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DESIGN OF A CONTROL HARDWARE FOR A AUXILIARY RESONANT
COMMUTATED POLE DUAL ACTIVE BRIDGE CONVERTER

SUMMARY

Increasing energy demand and the advancement in the renewable energy
technologies such as wind and solar power have resulted in development of new
research topics. Among these topics, high voltage direct current power transfer from
the offshore windfarms makes the design of a megawatt range high power DC/DC
converter as one of the important subjects. For this type of an application, design of a
durable, reliable and efficient system is absolutely necessary. Therefore to increase
the efficiency and to supress the stresses on the semiconductor devices, application
of an appropriate soft switching technique is very important.

The dual active bridge (DAB) converter is one of the important candidate topologies
for high power DC/DC converters. On the other hand, the soft switching capability of
the dual active bridge converter is limited. The solution of this problem could be the
adaptation of a well known soft switching method, namely auxiliary resonant
commutated pole (ARCP). In this thesis, a flexible control hardware has been
developed which will be utilized to combine DAB and ARCP and to manage the
switching signals synchronously according to the commands received from the main
controller.

The scope of this thesis is the design and implementation of a control hardware for
an auxiliary resonant commutated pole multimegawatt dual active bridge converter.
The control system has been applied with CPLDs because of its ruggedness and
flexibility for different approaches. At the beginning of this thesis, a short
introduction to multimegawatt converters and the dual active bridge converter is
made, and the analysis of the ARCP is covered. Later, the control mechanism which
is applied in VHDL language is presented and the state machine applied in the device
to generate and control the switching signals according to the input commands are
described in detail. Also, as a part of this thesis, zero voltage detection circuits are
examined and a proper solution compatible with the ARCP control unit has been
implemented in hardware.

At the end of the thesis, the design of the hardware is explained and the test results of
the circuit are given. The software has been verified on a test device and
implemented to the prepared control hardware. The control hardware is tested and
the response of the device to the input commands has been verified. Moreover, the
zero voltage detection circuit is tested with an alternating voltage input and the
response has been checked. Similiarly, the thesis includes the result of this circuit as
well.

The control hardwares are expected to be used in the SMW converter which has
being developed in E.ON energy research center in Germany.
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YARDIMCI REZONANS KUTUP KOMUTASYONLU BiR DUAL AKTIF
KOPRU CEVIRICI ICIN KONTROL DONANIMI TASARIMI

OZET

Artan enerji ihtiyact ve fosil yakitlara bagh klasik enerji santrallerinin ¢evreye olan
olumsuz etkileri, yenilenebilir enerji kaynaklarmm Onemini iyice  artrmustir.
Ozellikle riizgar ve giines enerjisinin kullanmu iizerine meydana gelen gelismeler bu
kaynaklarmm  kullanmum  yaygmlagtrmakla  beraber, getirdikleri sorunlar ve
ihtiyaglara bagh olarak miihendislere yeni arastrma konulart agmustir.

Yapilan arastrmalara g0re deniz kiyis1 riizgar tiirbinlermin ve riizgar tarlalarmm
karada olanlardan daha verimli oldugu bilinmektedir. Ancak bu tip santrallerden
enerji iletimi beraberinde bazi sorunlar getirmektedir. Bu sorunlardan biri de
enerjinin alternatif akmmla tasmmasi swasmnda reaktif giic ahsverisinden kaynaklanan
enerji kaybdr. Son yillarda bu tip santrallerden direkt akimla enerji tasima iizerinde
calismalar ve uygulamalar yapiimaktadr. Bu tip sistemler icin yiksek giicte DA/DA
ceviricilerin  tasarlanmast ve uygulanmasi1 gerekmektedir. Bu cahsmada bu amacla
tasarlanan bir c¢evirici i¢in kontrol donammu dizayn edimis ve test sonuglari
verilmistir.

Tezin basinda tezin ¢ikis noktasi anlatimistr ve tezin iceriine ve konunun islenisine
dair genel bilgiler verilmistir.

Tezin  ikinci kisminda, yikksek giigteki ¢eviriciler {izerinde yapimakta olan
aragtrmalar  verilmis ve tartislmustr. Bu tip uygulamalar i¢gin  en uygun
topolojilerden biri de dual aktif kdprii (DAK) topolojisidir. Calismada bu topolojinin
genel olarak calsma prensibi anlatimistr. Bu tip bir ¢eviricide yumusak
anahtarlama hem verimi artrmak hem de yan iletken elemanlar {izerinde stresleri
azaltmak ac¢ismdan Onemli bir ihtiyagtr. DAK topolojisinin  yapismda yumusak
anahtarlama varolsa da, bunun standart kontrol metoduyla sistemin tiim g¢alisma
degerlerinde saglanmasi miimkiin degidir. Tezin bu kismmnda DAK topolojisne ek
olarak, bu sorunu agmak amaciyla literatirde gelistirilen cesitli kontrol metodlarma
deginimistir. Ikinci kismm sonunda bu kontrol metodlarmm problemleri kisaca
anlatilmistrr ve tartisilmistir.

Bu kontrol metodlarmmn uygulanmasinda varolan zorluklar nedeniyle, bu ceviriciye
iyt bilinen yumusak anahtarlama yOntemlerinden biri, yardimci rezonant kutup
komutasyonu, (YRKK) uygulanmasi amaglanmustr. Tezin Ugiincii kisminda YRKK
detayl olarak incelenmis, ¢alisma prensibi ve sistem dinamigine bagh denklemler
¢coziilmis ve tartisihstr. YRKK icin temel olarak bulunan (¢ farkh komutasyon
modu, diyot komutasyonu, anahtar komutasyonu ve yiksek yik akmmnda
komutasyon ayri ayr incelenmisti. Yine YRKK i¢in varolan iki ayr1 kontrol metodu
sabit zaman kontrolu ve degisimli zaman kontrolu bu bdélimde anlatimis, varolan
zorluklara ve problemlere degmnimisti. Kismm sonunda gerekli degerlendirme
yapilarak sabit zaman kontrol metodunun se¢iime nedenleri verilmistir.



Yine (Ugiinci boliimde, yapilan analizlere bagh olarak bir benzetim c¢alismasi ve
sonuglar1 anlatimustr. Bu benzetimde YRKK tipi ¢eviricinin bir faz ayad i¢in
benzetim kosulmus, ¢ikan dalga formlar1 ve akmm-gerilim degerlerinin teorik
cahsmada elde edilen sonuglar ile benzestigi dogrulanmistur.

Tezin dordiincii kismi, yapilan tasarrm ve uygulama cahsmasma bagh detaylar
icermektedir. Bu bolimde ik olarak sistemin genel semasi ve kontrol kisimlar
anlatimustr.  Sistem temel olarak {i¢ ayr kontrol katmanindan olusmaktadwr. Sistem
icin tasarlanan kontrol unitesi en alt katman olup, yari iletken anahtarlar igin gerekli
kontrol sinyallerinin bir Ust katman olan ana kontrol Unitesinden gelen emirlere gore,
iretimesinden ~ sorumludur.  Tasarlanan  kontrol —unitesi CPLD tabanh olup,
programlanmasi VHDL dili ile yapimustr. Bu sayede sistemin glvenli ve uzun
Omiirli olmasi amaclanmig; ve aym zamanda sistem yazhm yoluyla, ileride
yapilabilecek degisikliklere agk hale getirilmistr. Kontrol {initesinin, g¢eviricinin
sadece bir ayagmi kontrol edecek sekilde tasarlanmis olmasi sayesinde, ceviricideki
dogrultucu ve eviricinin her bir ayag istenilen sekilde ve farkh kontrol algoritmalari
ve zamanlamalartyla kontrol edilebilecektir. Kontrol unitesi i¢in hazirlanan yazihm,
uygun bir test devresi ile test edimis ve eksiklikleri giderilmigtir. CPLD'nin segimi
ve kodlanmasmm ardmndan, donanim unitesinin tasarmma gecilmisti. Donanmm
unitesinin - miimkiin oldugunca saglam, givenilir ve uzun Omirli olmasi istendigi
icin, fiberoptik kablolarla haberlesebilecek sekilde tasarlanmuig ve tasarmu srasmnda
baski devre EMI/EMC  kurallarma  Ozellikle dikkat edilmisti. ~ Tasarm
tamamlandiktan sonra donanim genel olarak test edilmis, heniiz ¢evirici insa
edimemis olmasi sebebiyle uygulamasi yapilamamistr. Tezin bu kismma test
devresinden elde edilen sonuglar eklenmistir.

Tasarlanan kontrol unitesine ek olarak, sistemin daha giivenilir olmasi i¢in, yari
iletken anahtarlar lzerinde sifir gerilimini tesbit eden bir donanim hazirlanmustr. Bu
donanm tasarlanan kontrol unitesi ile haberleserek, yan iletken anahtarlar Uzerindeki
geriim sifir olmadan uygunsuz bir anahtarlama isleminin yapilmasm engellemek
amactyla tasarlanmistr. Bu sebeple yine tezin dordiincii kisminda literatiirde varolan
bu tip uygulamalara gdz atinus ve uygun bir ¢dzim Onerilmisti. Onerilen ¢6zim
icin gerekli donanim tasarlanp, test edimis ve elde edilen sonuglar bu bokimiin
sonuna eklemistir.

Tezin besinci kisminda yapilan ¢ahsma Ozetlenerek ileriye doniik yapilabilecek
cahgsmalara dair bilgiler verilmistir.

Yapilan c¢aligsmaya dair genel olarak degerlendirme yapilacak olursa, Oncelikle bu
caligma halihazrda E.ON enerji arastrmalart  merkezinde (E.ON ERC, Germany)
yuritulmekte SMW'lk ¢eviricide alt katman kontrol unitesi olarak olarak
kullanilacaktr. Boyle bir giic diizeyinde sistemin saghkh c¢ahsmasi ve uzun Omiirki
olmasi, ayrica kontrol iinitesinin anahtarlarm kontrolii ile direk sorumlu olmasi
sebebiyle hatasiz c¢alismasi ¢ok oOnemlidir. Dolayisiyla tasarlanan kontrol devresinde
hem donanim olarak baski devre kurallarma ekstra Ozen gosterilmis, hem de
yazihmda ana kontrol unitesiyle haberlesmenin ve senkronizasyonun saglkh bir
sekilde islemesi icin gerekli teknikler ve filtreler uygulanmustr. Ceviricinin heniiz
msa edilmemis olmasi sebebiyle donanmmn saglayacag faydalar test edilmemistir
ancak teze eklenmemis olmakla birlikte ceviricinin tamanmu icin  bir benzetim
cahgmasi1 yapilarak saglayabilecegi katki genel gdzlenmistir. Bu benzetim g¢aligmasi
ve sonuglart baska bir teze konu olacak kadar detay icermesi, ana kontrol unitesi i¢in



heniiz uygun konrol metodunun belirlenmemis olmasy, ve Ozellkle sabit zaman
kontrolii i¢in yapilan hesaplamalara uygun olarak anahtarlama zamanlamalarmmn
heniiz tesbit edimemis olmasi sebepleriyle teze eklenmesi uygun goriilmemistir.
Ancak bu benzetim ¢alismasi ve tasarlanan kontrol unitesinin ger¢ek sistemde
uygulanmasi ileriye doniik yapilabilecek iki temel ¢alisma konusudur.

