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ABSTRACT

DESIGN AND IMPLEMENTATION OF A 130KW, 750VDC
BIDIRECTIONAL PWM RECTIFIER SUPPLIED FROM 400V, 50HZ GRID

Pul, Tevfik
Master of Science, Electrical and Electronics Engineering
Supervisor: Prof. Dr. Muammer Ermis

June 2019, 137 pages

Design of a 130kVA of all SiC MOSFET based voltage source three phase PWM
rectifier was made in the scope of this thesis study. Power losses of SiC MOSFET and
Si IGBT having same voltage and current ratings were analyzed. Selection criteria of
all materials used in rectifier panel was explained in detail. Unity power factor
operation, bidirectional power flow, pure sinusoidal line current, regulated and
adjustable output voltage were achieved by applying Phase Lock Loop algorithm and
Voltage Oriented Control. Control methods mostly used in three phase PWM rectifiers
which are Voltage Oriented Control and Direct Power Control were compared.
Frequently used Pulse Width Modulation methods which are Sinusoidal Pulse Width
Modulation and Space Vector Pulse Width modulation were contrasted. Phase Lock
Loop algorithm, Voltage Oriented Control and Space Vector Pulse Width Modulation
were implemented both on MATLAB/Simulink simulation environment and on
Digital Signal Processor. Designed all SIC MOSFET based voltage source three phase
PWM rectifier was tested at 130kVA of input power by using three phase voltage
source traction inverter in the laboratory test bench as an active load. Power quality
measurements such as Total Harmonic Distortion of line to line voltages, Total
Harmonic Distortion of line currents and power factor were also performed using

power quality analyzer.



Keywords: SiC MOSFET, Phase Lock Loop, Voltage Oriented Control, Space Vector
Pulse Width Modulation, Unity Power Factor
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Oz

400V, 50HZ SEBEKEDEN BESLENEN 130KW, 750VDA iKi YONLU
DARBE GENISLIK MODULASYONLU DOGRULTUCUNUN TASARIMI
VE GERCEKLENMESI

Pul, Tevfik
Yiksek Lisans, Elektrik ve Elektronik Miihendisligi
Tez Damismani: Prof. Dr. Muammer Ermis

Haziran 2019, 137 sayfa

Bu tez calismasi kapsaminda 130kVA tamamen SiC MOSFET tabanli gerilim
kaynakli ii¢ faz darbe genisilik modiilasyonlu dogrultucunun tasarimi yapilmistir.
Ayn1 gerilim ve akim seviyesine sahip SiC MOSFET ve Si IGBT nin gii¢ kayiplar1
analiz edilmistir. Dogrultucu panosunda kullanilan tiim malzemelerin se¢im kriterleri
detaylica agiklanmistir. Birlik gii¢ faktorlii calisma, iki yonlii gii¢ akisi, tamamen sinus
hat akim, regiile edilmis ve ayarlanabilen ¢ikis gerilimi, faz kilitleme dongiisii ve
gerilim yonli kontrol uygulanarak basarilmistir. Gerilim yonlii kontrol ve direk gii¢
kontrolii gibi ii¢ faz darbe genislik modiilasyonlu dogrultucularda ¢ogunlukla
kullanilan kontrol yontemleri kiyaslanmistir. Siniis darbe genislik modiilasyonu ve
uzay vektor darbe genislik modiilasyonu gibi siklikli kullanilan darbe genislik
modiilasyonu yontemleri karsilastirilmistir. Faz kilitleme dongiisii algoritmasi,
gerilim yonli kontrol ve uzay vektdor darbe genislik modiilasyonu hem
MATLAB/Simulink benzetim ortaminda hem de sayisal isaret islemcisi Uzerinde
gerceklenmistir. Tasarlanan tamamen SiC MOSFET tabanli gerilim kaynakli ti¢ faz
darbe genisilik modiilasyonlu dogrultucu, laboratuvar test tezgahindaki ii¢ faz gerilim
kaynakli ¢ekis invertorii aktif yiik gibi kullanilarak 130kVA’lik giris giic degerinde

test edilmistir. Hattan hata gerilimlerin toplam harmonik bozulmasi, hat akimlariin

Vil



toplam harmonik bozulmasi ve gii¢ faktorii gibi giic kalitesi dl¢timleri de, gii¢ kalitesi

analizorii kullanilarak yapilmistir.

Anahtar Kelimeler: SiC MOSFET, Faz Kilitleme Dongusu, Gerilim Yonli Kontrol,
Uzay Vektor Darbe Genislik Modiilasyonu, Birlik Gii¢ Faktort
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CHAPTER 1
INTRODUCTION

1.1. Comparison of Three Phase Rectifier Topologies

Three phase rectifiers can be divided into two groups which are line commutated
rectifiers and Power Factor Correction (PFC) rectifiers in general [1]. Line
commutated rectifiers can be separated to two groups which are three phase diode
bridge rectifiers and three phase thyristor bridge rectifiers. Figure 1. 1 and Figure 1. 2

are shown these topologies simply.

