches.

2.1 Vienna Rectifier I

Vienna Rectifier-1 is created by locating one switch for each phase, in other words
three switches are used for one rectifier. It was designed on purpose to have less

influence on the mains because of power electronic switching circuit components.

16



Explanation of this topology is done in [41], 1996, for academically, and it was first
named Vienna Rectifier topology, however principles of the topology is prepared in

[22], but it does not mention any word as Vienna Rectifier.

First examination of the topology seen in Figure 2.2, which is called in this thesis
Vienna Rectifier [ Topology 1, is performed in [34] by comparing another single switch
Vienna rectifier. This topology includes six diode and one switch for one phase, so it

named as 6D1S in [43].

Figure 2.2: Vienna Rectifier [ Topology 1

Modes effect of switching in positive source is seen in Figure 2.3. During switch is
ON current flows through inductor by passing from switch to capacitors central point.
In that case, inductor stores currents to work as current source when switch OFF. As
seen in Figure 2.3 (a) current is passing from two different diodes. When the switch is
OFF, inductor L discharge all current on itself. It is the same with booster mode DCDC
converters. These two operations are Mode I, and Mode II. Other modes, Mode I1I and

Mode IV are also the same which are just in negative polarity.

17
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Figure 2.3: Switch ON (b) and OFF (a)

Equivalent circuit of single phase is seen in Figure 2.4.

Figure 2.4: Vienna Rectifier Fundamental of AC Side for Single Phase

In analysis of the voltage according to the phasor expression for single phase

modelling is
Uy = Uy —jownLly ) (2.1)
and current is

lN,(l) = fN’(l)ej(‘PN_‘P) (22)

where @y is wyt. The current of the system is defined by the voltage across the
inductances connected in series on the ac side, and voltage difference consists which

18

Un,1y = Uyel®v (2.3)
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because of series inductance between main voltage and rectifier input voltage
fundamental Uy (7). This input voltage is controlled by amplitude and phase via

switching power transistors as seen in Figure 2.3.

Further, control methods implemented to Vienna Rectifier I topology, because the
improve control algorithm effects to the circuits. First published control method is
hysteresis control of the current in [30], and in [24] space vector modulation is
implemented to detect switching operation points. Figure 2.5 shows the hysteresis
control loop. It is controlled according to the output voltage through reference. Voltage
error is manipulated by PI controller, it generates the current reference by
multiplication of the divided multiplication voltage. Then, the current error is checked
by hysteresis band limits, and switch is driven according to the generated control
signal. On the other hand, capacitor balancing is considered in control loop. It is

important to balance the stress on components and capacitors.
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Figure 2.5: Vienna Rectifier Hysteresis Control

Another control method is using the space vectors modulation technique. When main

voltage is assumed as sinusoidal and symmetric, input voltage is

where
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Py = wyt (2.5)
and wy is the mains angular frequency. Voltage space vector is defined as

u, =0y elon (2.6)

over a pulse period of switch and
u, = Uy e/#n —joyi*, (2.7)

. P 2.8

Space vector, uy; is created to generate switching states of Sg, Sg, and Sy, and it is

generalized as S;, and i is R, S, or T., and space vector is determined according to the

U
_ Isignf{in, 3=> if 5;=0 2.9)
0 lf Si=1

Uy,i

As seen in Equation (2.9), vector is dependent on sing of the phase currents, and

angular position of the space vector . As example, the phase angle ¢y is between

(—%, +%), and phase currents are iyp > 0,iys < 0,iyr <0 is shown in Figure

2.6.
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Possible vectors to use in switching are seen as 000, 010, 011 and 100 according to the
reference vector location as seen in Figure 2.6, and the reference vector is expressed

as

Uy = 8100)Uu,(100) F 6(000)%v,(000) T S010)Uu,(010) T S(011)Uv,(011) (2.10)
Active time of the vectors are calculated as
T
8(000) = V3Msin (§ - (pU) -1 (2.11)
. (2.12)
8(010) = \/§Msm<pu
and
o (T 2.13
6(100) + 6(011) =1- 5(000) - 6(010) =2 - \/§M5‘ln (§+ (pu) ( . )
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M is representation of the modulation index of the PWM and definition of M is

i
M= (2.14)
— UO

N

and limitation of the M for reaching the overmodulation is

2
Muax = = (2.15)

Further, each switching sequence is chosen according to have minimum switching loss.
The main purpose of the switching state change sequence is changing one switch state
for each next sequence. On the other hand, for each vector in control there is redundant
vectors. As explained in the example above these vectors are 100 and 011. There is not

specific time distribution between them to apply.

Voltage stress of power electronics semiconductors is only half of the output voltage,
and current pass via diodes and transistor are seen in Figure 2.7 [41].Vienna rectifiers
have a good advantage about using components cost efficiency because half of output
voltage on power electronics semiconductors On the other hand semiconductor
technology limits are minor effect in high voltage demanded systems for Vienna

rectifier
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Figure 2.7: Passed Currents on Semiconductors for One Phase
2.1.1 Vienna rectifier I derivation
One of these topologies is proposed as named six switch Vienna Rectifier in [44], as
seen as in Figure 2.8. It has lower conduction losses because phase current flows

through the one diode when switch status is ON, and in this thesis, it is named as

Vienna Rectifier I Topology 2.
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Figure 2.8: Six Switches Vienna Rectifier [ Topology 2

Mainly operation modes are the same as other topologies. Inductor performs to boost
the DC voltage output. During the positive cycle of main above transistor is switched,
and below transistor does not need switching, or in negative main above transistor does
not need switching. Hence, other transistors do not have any loss such as conduction

and switching.

Another topology is obtained by connecting opposite switches from middle of the half
bridge to capacitor middle point as seen in Figure 2.9, and In this thesis it is named as

Vienna Rectifier I Topology 3.

During the half cycle of main (positive or negative polarity), in switching mode, one
switch is operate as switching, but other switch only works in conduction mode,
because in half cycle of main one switch can stop current flow, and other switches’
diode direction already allows the current. If the other switch is switched that only
causes switching loss, and diode conduction loss while it is OFF. Instead of that, while

one switch is switched other switch is only conducted to have less loss.
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Figure 2.9: Six Switches Vienna Rectifier I Topology 3
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2.1.2 Comparison of the derived Vienna rectifiers I

Each topologies mentioned above have different loss because of the switching and
conduction for switch, diode conduction, inductor core and winding, and output

capacitor.

Power loss comparison was performed in [45] for 3 kW, 230V AC input, and 650V
DC output voltage. The results of the loss according to the topologies are seen in Figure

2.10.
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Figure 2.10: Power Loss Comparison of Vienna Rectifiers from [45]

The topology 3 has less power loss. One of the reasons is that there are only two diodes
in conduction when switches are OFF state according to the comparison of the other
topologies. Another one is that according to the polarity one switch is in conduction
during half of the voltage source period instead of switching. It causes less power

consumption when compared with passive diodes.

Another method is paralleling the switches which is known as a common method to
decrease power loss. The paralleling of switches provides easy management for

thermal issues, and it might increase the power density and efficiency [45]

2.2 Vienna Rectifier I1

Safety critical systems might need isolated converters because of the leakage current

between main and output. Vienna Rectifier II is a single-stage three-phase boost type
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PWM rectifiers. Input and output are isolated. Controlling of them is possible by using
of the space-vector-oriented method, and that control ensures the symmetric
magnetization of the transformer [37]. They are simpler when its compared with two

stage rectifiers.