Yapilan bu cahsma, ylksek glcte ceviriciler icin dual aktif kdpri ceviricinin ilk defa
yardimc1 rezonans kutup komutasyonu ile uygulanmasi, hem de varolan projeye alt
katman Kontrol unitesinin tasarlanmis olmasi sebebiyle faydah bir ¢alisma olmustur.
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1. INTRODUCTION

Today, the world is mostly rely on the coal, oil and natural gas to generate the
required energy. However, these sources are limited and harmful for the stability of
the nature. Due to limited sources and increasing demand for energy, the prices on
the market increases and countries are having troubles to supply the needs. Oil, the
basic fuel for automotives, produces CO, as a result of the combustion process which
create environmental pollution. As The Kyoto Protocol has entered into force in
2005, it has been aimed to reduce the greenhouse gases like CO,, which are the
product of fossil fuels. Therefore, because of the increasing prices of non-renewable
energy sources, the pollution problem and developments in battery technologies, the
use of electricity in automotives have become attractive. The research in this area
increases the importance of the power electronics, which is one of the key factor of
the technological development to control the power flow and to achieve -efficient

power conversion.

Another research area for the power electronics engineering is the renewable energy
sources. Since it became profitable, the number of the applications of wind and solar
energy are increasing rapidly. The installed capacity of the wind energy has already
reached 196.630 MW, and in Denmark 21% of the generated energy is provided
from the wind turbines [1]. However the applications of wind farms bring new
difficulties and challanges to the engineers on the grid side. The wind turbines are
mostly equipped with an induction generator, which causes difficulties in the grid
management because of the reactive power generated. Besides, the transfer of the
power is also another issue which has been to considered. The trend in wind energy
technology is focused on building bigger offshore wind farms, where better wind
speeds are available. Due to the reactive power demand of AC lines, in these type of
application High Voltage Direct Current (HVDC) electric power transmission is a
better solution to have more efficient system and to connect two different AC

networks which are not synchronized.



In both automotive and wind farm applications, the converter design is one of the
critical subjects. In automotive such as electric cars or hybrid vehicles applications, a
bidirectional current flow and interface between high voltage and grid might be a
good feature to support the grid when it is needed. The desire to recharge the energy
storage elements, in a short time means to provide power transfer in several
kilowatts. These obviously generate new challanges for both power electronic device
producers and design engineers. On the other hand, in wind power, the efforts to
design a multi-megawatt range converter for HVDC power transmission from the
offshore wind farms is an important research area. In these type of applications, a
reliable, sustainable and a flexible system is necessary. The input and output voltage
levels are at kV levels, therefore to have high voltage transmission, a converter
equipped with a high voltage medium frequency transformer is necessary to decline
the weight and volume which leads reducement in construction and installation costs.
But the key feature of the transformer is the galvanic isolation. Basically, this kind of
a transformer allows efficient, high conversion ratios; enables series/parallel
connection of inputs and outputs and is a safety feature as inputs and outputs are not
connected electrically. In these applications, the Dual Active Bridge (DAB) is

considered as a proper solution to fulfill the needs.

Since the time that it has been invented [2, 3], the dual active bridge converter offers
a good solution for high power converter applications with its fexibility in
conversion of different voltages in an efficient manner. Besides, the basic control
mechanism is easy to implement. However, the soft switching area is limited and the
reactive power flow inside of the converter brings extra stresses. To avoid these type
problems several control methods has been proposed in literature. In high
voltage/high power applications, soft switching on the semiconductor devices is
extremely important to protect the converter and to have a longlife system.

Therefore, a convenient method is necessary.

On the other hand, during the past years, several soft switching methods has been
developed. Basically, the soft switching techniques can be classifed as resonant
converters, quasi-resonant converters, soft switching pwm converters and soft
transition pwm converters. Auxiliary Resonant Commutated Pole (ARCP) converters
as one of the soft transition PWM methods which can achieve zero voltage without

making any significant change in the hard switching modulation scheme, is one of



the best methods because of its feasibility to many applications [4]. The ARCP
converter is basically composed of a converter with an additional switch set, which
assists to the commutation of the switches at the main converter by constituting a
resonance on the switch voltage. Therefore, it can be applied to a wide range
topology. This thesis aims to design a controller hardware which will combine ARCP
with dual active bridge converter to achive soft switched, efficient multi-megawatt
converter. The hardware designed is expected to be a part of the control system for
the ongoing project, namely 5 MW DC/DC converter for offshore wind farms, at
E.ON Energy Research Center, RWTH Aachen.

In chapter 2, the concepts of multi-megawatt converters and dual active bridge
converters are introduced. In this part, the research efforts for multi-megawatt
converter are shown, the dual active bridge converter is described and the control
methods of the dual active bridge converter proposed in literature are mentioned. As
it is related with the high power converters, a brief information about IGCT
technology is given, which is one of key elements for high power converter design,
as being one of the candidate semiconductors with IGBTs for high power

application.

At the beginning of the chapter 3, the auxiliary resonant commutated pole is
analyzed. Later, the dynamics during the operation of the auxiliary switches are
attempted to be investigated and control methods proposed in the literature are
studied. The advantages and disadvantages of the ARCP, and the problems which
might occur in the converter related with the ARCP are examined. At the end of the

chapter, the simulation results are given.

Chapter 4 is dedicated to the design and implementation of the control. First, the
control hardware is presented. The complete system scheme is introduced and the
task definition of the control unit is made. The design of the control hardware which
is a CPLD based controller, is basically composed of two steps: software and
hardware design. Both parts are explained seperately in detail and the test results are
given. As a part of this thesis and the project, a zero voltage detection (ZVD) circuit
is designed. The details of this ZVD circuit and the test results are also presented in
this chapter.



The thesis is concluded with the general evaluation of the study and the suggestions

related with the future work in the conclusion part.



2. MULTIMEGAWATT CONVERTER

In this chapter the multi-megawatt converter technologies will be investigated. In the
introduction part, the motivation for these converters and technology trend will be
presented. In the second part, the dual active bridge topology proposed for the multi-
megawatt converter will be introduced. Since the converter design is out of scope of
this thesis, the converter and the control methods proposed in the literature will be
analyzed at a basic level. In the last part, related with the converter technologies,
semiconductors for high power high voltage applications will be overviewed. The
main focus in this part will be the integrated gate commutated thyristors (IGCTs) and

their drivers.

2.1 Introduction

Due to increasing energy demand, and problems related with the limited classical
energy sources, the renewable energy sources have become important. However,
installation of renewable energy sources creates new challanges to engineers. The
transmission of power is one of the important issues to be considered. Especially in
long distance power tranmission, it has been shown that the High Voltage Direct
Transmission (HVDC) is the more suitable method to be applied since it eliminates
the problems related with the AC transmission such as reactive power production
which leads losses. In wind power generation which leads the current trend in the
renewable energy sources, this issue is highly important because of the application of
offshore windparks. Therefore medium voltage DC grids using DC/DC converter
have become one of the important research areas. On the other hand, high power
DC/DC converters are also used in railway applications. Today's railway systems are
generally equipped with heavy, expensive and low efficient on board transformers.
Related with the advancements in semiconductor technologies and developments of
the medium frequency transformers, these high power DC/DC converters are
considered to replace these bulky transformers [5]. In Figure 2.1 several high power

DC/DC converter research efforts made by energy institutes and railway companies



for different power and frequency levels has been shown. According to that
researches a power level up to 5 MW and a switching frequency up to 20 kHz [6] is
now possible for a high power/voltage converter. In these converters, IGBT's or GCT
based devices are selected for the main semiconductors to achieve high voltage
blocking and a high frequency performance. The converter losses are critical at these
level of power, therefore using semiconductors efficiently becomes another
important issue. Especially to avoid high switching losses and stresses during the
commutation, application of an appropriate soft switching technique is inevitable.
The semiconductor drivers especially for GCT's is also wvery critical in terms of
performance. Although the current capability of the high voltage Silicon Carbide
(SiC) switches on the market are not sufficient currently, they could also provide

some promising results in the near future.
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Figure 2.1 : High power DC/DC converter research efforts [6].

Among the high power DC/DC converter applications, the Dual Active Bridge
(DAB) and the Series Resonant Converter (SRC) with active output bridge are the
two main candidate topologies to achieve high wvoltage power conversion, soft
switching, birectional current flow and isolation between the HV and LV sides [6].

High switching frequencies play a significant role to decrease the size of the



converter elements, especially the transformers. For both topologies the design of the
medium frequency transformers is very critical issue since the power density and the
isolation between the HV and LV sides is directly related with the efficiency of the
converter. Besides, the thermal management of these transformers are more complex
when they are compared to the conventional ones. Several studies related with the
design considerations of the medium frequency transformers can be found in
literature [6, 7]. At E.ON Energy Research Center, RWTH Aachen there has been a
small scale prototype based on amorphous core distribution transformer technology
developed for medium frequency transformers [8]. Along with this research effort, a
5 MW dual active bridge DC/DC converter is being designed for offshore wind
farms. The soft switching area of the dual active bridge is limited within a certain
power and voltage conversion ratio, therefore a method to extend this area is
necessary. The focus in this thesis on the adaptation of auxiliary resonant pole to dual
active bridge converter to extend the area of soft switching for full operation. In the
next section the details of dual active bridge converters will be given. The literature
research and investigations about the dual active bridge will be used to combine dual
active bridge with ARCP, to specify the controller hardware requirements and offer

the appropriate switching mechanism.

2.2 Dual Active Bridge Converter

2.2.1 Topology

The dual active bridge topologies was first proposed in [2, 3] (Figure 2.2). Basically
the topology is the combination of two active bridges which are connected with a
high frequency transformer. The advantages of DAB converter are soft switching,
high efficiency, isolation between the input and output voltages and bidirectional
current flow. Therefore it could be appropriate especially in the applications for high
voltage/power converters and electric vehicles, where a bidirectional DC/DC
interface between the battery and the grid is desired. As it is proposed in [2, 3], the
active bridges operate in the basic control method with a constant 50% duty cycle, so
the output of the each bridge is a square wave. In this topology, the leakage
inductance of the transformer is utilized for energy transfer. Therefore a carefully
designed transformer with certain stray inductances is required. Between the active

bridges a phase shift is provided and the power flow on the leakage inductance of the



transformer is controlled. The soft switching is obtained by ensuring that each switch
turns on when its antiparallel diode is conducting which means zero voltage
switching. Although there exists the three phase dual active bridge converter, since
the operation is similiar with the single phase converter, the analysis will be made for
only the single phase one. The operating waveforms of the converter can be seen in
Figure 2.4. The transformer can be simplified and modelled with its leakage
inductance, since it has been verified that this does not cause any significant
discrepancy for the analysis in [2]. The fundamental model of the converter is shown
in Figure 2.3. The operation states are described below. Please note that the
switching signals of the converters are same for S; and S; which are complementary
to S; and Sz. Also at the beginning, the primary current of the transformer is assumed

to be negative.
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Figure 2.2 : Single phase dual active bridge (DAB) converter.