+
7z~ D, ZLD_; 7= D5

" LOAD

z~D; z=D; z~Dg

Figure 1. 1. Three phase diode bridge rectifier
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Figure 1. 2. Three phase thyristor bridge rectifier

These types of topologies are no longer preferred too much. Harmonic content of line
current is significantly high because of non-sinusoidal distorted waveform. Allowed
Total Harmonic Distortion (THD) value for line current according to regulations
defined in IEEE 519-2014 standard [2] cannot be provided using these topologies.
Besides, line to neutral voltage and line current do not become in phase which means
unity power factor (pf) operation cannot be succeed nevermore. Furthermore, DC-
Link voltage regulation cannot be achieved properly. To be able to overcome the
problems mentioned above, PFC rectifiers are commonly used. Non-regenerative and
regenerative topologies were found within PFC rectifiers. Non-regenerative
topologies such as boost rectifier and Vienna rectifier are not popular because power
transfer capability in both sides which are DC-Link and grid are expected. For this
purpose, regenerative PFC rectifier topologies which are three phase voltage source
rectifiers and three phase current source rectifiers became so popular in many
applications. Three phase two level voltage source rectifier, three phase three level
voltage source rectifier and three phase two level current source rectifier topologies

were shown in Figure 1. 3, Figure 1. 4, Figure 1. 5 and respectively.
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Figure 1. 3. Three phase two level voltage source rectifier
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Figure 1. 4. Three phase three level voltage source rectifier
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Figure 1. 5. Three phase two level current source rectifier

Three phase two level voltage source PWM rectifier were chosen and designed for

fulfilling below requirements.

v
v

v
v

Sinusoidal line currents having less harmonic content

Obtaining line to neutral voltage in phase with line current which means unity
pf operation

Providing bidirectional power flow

Adjusting and regulating DC-Link voltage in a controlled manner

Three phase two level current source rectifier topology were not chosen because of

the fact that it is planned to use voltage source inverter as an active load in the test of

rectifier that will be designed. Three phase three level voltage source rectifier was

compared with three phase two level voltage source rectifier. In three level

applications, power semiconductor switching device having lower blocking voltage

can be chosen due to series connection of switches. In this way, voltage stress on

switch can be lowered. Besides, lower switching frequencies can be preferred.

However, gate drive circuit design and layout become difficult which results in

complex control. Furthermore, six switches are used in two level topology. On the



other hand, twelve switches and six diodes are used in three level topology. Although
unit price of switch decreases with the usage of lower voltage switches in three level
topologies, total cost of switches and diodes used in three level topology are passed to
total cost of switches used in two level topology. Moreover, possibility to place twelve
switches and six diodes instead of six switches at same volume is too low. This
situation inhibits compact mechanical design. In the applications that there is a size

limitation of rectifier, three level topologies are not suitable.
1.2. Usage Areas of Three Phase PWM Rectifiers

AC to DC conversion which is also called rectification is an important issue in power
electronics. Power converters which is an interface between AC supply and DC power
system is called as rectifier in literature. Diode bridge rectifiers and thyristor bridge
rectifiers which is also known as Silicon Controlled Rectifiers (SCR) were commonly
used in many applications in the past. Design of these types of converters is simple,
and robust designs can be obtained. Besides, cost effective solution can be get using
diode or thyristor as a power semiconductor switching element. However, distorted
line currents were formed, and so on line currents having considerably high harmonic
content were obtained. These converters pollute AC supply side consistently.
Reactive power was aroused and unity power factor operation cannot be provided. At
the same time, DC-Link voltage is not able to controlled which means it cannot be
adjusted to higher value than peak value of line to line supply voltage using three
phase diode bridge rectifier. Moreover, both converters have unidirectional power
capability. This means that these converters draw current from grid, however they
cannot supply current to grid. In recent years, single phase PWM rectifiers and three
phase PWM rectifiers become so popular together with increase of power regeneration
demand to grid. At the same time, demand for obtaining line currents having Total
Harmonic Distortion (THD) value smaller than allowable value stated in IEEE 519-
2014 standard was increased. Since active switches such as SiC MOSFET and IGBT
are used in PWM rectifier topologies, bidirectional power transfer can be achieved.

When PWM rectifier is operated in rectification mode, current can be drawn from grid.



On the other hand, when PWM rectifier is operated in inversion mode, current can be
supplied to grid. Both single phase PWM rectifiers and three phase PWM rectifiers
are used in traction applications [3]. Figure 1. 6 explains usage of single phase

rectifiers in traction applications.
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Figure 1. 6. Usage of single phase rectifiers in traction applications

In traction applications, three phase induction motors are driven by three phase voltage
source PWM inverters. A DC voltage is required to supply three phase voltage source
PWM inverter. In DC railway electrification systems such as 750VDC and 1500VDC,
three phase voltage source PWM inverter can be fed from third rail or pantograph
according to position of inverter within vehicles such as metro, tram, locomotive,
regional train. However, there are also AC railway electrification systems commonly
used in many countries. To be able to obtain DC voltage required to operate three
phase voltage source PWM inverter, traction transformer and single phase voltage
source PWM rectifier will be used together. First of all, main AC voltage which is
15kV at 16.67Hz frequency in countries like Austria, Germany, Sweden and which is
25kV at 50Hz frequency in countries like Turkey, Spain, Netherlands is decreased a
specific value via traction transformer, and then secondary voltage of traction
transformer will be applied to single phase voltage PWM rectifier. Generally, a second
boost reactor is not used because of leakage inductance of traction transformer. This
inductance is sufficient for boosting the DC-Link voltage to a determined value most
of the time. Furthermore, usage of three phase voltage source PWM rectifiers in

traction applications can be illustrated in Figure 1. 7.
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Figure 1. 7. Usage of three phase voltage source PWM rectifiers in traction applications