As seen in Figure 2.11 Vienna rectifier has single-stage concept as mentioned above.
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Figure 2.11: Vienna Rectifier II

Cascaded or two stage converters’ each stage has its functionality. One of the tasks of
the first stage is power factor correction. Sinusoidal main voltage related current is
controlled, and their phase difference is tried to hold on zero. Low-frequency main

current harmonics also is compatible through the transformer, and low THD [46].

Second stage tasks are handled as DCDC converter. Firstly, second stage is provided
high-frequency isolation, and output voltage level is able to set through transformer

and its winding ratio [46].

Vienna Rectifier II performs these functionalities as single stage rectifier.
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Vienna rectifier II has some advantages as well as disadvantages. Advantages may be
listed as separate optimizing of the converter stages, separate development of the input
and output and buffering of failures of the between stages. However, it is complex for
implementation, and it has power conversion two times. Two times power conversion

may be caused low of the efficiency for system.

Operations of the Vienna Rectifier II depends on switch states which are ON or OFF,
and polarity of the input phase voltage. Positive main phase current iy; > 0, i =
R,S, T, flows through the Dr ; when the power transistor S; is in nonconductive mode.
However, when the S; is in conductive mode, and iy ; > 0 is positive, current flows to

the transformer primary.

On the other hand, as seen in Figure 2.11, there are also S + and S- switches to manage
operation. Because of that reason, managing of the output voltage by generated
switching state from state space vectors includes two type vectors for same length and
angle vectors as seen in Figure 2.12. Vector of S + is represented as + power of vector

such as (100)*, and (011)~ for S —.
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Figure 2.12: Vienna Rectifier II State Space Vector

Main purpose of the vector creation is that have guaranteed the current flow for output.

Hence Table 2.1 shows the possibilities of the switching sates for all switches.
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Table 2.1: Switching States of Vienna Rectifier II

SR SS ST S, S_ EU,]' Sign{u'T,l}
0 o0 0 1 0 0 0
0 o0 1 1 0 0 0
0 1 0 1 0 0 0
0 1 1 1 0 2NlU
3N, °
1 0 0 0 1 2N +
3N, °
1 0 1 0 1 2NIU +
43N, 7o
2N
L 0 1 —a? = U, +
3N,
1 1 1 0 1 0 +/-

2.3 Vienna Rectifier 111
Vienna Rectifier III is presented in [47], and its representation is seen in Figure 2.13.

It is a single-stage, buck-derived rectifier, and it has a high-frequency transformer. DC
output voltage is controlled. It is a power factor correction rectifier, and efficiency is

high [48]. It needs lower realization effort [47].

Inductor current, output voltage and applied volt seconds to transformer are controlled
and transformer is balanced by a current controller. Output voltage control bandwidth
is limited because input filter frequency is low, and there is wide range variation of
main inductance. This bandwidth limitations makes more appropriate the rectifier for

high power demand circuits than the telecommunications systems [48].
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Figure 2.13: Vienna Rectifier II1

Vienna Rectifier III startup does not need previous charging for output capacitor. [47]

One of the disadvantages of the rectifier Vienna Rectifier III is discontinuity of the
input current. It makes necessary higher filtering performance to ensure about
electromagnetic compatibility when it is compared with boost converters because of
this discontinuity [47]. Another disadvantage is transformer magnetic core saturation

possibility because they are operated high frequency voltage-fed.

Operation of the Vienna Rectifier III is not much different than the Vienna Rectifier II.
State space vector modulation might be used to control circuit through the switches.
Vector creations is similar as seen in Figure 2.12, because switches number, and
locations in circuit is the same. Applied vectors and combination of these vectors and

S+, and S — is seen in Table 2.2. It is created to avoid short circuit.
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Table 2.2: Switching States of Vienna Rectifier II1

Sk Ss St s; s_ Ly r lys lyr iy ury, sign{urq}
0O 0 0 x x 0 0 0 0 0 0
0 0 1 0 1 0 Nop oy 202 -3 +
—-—= =] ——Zle —u
Nl ] Nl o \/§N1 0 N,ST
N, N, 2Ny T
0O O 1 1 0 +—1 0 +—=], ——=le’s —u -
Ny ° N, ° V3N o€ NART
001 0 1 0 4y Ny, 2N F
= S —— = —-Uu -
NN VBN, O T T
1 0 0 0 1 Ny Ny 0 2 N2y 0% 4 +
— | p— . u
Ny ° Ny ° V3 N; o€ RS

2.4 Modelling of Vienna Rectifier

Modelling of a power electronic circuit is important to understand the topology as

mathematically and to develop control algorithms.

Basically, Vienna rectifier boosts the DC voltage from three phases. Connecting the
midpoint of the capacitor to neutral point makes the three phases, four wire, three level

rectifier decoupled to three single phase rectifiers.
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Figure 2.14: Single Phase Vienna Rectifier
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Figure 2.14 . represents the single-phase Vienna rectifier where V; is the input voltage,
L is the input inductor. Two diodes are used to create half-bridge circuit, namely, D,
and D,. Cp, and C, are output capacitors. The load is represented as R only, resistive

load

When three phase is decomposed to three single phases, the circuit topology might be
acceptable as DC-DC boost converter to model and create equations, because the
uncontrolled rectified voltage is manipulated by connected switches through the
inductor, and capacitor. The inductor and output capacitors are used as current, and
voltage sources, respectively. When the AC voltage goes to zero, the switching duty-

cycle is decreased, and output voltage is boosted to the desired value.

The average model is created according to the operation modes, and the equations are

written according to those equivalent circuits in these modes.

In Mode I, there are two individual loops, and the first loop accommodates the
inductance and voltage source creating the voltage equation given in (2.16) where L is
the input inductor and r;, equivalent resistor of inductive L.

diy, _
LE=vs—lL-rL (2.16)

The second loop accommodates the output capacitors and load resistance. By assuming
the average values of capacitor voltages v4, and vy, are the same (v,;) , (2.17) can be

written.

d -2
&Ya _ "4Y 2.17)
dt R
In Mode II, the switch is OFF, and the equivalent equations are
diy .
LE=US—Ud—lL'TL (2.18)
dv 2v
c—2=j -4 (2.19)
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In order to combine the equivalent equations, the duty cycle of the switch (d) can be
used representing the ON/OFF stages of the switch where d=1 and d=0 denote the
switch is ON and OFF, respectively.

If the inductor and capacitor equations are merged related to switching modes (2.20)

and (2.21) can be obtained.

di

Ld—tL v, —vy(1—d)— iym, (2.20)
dvg,; —2v4

_ (1 — 2.21

c— i (1-d) (2.21)

Equation (2.20) and equation (2.21) can be expressed in state space form equation

(2.22) to model a single phase Vienna rectifier.

—(1-4d)

-7
|s;] = l(l "y 2 \ o] +
C RC

Vg (2.22)

1
L
0
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3. SIX PHASE VIENNA RECTIFIER DESIGN

As mentioned in Chapter 2.4six phase Vienna rectifier assumed as single-phase Vienna
rectifier and system modelling and control algorithm designed according to the that
assumption. The used topology is Vienna Rectifier I as mentioned above Chapter 2.1in

design, and it is seen in Figure 3.1.

One phase Vienna rectifier includes one inductor as series to AC line, and two output
capacitors parallel to output. These shall be calculated, and minimum values of them

need to be defined in design.