(@ In the first interval (t1 - to) the voltage on the leakage inductance of the
transformer (this could be an additional inductor series to the transformer as well) is
Vou/n + Vi, therefore the primary current increases linearly. Since the current on the
leakage inductor is negative, the diodes D; and D4 on the input side and the diodes
Ds and D; on the output side is conducting. When the current becomes positive, it
commutates to the transistors of the switch S; and S, in the input bridge, Sg and S7 in

the output bridge.

(b) In the second interval (t; - t;) the voltage on the leakage inductance of the
transformer is Vi, - Voud/n therefore in the buck mode operation the current continue
to increase with a smaller slope. In this interval the diodes D; and Dg carry the output

current.



() In the third interval (t3 - t,) the operation is essentially the same with the first
interval with opposite direction current flow. The diodes D, and D4 on the input side
are active and the transition to the transistors T, and Tz occur when the current on the
inductance becomes negative. On the output bridge, the switches Ss and Sg are

actived in this region.

(d) In the last interval (t4 - t3) the inductor current decreases linearly with a smaller
slope than the previous interval in the buck mode operation since its voltage is

Vout-Vin. Inthis interval the diodes Ds and Dg carry the output current.

L leakage

Vin ru) (ru v, /N

Figure 2.3 : Fundamental model of dual active bridge converter .

Please note that in Figure 2.4 the converter is assumed to be operated in the buck
mode operation where Vi, > V,,/n. The difference of the boost type operation is that
in the second time interval, instead of a slight increase, there occur a slight decrease

in the leakage inductor current of the transformer.

From the operation steps it is easy to see that the boundary for the soft switching
conditions are i(0) < 0 for the input bridge and i(¢) > O for the output bridge.
Obviously if these constraints are exceeded, natural commutation will occur in the
switching devices. As it is derived in [2] the output power will be:

Py =0 Dg1- ) 2.1)

wl T

where D = Vin / (Mout / n). According to the Equation 2.1 the maximum power
transfer occur when ¢ = 7z / 2. This modulation scheme is known as single phase shift
(SPS) scheme. Its most important feature is simplicity, and the only control
parameter is the phase shift between the input and output voltages of the transformer.
On the other hand the problems with this technique are that the soft switching can not
be assured for a full operation area [2] and the uncontrolled high reactive power

circulating on the transformer. In Figure 2.5 the boundary of soft-hard switching for



different power/phase shift angles in per units (Po(pu) = P, / (Vin® / wL)) is given.
According to the Figure 2.5, the soft switching can be achieved only for D=1, for
buck or boost type of operation the operating region is reduced. Especially for the
switches with snubbers where the snubber capacitors are employed to have a smaller
dv/dt on the transistors during the turn off, operating in the hard switching region
could result in device failure during the turn on stage. Therefore to eliminate the
problems and extend the area of soft switcing operation, there has been proposed
different control methods. In the next subsection these methods will be introduced

shortly and their basic advantages and disadvantages will be examined.
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Figure 2.4 : Single phase dual active bridge converter operating waveforms and
switching scheme with single phase shift control.
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Figure 2.5 : Single phase dual active bridge converter output power vs phase shift

(¢) [2,3].

2.2.2 Modulation techniques for dual active bridge converters

2.2.2.1 Triangular modulation

The modulation technique has been introduced in [9]. It basically adjust the duty

ratio and phase shift so that the switching occur only when the transformer leakage
inductance current is zero or close to zero (ZCS). An example of waveforms for this

modulation technique is shown in 2.6.

V.

m

Vout/n

‘
Vol

-V,

m

Figure 2.6 : Transformer voltage and current waveforms for TRM technique in DAB
converter.

There are three modes of operations in triangular modulation (TRM). In the first

interval (to <t < t;) the transformer current rises linearly with a slope (Vin-Vou/n)/L.
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In the second interval (t; < t < ty) the current decreases linearly with a slope Vout / L
to zero. The third interval (t; < t < t3) is actually employed to adjust the frequency.
Please note that in here Vin > Vou/n is assumed, for the opposite case the current will

increase in the opposite direction. The output power is [10]:

_ ¢2Vin (Vout/n)2
° T ZTELWV, —V.. /) (2.2)

out

As it is stated in [9] the maximum power transfer occur for ts - t; = 0. Therefore the

operation limit can be found by 2.3, 2.4.

_ Vout2 (Vin _Vout / n)

I:)TRM,max - 4f nz LV for Vin >Vout/n (23)
s in
nZVin2 (Vout /n _Vin)
Prrm, mex = Af.LV,., for Vi, <V, /N (2.4)

The important feature of this control method is that the four switches on the output
side and the two switches on the input side can operate with ZCS. Obviously to apply
this method Vin << Vout = n or Vip >> Vo, = n must hold, otherwise the transfer

power will be small.

2.2.2.2 Trapezoidal modulation

Since in some cases where Vi, = Vour = n, the maximum power transfer is low in
TRM, Trapezoidal Modulation (TZM) is applicable for these cases to have a transfer
power P > Ptrm,max. The inductor current is not zero during the switchings at output
side. As it can be seen in Figure 2.7 there are four modes of operation. In the first
interval, (to < t < t;) the current rises linearly with a slope Vi, / L. In the second
interval, (t1 < t < t) since the secondary side voltage is now equal to the output
voltage the current of the transformer increases with a smaller slope (Vin - Vou/n) / L.
In the third interval (t; < t < t3) the transformer current decreases to zero with a slope

(Vout/n) / L. The last interval is required to adjust the switching frequency as in TRM.

The maximum power transfer for TZM is [10]:

12
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I:)TZM, max

(2.5)

In this method, two of the input and two of the output switches will be operating with
ZCS.
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Figure 2.7 : Transformer voltage and current waveforms for TZM technique in DAB
converter.

2.2.2.3 Triangular / Trapezoidal modulation

The maximum power transfer of TRM is the minimum power transfer as it is stated
before, therefore using both methods alternatively could provide a wide range of
operation. For low power transfer TRM and for high power transfer TZM can be
used. Since the transformer losses, input bridge losses and output bridge losses are all

needed to be considered; an optimization algorithm is necessary.

2.2.2.4 Dual phase shift modulation

Although the combination of TRM/TZM can be operate in wide range power transfer
with better efficiency than SPS, the method is difficult to apply in control. Especially
the rms current in transformer, transformer losses and the optimization of the leakage
inductance requires great attention. Also it has been noted that the rms transformer
current is close to SPS in TRM/TZM method [11] therefore, this method does not
offer a significant advantage. Therefore in [12] the dual phase shift method
modulation (DPS) has been proposed by focusing on the reduction of transformer
current. An example of switching scheme and transformer voltages and current

waveforms are shown in Figure 2.8.
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Figure 2.8 : Transformer voltage and current waveforms for DPS technique in DAB
converter.

In DPS control, there are two different phase shift parameters one for the phase shift
between the two bridges and one for the phase shift between the legs. The total

power transfer is expressed with the following [12]:

RYRY. $,(2-2¢, — ¢,) 0<¢,<¢
P=—100-0) b4 4 <4 <1-4, 26)
: 1-¢)1-¢,) 1-¢,<¢, <1

Please note that here ¢1 < 1/2, for ¢; > 1/2 the equation can be found in [12]. The
advantages of this method is that in this method more power can be transferred than
the standard SPS method. It is also claimed in [12] the reactive power which is

inherent in SPS method can be eliminated with dual phase shift.

All the control methods introduced here are generally accompanied with a Pl

controller to arrange the phase shift and switching timings. The TRM/TZM methods
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which are verified experimentally in [9], [11] are basically focused on getting zero
current switching to eliminate the losses and increasing operation range. However
the method has still problems with the maximum obtainable power transfer and it can
be implemented within a limited input/output voltage ratio. The DPS method is
focused on the elimination of reactive power and decreasing the rms current on the
transformer by introducing a new phase shift parameter between the legs of the full
bridges. In [13] which has been published while the studies are running in this thesis,
a DPS method has been experimentally veried by also considering the losses which
has not been investigated in [12]. However the method still can not achieve ZVS for
each switch in some conditions. Moreover, all of these control methods are not very
feasible to apply in three phase dual active bridge converter since it is difficult to
control the phase shift between the three different phase legs. Therefore, especially
for the three level dual active bridge converter, application of an alternative method

becomes necessary to widen the soft switching operation range.

The work conducted in this thesis aims to combine a well known topology Auxiliary
Resonant Commutated Pole (ARCP) with dual active bridge to achieve soft
switching for each switch and to eliminate the losses. The method can be combined
with any kind of control method in dual active bridge. In chapter 3 the ARCP

converter will be analized in detail.

2.3 Integrated Gate Commutated Thyristors (IGCTSs)

The performance of the semiconductor devices in the converter is one of the
important design considerations in the project. In this voltage/power range, IGBTs
and IGCTs are the most appropriate semiconductor devices where fully controlled
switches are required. IGBTs were invented nearly three decades ago and has been
widely used in low and medium power applications. These devices compose MOS
transistor and bipolar transistor characteristics, therefore they have high power
handling capability in medium frequency range. IGBTs are used in a wide range of
applications including electric machine drives, UPS and SMPS applications. With
the latest developments in the IGBT technology, the devices are now avaliable up to
6.5 kV/900 A [14] ratings in the module packages, therefore they have become also

suitable for traction and medim voltage drive purposes.
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On the other hand, IGCTs which are thyristor type devices with active turn off
capability, are relatively new devices when compared with IGBTs. The term for
IGCT is actually used for the combination of the gate driver and the GCT. GCTs are
invented as hard driven gate turn off GTOs [15]. Basically the substantional
improvements in the GTO such as turn off process, packaging, the inverse diode and
the integrated gate driver constitutes IGCT. Because of these improvements, IGCTs
can operate at higher frequencies in the snubberless operations with better
performances. IGCTs are build in a press pack with their heatsinks and they are the
first devices which are integrated with their driver circuitry. Therefore unlike the
IGBT, it is not possible to intervene the switching speed with the gate drive circuitry

unless a special purpose IGCT has not been intended to be designed.

The IGCT devices are available in the market up to 6.5kV/4000A [16] and they are
specifically convenient for high power applications and medium voltage drives.
Because of the thyristor type characteristics, IGCTs have better conduction
performances than the IGBTs. According the comparison made in [15] the main
advantages of the IGBT over IGCT are active control of dv/dt and di/dt, better
switching performance especially during turn on because of the transistor type
structure, low gate drive power consumption and short circuit protection [17]. On the
other hand, IGCT requires less silicon area for the same power level which makes it
cheaper, reliable and it has high current handling capability and easier control due to
compact design. The multimegawatt converter is expected to operate around 1kHz,
with zero voltage turn on at switches for a wide range operation area. The current
handling capability and voltage ratings are expected to be around several kA and kV
respectively. Besides, the reliability of the converter is very important. Because of
these reasons, IGCT type semiconductors are selected as the main switches of the
converter in the main converter. Since the control unit will be responsible with the
generation of the gate signals to IGCTs, these devices will be investigated in the

following sections.