Three phase voltage source PWM rectifier can be used for DC-Link voltage regulation
in places where grid connection is available. In the situation that vehicle accelerates,
there is a reduction tendency in DC-Link voltage value. In this case, DC-Link voltage
is come to desired value by drawing current from grid. In the situation that vehicle
decelerates, there is a rise tendency in DC-Link voltage value. In this case, DC-Link
voltage can be brought to desired value by supplying current to grid. This is called
regeneration of power. Another usage area of three phase voltage source PWM
rectifier is battery or super capacitor charging and discharging [4]. In recent years,
energy storage components such as high voltage battery or supercapacitor became so
popular in energy recovery applications. Supercapacitor is charged while buck-boost
converter is in buck mode and three phase voltage source PWM rectifier is in
rectification mode. On the other hand, supercapacitor is discharged while buck-boost
converter is in boost mode and three phase voltage source PWM rectifier is in
inversion mode. Charging and discharging states of supercapacitor were shown in

Figure 1. 8 and Figure 1. 9 respectively.
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Figure 1. 8. Usage of three phase voltage source PWM rectifier in rectification mode together with
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Figure 1. 9. Usage of three phase voltage source PWM rectifier in inversion mode together with DC-
DC converter for battery discharging

Besides, three phase voltage source PWM rectifiers are used in wind turbine

applications as a part of back to back converter [5]. Output voltage of synchronous

generator changes according to rotation speed of micro turbine. This changeable

frequency at turbine side is converted to 50Hz of fixed frequency using back to back

converter placed between synchronous generator and grid. This operation was
illustrated in Figure 1. 10.
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Figure 1. 10. Usage of three phase voltage source PWM rectifiers in wind turbine applications

Three phase PWM rectifiers are used in Uninterruptible Power Supply (UPS)
applications, aircraft power supply applications, telecom & data server power supply
applications and DC motor drive applications in addition to usage areas mentioned

above in detail.
1.3. Thesis Outline

This thesis study comprises of eight chapters. Reason in the choice of three phase
voltage source PWM rectifier was expressed in Chapter 1 by comparing rectifier
topologies and explaining wide usage area of three phase PWM rectifiers. Selection
criteria of both SIC MOSFET and other materials used in rectifier panel was clarified
in Chapter 2. Besides, advantages of SiC MOSFET on Si IGBT were proved by
calculating power losses and efficiencies at three different power ratings for SiC
MOSFET and Si IGBTs having same ratings. Chapter 3 shows functions and electrical
interfaces of five different types of printed circuit boards used in designed rectifier
and correlations between them in detail. Basis of PLL algorithm and voltage based
control methods which are VOC and DPC were illustrated in Chapter 4. On the other
hand, frequently used modulation techniques which are SPWM and SVPWM were
contrasted in Chapter 5. Performed tests, measurements and related results were given
in Chapter 6. Furthermore, all Simulink models and simulation results were shared in
Chapter 7. Finally, conclusions and planned future works were mentioned in Chapter
8.
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CHAPTER 2

SELECTION OF MATERIALS

Selection of materials used in designed rectifier panel was explained in this chapter.
This chapter was splited into two subsections which are power semiconductor
switching devices and other materials. Superior properties of SIC MOSFET modules
in comparison with Si IGBT modules were given in part 2.1.1. Besides, selected SiC
MOSFET modules were compared with Si IGBT modules having same voltage and
current level in terms of power loss and efficiency at three different power levels in
part 2.1.2. Moreover, selection criteria and some important properties of other
materials such as current sensor, voltage sensor, 3-phases line contactor, auxiliary
contactor, soft-start contactor, soft-start resistor, DC power supply, heatsink,
laminated bus bars, fan, single phase AC line reactor, DC-Link capacitor were given

in the subsection of other material.
2.1. Power Semiconductor Switching Devices
2.1.1. Introduction

In recent years, Insulated Gate Bipolar Transistor (IGBT) and Silicon Carbide Metal
Oxide Semiconductor Field Effect Transistor (SiC MOSFET) are most common
power semiconductor switching devices used in power stage design of the converters
such as single phase PWM rectifier, three phase PWM rectifier, traction inverter,
buck-boost converter etc. Together with improvement in SiC technology, commercial
SiC MOSFET modules went into product range of companies such as Wolfspeed and
ROHM Semiconductor. Si IGBT modules are already being sold in many companies
such as Infineon, Semikron, Mitsubishi, ABB, Fuji Electric, Dynex Semiconductor
etc.

Since both the Si IGBT and the SiC MOSFET modules are readily accessible, which
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one should be used must be determined correctly. Most important selections in the

power stage design of converter are material type and ratings of power semiconductor

switching device. Before making a choice, following information was evaluated.

v
v
v

SiC MOSFETSs have ten times greater dielectric breakdown field than Si IGBT.
SiC MOSFETSs have three times greater bandgap than Si IGBT [6].

SiC MOSFETSs have thinner drift layer than Si IGBT, and so on higher doping
concentration. This results in lower on-state resistance, Rps, on [7].