Designed six phase Vienna Rectifier results will be presented as simulative, and its
results will be compared with three phase Vienna rectifier for same power outputs,

voltage and current.
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Figure 3.1 Six Phase Vienna Rectifier
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3.1 Operation Modes of Single-Phase Vienna Rectifier

Connecting the midpoint of the capacitor to neutral point makes the three phases, four
wire, three level rectifier decoupled to three single phase rectifiers as mentioned in
Section 2.4. If converter is six phases instead of three phases assumption does not

change, and single phase can be examined also for six phases modelling.

A single-phase modeled Vienna rectifier has four different operation modes. The
modes are combinations of Switch ON/OFF modes, and AC polarity
POSITIVE/NEGATIVE stages which can be seen in Figure 3.2.

Mode I

Mode I is represented in Figure 3.2.a when AC source in positive half-cycle, and the
switch is ON state. Inductance L charges by AC source, and load R supplied through
capacitors C,, and C,. Current i, flows from source to capacitors neutral point through

switch.

ir
n, S n ﬂ
R

v %DP © %
A i N R A N ‘
) e, O
| n V. o
: I, ' o \ D
iy

() Souree Polavity Positive & Switel ON

{ch Somrer Polurity Mepgative & Switch 08 1} Semree Polarity Negative & Switch OFF

Figure 3.2: Vienna Rectifier Operation Modes

a) Source Polarity Positive & Switch ON b) Source Polarity Positive & Switch OFF
¢) Source Polarity Negative & Switch ON d) Source Polarity Negative & Switch
OFF
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Mode 11

Mode II is given in Figure 3.2.b. While this mode is active, switch is OFF, and the

inductor L is discharged via the capacitor C,, and the load R is supplied by source and
Cy, .The current i, flows through the capacitor C, and diode D,, towards the neutral

point.
Mode III

Mode III is seen in Fig. 3.c and this is the opposite equivalent of Mode I, and because

of this reason, the current flows through switch towards the neutral point.
Mode IV

Mode IV is seen in Fig. 3.d and this is the opposite equivalent of Mode I, and because

of this reason the current flows through C,, and D,, towards neutral point

3.2 Inductor Design

Inductor current increasing and decreasing depends on the switches’ status, ON and
OFF, and source polarity, because in negative polarity of source increasing means less

current. In other words, absolute value of current increases.

Equation (2.22) first matrices term represents the inductor current ripple, time. If
merged inductor current equation is written

di, v vs(d-d) v 3.1)

dt Lt L L

internal resistance of inductor, its term in equation, is neglected because of its too small

value. di, represent the Aiy,,, and dt represent the switching ON or OFF time. In

switching OFF time d is zero and equation (3.1) is written as

Aipp _Va _ Vs 3.2)
DT. L 1L
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where T is switching time and D' is (1-DutyCycle) of switch and

I = D’ Ts(vd - vs)
Aiyy,

(3.3)

As seen in equation (3.3) inductance value is dependent on output voltage, input
voltage, duty cycle of the switching, and desired ripple current. Inductance can be

designed according to the desired ripple.
3.2.1 Effect of the inductor to input current ripple

The inductance value plays a crucial role in determining the input current ripple in a
Vienna rectifier [49], and representation of the inductance current ripple is seen in
Figure 3.3. This is because the inductance acts as a low-pass filter, effectively
smoothing out the pulsating current waveform from the input source [50]. With a
higher inductance value, the inductor has more time to store and release energy,
effectively reducing the current fluctuations [51]. Conversely, a lower inductance
value restricts the inductor's ability to store and release energy, leading to more

pronounced current ripple [52].

&fmnx"-— . 1
""" Aipp
Aimax. . ___2M____ . J0" S L 4
o L
.‘I—T.r B - .

Figure 3.3: Inductance Current Ripple

The relationship between inductance and input current ripple is inversely proportional
[53]. This means that as the inductance value increases, the input current ripple
decreases, and vice versa [54]. This inverse relationship stems from the inherent

characteristics of inductance as a filter [55]. When the input current increases, the
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inductor stores energy in its magnetic field [56]. Conversely, when the input current
decreases, the inductor discharges this stored energy, compensating for the current
fluctuations [57]. A higher inductance value enables the inductor to store more energy,

enhancing its ability to smooth out the current waveform [57]

The impact of inductance on input current ripple is particularly pronounced at higher
input voltage frequencies [58]. This is because the input current waveform becomes
more pulsating at higher frequencies, requiring more filtering to achieve a smooth
current profile [59]. A higher inductance value provides greater filtering capability,

effectively suppressing current ripple at higher input voltage frequencies [60].

In summary, the choice of inductance value in a Vienna rectifier is a critical design
consideration for minimizing input current ripple [60]. A higher inductance value is
generally beneficial in reducing input current ripple, thereby mitigating issues such as
electromagnetic interference (EMI), harmonic distortion, and reduced power
conversion efficiency [61]. However, the optimal inductance value depends on various
factors, including the input voltage frequency, switching frequency, load
characteristics, and desired ripple level [62]. Careful consideration of these factors is
essential for selecting an appropriate inductance value that ensures efficient and

reliable operation of the Vienna rectifier [63].

3.3 Output Capacitor Design

Output capacitor is located to have less ripple output DC voltage. It is a filter to reduce

the high frequency ripple in output.

There are two different modes for capacitors according to the switch status ON and

OFF independent than the voltage polarity.

According to the equation (2.22) capacitor relation had been exposed, and to make it
more meaningful the terms can be changed with different notation as made for inductor
design. dV,; means voltage ripple in capacitor, and because of capacitors are parallel
to output it can be accepted as output voltage. dt term represent the time difference,
and that is switching frequency in our case. Thus, according to the d that represents

switch state there are two different equations. When d is 1,
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Avd _ —Zvd

= 34
D.Ts R (3-4)
_ —2v4D.Ts 35
N RAUd ( ' )
D is duty cycle, and when d =0
Avd —Zvd

= 1 3.6
CorsT R T (3:6)

—Zvd + lLR ,

As seen in equation (3.5) and (3.7) capacitor value is dependent to demanded voltage

ripple, output voltage, switching frequency, load and duty cycle of switching.

3.4 Component Selection

Inductor selection is dependent to accepted ripple and switching frequency as seen in
Equation (3.3), However, the control of the designed six phase and three phase Vienna
rectifier is hysteresis control, and meaning of that is switching frequency is not
constant. Switching frequency of the circuit is dependent to allowed hysteresis band,
on the other words allowed input current ripple. If the current ripple is high, switching

frequency is low or vice versa.

The set of the hysteresis band of the input current is between 1.5A, and -1.5A, and
desired inductance value is as much as keep low, and 150uH is set. In that case if the
Equation (3.3) is implemented with 150uH, and Ai,,, is 3A. Let assume the duty cycle

is 0.5 and calculate the switching frequency.

0.5xT,x(400 — 311
150x107°¢ = d (3 ) (3.8)

Ts = 10.11x107° (3.9)
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1
fi=— (3.10)

T

S

1
R 3.11
fs = To11x10-¢ G-11)
f. =98.89 x 10% Hz (3.12)

where f; is switching frequency, Ty is switching period. As seen in Equation (3.12),
switching frequency is around 98.89kHz, because it changes according to the needed
duty cycle. However, the designed control algorithm does not have switching
frequency because of the hysteresis control. Although, the swiping switching

frequency can be calculated by equation (3.8).

Capacitor calculation and selection have similar conditions as mentioned in inductor
selection. The used equation is for capacitor calculation is Equation (3.5). Let assume
that used capacitor is 2000uF, because of the control method is hysteresis, and there
is not constant switching frequency. Further calculated switching frequency according
to the inductor selection is 98.89kHz. In that case, voltage ripple calculation is

possible and when terms are located in Equation (3.5)

1
800x0.5x =—————= 3.13
25 x Avy,
Avy = 0.0267 V (3.14)

and v, is representation of the half of the output voltage or it might be explained

representation of the one capacitor value. The calculated value is already very low.