2.3.1 IGCT structure

In Figure 2.9 the internal block diagram of an IGCT has been shown. The gate drive
unit is composed of communication elements, turn on and turn off circuitries and a

logic unit which monitors and controls the turn off and turn on process according to
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the input commands and feedback from the semiconductor device. An internal power
supply provides required power to the logic monitoring unit and turn on/off

circuitries. The communication with IGCT is provided via optical interface.

AS-IGCT
Gate Unit AS-GCT
r-— - - - - - -7 -—=—7—7 — — — — -l
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X1 | PRIy (Vo) Z; —Dl Internal Supply (No galvanic isolation to power circuit) ‘ | Anode
LED1 [/
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A
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SE < Status Feedback (Light) T« | P Circuit [—
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Figure 2.9 : The internal block diagram of an IGCT [18].

As it has been stated IGCTs are thyristor type devices which are composed four

layers (Figure 2.10). The turn on and turn off process of the device can be explained
simply as follows:
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Figure 2.10 : IGCT structure.
2.3.1.1 Off state

During the blocking stage the Ve is kept below a threshold voltage, typically around
1V (Figure 2.11).

2.3.1.2 Turn on

To turn on the device, a pulse gate current applied to the gate and the electron
injection across the Js junction has been started.
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2.3.1.3 On State

During the on state a small gate current is applied to the device to provide uniform
current flow through the device (Figure 2.11). The losses during the conduction is
relatively small when compared with IGBT, bacause of the thyristor characteristics.

The on-state voltage drop can be calculated with the following relation:

Vi =Vrp+1p <1y (2.1)
where Vry is the threshold voltage, rp is the on-state resistance.

2.3.1.4 Turn off

The device is turned off by applying a negative gate current and commutating the

anode current to the gate.

Anode Anode
P P
N N
lac

Gate O—p— P Gate O——— P
N Y N
IG} I
v 1
( =Vece —_———— .6

Cathode Cathode

Figure 2.11 : IGCT during conducting (left) and blocking states (right) [19].

Please note that the main difference of the IGCT from a GTO is that during the turn
off process the anode current is commutated to the gate before the anode voltage is
built up by applying a high negative gate current. A significant advantage of IGCTs
is that the device acts like a thyristor during conduction and like a transistor during
the turn off. Figure 2.12 shows a typical IGCT gate voltage, anode current and anode

to cathode voltage characteristics during the turn off process.

At this point, it is also worthwhile to mention the turn on and turn off

circuitries. Typical turn on & turn off circuits are shown in Figure 2.13(a) and 2.13(b)

18



V, (kV) I, (kA)

4 artode voItz:agt?Vd - 4
S - N —, m S S
3 -3
current |, T.=90°C
2 ! "2
1 thyristor| > transistor
e s e e s e 'l o) 1

0 7 - 0

10 - ts to block
gate voltage V _

-20
Vg (V) 15 20 25 30 35  time (ms)

Figure 2.12 : A typical IGCT turn off current and voltage waveforms [19].

respectively [18]. During the turn on process a high di/dt transient is required. When
switches V1,V, and V3 are turned on, a pulse current rises on the chokes L; and L.
The current is commutated to gate terminal, by closing first V, and then V3. As the
inductance on the gate path is minimized, the fast rise of the gate current leads to a
more homogenous transient. The turn off process is provided by closing the switch
V4 in Figure 2.10(b), applying a negative Vgc, and commutating the anode current to
the gate, before the anode wvoltage changes. Therefore the turn off circuit must be
sufficient to endure the high anode current peak. The required capacitances is
provided with paralelled excessive number of capacitors in the gate drive. To
minimize the impedance on the gate path the turn off driver is placed as close as

possible to the semiconductor.

In Figure 2.14 several IGCTs which are products of ABB are shown. IGCTs are
produced only in a press pack housing which provides mechanical heatsink and
electrical connections. The gate drive circuit is placed with a small gap to avoid the

thermal effects.

2.3.2 IGCT application and trends

Generally, the IGCTs were first introduced as a hard driven GTO with several

advantages such as snubberless switching capacity ,better switching performance and
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b) Typical IGCT turn off circuitry
Figure 2.13 : IGCT turn on/off circuitries [18].

more reliability; therefore they quickly replaced the GTO in applications. Currently
IGCT is used in STATCOMS, medium voltage drives, interties, and choppers. The
device is especially suitable for the applications in the megawatt range. based power
modulator and interties up to 100 MW [19]. The research efforts to design PEBBs
(power electronic building blocks), which are standardized, compact units that the
engineers can apply to a wide range of applications easily, is a part of future trends of
IGCTs. In Figure 2.15 an IGCT based water cooled 6 MVA H-bridge or 2-phase
converter block MV PEBB power stack has been shown which constitutes one leg of
the converter. These block combines semiconductors, cooling units, gate drives
communication and protection in a single unit. The designers are only reponsible to

provide power and control signals, which decreases the efforts in building complex,
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high power applications significantly. IGCTs are especially suitable for these blocks
because of the its compact structure.

On the other hand, the current trend on the development of the IGCTs are focused on
extending the safe operating area, in other words better power handling capability.
Higher voltage ratings is another development issue because of the needs. Currently
the ratings are around 6KV, but with the new developments in the structure and
doping design of the conventional GCT cell, namely HPT (High Power Technology),
it is expected to reach 10kV ratings, which will lead to design of a 3-level 20MW
medium voltage drives for 6kA AC machine without any series or parallel

connection [21].
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Figure 2.14 : Several commercial IGCTs available on the market [18].

The analysis and review made in this chapter about the multimegawatt converter, and
high power semiconductors shows that IGCTs are quite suitable for the applications
high power/voltage applications if the switching frequency is selected properly. The
advantage of IGCT over IGBT during the conduction will lead a better performance.
Although the dual active bridge converter promises soft switching up to some level,
to have a better performance and a very wide soft switching operation area,
development of a new method is necessary. This is also important in the IGCT side
because of the its thyristor type structure. Therefore, in this thesis auxiliary resonant

commutated pole and dual active bridge converter is aimed to be combined. Actually
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in the past a high power ARCP voltage source inverter is developed with IGCT [17],
where the inverter shows very promising results around 750Hz switching frequency
and 3MVA drive application. Therefore the combination of these two topologies in
an IGCT based converter is expected to have high performance. In the next chapter,
the auxiliary resonant commutated pole converter will be investigated, and the
control methods will be analyzed. According to the analysis, project specifications
and project requirements, a stack controller will be designed to control the switches

according to the input commands.

Figure 2.15 : IGCT Power Stack [20].
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3. ANALYSIS OF AUXILIARY RESONANT COMMUTATED POLE
CONVERTER

In this chapter the ARCP will be introduced and the advantages and the
disadvantages of the topology will be investigated. The chapter basically constitutes
four parts which are: Introduction, Operation, Control and Simulation. The analysis
of the ARCP Inverter has been made for a single phase leg. In the first section,
ARCP inverter leg will be introduced. In the second section, basic three operation
mode will be analyzed and related calculation will be examined. The thesis mostly
focuses on the ARCP control, therefore the analysis will be made deeply. In the third
section control methods and their effects will be discussed. The chapter will be

completed with the simulation results of the ARCP inverter leg.

3.1 Introduction

The ARCP topology for a phase leg is shown in Figure 3.1. It was first introduced by
GE Research and Development in [22, 23]. During the last two decades ARCP has
been widely studied and implemented with different topologies and control methods.
The main circuit is almost the same for application to different topologies in this
method, except the parallel snubber capacitors C,/2 with the main switching devices
is a necessity. The auxiliary switching devices are series with a resonant inductor L,
which operate under zero current switching conditions. For positive output current
during the turn on process of the upper switch the auxiliary circuit initiates a resonant
cycle and the switch can be turned on when the pole current hits the zero voltage. In
the same manner, the auxiliary circuit can be used to assist the turn off process. The
auxiliary switches are activated only during the commutation process, therefore the
dynamics of the converter is mostly protected. Now the detailed analysis of the
operation will be given. The operation analysis has been made for a single phase leg,
since the switching scheme will be exactly the same for the other legs in both single

and three phase converters.

23



Vel 2]

11

e

Nb
QDI—
ST

4
-+
s

v/2L A4

I
=
S
B
I
I

Figure 3.1 : ARCP one phase leg .
3.2 Operation of an ARCP Leg

As it is mentioned, operation principle of the ARCP is simple. Basically, during the
commutation, the auxiliary switches help to the discharge of the snubber capacitors.
When the voltage of the related capacitor becomes zero, the switches can be turned
on safely with zero voltage. Although the principle is essentially simple, the method
still requires careful analysis and calculations to prevent problems and to assure
safely working conditions. In this part of the thesis, the commutation characteristics
for diode and switch will be investigated in detail seperately. For heavy load
conditions, the auxiliary switches are not necessariy be employed which will be

studied also in this part.
3.2.1 Commutation from diode

To examine the transition where the load is switched from the lower rail to the upper
rail, the output has been assumed as positive constant current. For this analysis, all
the devices are assumed to be ideal. In Figure 3.2 the voltage and current variations
during the transition are shown. Here Vi represents the voltage across the switch S;

and I, represent the current on the resonant inductor. The process is shown in Figure
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3.3. Also note that during the analysis for all of the equations, the currents and

voltages are defined as in Figure 3.3(a).

a) At first the lower diode is conducting (Figure 3.3(a)) and the voltage on the upper

capacitor is V.

b) The auxiliary thyristor A; is turned on. The wvoltage on the inductor becomes
Vpc/2. The current on the auxiliary inductor starts to increase linearly with the
constant voltage on it. When the diode D1 current becomes zero it reverse biased, and

the switch S; becomes conducting. The duration of this period is in Equation 3.1.

2L, 1

bty == (3.1)
c) With the turn on of the lower switch the boost phase begins. This period is
required because of the nonideal behavior of the components and energy losses
caused by auxiliary switching period. If this period is missed the zero voltage
switching can not be ensured. During this phase the additional energy stored in the
inductor is L(Incost - load)?/2. The duration of this phase is simply a delay time which
should be defined by the requirements of the application. Further information about

the delay time control methods will be given in section 3.3.
t2 - tl =At (32)

d) When the switch S; is turned off the resonant cycle starts. The current present on
the switch S; diverts to the snubber capacitors. The snubber capacitors and resonant
inductor L, together creates a sinusoidal voltage and current. This phase continues
until the voltage on lower switch becomes equal to dc rail voltage. Please note that at
the beginning of this phase, the voltage of the S; can not increase abruptly because of
the snubber capacitors, therefore switching losses are mostly prevented. There will
be a small amount of loss related with the current tail in the semiconductor and

increase rate of the capacitor voltage. The differential equations for this phase are:

C,dvg, N Cypdve, _ |

ro dt dt load (3.3)
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Figure 3.2 : Voltage and current variations during the commutation of diode .