Drift velocity of SiC MOSFET has two times greater than Si IGBT. Therefore,
SiC MOSFETSs can operate at a considerably higher switching frequencies than
Si IGBT.

SiC MOSFETSs have higher thermal conductivity compared to Si IGBTSs [8].
SiC MOSFET has no tail currents present on Si IGBT. By this means, turn-off
energy, Eoff of SIC MOSFET is significantly smaller than Si IGBT. Besides,
freewheeling diode (FWD) within the Si IGBT module has high reverse
recovery current. On the other hands, schottky barrier diode within the SiC
MOSFET module has no reverse recovery current, and SO on no reverse
recovery loss. After all, SiC MOSFET modules has much smaller switching
loss than Si IGBT modules due to lack of tail current and reverse recovery
current.

FWD on Si IGBT module can be breakdown by the reason of high reverse
recovery current. This can lead to high surge voltages according to magnitude
of stray inductance.

Both Si IGBT modules and SiC MOSFET modules can be found in high
blocking voltage ratings such as 1200V, 1700V and 3300V. Si IGBT modules
has an advantage in terms of current ratings. SIC MOSFET modules having
current rating up to 300A can be found for now.

In terms of conduction losses, both modules have almost same. There is no

distinct difference as in switching loss.
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v Si IGBT modules has larger short circuit withstand time than SiC MOSFET
[9]. Short circuit withstand time is a maximum duration that switch can be
resisted without being degraded in the case of short circuit. A significantly
high current comes to exist in short circuit condition. This surge current causes
heat. This heat has to be dissipated over chip surface. Since chip area or die
area is smaller in SiC MOSFET, excess heat cannot be dissipated easily
compared to Si IGBT.

v"If higher frequencies are chosen, size and weight of the passive components
such as reactor and capacitor can be reduced dramatically. At the same time,
dimensions of heatsink used for cooling can be decreased.

v Decreasing of converter’s power losses and size reduction of both passive
components and cooling unit allow to design converter whose efficiency and

power density are higher.

In the lights of above information, it has been decided to use SiC MOSFET modules
as a power semiconductor switching device in the power stage design of three phase
PWM rectifier.

For apparent input power of 125kVVA, Root Mean Square (RMS) value of line current

was calculated as shown in (2.1) and (2.2).
Siv = V3% vap * iy (2.1)
iy = 125000/(v/3 * 400) = 180.43 Agys (2.2)

Since DC-Link voltage will be adjusted to 750VDC with voltage regulation, drain-
source blocking voltage of SiC MOSFET module was chosen as 1700VDC by taking
into account surge voltages that will be caused by stray inductances. Continuous drain
current of SiC MOSFET was selected as 225Arws by considering safety margin. SiC
MOSFET modules satisfying above requirements and whose part number is
CAS300M17BM2 were selected from the company CREE. Another reason in
selection of SIC MOSFET modules belonging to company CREE was that SiC
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MOSFET gate driver board whose part number is PT62SCMD17 and belonging to
company PRODRIVE TECHNOLOGIES is compatible to SiC MOSFET modules
belonging to company CREE. By this means, there was no need to design gate driver
board in the scope of this thesis study. Required parts from datasheet of SiC MOSFET

module was given in Appendix.

2.1.2. Power Loss and Efficiency Comparison Between Si IGBT Modules and SiC
MOSFET Module

Power losses of SiC MOSFET half bridge module used in all SiIC MOSFET based
voltage source three phase PWM rectifier were compared with Si IGBT half bridge
modules of other companies which are Infineon, Semikron and Mitsubishi. Their part
number are FF225R17ME4P B11, SEMIiX353GB176HDs and CM225DX-34T
respectively. All chosen Si IGBT half bridge modules have 1700VDC collector-
emitter saturation voltage and 225Arms continuous collector current according to
datasheets. Required parts from datasheets of Si IGBT half bridge modules and SiC
MOSFET half bridge module were given in Appendix. Efficiency comparison was
made using obtained power losses at different input power ratings which are 69kVA,
104kVA and 138.5kVA. Besides, temperature rise from sink to junction was
calculated for all modules. For SiC MOSFET half bridge module, SiC MOSFET
conduction loss, diode conduction loss, SIC MOSFET switching loss and diode
switching loss were calculated separately for three different input power ratings. At
the same time, for Si IGBT modules, IGBT conduction loss, diode conduction loss,
IGBT switching loss and diode switching loss were calculated separately for three
different input power ratings. Conduction and switching loss calculations of Si IGBT
and freewheeling diode were made according to [10]. In addition, conduction and
switching loss calculations of SiC MOSFET and schottky barrier diode were made
according to [11]. Conduction loss formulas of SiC MOSFET and diode for motor
drive applications were given in (2.3) and (2.4).

1 mg*cosP1l
Pew = Rpson * 16+ (5 + =5 ) (2.3)
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Pep = Veo * Io * (5 = "557%) + Rp # I§ » (5 = 47200 (2.4)

*TT 8

Conduction loss formulas of Si IGBT and freewheeling diode for motor drive

applications were given in (2.5) and (2.6).