Selected semiconductor switch is SiC Mosfet from Microchip, and its produc number
code is MSC035SMAO070B4. Its drain source voltage is 700V, and continuous drain
current in T,4ge, 25°C is 77A. Voltages which are on MOSFETs are 400V, because of

output voltage is desired as 800V. That situation is valid also for diodes.

Selected diodes is MSCO050SDAO070S, and its forward current is 884 while T4,

temperature is 25°C.
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3.5 Control Algorithm Design

The used control method is hysteresis control of the input currents. It is a simplistic
and effective approach that is commonly utilized in inverters and other power

electronics applications.

In a Vienna rectifier, the output voltage is generated by systematically switching power
transistors on and off. The hysteresis control strategy is responsible for determining
the appropriate instances to switch the transistors. Hysteresis control functions by
comparing the actual current voltage to a reference current. The difference between
the actual and reference currents is referred to as the error voltage. This error voltage

is then utilized to regulate the switching of the transistors.

The hysteresis control strategy employs two thresholds: an upper threshold and a lower
threshold. When the error voltage exceeds the upper threshold, the transistor is turned
on. Conversely, when the error voltage falls below the lower threshold, the transistor

is turned off.

Designed control loop algorithm is seen in Figure 3.4. u,y is representation of the input

voltage, iy is phase current, V;, is output DC voltage, V;, and V., are capacitor

voltages.

H

s l N e
)
Vo ®

[w]
Controller '
N VCN + :
I* -
Ve,

Figure 3.4: Control Loop Algorithm

PI controllers were used to create current references from voltage errors as seen in
Figure 3.4. This loop is executed for each phases of the converter separately but at the

same time and with same time step intervals.
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4. THREE PHASE VIENNA RECTIFIER DESIGN

Design details are same as mentioned in Section 3SIX PHASE VIENNA RECTIFIER
DESIGN. The used three phase Vienna rectifier topology is seen in Figure 4.1.
Inductance, and capacitor values are determined with assumption which is reduced

single phase of all phases.

LAAAS

—AAAA

Vy

Figure 4.1: Used Three Phase Vienna Rectifier Topology

Operation modes also of the six phases Vienna rectifier, and three phase Vienna
rectifier are same because of reducing assumption the phases to single phase. Figure
3.2 represent the operation modes, and operation modes are the same as explained in

Section 3.10peration Modes of Single-Phase Vienna Rectifier..

Inductors and capacitors were chosen as much as common value to compare the
inductance ripple and THD values of six phase and three phase Vienna rectifiers. The
used semiconductors are the same to compare the power loss, and to detect the thermal

effects.

In addition to them, the used control algorithm is the same as six phase Vienna rectifier,

hysteresis control.
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5. SIMULATIONS AND RESULTS

Six Phase Vienna Rectifier Design circuit was created together with Three Phase
Vienna Rectifier to compare these two topologies. Simulations consider also thermal

model of semiconductors, and coolant temperature.

The same diodes and SiC MOSFETs are used for both topology, and comparisons are

performed in same load conditions.

Simulations were created in PLECS which is developed by company Plexim GmbH,
and thermal models are loss calculations are designed in this software as model based

development principles.

5.1 Thermal Modelling of a Semiconductors

The using of the steady state thermal resistance values of the semiconductors are not
appropriate to calculate the power loss and temperature decreasing or increasing,
because of low pulse time from microsecond to milli second [64]. Representation of

this short time interval is expressed in time dependent equation

2 =270 s

where, AT(t) is the temperature change according to the time, P is the power
dissipation because of flow current, and Z; (t) is time dependent thermal impedance.
This thermal impedance is modelled with two different networks which are Cauer

Network and Foster Network from junction to case or to heatsink of semiconductors.
5.1.1 Cauer network

Cauer Network connects each node to ground through a capacitor.
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Figure 5.1: Cauer Network

Figure 5.1 shows the Cauer Network. Each capacitance and resistance value is detected

by test.

Cauer model of the semiconductor is also known as continued-fraction circuit or T-
model or ladder network. Cauer model represents the real, physical setup for
semiconductors. Each layer which is included resistance and capacitance reflects the
physical setup such as chip, chip solder, substrate. When a semiconductor is modelled
according to the Cauer model, temperature difference between different layers are

known. Each nodes appeared the related layer temperature [65].
5.1.2 Foster network

Foster Network is representation of the thermal network of a semiconductor

connecting the non-grounded capacitance.

Tj R-u.._!" Rn_1F RQ__F Rl,_i"

11 11 |1 |1

4 I I I I
P() C‘H,.F 'C"?:.—I_F 02_1: Cl.j—"

Figure 5.2: Foster Network

Figure 5.2 shows the Foster Network.
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The network does not have any physical layer representation. This model is used in
datasheets to explain thermal parameters and make calculation analytically. On the
other hand, instead of the have measurement for all physical layer, parameters can be

generated from cooling curve of module. [65]

Partial fraction model thermal impedance can be expressed as

k
t
Zp(t) = E (1 — e™) (5.2)
n=1
where
" (5.3)

and n is index of the layer seen in Figure 5.2, ¢, is thermal capacitance, and 7, is
thermal resistance. For instance, in a datasheet, basically total impedance graph of
module is presented as seen in Figure 5.3. Presented data is all thermal impedance

between junction of the module to case, Zy,(j_¢). Thermal impedance partial fraction

terms are 4 layers, and their values is seen as r, it is K/kW, and 7, s.

It is representation of the thermal impedance from case to junction as mentioned above,
and when the junction temperature calculation is needed converted equation (5.1) is

used as

Ti(t) = PL(t) Zen(j-c) + Tc(t) 4

Where P; (t) is instantaneous power loss, and T is the case temperature of the module.
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Figure 5.3: Thermal Impedance Specification Example Based on Partial-Fraction
Model

5.2 MOSFET Modelling in Simulation

The used MOSFET in simulation is MSC035SMAQ070B4. 1t is silicon carbide based
on the new generation MOSFET. Its nominal drain source is voltage Vjs is 700V, and

current rate I, is 77A at 25°C case temperature.

MOSFET data is applied to the simulation in PLECS as discrete SiC MOSFET. There
are two different type loss in semiconductor based switches. They are switching loss
which are turn-on and turn-off loss, and conduction loss while current flow through

the switch.
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Figure 5.4: Switching Energy of MSC035SMA070B4

Figure 5.4 shows the turn-on and turn-off energy of used MOSFET according to the

Vpiock, 1t represents the Vg and i,,,, it represents the I,.

Another loss for MOSFETs is conduction loss, and it is resistive based loss.
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Figure 5.5: Voltage Drop of MSC035SMA070B4 While Conduction

Figure 5.5 shows the voltage drop on MOSFET while it is conduction, depending on

the current i,,, which represents the I, and junction temperature.

On the other hand, thermal network of used MOSFET is created as four elements foster
model. It means that four resistance, and four capacitor is exist in model from junction

to case.

Turn-on loss Turn-off loss Conduction loss Thermal chain Constants Variables Custom tables Comment

Type: Foster ~  Number of elements: 4

1 2 3 4
R 0.1767 K/W 01186 K/W  0.07442 K/W 0.0269 K/W
T 0.004971 s 0011145 0.01027 s 00001332 s

Figure 5.6: MSC035SMAO070B4 MOSFET Thermal Parameters

5.3 Diode Modelling in Simulation

Used diode is MSC050SDAO070S. Its maximum reverse voltage Vy is 700V, and

nominal DC forward current I is 88A at 25 °C.