Ldi, _ Vpe

+ =
d < 2

(3.4)

where C; = C, = C,/ 2, i(0) = Ipoost and vc1(0) = 0. Since vy + vz = Vpe Equation

3.3 can be simplified as:

Crc‘h/Cl_

ir' dt - IIoad (35)

If we combine Equations 3.4 and 3.5 with the boundary conditions then the solution

for inductor current and capacitor voltage becomes:

V
ir(t): Iload + (Iboost' Iload)cos(a)t)+ (L)Sin(wt) (36)

2L, /C,

V T : V,
VCl(t): ;C +( Lr /Cr (Iboost_ Iload))sm(a)t) + %COS(CD‘:) (37)
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where o is 1/,/L,.C,. Expression 3.6 and 3.7 can be simplified by using

trigonometric manipulations as follows:

. 2 VDC 2 o
Ir(t): IIoad +\/ (Iboost_ IIoad) + (zm) Sm(a}t+¢) (38)
Vg, (t)= Voo +JLIC [ (- 1.4)° + (—VDC )? cos(at + ¢)
C1 2 r r boost load ZM (39)

where ¢ = tan™((lyoosc - Noag)/ (L)). In the latest form of the inductor current, it is

2JL,/C,

easy to see that the peak current value on the auxiliary switch is:

. V, (3.10)
Iea:|0a+ (Ioos_loa)2+( = )2
peak load \/ boost ~ ! load Zm
The duration of this phase can be found in Equation 3.12 via Equation 3.11.
Vv (3.11)
Voc/2=LIC, | (lhoost~ Nioag)® + (——2=)? cos(w(t; —t,) +
oc \/(b )+ ) coslty 1) +9)
. Ve /2
ty —t, = (cos™( = )-9) o (3.12)

V,
Lr/Cr (I 00s -Ioa )2 + ( be )2
\! \/ boost ™ ! load 2JLIC.

e) When the voltage on the capacitor C; attempts to overshoot the positive dc rail, the
diode of the upper side becomes conducting. In this phase switch S, can be turned on
with zero voltage. This phase continues until the inductor current falls below the load
current i.e. the leftover boost energy on the inductor turns back to capacitors. Please
note that the wvoltage of the inductor in this phase is constant, therefore inductor

current decreases linearly. The duration of this phase can be calculated as:

ZLr(Iboost_ Iload) (313)
VDC
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Figure 3.3 : Commutation of a diode .
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f) When |, decreases below the load current, the switch S, becomes conducting and
load current is transfered to the switch. I, decreases linearly until it hits zero. At this
point, auxiliary thyristor has turned off naturally. In the applications with IGBTs or
GCTs...etc. this semiconductor should be gated off intentionally. The duration of this

phase can be calculated as:

(3.14)

g) After the turn off of the auxiliary switch, the converter becomes ready for the next
commutation. For a properly functioning commutation with zero voltage switching,
it is important to calculate the total duration of the commutation and to arrange the
switching signals conveniently. The equation of the complete duration of the

commutation is given in Equation 3.15.

2L, | 2L (I — | 2L, 1 3.15
T commutation :ﬂ+At+tresonance+ "( b;)/OSt Ioad)+ Vr load ( )
DC DC DC
2L (1 +1ipag) (3.16)
Tcommutatim = - b;)/OSt load + At +tresonance
DC

Please note that Ar, the duration of boost phase, is actually equal to
2L((lioad -lboost)/Vpc. Also in this equation tresonance denotes ts - tp i.e. the duration of

resonance state.
3.2.2 Commutation from switch

The commutation sequence for switch is similiar with the diode case. Here, also it is
assumed that the load current is constant and low. For high load current, the auxiliary
switch is not necessarily be utilized which will be described in Section 3.2.3. Voltage
and current variation during the process is in Figure 3.4 and the process is shown in

Figure 3.5.

a) At first, switch S, is conducting. When the auxiliary switch A, is gated on the

boost phase begins.
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b) During the boost phase the voltage on the inductor is constant and equal to Vpc/2.
Thus, as in the commutation of diode, the inductor current increases linearly. When it
reaches to boost current, the switch S, is turned off and the resonance cycle begins.
Also as in the previous case, the voltage across the switch can not increase abruptly

because of the snubber capacitors, so the losses are prevented. The duration of this

phase is:
2I-r I boost (317)
t2 -4 :V—
DC
I,
Iout
tO tl tz t3 t4 timg
Iboost
L.
4
\ | time

Figure 3.4 : Voltage and current variations during the commutation of switch.

c) With the beginning of the resonant cycle, the current present on the switch S;
diverts to the snubber capacitors. The snubber capacitors and resonant inductor L,
together creates a sinusoidal voltage and current. This phase continues until the
voltage on the lower switch becomes equal to zero. At this point diode D; becomes
forward biased and the next phase begins. If we define the voltages and currents of

the circuit as in the commutation of the diode, the differential equations will be the
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same. At the beginning, i(0) = lpoost and vci1(0) = Vpe. If we combine them the

solution of the equations becomes:

- VDC -
Ir(t): IIoad + (Iboost+ ||0ad)COS(a)t)- (ZM)Sm(wt) (318)

— VDC [ i VDC
VC1(t)_ 2 _( I-r/Cr (Iboost' Iload))sm(a)t) + 2 COS(a)t) (3.19)

where o is 1/\/L,.C.. Expression 3.18 and 3.19 can be simplified by using

trigonometric manipulations as follows:

V,
()= sy - | (poost+ Noag)? + (—22E=)? sin(ot +
r() load \/(boost Ioad) (Zm) (a) ¢) (320)
vm(t):ﬁ + L IC, | (lppost+ lioa)® + (L)2 cos(at + ¢)
2 r r 00s oa 2 Lr/Cr (321)
VDC

where ¢ = tan™ ((Iyoos+ loaa)/ )). The negative peak inductor current is:

2 JLIC,

. V, (3.22)
e = g = | (oot ) + (—2—)?
peak load \/( boost Ioad) (zm)
The duration of this phase is:
. Vy/2
t,—t, = (cos™ (- == )-P)w (3.23)

V,
\ I—r/Cr\/ (Iboost+ IIoad)2 + (2\/%)2

d) In this phase, the remaining boost energy on the inductor turns back to the
capacitor. When the current on the inductor becomes equal to zero the auxiliary

switch can be gated off. The duration of this phase is:
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Figure 3.5 : Commutation of a switch.

2L, 1

— r "boost

DC

(3.24)

When the the auxiliary switch is turned off, the commutation process ends and the

circuit becomes available for the next commutation.

commutation is in Equation 3.25.
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— 4Lr|boost +t (325)

commutatim V resonance
DC

T

In both commutation of diode and switch the total duration can be deviated a bit
because of the losses during the process. Although zero voltage switching has been
ensured in this method, the losses are not disappeared completely since the
conduction losses of the auxiliary switches should also be considered. So the
designer should be careful and include these losses in his/her calculations. Actually
in this topologies, the auxiliary switches are not needed to operate for high load
current cases. In the following subsection the operation for high load current will be

examined.
3.2.3 Commutation at high load

In this mode of operation, the load current is assumed to be larger than a specific
threshold value. The auxiliary switching circuitry is not included to the switching
process. The circuit operates similiar to the snubber circuit. The load current is

sufficient enough to drive the load voltage to the positive rail.

At first, switch S, is conducting and carries the load current. Then instead of turning
on the auxiliary switches, the switch S, is directly switched off. At this point, the
load current starts to drive load voltage to the opposite rail. Load voltage decreases
linearly during this phase. When the load voltage becomes equal to zero, diode D;
becomes forward biased and starts to carry the load current which concludes the

switching process. The duration of the switching is:

_CVpe (3.26)

commutatiom — I

T

load

The plot of load voltage is in Figure 3.6 and the process is shown in 3.7.

When the strategy is analyzed, the basic advantages of auxiliary resonant

commutated pole converter are:
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e The main PWM scheme is not necessarily be modified.

e Zero voltage turn-on and turn-off can be ensured for both bottom and top

main switches.
e There are not any additional stresses on the main switches.
e The method can be applied to different circuit topologies.

On the other hand ARCP has also some disadvantages. Fundamentally, the auxiliary
circuitry means some additional costs. However especially for high scaled projects
these costs becomes less important when it is compared with the advantages of soft
switching. Another disadvantage of the ARCP is the additional complexity. The main
switches of the inverter and the auxiliary switches should be synchronized with each
other. The boost time of the ARCP and the dead time of the main PWM scheme
should be arranged carefully to avoid short circuits in the inverter and unintended
stresses on the semiconductors. Before switching off the auxiliary semiconductors, it
is necessary to discharge the snubber capacitors which are parallel to the main
switches. Otherwise there will occur semiconductor device failures. To avoid these
problems the control strategies also needed to be studied. In the next section the basic
control methods and strategies will be examined. The problems of ARCP and their

solution methods are also be discussed in this section.

3.3 Control Methods

During the commutation process, as it is defined in the expression 3.16 and 3.25, the
boost and load currents are effective parameters to determine the duration of the
commutation which obviously affects the performance of the inverter. Since the
boost current is a function of the boost time, the duration of the boost phase is the
critical control parameter. In theory the boost time or the boost current itself can be
both be a control parameter. One of the studies on boost time control has been made
in [24], in which the output current is measured to extract a value for lppost - lioad. The
value is used to determine a proper boost time and suitable gate signals for thyristors.
Obviously, the method requires accurate current sense and calculation power.
Although the method is a good solution to take precautions of switching faults which

will be explained later in this section, as it is stated in [24] the implementation of that
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kind of a system is difficult and requires too much effort as well as being an
expensive solution. And also, it basically controls the boost time. Because of these
reasons, in this thesis only the boost time control methods are examined. The boost
time control methods can be divided into two main categories which are fixed time
control and variable time control [25]. In fixed time control method the turn on time
of the auxiliary switches is fixed as it is assumed in the operational analysis of ARCP
leg, and it is easy to implement. However, since the load current is not adapted
according to the load current, larger current stresses and more power losses are
unavodiable. On the other hand in the variable time control method, these
disadvantages can be eliminated by setting the duration of the commutation
depending on the output current. However, this obviosly increases the complexity of
the control and requires a good sensor capability which can be difficult to achieve
especially in high power levels. Both methods now will be investigated. Please note
that as in the section 3.2 the analysis made for a single ARCP leg.