Per = Viego * I * (ﬁ + —ma*csosm) + 1, % I3 * (% + —ma;i:}:m) (2.5)

Pep = Vo #lo (37 = 5 +10 + 16 + (5= 7452) 26)
Switching loss formulas of Si IGBT, SiC MOSFET and diode were given in (2.7) and
(2.8).
Psw,r = Pswm = (Eon + Eoff) * fow (2.7)
Psw,p = Epr * fow (2.8)
For 69kVA input power, parameters that found using the graphs on datasheets [12] -
[15] and calculated power losses for each module were shown in Table 2. 1

and

Table 2. 2 respectively.

Table 2. 1. Parameters that found using the graphs on datasheets for 69kVA of input power

Parameter Cree Infineon Semikron  Mitsubishi
Rpson (M) 145 - - -

Ry (mN) 6 - - -
Vo (V) 0.7 0.6 0.5 0.5
Vego (V) - 0.6 0.6 0.45
. (mQ) - 10.25 11.5 12
rp (M) - 8 7 14
E,,(m]) 6 33 75 21
Eorr(m)) 2 42.5 41.67 30
E.. (m]) 0 47 25 21
I, (A) 1414 1414 141.4 141.4
mg, 1 1 1 1
cosP1l 1 1 1 1
fow(kHZ) 5 5 5 5

15



Table 2. 2. Calculated power losses of each module for 69kVA of input power

Power Loss Cree Infineon  Semikron  Mitsubishi
P-y (watt) 67 - - -
Pcr (watt) - 71.47 77.24 73.53
P.p (watt) 5.65 5.92 5.06 7.70
Psyw u (watt) 40 - - -
Pgy 1 (watt) - 3775 583.35 255
Psy p (watt) 0 235 125 105
Total loss of SiC 107 i i i
MOSFET (watt)
Total loss of Si IGBT i 448.97 660.59 328,53
(watt)
Total loss of diode 565 24092  130.06 112.70
(watt)
Total loss of module 112.65 689.89 790.65 441.23
(watt)
Total 'OS'(fN‘:ttC)O”"e”er 337.04 2069.66 237196  1323.69
Efficiency (%) 99.51 97.088 96.67 98.12

For 104kVA input power, parameters that found using the graphs on datasheets and
calculated power losses for each module were shown in Table 2. 3 and Table 2. 4

respectively.

Table 2. 3. Parameters that found using the graphs on datasheets for 104kVA of input power

Parameter Cree Infineon Semikron  Mitsubishi
RDSon (mﬂ) 15 - - -

Rp (mN) 6 - - -
Veo (V) 0.7 0.6 0.5 0.5
Vego (V) - 0.6 0.6 0.45
7, (mf) - 9.33 10.16 10.33
rp (mN) - 6.83 6 11.73
E,n(m)) 7.5 47.5 100 325
E.. (m)) 0 56 35 25
1o (4) 2121 2121 212.1 212.1
my 1 1 1 1
cosP1l 1 1 1 1
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fo(kHz) 5 5 5 5

Table 2. 4. Calculated power losses of each module for 104kVA of input power

Power Loss Cree Infineon  Semikron  Mitsubishi
Py (Watt) 155.95 ; i i
Per (watt) i 13319 141.86 134.55
P, (watt) 1017 10.15 8.72 13.60
Psy, v (watt) 57.5 - - -
Pow r (watt) i 537.5 800 367.5
Pow » (Watt) 0 280 175 125
Total loss of SiC
MOSFET watt)y 2% - ) -
Totallossof SHIGBT 47069 04186 502,05
(watt)
Totallossofdiode 1317, 59915  183.72 138.60
(watt)
Total lossof module  »o5 ) 95085 112558  640.65
(watt)
Total 'OS'(f,v‘;fttC)O”"e”er 670.86 2882.55 337674  1921.94
Efficiency (%) 99.36  97.30 96.85 98.18

For 138.5kVA input power, parameters that found using the graphs on datasheets and
calculated power losses for each module were shown in Table 2. 5 and Table 2. 6
respectively.

Table 2. 5. Parameters that found using the graphs on datasheets for 138.5kVA of input power

Parameter Cree Infineon  Semikron  Mitsubishi
Rpson (mf2) 155 - - -

Ry (mN) 5.75 - - -

Vio (V) 0.7 0.6 0.5 0.5

Vero (V) - 0.6 0.6 0.45
. (mQ) - 8.5 9.5 9.25
rp (MmN) - 6.375 5.625 10.5
E,,(m)) 9.5 62.5 137.5 45
Eorr(m)) 6 75 75 52
E.. (m]) 0 65 41.67 28
1o (A) 282.8 282.8 282.8 282.8
m, 1 1 1 1
cosP1 1 1 1 1

17



fow (kH2) 5 5 5 5

Table 2. 6. Calculated power losses of each module for 138.5kVA of input power

Power Loss Cree Infineon  Semikron  Mitsubishi
Py (watt) 286.48 B - n
Per (watt) i 20531  223.80 207.12
P.p (watt) 1545  15.43 13.33 20.70
Psy v (watt) 77.5 - - -
Pey 7 (Watt) ; 6875 10625 485
Pow o (watt) 0 325 208.35 140
Total loss of SiC
MOSFET (watt) 363.98 i ) )
Totalloss of SHIGBT 89781 128630  692.12
(watt)
Totallossofdiode 10 /o 24043 20168 160.70
(watt)
Totallossof module 379 43 153394 150708  852.82
(watt)
Total 'Os(fN‘:ttC)O”"e”er 11383 3699.74 452394  2558.47
Efficiency (%) 99.18  97.40 96.84 98.19