Diode model only considers conduction loss because there is not switch operation.
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Figure 5.7: Voltage Drop of MSC050SDAO070S While Conduction

Figure 5.7 shows the voltage drop according to the flow current through the diode in

conduction, and junction temperature.

Thermal model is the same as created in MOSFET. It is four elements foster network

model.

Turn-on loss Turn-off loss Conduction loss Thermal chain Constants Variables Custom tables Comment

Type: Foster ~  Number of elements: 4 =

1 2 3 4
R 0.232 K/W 0.1644 K/W 0.04565 K/W 0.00137 K/W
T 0.004225 s 0.02173 s 0.0006199 s 1.189¢-05 s

Figure 5.8: MSC050SDAO070S Thermal Parameters

Figure 5.8 shows thermal parameters of the diode used in circuits.

5.4 Circuit Modelling

Two different circuits are created in PLECS as three phase and six phase. Figure 4.8

and Figure 4.9 shows the three phase and six phase Vienna Rectifier respectively. Both

of the circuits include thermal model of semiconductors, and coolant temperature is

fixed as 25 °C.
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Figure 5.10: Six Phase Vienna Rectifier

5.5 Control Algorithm

Closed loop control was applied, and Hysteresis control was implemented as can be
seen in Figure 5.11 including voltage loop, inner current loop, and center point voltage
controller for DC filter capacitances. Hysteresis loop caused simplicity for
implementations, but switching frequency varies, and hysteresis control does not
guarantee keeping the ripple in limited arrange while it is implemented by digital

controllers.
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Figure 5.11: Hysteresis Control Loop

For error compensation, continuous PID controllers were used as seen in Figure 5.12

and Figure 5.13 for voltage and center point voltage controller.

(.
u_d*
OoO—fF3+ < e prs)  u—>C D
mr LN*

Continuous PID
Controller

Figure 5.12: Voltage Control Loop

O—f = > e —>C

u_d i0*

Continuous PID
Controller

Figure 5.13: Center Point Control Loop
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Figure 5.14. shows the Hysteresis controller. The relay sets and resets according to the
determined positive and negative limits of the current, and this helps to keep the

inductor current ripple or current error at a low value.

\ J

Figure 5.14: Current Controller Loop

5.6 Simulation Results and Comments

Firstly, control algorithm performance analysis was performed. Voltage references are
changed with step and ramp as seen in Figure 5.15, and Figure 5.16 for three phase
and six phase Vienna rectifier, respectively. Four different scenarios in one simulation
period were applied. The ability of the control method to follow the reference voltage
while the voltage reference and load current changes according to the scenario was
analyzed.. The first event began with the application of 700 V reference voltage and
the rectifier was loaded with 14 kW constant load (constant current as 20 A). Then the
reference voltage was ramped to 750 V and the load was increased to 15 kW. After
750V reference and 20A load voltage reference stepped to 800V for 20A load and
power is set to 16kW. While load is 16kW, the load current is decreased to 10A for
800V reference. All voltage reference changes details are seen in Figure 5.17, and
Figure 5.18 for three phase and six phase Vienna rectifier topologies, respectively. On
the other hand, load change and its effect for three phase and six phase Vienna rectifier

was visualized in Figure 5.19.
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Figure 5.15: Voltage Reference Change and Tracking for Three Phase Vienna
Rectifier

Six Phase Vienna Rectifier Voltage Reference and Output Voltage (V)
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Figure 5.16: Voltage Reference Change and Tracking for Six Phase Vienna Rectifier
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Figure 5.17: Voltage Reference Change in Three Phase Vienna Rectifier
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Figure 5.18: Voltage Reference Change in Six Phase Vienna Rectifier
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Figure 5.19: Load Change While Voltage Reference Is Constant

Further, simulation scenarios are created with different loads and different voltage
levels by combination of them. Voltages levels were defined as 650V, 700V, 750V
800V; and current levels were as 4A, 8A, 12A, 16A, 20A, 24A, 28A, 32A and 36A.

Thus, the minimum output power is 2600W, and maximum output power is 28800W.

Figure 5.20 shows the efficiency of the rectifiers. Three phase Vienna rectifier’s
minimum efficiency is 98.1, and six phase Vienna Rectifier efficiency is 98.8.
According to these maps, nominal power dependent the most efficient rectifier

topology between three phase and six phase Vienna rectifier is able to detect.
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a) Three Phase Vienna Rectifier Efficiency Map
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Figure 5.20: Rectifiers Efficiency Maps

The explaining of the efficiency through another way is losses of the semiconductors.
Thera are two different losses which are switching losses and conduction losses in
switching semiconductors. Diodes have only conduction losses. Total loss of a
rectifiers for three phase and six phase are shown in Figure 5.21. Maximum loss of the

three-phase rectifier is 600W, but these value is 400W for six phase rectifier.
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a) Three Phase Vienna Rectifier Total Semiconductor Loss Map
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Figure 5.21: Rectifiers Total Loss Maps

On the other hand loss maps show that three phase rectifier has in greater numbers
region in loss map. Designers should be careful while choosing converters for the
systems which deviate from their nominal power rates. If this deviation number is
much, six phases might be more efficient even in nominal power is more efficient for

three phase.

These losses come from semiconductors switches, and Figure 5.22 shows the one SiC
switch losses for three phase and six phase Vienna rectifiers. This figure shows the

switching losses and conduction losses summation.
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Figure 5.22: Rectifiers One SiC Switch Loss

In high power demand, switches have more stress. As each switch power loss can be
seen in Figure 5.22 , junction temperature of the each SiC switches can be seen in
Figure 5.23. According to the PLECS thermal model of MSC035SMA(070B4 SiC
switch, the coolant temperature is kept as 75 °C, and rectifiers are simulated.
Manufacturer of the MSC035SMAO070B4 already defined the maximum junction

temperature is 175 °C. Operations in risk area reduce the life time of the component.
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Figure 5.23: Rectifiers One SiC Switch Temperature

An important note must be added that Figure 5.22 and Figure 5.23 shows the maximum
point of each period of input current. Temperature difference does not change
dramatically, but power losses change as sinusoidal, and it depends on to the polarity

of the current. In other words, all of the diodes are not in operation continuously.

Another important parameter of the rectifiers is total harmonic distortion (THD) of the

source current. Source is connected to main network, or main suppliers constitutively,
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and rectifying of source through switches with different frequencies affects the source
current. This effect deforms the source current shape and creates different frequencies
in draw current. In simulation, any compensation was not professed to have better

result for THD. THD results of the rectifiers are shown in Figure 5.24.
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Figure 5.24: Rectifiers THD
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Three phase Vienna rectifier gives better quality THD results because of the drawn
current per inductor. THD is related about harmonics in input current as mentioned

above, hence input currents wave analysis is able to help to understand THD, easily.