3.3.1 Fixed time control

In fixed time control method, the switching time is independent of the load current.
Therefore the lpoost IS Same for different current levels. In Figure 3.8 and Figure 3.9
the switching scheme for positive current and fixed time control methods are given
for low load and high load current cases respectively. If the load current varies in a
cycle, the boost current should be fixed, so that the maximum load current becomes
smaller than the boost current with a margin. This will lead to more energy storage
requirements since Esiored = Li(lpoost - hoad)2 /2. Obviously since the switching pattern
will be the same for different current levels, the switching signals can be fixed
according to the needs of the circuit which makes the implementation of this method
considerably easy. The designer is responsible to determine the needs of the circuit
and arranging the deadtime of the main switching signals pattern and triggering the
auxiliary switches by considering that needs. For the diode commutation, triggering
time of auxiliary switch A; (t;) can be determined by considering the turn off time of

the main switch S; (t3) as:

2L, 1
ty -t = — T+ At

DC

(3.27)
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and for commutation of switch triggering time of auxiliary switch A; (tg) is:

3.28
ty-t, = At (3.28)

In light load case, the excessive energy stored in the inductor and extra turn on time

of the auxiliary switches causes more losses.

As it was stated before, the auxiliary switches are not necessarily be employed for
high output current. This case is shown in Figure 3.10. This will eliminate the
conduction losses in the auxiliary switches. However in this case the load current
should be enough to discharge the capacitors and drive the Vs; to the opposite rail. If
the switch S, is gated on before Vsi reaches to the opposite rail, the power which
exists on the snubber capacitor will be dissipated on the switch and possibly destroy
the device. Therefore the method can be dangerous for low load current cases if the
switching pattern is not carefully designed (Figure 3.11). The threshold current value
for the high load current case is given in Equation 3.29 where tg - t; is actually the

minimum deadtime between the main switching signals.

C.Voe (3.29)
t, —t,

Ithreshold =

Basic solution to avoid this problem is to trigger the auxiliary switch when the load
current is below the threshold value and not to use the auxiliary switch when the load
is enough to drive the voltage from rail to rail. Another solution is using the auxiliary
circuitry in all cases even the load is sufficient to discharge the snubber capacitors.
This will decrease the complexity, but will lead more losses. Also using different
techniques for the snubber circuitry could be an interesting solution. However these
techniques generally cause losses and increase the complexity. Also they can affect
the dynamics of the whole system. Therefore, using either first or second solution is

more practical.
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Figure 3.10 : Switching diagram for high load current (aux. switch is ineffective).

3.3.2 Variable time control

In this control scheme, lyoost IS arranged according to the output load current. Unlike
the fixed time control method, here the boost time is fixed so that the auxiliary
switches can be triggered for a shorter period in the low load current conditions. The
auxiliary switch turn on timing should be determined according to the load current.
A sample switching pattern is shown in Figure 3.12. Here all the red dotted lines
denote the values and timings associated with the variable time control method. It is
obvious that the main switching pattern is still the same. The auxiliary switch is
triggered t3 - t; before the turn off of the main switch S;. This duration can be

calculated by combining Equation 3.1 and 3.2 as:

2L
t,-t, = - 4 AL
VDC

(3.27)
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Figure 3.11 : Problem in low load case (aux. switch is ineffective).

As it can be seen in Figure 3.12 with this method, peak of the inductor current will be
lower in light load conditions. In both control methods the resonance phase duration
is fixed and only dependent on the resonance capacitor and inductor as in Equation
3.12, therefore the deadtime of the main control and the resonance elements can be
calculated without much effort. Also similiary in fixed time control method, the
auxiliary swithes is not needed to be used during the commutation of switch as in

fixed time control method for the heavy load case.

Although this method can reduce the losses and stresses on the semiconductors, it
has a significant disadvantage which is that the load current should be sensed and the
auxiliary switch trigger signals should be arranged. Therefore it increases sensor cost
and control complexity. The analysis made in [25] claims that the variable control
method does not provide significant improvement in efficiency, but could be useful
to reduce the stresses on the devices i.e. maximum current. In control hardware
design, the fixed time control method has been chosen because of the useful nature of
the dual active bridge topology in which the switching signals can be fixed to a
certain frequency with 50% percent duty cycle as it was described in chapter 2 for
SPS control method.
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Figure 3.12 : Switching diagram for variable time control method.
3.4 Simulation of an ARCP Leg

In order to verify the analysis the ARCP converter has been simulated for one leg by
using Ansoft Simplorer 7.0. The simulation schematic is shown in Figure 3.13. The
characteristics of the switching elements are modelled by using exponential function,
and the circuit elements are lossless. The output is modelled as a current source for
simplicity. The parallel diodes to the auxiliary thyristors are included to allow
reverse direction current flow and GTOs are used for the main switches as it is done

in the main reference of ARCP [22]. The simulation parameters are in table 3.1.

200V
@ D3 5 D1 ZX }Z etot I
E1 L1
| A -
(PO e ZX ZGT02 4, I
B | D2 }

Figure 3.13 : Simulation schematic for an ARCP Leg.
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Table 3.1 : Simulation parameters.

Vbe 400 V
lout (for heavy load conditions) 100 Ampers
lout (for light load conditions) 10 Ampers

L (resonant inductor) 50puH
C,/2 (snubber capacitor) 3uF

f (switching frequency) 1kHz
deadtime 100psec
boost-time 35sec

For heavy and light load conditions the output current is selected as 100A and 10A
respectively. In the simulation fixed time control method is applied, in other words
the boost-time is fixed as 35psec. The deadtime between the high and low switching
signals is 50psec. The snubber capacitors are 3uF for each GTO, therefore the
effective resonance capacitance is 6pF. The switching frequency is selected as 1kHz
For heavy load condition the voltage transition and resonant current waveform is
given in Figure 3.14. As it can be calculated by 3.10 the maximum current is around
170A in commutation of diode. Since the load current is high, the difference between
the load current and boost current is reasonable (22 A). The The resonance duration,
i.e the voltage transition time is consistent with the calculations which is around
43psec. Similiarly, the waveforms of commutation of the switch are proper, as they
are expected and they match up with the calculations. In Figure 3.15 the

implemented control signals for this simuation is given.

In Figure 3.16 the circuit simulated without triggering the the ARCP thyristor TH;
during the switch commutation. Since the load is high enough the commutation
occurred naturally and zero voltage switching is ensured. However when the load is
decreased, the situation is different. As it is stated earlier, this time the load is not
capable of discharging or charging the capacitors, therefore the voltage transition can
not be completed before the upper GTO is turned. Obviously, this will cause losses
and the sudden voltage change on the snubber capacitor will result in high current
spikes on the transistor which can destroy the device as it is stated earlier and shown
in Figure 3.11. To prevent this, either the ARCP switches should be utilized always,
or the output current is monitored and the commutation duration is calculated to
determine where the ARCP assistance needed to be applied. The results of the
triggering the ARCP thyristor during the commutation is shown in Figure 3.18. As it

IS expected the commutation occur in a safely manner.
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Figure 3.15 : Switching signals for Figure 3.14.
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Figure 3.16 : Voltage transitions and resonant inductor current without switching on
ARCP switches during the switch commutation (Heavy load).
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Figure 3.17 : Voltage transitions and resonant inductor current without switching on
ARCP switches during the switch commutation (Light load).
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Figure 3.18 : Voltage transitions and resonant inductor current with switching on
ARCP switches during the switch commutation (Light load).

In the low load case (Figure 3.18) although the load current is 10A, the current on the

inductor is around 170A. This obviously result in excessive losses and additional

stresses on the auxiliary switches. Therefore in some cases, where the losses are

significant and important, it can be a good idea to apply variable control method.
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4. CONTROL HARDWARE DESIGN

In this chapter of the thesis, the design of the control hardware will be introduced. In
the first section, the requirements of the control hardware will be determined and the
whole control scheme of the converter will be presented. The second section explains
the implemented control software and control signals scheme. In the last part,
realized control hardware, namely stack control unit which generates the control
signals of the power stacks according to the input of the main controller will be
presented and the test results will be given. The control hardware is accompanied
with a zero voltage detection circuit (ZVD) to ensure safe operation. The design

procedure of the ZVD circuit and the realized circuit is included also in this section.

4.1 Introduction

PLC BASED
MAIN CONTROL
Feedback UNIT Feedback

A 4

A

Zero Voltage
Detection
Circuits

I

Zero Voltage
Detection
Circuits

1

CDc,omr |

Stack Level
Control Unitg

Stack Level
Control Units

/
A ! Cocour T

Figure 4.1 : Complete converter scheme.
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Complete converter system is shown in Figure 4.1. Since the converter has not been
completely built up yet, the converter will be explained according to the first
projections of the project. The converter part is a three level dual active bridge
converter. For each leg of the converter there is a seperate auxiliary switching set
with a resonant inductor. The auxiliary switches are thyristor type, which are
triggered by the stack control units (SCU). The main switches are IGCT type
switches with antiparallel diodes and they are paralleled with a snubber capacitor to
provide resonance during commutation. In each leg there are four IGCT devices, two
in the upper side and two in the lower side. The IGCT devices offer the best
performances with soft switching and they are integrated with their driver circuitry,
therefore they are quite appropriate and useful for this type of an application. The
ratings for each of the IGCT's will be around 4500V/4000A therefore the inverter
side is capable of blocking 9000V total and standing 4000A input current. The
switching frequency for the converter is planned to be 1 kHz which can be modified
by the main controller and the SCU. The ratings of the auxiliary switch thyristors
will be the same ratings with the IGCT's. However, the ratings of the thyristors can
be altered after the analysis of the complete converter according to the peak current
and stresses in the auxiliary switches which is actually out of scope of this thesis. A
detailed control system diagram of the converter for a single phase leg is given in
Figure 4.2.

l ZVD circuit
ZERO VOLTAGE
o
ERROR
’ .
ENABLE — LS, zZSC_m'L
ENAUX 1 i: |
Main RESET CPLD based N
Control Unit > | stack level — — >
PWMHIGH gontrol unit — % L
PWM LOW — " 4, I
- T SAADA c,,z__,_
ERR_FBCK]| —
ERR_FBCI
e
T ZERO VOLTAGE ZVD circuit

Figure 4.2 : Detailed control system diagram for one leg of the converter.

The control system is supervised by the main control unit. This supervisor unit is
responsible for generating pwm signals, enable signals and reset-error handling.

Thus, the appropriate PWM tecnique is applied in this unit. The PWM signals is
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given to stack control unit in which the control signals of the IGCTs and the auxiliary
thyristors are generated. There are eight communication signals between the main
unit and the stack control unit to handle the switching signals. SCU evaluates the
input commands coming from the main unit and generates gate drive signals for the
switches and thyristors. The stack control unit is designed to control one leg of each
bridges instead of controlling all three phase converter which will lead to have more
flexible system. Therefore in a complete converter there are three SCU for each
inverter and rectifier part of the dual active bridge converter. There are also two zero
voltage detection circuits which communicates with SCU. When one of the switch
voltage becomes zero, these circuits send signals to SCU. Now the software of the

SCU and control mechanism will be explained in detail.