Efficiencies of the all SIC MOSFET based voltage source three phase PWM rectifier
were calculated using four different half bridge modules at three different input power
ratings. Efficiencies according to different input power ratings were shown in Figure
2.1
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Figure 2. 1. Efficiencies of each module according to different input power ratings

In order not to damage power semiconductor switching devices, it is so important to
analyze power module thermally. If temperature rise caused by power loss is so large,
junction temperature will pass maximum allowable junction temperature of SiC
MOSFET module or Si IGBT module. In this case, related module will be damaged.
Before choosing power semiconductor switching devices, thermal analysis should be
made properly. For calculating the temperature rise of modules from heatsink to
junction, thermal resistance values given in the datasheets were used. Thermal
resistances of SiC MOSFET, Si IGBT and diode were given in Table 2. 7.

Table 2. 7. Thermal resistance values given in the datasheets

Thermal Resistance Cree Infineon Semikron  Mitsubishi
Ro ¢ of SiC MOSFET (°C/W) 0.071 - - -
Rg,jc of diode (°C/W) 0.065 - 0.13 0.176
Rg,jc of SiIGBT (°C/W) - - 0.086 0.104
Rg u of SiIGBT (°C/W) - 0.151 - -
Ro,ju of diode (°C/W) - 0.222 - -
Rg cy of module (°C/W) - - 0.04 0.0031

19



Different formulas were used to obtain temperature rise from heatsink to junction of
SiC MOSFET, Si IGBT and diode because manufacturers give different thermal
resistance values such as junction to case, junction to heatsink as seen in Table 2. 7.
A general thermal model and specific thermal models according to manufacturers
were given in Figure 2. 2 in order to be able explain junction temperature calculation
better. Besides, related formulas according to manufacturers were given in (2.9),
(2.10), (2.11), (2.12), (2.13), and (2.14).

CREE INFINEON SEMIKRON & MITSUBISHI
Sic Sic Si Si Si Si
General Thermal Model MOSFET Diode IGBT Diode IGBT Diode
Junction ————— - T Junction ————— T, T, Junction----—- + T, * T, Junction----- T T
R, ic Ry, ic Ro, 1 Ro.ic
Case——--- 1T Case————— Tc Tc Re, 1 Rem  Case----- Tc
* B
Ro,cn Take Tcas70°C Module
Heatsink —--—- 1T Heatsink - -~~~ +Ty Ty Heatsink ----- Tu
* Take Tyas 40 °C * Take Tyas 40 °C
Re, na
Ambient----- Ty

Figure 2. 2. Thermal Models
For CREE,
T) sic mosrer = (Total loss of SiC MOSFET x Rg jc of SiC MOSFET) + T (2.9)
T} pioge = (Total loss of diode * Rg ;¢ of diode) + T, (2.10)
For Infineon,
T)si1cer = (Total loss of SiIGBT * Rg ;y of SLIGBT) + Ty (2.11)
T} pioae = (Total loss of diode * Rg ;y of diode) + Ty (2.12)
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For Semikron and Mitsubishi,
T} si1cer = (Total loss of SiIGBT * Rg jc of St IGBT) +
(Total loss of module * Rg cy of module) + Ty (2.13)
T} pioae = (Total loss of diode * Rg ;¢ of diode) + (Total loss of module *
Rocy of module) + Ty (2.14)
Case temperature and sink temperature were taken as 70 °C and 40 °C respectively
for the junction temperature calculation. Estimated junction temperature of each
module were shown in Table 2. 8 for three different input power ratings. First column

represents power switch and second column represents diode.

Table 2. 8. Estimated junction temperature of each module for three different input power ratings

Cree Infineon Semikron Mitsubishi
69kVA 77°C 71°C 108°C 93°C 128°C 89°C 75°C 61°C
104kVA 85°C 71°C 141°C 104°C 166°C 109°C 94°C 66°C

138.5kVA 96°C 71°C 175°C 115°C 211°C 129°C 115°C T71°C

According to datasheets of half bridge modules given in [12] - [15], maximum
allowable junction temperature is 150°C for all modules. All modules may operate at
69kVA input power according to junction temperature data given in Table 2. 8. Si
IGBT module belonging to Semikron does not operate at 104kVA input power
because of its junction temperature (166°C). Besides, Si IGBT modules belonging to
Infineon and Semikron do not operate at 138.5kVA input power because of their
junction temperatures (175°C and 211°C respectively). SiC MOSFET module
belonging to CREE and Si IGBT module belonging to Mitsubishi may operate at
138.5kVA input power. In the light of calculated power loss and junction temperature
data, it is clear that SiC MOSFET module and Si IGBT module are almost same in
terms of conduction loss. However, SiC MOSFET module has considerably lower
switching loss than Si IGBT modules having same ratings. Because SiC MOSFET

modules have no reverse recovery energy and turn-on & turn-off energies of SiC
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MOSFET modules are very low. Si IGBT modules are not appropriate to operate at

high switching frequencies because of their high switching losses.
2.2. Other Materials
2.2.1. Introduction

Criteria in selection of other materials except SiC MOSFET half bridge module and
SiC MOSFET gate driver board and selected materials were explained in this part. SiC
MOSFET half bridge module and SiC MOSFET gate driver board were expressed in
Part 2.1 and Part 3.6 respectively. Figure 2. 3 shows pictures of materials used in
rectifier panel which are voltage sensors, single phase AC line reactors, current
sensors, soft-start contactor, soft-start resistor, 3-phases contactor, heatsink, laminated

bus bars, discharge resistor and DC-Link capacitor.