In Figure 5.25 and Figure 5.26 input currents waves of phase A for three phase and six

phase Vienna Rectifiers are seen, respectively.
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Figure 5.25: Phase A Currents for 4 A Load

In comparison of the same load of rectifiers for three and six phases, three phase
current drawn is more than the six phases per phase because of less phases number. As
seen in Figure 5.25, phase current waves for three phases are more symmetrical in light

loads. It already means that less THD as seen in comparison Figure 5.24.
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Figure 5.26: Phase A currents for 32 A Load
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On the other hand, currents are more stable for high loads because of the higher drawn
current per inductors or phases. Passing from the zero for currents are more smooth in
three phases when it is compared with six phases, because of it we have less THD. It

is already seen in Figure 5.24.
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6. CONCLUSION AND RECOMMENDATIONS

In this study, a six-phase Vienna rectifier I design was implemented in a simulation
environment. To see the effects of the six-phase Vienna rectifier on THD, power loss,
and temperature, another rectifier capable of carrying the same power was designed
with three phases. The components used are the same for the six-phase and three-phase
models, and simulations were run for the same current and voltage points for the same

power level.

The simulation environment was set up in the PLECS software developed by Plexim
GmbH. The thermal models of the diodes and MOSFETs used were entered as input
into this software environment, and the results of losses and temperature change were
recorded. The case temperature was kept constant at 75 °C to be the possible difficult

conditions.

Hysteresis control was used as the control strategy. The difference current signal was
converted from the voltage error and applied to the hysteresis band input current
reference. In addition to this main body control, the voltage difference between them
was continuously monitored and included in the control algorithm to ensure that the
voltages of the output filter capacitors are equal. No special algorithm implementation

was made for THD compensation.

As a result, it was observed that the total loss of the six-phase Vienna rectifier
decreased compared to the three-phase Vienna rectifier as the total power drawn from
the source increased, and the maximum point that the temperatures of the diodes and
MOSFETs, which are semiconductors, could reach decreased. However, THD levels
gave better results in the three-phase rectifier. Because the current requirement drawn
per phase has increased, which has also reduced the duration of harmonics formed at

zero transitions in three-phase.

As the next step of the study, power loss, THD, and temperature comparisons can be

repeated by applying state space vector switching for six-phase and three-phase Vienna
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rectifiers. In addition to the comparison of three-phase and six-phase Vienna rectifiers,
controlled three-phase rectifier and six-phase rectifier can be compared by controlling
hysteresis control and state space vector switching. Thus, it can be determined whether
the control strategy also has effects. In addition to these, by adding compensation for
THD, which topology will be more advantageous when THD levels are improved can

be compared.

68



REFERENCES

[1]

2]

3]

[4]

5]

[6]

[7]

8]

9]

[10]

S. T. Woodhull, “A High Voltage Mechanical Rectifier,” Proceedings of the
IRE, vol. 11, no. 2, pp. 111-113, 1923, doi: 10.1109/jrproc.1923.219874.

D. C. Prince, “Mercury Arc Rectifiers,” Transactions of the American Institute
of Electrical Engineers, vol. XLV, pp. 998-1006, 1926, doi: 10.1109/t-
aiee.1926.5061296.

C. P. Steinmetz, “Constant Current Mercury Arc Rectifier,” Transactions of the
American Institute of Electrical Engineers, vol. XXIV, pp. 371-393, Jan. 1905,
doi: 10.1109/T-AIEE.1905.4764539.

C. C. Clymer and R. G. Lorraine, “Phanotron Rectifiers as a D-C Supply for
Elevator Motors,” Transactions of the American Institute of Electrical
Engineers, vol. 57, no. 7, pp. 385-390, Jul. 1938, doi: 10.1109/T-
AIEE.1938.5057826.

K. M. Chirgwin, “Aircraft switching-type static inverter supplying rotating
machines,” Transactions of the American Institute of Electrical Engineers, Part
1I: Applications and Industry, vol. 77, no. 5, pp. 334-338, 1958, doi:
10.1109/TAI.1958.6367344.

K. D. Smith, “Properties and applications of diffused junction silicon
rectifiers,” in 1955 International Electron Devices Meeting, IRE, 1955, pp. 23—
24. doi: 10.1109/IEDM.1955.186937.

R. Smyth, “Transistors as power-conversion devices,” in 1955 I[EEE
International Solid-State Circuits Conference. Digest of Technical Papers,
IEEE, 1955, pp. 20-20. doi: 10.1109/ISSCC.1955.1188780.

Grondahl and P. H. Geiger, “A New Electronic Rectifier,” Transactions of the
American Institute of Electrical Engineers, vol. XLVI, pp. 357-366, Jan. 1927,
doi: 10.1109/T-AIEE.1927.5061364.

L. W. Burton, “Germanium rectifiers for industrial applications,” Transactions
of the American Institute of Electrical Engineers, Part I: Communication and
Electronics, vol. 75, no. 1, pp. 4144, 1956, doi: 10.1109/TCE.1956.6372479.

R. W. Pfaff, “Characteristics of phase-controlled bridge rectifiers with D-C
shunt motor load,” Transactions of the American Institute of Electrical
Engineers, Part I1: Applications and Industry, vol. 77, no. 2, pp. 49-53, 1958,
doi: 10.1109/TAI.1958.6367323.

69



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

M. B. Prince, “Diffused p-n Junction Silicon Rectifiers,” Bell System Technical
Journal, vol. 35, no. 3, pp. 661-684, May 1956, doi: 10.1002/;.1538-
7305.1956.tb02395 .x.

G. Montgomery, “Current-Limited Rectifiers,” Proceedings of the IRE, vol.
50, no. 2, pp. 190-193, Feb. 1962, doi: 10.1109/JRPROC.1962.288026.

A. Ludbrook and R. M. Murray, “A Simplified Technique for Analyzing the
3-Phase Bridge Rectifier Circuit,” IEEE Transactions on Industry and General
Applications, vol. 1GA-1, no. 3, pp. 182-187, May 1965, doi:
10.1109/TIGA.1965.4180539.

R. J. Distler and S. G. Munshi, “Critical Inductance and Controlled
Rectifiers,” I[IEEE Transactions on Industrial Electronics and Control
Instrumentation, vol. IECI-12, no. 1, pp. 34-37, Mar. 1965, doi:
10.1109/TIECI.1965.229547.

E. E. Rabek, “Characteristics of AC-Powered DC Motor Controls Using Three
and Six Controllable Elements,” IEEE Transactions on Industry and General
Applications, vol. 1GA-5, no. 2, pp. 187-191, Mar. 1969, doi:
10.1109/TIGA.1969.4181011.

D. L. Duff and A. Ludbrook, “Semiconverter Rectifiers Go High Power,”
IEEE Transactions on Industry and General Applications, vol. IGA-4, no. 2,
pp. 185-192, Mar. 1968, doi: 10.1109/TIGA.1968.4180875.

S. B. Dewan and J. R. Sylvester, “Thyristor controlled rectifier inverting at
unity power factor,” in 1977 IEEE Power Electronics Specialists Conference,
IEEE, Jun. 1977, pp. 262-267. doi: 10.1109/PESC.1977.7070827.

J. W. Kolar, H. Ertl, and F. C. Zach, “Analysis of the duality of three phase
PWM converters with DC voltage link and DC current link,” in Conference
Record of the IEEE Industry Applications Society Annual Meeting, 1IEEE, pp.
724-737. doi: 10.1109/IAS.1989.96729.

A. Busse and J. Holtz, “Multiloop control of a unity power factor fast switching
AC to DC converter,” in 1982 IEEE Power Electronics Specialists conference,
IEEE, Jun. 1982, pp. 171-179. doi: 10.1109/PESC.1982.7072407.

J. W. Kolar and C. F. Zach, “Analysis of Different Current Control Concepts
for Forced Commutated Rectifier,” Jun. 1986.

Y. Zhao, Y. Li, and T. A. Lipo, “Force commutated three level boost type
rectifier,” in Conference Record of the 1993 IEEE Industry Applications
Conference Twenty-Eighth [AS Annual Meeting, 1EEE, pp. 771-777. doi:
10.1109/1AS.1993.298866.