4.2 Control Software Design

The communication with the main unit and the generation of the control signals
require fast and reliable solutions. Although the main control algorithm will be
determined and the start-reset-error functions are controlled by the main controller;
the stack controller is directly responsible with the control of the switching signals,
therefore it should be design on a reliable and safe manner with compatible and fast
operation features. To provide these properties the Complex programmable logic
devices (CPLDs) are selected as the control chip. The implementation of CPLDs are
ratherly complex when they are compared to microcontrollers or microprocessors,
but they offer fast operation with the capability of handling high number of 1/O
communications and calculations at the same time. The XC95** and XC95**XL
series of the Xilinx CPLDs are quite convenient for this type of an application, since
they are cheap, reliable and widely used. The software of the CPLD has been
prepared by using Xilinx ISE 13.1 design tool in VHDL language.

The state machine designed for the main module is shown in Figure 4.3. In the idle-
state the circuit is prepared to generate the output signals. When the enable signal is
received, the new state of the module becomes state-operation. When the state-
operation begins, the pwm signals for upper and lower switches are automatically
started to be generated. In this state, simply a submodule is enabled; namely
delaycounter module which runs a delay mechanism to generate the predetermined

deadtime. A similiar mechanism is also used for the auxiliary switch signals. If

49



enable-aux signal which is generated by the main controller is received, SCU starts
to output the auxiliary switch signals. The deadtime and boost time of ARCP which
is critical for zero switching and safe operation, can be controlled and altered in the
main module during the programming stage. During the operation if the enable signal
is terminated, the system turns back to idle state. If error signals is received in any
state of the module, the system enters to the state-shutdown in which the outputs are
cut down immediately. When the system is in the shutdown state the module waits
for the error to be cleared and to receive a reset signal to change the state to idle
state. The reset signal is asynchronous with the clock therefore the system turns back
to idle state as soon as it is received. Please note that, the error signal is defined for

the opposite logic (i.e negative logic) to prevent problems in case of a power cut.

As it is stated earlier, the auxiliary signals and pwm signals are generated with
similiar modules. The state machine diagrams of this modules are shown in Figures

4.4, 4.5, For the main switch signals the procedure is as follows.

The operation is composed of 5 different state. In the idle-state the module is ready
to receive enable. Also in this state a counter has been initialized to count the
deadtime. When the enable = 1 is recognized, the module starts to wait for the
pwmhigh which denotes the input pwm signal for the upper switch of a phase leg
coming from the main controller to become 1, to change the state to off-rise-state. In
the off-rise-state the outputs for the switch signals are 0. When the endofdelay signal
which is generated by the delaycounter is received, i.e. the deadtime has been passed,
the new state becomes high-on-state. The signal for upper switch (pwmouthigh)
becomes 1 in this state and the delaycounter reinitilized. With the falling edge
recognition, this state ends and off-fall-state begins. The operation of off-fall-state is
similiar with the off-rise-state and the end of delay signal starts low-on-state in which
the signal for lower switch (pwmoutlow) becomes 1. When the rising edge of the
input pwmhigh is recognized, the module turns back to the off-rise-state and the
procedure restarts. During the operation if enable = O is received, the state of the
submodule changes to idle-state. Here, ZV detection signal is optional. This signal
can be used instead of endofdelay signal or it can be employed as an auxiliary safety

function along with the endofdelay signal.
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Figure 4.3 : Main module state machine.
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pwm out high=0
pwm out low = 0
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Figure 4.4 : Main switch module state machine.
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The state machine of the auxiliary switch module is similiar to the main switch
module, but in this module the input pwm signals do not come from the main
module, instead the output of the main switch module is the input of the auxiliary
switch module to ensure a synchronous operation. Also in here an input flag (y) is
defined to prevent generation of an unintended delay-time for auxiliary switch
signals at the beginning of the enabling of the module. y signal which is defined as 0

in the idle state becomes 1, after a complete period of the switching.

IDLE STATE
aux 1=0
aux 2=0

delaycounter = true

enable aux. =1
—

lpwmhigh= 0 & y=1 (input flag)

delaycounter = falsg

pwmhigh =0 &
y =1 (input flag)

end of delay = 1

LOW ON STATE
aux 1=0
aux 2=1

delaycounter = true,

delaycounter = trug

end of delay = 1 pwmlow = 0

delaycounter = false

Figure 4.5 : Aux. switch module state machine.
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There is also one more important issue worthwhile to explain. In the auxiliary state
machine, the turn off of the switching signals are connected to pwmhigh signal,
although it can be extended to complete running duration of the auxiliary thyristors
to prevent malfunctions during the utilization of the thyristors. With this method the

auxiliary switches will never be triggered if the main switches are off.

An example of switching signals are given in Figure 4.6. For this figure, the states of
each submodule are denoted with as in table 4.1. The Off-Rise and Off-Fall states
correspond to deadtime/boost-time states and the switches are off. In the High-On
state the upper switch of the converter leg receives high, and in the Low-On state the
bottom switch of the converter leg receives high. The software has been tested and
verified in behavioral simulation of Xilinx with a test bench code. The results of the
behavioral simulation of the Xilinx ISE 13.1 is given in Figure 4.7. In this figure, it is
possible to verify the state transitions which are denoted with the term pr_state
according to the input signals. As it is intended, the auxiliary switch signals are not
directly employed with the reset command. The signals are activated after one cycle
and when y=1 the auxiliary switches are activated. The results are matched with the

purpose.

As it can be concluded from the Figure 4.6 and state machine diagrams, the fixed
time control method is chosen as the control method for ARCP. The switch on
duration of the auxiliary switches and the deadtime which determined according to
the ARCP requirements can be implemented during the programming stage of the
devices. Since the board has programming connectors (see Section 4.3), it can be
manipulated according to the needs easily. The switching frequency should also be
predetermined and implemented in the software during the programming stage. On
the other hand, the realized board is flexible and the CPLD XC95144XL is capable
of implementing more complex systems. Therefore the software can be altered later
on if it is needed. Since the zero voltage switching is critical, to prevent malfunctions
in the system a zero voltage detection functionality has been added to the software
(Figure 4.4) which can be used along with a zero voltage detection circuit. With this
functionality, the switches will not be turned on until the SCU receives a zero voltage
recognition signal. This is basically a precaution to protect the switches for the

extreme cases which are not predicted earlier. Therefore a zero voltage detection
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circuit together with SCU has been designed as a secondary supporting circuit for

this thesis. The details about this circuit, its design and test results will be given in

section 4.3.
Table 4.1 : States in Figure 4.6.
Name Mod. State
Al Main SW Mod. Off-Rise
A2 Main SW Mod. High on
A3 Main SW Mod. Off-Fall
Ad Main SW Mod. Low On
Bl Aux. SW Mod. Off-Rise
B2 Aux. SW Mod. High on
B3 Aux. SW Mod. Off-Fall
B4 Aux. SW Mod. Low On
PWM IN HIGH
PWM IN LOW
Al A2 A3 A4
PWM OUT HI
feadtime |
PWM OUT LOW
deadtime :
AUX. 2
Bl 132§ B3 B4
AUX. 1

Figure 4.6 : Switching Scheme Proposed in the software.
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Figure 4.7 : State machine and switching scheme in behavioral simulation.
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4.3 Stack Control Unit and Zero Voltage Detection Circuit Realization
4.3.1 Stack control unit

The realized control unit for single phase leg has shown in Figure 4.8. The circuit is
designed on a 89.5 mm x 96.5 mm PCB. At the middle of the PCB, the control chip
Xilinx XC95144XL-10TQ100 CPLD has been placed which is accompanied by a 10
MHz oscillator nearby. The CPLD has 144 macrocells and 100 1/O pins which are
proper for our application. In this converter a realiable communication is very
important. Therefore to ensure a secure communication on the left and right side of
the PCB the fiberoptic communication elements are lined up. ABB 5SHY 35L4510
[26] is the expected to be used as the main switch semiconductors in the dual active
bridge converter, therefore Avago Technologies HFBR-1521Z transmitters and
HFBR-2528 receivers are selected as the fiberoptic link components which are
compatible with the target IGCT device communication for full performance. The

functionality of the communication elements on the board is tabulated in table 4.2.

[ 5

Figure 4.8 : Stack control unit.
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Table 4.2 : Communication Elements.

Name  Communication Partner Function

ERR-R  Main Unit Error input

Res Main Unit Reset input

ZVS Z\/D Circuit zero voltage recognition input
HI Main Unit input PWM for upper switch
LOW  Main Unit input PWM for lower switch
AUX Main Unit auxiliary switches enable input
ENA Main Unit operation enable input
ERR-T Main Unit error received signal

ALO Aux Thyristor 1 auxiliary switch control signal
AHI Aux Thyristor 2 auxiliary switch control signal
LOW  Lower IGCT IGCT control signal

HIGH  Upper IGCT IGCT control signal

To protect the CPLD and to provide the necessary power to the transmitters,
SN75451B peripheral drivers are added to the board which are placed next to the
transmitters. The power input of the SCU is 24V, therefore a tracopower TSR-1 2450
converter is used to provide 24V/5V DC-DC conversion. The communication
elements are powered up with this 5V. The XC95144XL is a 3.3V CPLD, therefore a
LM3940 3.3V LDO regulator is placed to the board. The CPLD is programmed with
JTAG programmer Platform Cable USB Il of the Xilinx, thus a compatible connector
molex 87832-1421 is attached on the bottom of the board.

Since the converter and the main unit has not been prepared yet, and it is not possible
to provide external signals from a signal generator to the fiberoptic communication
receivers, the board has not been tested when it is fully functioning. However, it has
been observed with the help of the leds placed on the PCB that the board reacts well
to the input commands and main state machine works well when inputs are provided.
The software has been tested in Xilinx ISE 13.1 behavioral simulation. Besides to
verify the software in a real system, another board with a same series CPLD
(XC9572) as in the SCU and with standard connectors is used. To provide pwm input
TTI TG2000 function generator is employed. The test conditions are tabulated in
table 4.3. Please note that although it is not needed, an input port has been spaced for
pwm signal of the lower switch. This can be utilized for the different type control
methods such as dual phase shift control if it is needed, or it can be used for a

different purpose.
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Table 4.3 : Test Conditions for ARCP-DAB Stack Control Unit.

frequency  1kHz
duty cycle  50%
deadtime
boost-time

100psec.
100psec.

The resulting switching scheme is given in Figures 4.9, 4.10, 4.11. The test results

shows that the switching signals are generated as it is determined when enable signal

is received. Here the deadtime and boost-time are both chosen as 0.1 ms. The switch

on time for each switch is 0.4 ms. In Figure 4.12, 4.13 the respond to the error input

is shown. When the error signal is received, the state becomes error state and all the

signals are shutdown immediately. The respond time to the error input is around 400

ns which is much better than it is needed for this application.

I E 1 i L] 1 i 1 B L] 1
Q 4
I = -
ol L - |
o =2 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
E I L I ' I ¥ I
g 4} _
|
3 ]
__2 1 1 [ 1 L 1 I [ |
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Figure 4.9 : Test results of the software (waveforms).
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Figure 4.10 : Test results of the software (main switch signals).
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- Test results of the software (auxiliary switch signal for lower switch).
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Figure 4.12 : Test results of the software (error recognition a) .