L
-y f’
Power Module
Soft Start idc

Contactor Rsaie

L Ve, To Load

,,,,,,

3 Phases
Contactor

Figure 2. 3. Pictures of materials used in rectifier panel

Figure 2. 4 illustrates location of materials inside designed all SIC MOSFET based

voltage source three phase PWM rectifier panel.
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Figure 2. 4. Location of materials inside designed all SiC MOSFET based voltage source three phase
PWM rectifier panel

2.2.2. Current Sensor

Different types of current sensors are used in the industry. Ohm’s Law of Resistance,
Faraday’s Law of Induction and magnetic field sensors are mostly preferred for
current sensing techniques [16]. Shunt resistors and copper traces can be given as

example used ohm’s law of resistance. Current transformers and Rogowski coil are
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current sensors used Faraday’s Law of Induction. Finally, hall-effect sensors are
examples for magnetic field sensors. To be able select right current sensor, one should
know advantages and disadvantages of different current sensor types. Shunt resistor
has no galvanic isolation. Besides, a significantly high power loss occurs in high
current applications. Although current transformer and Rogowski coil are isolated
sensor, they can sense only AC currents. They are not appropriate when both DC and
AC currents are wanted to measure with same sensors. Both galvanic isolation and
AC/DC current measurements can provide with Hall-effect sensors. Hall-effect
sensors are divided into two groups which are open loop hall-effect sensors and closed
loop hall-effect sensors. Open loop hall-effect sensor can fail if high currents pass into
it. Since flux of the magnetic core will be larger when current is getting larger,
saturation may occur. In order to avoid high core flux, cancellation of fluxes is made
in closed loop hall-effect sensors by creating counter flux on compensating winding.
Closed loop hall-effect sensor was selected as a current sensor type because of the
reasons mentioned above. Following requirements were taken into consideration in

the selection of current sensor.

Measuring minimum 220Arwms of current

Having measurement range up to minimum £400A of current
Capability to measure both AC and DC currents

Ability to operate with £15V of power supply

Having overall accuracy less than 1%

Having minimum 100kHz of bandwidth

Ability to operate in -40°C/+85°C of temperature range

N N N N R N NN

Having mass less than 300 gram

Current sensor belonging to company LEM whose part number is LF 510-S was
chosen [17]. Some properties of this sensor were given in Table 2. 9.
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Table 2. 9. Some properties of the current sensor

Picture Parameter Value
Rated current 500ARrMS

Measurement range +800A
Supply voltages +14.25... £25.2
Overall accuracy +0.6%

Frequency bandwidth 200kHz
Operating temperature ~ -40°C / +85°C

Mass 240gram

2.2.3. Voltage Sensor

It was aimed to use same voltage sensor for both line to line grid voltage measurement
and DC-Link voltage measurement. The following requirements were determined by

taking into account maximum voltage that will be seen.

\

Measuring minimum 750V of voltage

Having measurement range up to minimum £1000V of voltage
Capability to measure both AC and DC voltage

Ability to operate with £15V of power supply

Having overall accuracy less than 1%

Ability to operate in -40°C/+85°C of temperature range
Having mass less than 100 gram

Operation with principle of closed loop hall-effect

N N N NN

Galvanic isolation

Voltage sensor belonging to company LEM whose part number is LV 25-1000 was

chosen [18]. Some properties of this sensor were given in Table 2. 10.
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Table 2. 10. Some properties of the voltage sensor

Picture Parameter Value
Rated voltage 1000V

Measurement range +1500V

Supply voltages +12... £15
Overall accuracy +%0.8
Principle Closed loop hall-effect
Operating temperature -25°C / +70°C
Mass 65gram

2.2.4. 3-Phases Line Contactor

3-phases line contactor are turned on after 560V of DC-Link voltage is obtained with
diodes present in SiC MOSFET modules without turning on switches. Only soft-start
contactor is turned on at this stage. To be able to keep schottky barrier diodes of SiC
MOSFET modules as blocked, DC-Link voltages should be adjusted to a value higher
than peak value of line to line grid voltage. After 560V of DC-Link voltage is reached,
it is boosted to 750V of regulated voltage by turning on 3-phases line contactor. The
following requirements were determined by taking into account maximum line to line

to grid voltage and maximum line current that will be seen.

Having three normally open (NO) main poles

Having minimum 220Arwms of rated operational current
Having minimum 400V AC of rated operational voltage
Having 24VDC of coil voltage

Having a rigid enclosure

Having a bus bar interface to be able connect cable lugs easily

Ability to operate in -40°C/+85°C of temperature range

N N N N N N Y

Having a weight less than 10kilogram
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v" Providing limitations of mechanical dimensions which are 250mm x 250mm

x 250mm for height, width and depth respectively

3-phases line contactor belonging to company Schneider Electric whose part number

is LC1F330 was chosen [19]. Some properties of this contactor were given in Table
2.11.