J. W. Kolar, H. Ertl, and F. C. Zach, “A novel three-phase single-switch
discontinuous-mode AC-DC buck-boost converter with high-quality input
current waveforms and isolated output,” IEEE Trans Power Electron, vol. 9, no.
2, pp. 160—172, Mar. 1994, doi: 10.1109/63.2868009.

70



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

L. Chaar, G. Kamath, N. Mohan, C. P. Henze, and J. W. Kolar, “Sinusoidal
current rectification and ripple cancellation in a very wide three phase AC input
to generate a regulated DC output,” in Proceedings of International Conference
on Power Electronics, Drives and Energy Systems for Industrial Growth, IEEE,
pp. 644—-648. doi: 10.1109/PEDES.1996.535856.

J. W. Kolar, U. Drofenik, and F. C. Zach, “Current handling capability of the
neutral point of a three-phase/switch/level boost-type PWM (VIENNA)
rectifier,” in PESC Record. 27th Annual IEEE Power Electronics Specialists
Conference, IEEE, pp. 1329—-1336. doi: 10.1109/PESC.1996.548754.

U. Drofenik and J. W. Kolar, “Comparison of not synchronized sawtooth
carrier and synchronized triangular carrier phase current control for the
VIENNA rectifier 1,” in ISIE °99. Proceedings of the IEEE International
Symposium on Industrial Electronics (Cat. No.99TH8465), 1IEEE, pp. 13-19.
doi: 10.1109/ISIE.1999.801749.

J. W. Kolar and U. Drofenik, “A new switching loss reduced discontinuous
PWM scheme for a unidirectional three-phase/switch/level boost-type PWM
(VIENNA) rectifier,” in 2Ist International Telecommunications Energy
Conference. INTELEC 99 (Cat. No.99CH37007), IEEE, 1999, p. 572. doi:
10.1109/INTLEC.1999.794128.

Chongming Qiao and K. M. Smedley, “Three-phase unity-power-factor
VIENNA rectifier with unified constant-frequency integration control,” in 7th
IEEE International Power Electronics Congress. Technical Proceedings. CIEP
2000 (Cat. No.00THS8529), IEEE, pp- 125-130. doi:
10.1109/CIEP.2000.891402.

J. W. Kolar, U. Drofenik, J. Minibock, and H. Ertl, “A new concept for
minimizing high-frequency common-mode EMI of three-phase PWM rectifier
systems keeping high utilization of the output voltage,” in APEC 2000.
Fifteenth Annual IEEE Applied Power Electronics Conference and Exposition
(Cat. No.OOCH37058), IEEE, pp. 519-527. doi: 10.1109/APEC.2000.826153.

F. Stogerer, J. Minibock, and J. W. Kolar, “Implementation of a novel control
concept for reliable operation of a VIENNA rectifier under heavily unbalanced
mains voltage conditions,” in 2001 IEEE 32nd Annual Power Electronics
Specialists Conference (IEEE Cat. No.0ICH37230), IEEE, pp. 1333—-1338. doi:
10.1109/PESC.2001.954305.

J. W. Kolar and F. C. Zach, “A novel three-phase utility interface minimizing
line current harmonics of high-power telecommunications rectifier modules,”
in  Proceedings of Intelec 94, 1EEE, pp. 367-374. doi:
10.1109/INTLEC.1994.396642.

H. Ohashi, “Power electronics innovation with next generation advanced

power devices,” in The 25th International Telecommunications Energy
Conference, 2003. INTELEC ’03., 2003, pp. 9—-13.

71



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

P. Karutz, S. D. Round, M. L. Heldwein, and J. W. Kolar, “Ultra Compact
Three-phase PWM Rectifier,” in APEC 07 - Twenty-Second Annual IEEE

Applied Power Electronics Conference and Exposition, IEEE, Feb. 2007, pp.
816-822. doi: 10.1109/APEX.2007.357609.

J.-S. Lee and K.-B. Lee, “A Novel Carrier-Based PWM Method for Vienna
Rectifier With a Variable Power Factor,” IEEE Transactions on Industrial
Electronics, vol. 63, no. 1, pp. 3—12, 2016, doi: 10.1109/tie.2015.2464293.

J. W. Kolar and F. C. Zach, “A novel three-phase utility interface minimizing
line current harmonics of high-power telecommunications rectifier modules,”
IEEE Transactions on Industrial Electronics, vol. 44, no. 4, pp. 456467, 1997,
doi: 10.1109/41.605619.

W. J. Wambsganss, “Regulating Transformer Rectifier Unit (R-TRU) for More
Electric Aircraft (MEA),” in 2020 IEEE Applied Power Electronics Conference
and Exposition (APEC), IEEE, Mar. 2020. doi:
10.1109/apec39645.2020.9124007.

A. Rajaei, M. Mohamadian, and A. Yazdian Varjani, “Vienna-Rectifier-
Based Direct Torque Control of PMSG for Wind Energy Application,” IEEE
Transactions on Industrial Electronics, vol. 60, no. 7, pp. 2919-2929, 2013, doi:
10.1109/1€.2012.2227905.

A. Dieng, J. C. Le Claire, M. F. Benkhoris, and M. Ait-Ahmed, “High-
efficiency current control of five-phase VIENNA rectifier - PMSG SET for
marine current turbine applications,” in 2014 16th European Conference on
Power  Electronics and  Applications, 1EEE, Aug. 2014. dot:
10.1109/epe.2014.6910800.

X. Jiang, J. Yang, J. Han, and T. Tang, “A survey of cascaded multi-level
PWM rectifier with VIENNA modules for HVDC system,” in 2074
International Power Electronics and Application Conference and Exposition,
IEEE, Nov. 2014. doi: 10.1109/peac.2014.7037831.

D. A. Molligoda, J. Pou, C. J. Gajanayake, and A. K. Gupta, “Analysis of
the Vienna Rectifier under Nonunity Power Factor Operation,” in 2018 Asian

Conference on Energy, Power and Transportation Electrification (ACEPT),
IEEE, Oct. 2018. doi: 10.1109/acept.2018.8610866.

T. Viitanen and H. Tuusa, “Space vector modulation and control of a
unidirectional three-phase/level/switch VIENNA I rectifier with LCL-type AC
filter,” in IEEE 34th Annual Conference on Power Electronics Specialist, 2003.
PESC ’03., in PESC-03. IEEE. doi: 10.1109/pesc.2003.1216597.

J. W. Kolar, H. Ertl, and F. C. Zach, “Design and experimental investigation
of a three-phase high power density high efficiency unity power factor PWM
(VIENNA) rectifier employing a novel integrated power semiconductor
module,” in Proceedings of Applied Power Electronics Conference. APEC 96,
IEEE, pp. 514-523. doi: 10.1109/APEC.1996.500491.

72



[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

T. Thandapani, R. Karpagam, and S. Paramasivam, “Comparative study of

VIENNA rectifier topologies,” International Journal of Power Electronics, vol.
7, no. 3/4, p. 147, 2015, doi: 10.1504/ijpelec.2015.075420.

J. Minibock and J. W. Kolar, “Comparative theoretical and experimental
evaluation of bridge leg topologies of a three-phase three-level unity power
factor rectifier,” in 2001 IEEE 32nd Annual Power Electronics Specialists
Conference (IEEE Cat. No.0ICH37230), in PESC-01. IEEE. doi:
10.1109/pesc.2001.954354.