According to the first projection of the thesis; the input pwm is a square wave in
1kHz, in other words single phase shift is selected as the control method of the
DAB. However the SCU is available for the implementation of different control
methods, which brings flexibility to the system. The phase shift between the full
bridges can be controlled without any restriction. The board controls only one phase
leg, therefore it is also possible to implement a phase shift between the legs, which
makes also possible to use dual phase shift control in the DAB. The inputs of the
board offers a very reliable communication and they can drive the related IGCT
directly. Another important feature of the prepared board is that the state machines
and software can be altered easily. Also the use of CPLD makes it possible to protect
the system in a fast manner in case of a failure of the system. In the device, the %60
of the macrocells has been used, however optimization of the counter algorithm
could provide a better cell usage. Similiarly, optimization of the input-output ports
can lead a better reaction performance. But these issues are not considered during the
design since the performance of the device is already good enough for this type of a

system.
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Figure 4.13 : Test results of the software (error recognition b) .

Please note that, the figures are drawn with Matlab 2010b, according to the data

captured from the oscilloscope Tektronix, TDS3000C.
4.3.2 Zero voltage detection circuit

In normal conditions, with the related calculations of the operating conditions, the
deadtime should be long enough to transfer the voltage on the semiconductors to
transfer rail to rail. However to increase the reliability of the system a zero detection
circuit is proposed which will cooperate with SCU and prevent the switching before

the voltage on the corresponding switch reaches to zero.

Since the voltage will be high on the switches, monitoring and handling the noisy
input and providing high resolution are difficult by applying standard voltage
dividers with operating amplifiers. For a similiar application in [27, 28] a zero

voltage detection has been proposed and applied by using a diode with a high voltage
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blocking capability. In these circuitries a 300V power supply has been used to make
sure that the diode becomes conducting before the switching level reached. In [29] a
similiar method has been used to monitor the wvoltage on the semiconductor to
provide short circuit protection with an additional diode which eliminates the effect
of the high voltage blocking diode voltage drop which is highly depended on the

environmental conditions.

In this thesis, since an accurate monitoring is not necessary, the circuit proposed in
[27, 28] is adopted. Since the monitored voltage on the semiconductor will be very
noisy, a typical schmitt trigger circuit is applied with a fast operating amplifier. This
method also reduces the need for a high voltage power supply. The complete

proposed circuit is in Figure 4.14.

R, T o
——] B — Anode
. D Vew B/ IGCT
R, } Cathode
R, [] R,
24V _1_
= V. +\
30V — OPA
I/_ _/ R7 +
R, [I] R, [|] Ve
Figure 4.14 : Zero voltage detection with hysteresis.
VSW .
VSW "
Vour
' N VL
Via
< < Vour
time Via Ve
a) Vourtand Vsw b) Vout VS Vsw

Figure 4.15 : Zero voltage detection circuit input output relation.
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The idea in the method is simple. Unless the diode is not forward biased, the voltage
of the switch is blocked and not monitored. V. is determined by the voltage division
of 30V supply therefore the op amp is protected from high voltages. When the switch
voltage decreases below 30V - Vp, where Vp denotes the voltage drop on diode when
it is forward biased, the diode becomes conducting and the voltage Vrs + Vg4
becomes equal to Vsw + Vp. The peripheral of the op-amp is arranged for non-
symmetrical schmitt trigger with single power supply. This will remove the need for

negative power supply and the output voltage will either zero or 24V.

_ (Vo +Veu )Rs

V
TTRR (4.1)

V,-24 V., V, Vg
R R R “2)
1 2 3

for V4 > V. > Voyr =24V then

(RyR5(R, +Rg))x24V +(RR,(R, +Rs ))x 24V
Vi = : —Vp 4.3)
s(RiR; +R,R; +R;R;)

and for V. > V4 - Vour =0V then

_ (RyRy(Ry +Ry))x24V
" Rg(RR, +R,R, +R,R,)  ° (4.3)

HL

where V4 and Vi are low to high and high to low voltage thresholds for the output
of the op amp respectively. The margin between Vi 4 and Vi can be arranged with
the resistances Ri1, Ry, R3, R4 and Rs. Please note that in the equations the op-amp is
assumed to be ideal. In Figure 4.15 an example of waveforms for Vour and Vs are

shown.

The realized circuit is given in Figure 4.16. The input of the PCB is 30V and a
78M24 LDO has been used to provide 24V for opamp. The op-amp is selected as Tl
THS-3092-D, high voltage low distortion amplifier with high slew rate. The high
voltage blocking diode is chosen as NTE517, 15kV/500 mA diode. The voltage drop

of the diode is 14V when it carries the maximum current, which is enough to provide
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a satisfactory voltage margin in the schmitt trigger. The peripheral resistances can be
arranged according to the needs which brings flexibility for monitoring. For output a
HFBR-1521Z transmitter is put as in the SCU. The current of the transmitter is
arranged to 60 mA with R; resistor. The dimension of the PCB is 3,5cm x 7cm,
which is quite small. The distance between input of the PCB and ground layer is
25mm, which provides a safely operating condition up to 4.5kV according to the IPC
standards for coated boards. The vias which are placed for screw connections
provides electrical and mechanical connections. In this manner, it has been aimed to
provide connection to the metalic shield and the zero voltage input provided via a
coaxial cable from the IGCT.

o vk o, .
> @)
7

)

B
ﬁ\ PHILPPINESY £ >
‘, 28 T- 15212

Figure 4.16 : Realized ZVD circuit.

The ZVD circuit has been tested with the conditions given in table 4.4. The test
results are given in Figure 4.17 and 4.18. As an input a 40V AC wvoltage has been
applied. The detection limits are defined as 7 volts for low to high transition and 12
volts for the high to low transition. In other words, the input noise up to 12 volts is
permittable in this arrangement. Of course it is possible to change this lower or
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higher thresholds with different resistances. The test results are consistent with the
calculation. During the application, the circuit is expected to work up to 4kV safely.

Table 4.4 : Test Conditions for zero voltage detection circuit.

Input voltage 40 Vac

R1 2.2kQ
R2 470Q
R3 1kQ
R4 10kQ
R5 10kQ
R6 4.7kQ

Input and Qutput Voltage
50 T T T L I T U

Voltage

1 L 1 1
0.02 0.025 0.03 0.035 0.04

Time

1 1 1
0 0.005 0.01 0.015

Figure 4.17 : Test results of the ZVD circuit, input-output waveforms.
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Figure 4.18 : Test results of the ZVD circuit, input vs output.
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5. CONCLUSION AND FUTURE WORK

In this thesis, it has been aimed to design a sublevel controller which combines the
dual active bridge, the candidate topology for the multimegawatt converter with
auxiliary resonant commutated pole, the candidate soft switching technique. With
this controller, it has been expected to extend the soft switching operation area to a
full operation range by the help of auxiliary switch circuitries. Therefore in the first

chapter of this thesis, the motivation of the thesis is explained in detail.

The thesis begins with the details of the motivation and continues with the muti-
megawatt converter concept in the second chapter. In this chapter, the dual active
bridge topology and control methods are examined. The integrated gate commutated
thyristors which are the candidate semiconductor switches of the converter are
presented and the reasons of the selection are given. The knowledge gained in this

chapter is used to determine the controller specification during the design process.

In chapter 3, the auxiliary resonant commutated pole converter has been examined
for a single leg in details. First the topology and the operation is explained. Then the
control methods and issues concerning the control methods are pointed out. At the
end of this chapter, the simulation of the converter has been made and analyzed. The
theoretical analysis of ARCP leg will be useful during the experimental converter

design to decide the circuit parameters.

The design procedure is presented in the fourth chapter. At the beginning of this
chapter, the determined specifications of the controller are given and the software is
explained. Then, the details of the board and test results of the controller are given.
At the end of the chapter, the zero voltage detection circuit is introduced, details of
the design and test results are given.

During the studies in this thesis, the most challenging part was the examination of the
ARCP converter and DAB topology, and preparing a concept to combine them

together. The software programming required a deeper knowledge up to some level,
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therefore the VHDL language and programming tricks were examined. Besides, to
prepare the real circuit the PCB design software Cadsoft Eagle 5.9 were studied and
the issues related with the high frequency signal level design were covered.
Moreover, the IGCTs and the prospected IGCT device were examined. To complete
the controller, the zero wvoltage detection methods were studied, several methods
were discussed and and a proper solution has been offered and designed. In this

perspective, the total workdone is way way beyond the ones described this thesis.

The control unit is prepared by considering the simplicity and exibility principles.
Since the main switches and auxiliary switches are controlled by different state
modules in the software, the hardware can also be utilized without ARCP only as an

interface between the power stack and the main controller.

Actually, related with this thesis study, a DAB converter with auxiliary swithes in the
inverter side has been simulated by using Ansoft Simplorer 7.0. The results showed
that the auxiliary switches can provide soft switching in light load case where the
soft switching is not ensured in the standard control method. However, the analysis
has not been completed yet and further investigations is required for both theoretical
and practical issues. Besides, the exact project parameters are needed to make a
proper simulation. Therefore, although the results are promising, the simulation is
left outside of this thesis as a further work subject along with the complete analysis
of the ARCP DAB converter.

On the other hand, definitely the application of the controller board to the realized
converter or a prototype converter and a comparison of performances with and
without ARCP is the most important future work subject. This rearch effort will
provide information about the pros and cons of the method in practice. Moreover,
further improvements can be performed to the controller hardware. By doing this,
different control methods can be implemented for ARCP and DAB converter and

their effects can be examined experimentally.

In conclusion, with the addition of the experimental research, this study is expected
to be a good contribution to the research studies in the high power/high voltage

converter design for the offshore windparks field.
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APPENDICES

APPENDIX A.1: Stack Control Unit Circuit Diagram

Table A.1: Circuit elements of stack control unit.

Component name

Description

744045008

TSR 1-2450

LM-3940
XC95144XL-10TQG100C.
LF SPX0018036 CFPS-73
87832-1421

HFBR-2528Z7
SN75451BD
HFBR-1521Z7
HSME-C150

1N4004

Wourth Elektronik SMD HF-CHOKE WE-LQ
Tracopower DC/DC Converter,24V/5V,1A
National Semiconductor LDO 3.3V Regulator
Xilinx 9500XL Series CPLD

IQD Frequency Products Oscillator

Molex Header 2mm Milli-Grid Shrouded Vertical
Avago Techonologies Fiber Optic Receiver
TI Peripheral Driver

Avago Techonologies Fiber Optic Transmitter
Avago Technologies Led Green

Fairchild Diode 1A
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APPENDIX A.2 : Zero Voltage Detection Circuit Diagram

Table A.2 : Circuit elements of zero voltage detection circuit.

Component name Description

1N4002 ON Semi Diode 100V/1A
HFBR-1521Z7 Avago Techonologies Fiber Optic Transmitter
NTE-517 NTE Electronics 15kV/550mA Diode

THS-3092-D TI Dual Op Amp 5700V/s
TS78M24CP TAIWAN SEMICONDUCTOR 24V LDO Regulator 0.5 A
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