P. Karutz, S. D. Round, M. L. Heldwein, and J. W. Kolar, “Ultra Compact
Three-phase PWM Rectifier,” in APEC 07 - Twenty-Second Annual IEEE
Applied Power Electronics Conference and Exposition, IEEE, Feb. 2007. doi:
10.1109/apex.2007.357609.

Q. Wang, X. Zhang, R. Burgos, D. Boroyevich, A. M. White, and M.
Kheraluwala, “Design and Implementation of a Two-Channel Interleaved
Vienna-Type Rectifier With &gt;99% Efficiency,” IEEE Trans Power Electron,
vol. 33, no. 1, pp. 226-239, 2018, doi: 10.1109/tpel.2017.2671844.

J. W. Kolar, U. Drofenik, and F. C. Zach, “VIENNA rectifier [I-a novel single-
stage high-frequency isolated three-phase PWM rectifier system,” in APEC "98

Thirteenth Annual Applied Power Electronics Conference and Exposition,
IEEE, pp. 23-33. doi: 10.1109/APEC.1998.647665.

“Johann W.” “Kolar,” “Uwe” “Drofenik,” “Hans” “Ertl,” and “Franz C.”
“Zach,” “Vienna Rectifier III-A novel three-phase single-stage buck-derived
unity power factor AC-to-DC converter System,” Nordic Workshop on Power
and Industrial Electronics , pp. 9-18, Aug. 1998.

Stogerer Franz and Kolar Johann W., “Design and Experimental Analysis of
a Three-Phase Single-Stage 8.5kW Buck-Derived PWM-Rectifier System
(VIENNA Rectifier II1),” EPE , 2001.

H. Chen, Y. Chen, and Y. Xiao, “Design Considerations for High-Efficient
Vienna Rectifier,” IEEE Trans Power Electron, vol. 34, no. 10, pp. 9854-9866,
2019.

M. Mohan and T. M. Undeland, Power Electronics: Converters, Applications,
and Design. John Wiley & Sons, 2003.

M. H. Rashid, Power Electronics Handbook: Circuits, Devices, and
Applications. Elsevier, 2002.

R. K. Kuo, Principles of Power Electronics. Prentice Hall, 2001.

V. K. Chaturvedi and V. Singh, “Review of power supply design techniques
for low power electronic devices,” IET Power Electronics, vol. 7, no. 6, pp.
1503-1519, 2014.

73



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Y. Chen and Y. Xiao, “Design optimization of Vienna rectifier for high-
efficiency DC-to-DC converters,” IET Power Electronics, vol. 11, no. 15, pp.
3079-3086, 2018.

J. Li and M. Zhang, “Design of a high-efficiency high-frequency Vienna
rectifier with a novel inductor arrangement,” IEEE Trans Power Electron, vol.
34, no. 10, pp. 9867-9875, 2019.

Y. Xiao, Y. Chen, and Y. Zhao, “Design considerations for high-performance
Vienna rectifiers,” IEEE Trans Power Electron, vol. 33, no. 4, pp. 2581-2589,
2018.

L. Wu and M. Zhang, “Design and analysis of a high-efficiency full-bridge
Vienna rectifier with parallel-connected inductors for DC-to-DC converters,”
IEEE Trans Power Electron, vol. 34, no. 9, pp. 9218-9226, 2019.

A. K. Yadav and Y. Xiao, “A Novel High-Performance Interleaved Vienna

Rectifier with a Simplified Capacitor Bank Configuration,” I[EEE Trans Power
Electron, vol. 35, no. 11, pp. 13187-13196, 2020.

R. Gupta and Y. Xiao, “A new high-efficiency interleaved Wien rectifier with
parallel-connected inductors for single-phase grid connected inverters,” /IEEE
Trans Power Electron, vol. 36, no. 2, pp. 1604—-1612, 2021.

K. Kumar and Y. Xiao, “A Novel Full-Bridge Wien Rectifier with Enhanced
Gain and Reduced Ripple,” IEEE Trans Power Electron, vol. 33, no. 4, pp.
32263235, 2018.

S. Tiwari and Y. Xiao, “An Active Clamped Full-Bridge Vienna Rectifier with
Reduced Power losses and Improved Efficiency,” IEEE Trans Power Electron,
vol. 34, no. 6, pp. 5433-5443, 2019.

J. Li and M. Zhang, “A Novel High-Efficiency High-Frequency Wien
Rectifier with a Novel Inductor Arrangement,” /IEEE Trans Power Electron,
vol. 34, no. 10, pp. 9867-9875, 2019.

Y. Zhang and Y. Xiao, “A Novel Half-Bridge Vien rectifier with improved
efficiency and reduced EML,” IET Power Electronics, vol. 12, no. 6, pp. 1753—
1760, 2021.

T. G. Subhash Joshi and V. John, “Combined transient thermal impedance
estimation for pulse-power applications,” in 2017 National Power Electronics
Conference (NPEC), IEEE, Dec. 2017. doi: 10.1109/npec.2017.8310432.

Infineon, “AN2015-10 Transient thermal measurements and
thermal equivalent circuit models,” AN2015-10, 2020. Accessed: Dec. 27,
2023. [Online].  Available: https://www.infineon.com/dgdl/Infineon-
Thermal equivalent circuit models-ApplicationNotes-v01 02-
EN.pdf?fileld=db3a30431a5¢32f2011aa65358394dd2

74



CURRICULUM VITAE

Name Surname : Furkan Duran
EDUCATION
e B.Sc. : 2017, Istanbul Okan University, Engineering Faculty,

Electrical and Electronics Engineering
PROFESSIONAL EXPERIENCE AND REWARDS:

e 2017-2019 Istanbul, AVL Turkey, Systems Engineer
e 2019-2021 Istanbul, AGENA BST., Systems Engineer

75



PUBLICATIONS PRODUCED FROM THE THESIS

[1] F. Duran and D. A. Kocabas, "Design and Analysis of a Six-Phase Vienna
Rectifier," 2023 14th International Conference on Electrical and Electronics
Engineering (ELECO), Bursa, Turkiye, 2023, pp. 1-5

76



	FOREWORD
	TABLE OF CONTENTS
	ABBREVIATIONS
	SYMBOLS
	LIST OF TABLES
	LIST OF FIGURES
	SUMMARY
	ÖZET
	1. INTRODUCTION
	1.1 Literature Review

	2. VIENNA RECTIFIER
	2.1 Vienna Rectifier I
	2.1.1 Vienna rectifier I derivation
	2.1.2 Comparison of the derived Vienna rectifiers I

	2.2 Vienna Rectifier II
	2.3 Vienna Rectifier III
	2.4 Modelling of Vienna Rectifier

	3. SIX PHASE VIENNA RECTIFIER DESIGN
	3.1 Operation Modes of Single-Phase Vienna Rectifier
	3.2 Inductor Design
	3.2.1 Effect of the inductor to input current ripple

	3.3 Output Capacitor Design
	3.4 Component Selection
	3.5 Control Algorithm Design

	4. THREE PHASE VIENNA RECTIFIER DESIGN
	5. SIMULATIONS AND RESULTS
	5.1 Thermal Modelling of a Semiconductors
	5.1.1 Cauer network
	5.1.2 Foster network

	5.2 MOSFET Modelling in Simulation
	5.3 Diode Modelling in Simulation
	5.4 Circuit Modelling
	5.5 Control Algorithm
	5.6 Simulation Results and Comments

	6. CONCLUSION AND RECOMMENDATIONS
	REFERENCES
	CURRICULUM VITAE
	PUBLICATIONS PRODUCED FROM THE THESIS