Table 2. 11. Some properties of the 3-phases line contactor

Picture Parameter Value
Main pole configuration 3 NO poles
Rated operational voltage 440VAC
Rated operational current 330A @ 440VAC
Coil voltage 24VDC
Operating temperature -40°C / +70°C
Weight 9.5kg
Height 206mm
Width 213mm
Depth 219mm

Power circuit connection  Bars suitable for lugs

2.2.5. Auxiliary Contactor

Main contacts of 3-phases line contactor which are A; and A, were not switched
directly using contactor switching circuit found in power board. 3-phases line
contactor was controlled with an auxiliary contactor. There was no need to choose an
auxiliary contactor having high rated operational current because auxiliary contactor
was only used for switching of main contacts of 3-phases line contactor. High currents
on main power circuit passed through three poles of line contactor. Operation

described above was illustrated in clearly Figure 2. 5.
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Figure 2. 5. Operation principle of the auxiliary contactor

Auxiliary contactor belonging to company ABB whose part number is TAL9-30-10
17-32VDC was chosen [20]. Some properties of this contactor were given in Table 2.
12.
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Table 2. 12. Some properties of the auxiliary contactor

Picture Parameter Value
Main pole configuration 3 NO poles
Rated operational voltage 690VAC
Rated operational current  7A @ 690VAC AC-3
: Coil voltage 24VDC
Coil consumption 2.5W...8.5W
Maximum electrical 1200 cycles per hour @
switching frequency AC-3
Operating temperature -40°C / +55°C
) Weight 5209
Height 78mm
Width 44mm
Depth 97mm
Terminal type Screw terminals

2.2.6. Soft-Start Contactor & Soft-Start Resistor

A soft-start circuit composed of soft-start contactor and soft-start resistor connected
each other in series is commonly used in many industrial power electronic converters
to be able to decrease inrush current drawn by passive components such as DC-Link
capacitor significantly. Since stresses on passive components decrease by reducing the

inrush current, life time of materials is increased by using soft-start circuit shown in
Figure 2. 6.
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Soft-Start Circuit
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Figure 2. 6. Soft-start circuit used in the design

The following requirements were determined for soft-start contactor.

Having minimum one normally open (NO) main poles
Having minimum 10Arwms Of rated operational current
Having minimum 400V AC of rated operational voltage
Having 24VDC of coil voltage

Having a rigid enclosure

Ability to operate in -40°C/+85°C of temperature range

Having a weight less than 1kilogram

N N N R NN

Providing limitations of mechanical dimensions which are 200mm x 100mm

x 100mm for height, width and depth respectively

Soft-start contactor belonging to company ABB whose part number is TAL26-30-
10RT 17-32VDC was chosen [21]. Some properties of this contactor were given in
Table 2. 13.
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Table 2. 13. Some properties of the soft-start contactor

voltage

Rated operational

Picture Parameter Value
Main pole
) ) 3 NO poles
configuration
Rated operational
690VAC

13A @ 690VAC AC-3

current
Coil voltage 24VDC
: Coil consumption 2.7W...9W
) ABS TAL26-30-108T Maximum electrical 1200 cycles per hour @
'- "» " ‘ switching frequency AC-3
. 2 A Operating temperature -40°C / +55°C
Weight 7509
Height 90mm
Width 44mm
Depth 110.6mm

Terminal type

Ring terminals

For soft-start resistor, criteria were determined as follows.

Having resistance value within 1kOhm-1.5kOhm of range
No need to heatsink for power dissipation

Operation in minimum 750VAC/DC of rated voltage
Having a rigid enclosure

Ability to operate in -40°C/+85°C of temperature range

Having minimum 150W of rated power

AN N NN N

Providing limitations of mechanical dimensions which are 30mm x 50mm x

200mm for height, width and length respectively
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Soft-start resistor belonging to company REO whose part number is
K21102987030000 was chosen. Some properties of this resistor were given in Table
2.14.

Table 2. 14. Some properties of the soft-start resistor

Picture Parameter Value
Resistance 1300 Q
Rated operational voltage  900VAC/DC
Rated power 200W
Coil voltage 24VDC
Operating temperature -40°C / +85°C
Height 21mm
Width 40mm
Length 210mm
Terminal type Cable

2.2.7. DC Power Supply

A DC power supply is required to supply following components within the all SiC
MOSFET based voltage source three phase PWM rectifier panel.

v Three numbers of SiC MOSFET gate driver boards via fiber optic interface
boars

v" Control unit

v" Main contacts of 3-Phases line contactor via auxiliary contactor

v DC diagonal module fan within range hood

Power consumption of each SiC MOSFET gate driver board in operational mode is
12.5W. Since three numbers of SiC MOSFET gate driver boards were used within
power module, total power consumption coming from gate driver boars is 37.5W.

Control unit draws almost 3A of current when it is supplied with 24VDC of voltage
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and rectifier panel is operated at rated power. Therefore, power consumption of
control unitis 72W. Furthermore, DC diagonal module fan used together with heatsink
to be able to cool SiC MOSFET modules is in need of 24VDC of supply voltage.
Power consumption of DC fan is 170W according to datasheet. Finally, coil
consumption of 3-phases AC line contactor can be taken as 10W. Total power
consumption of all SiC MOSFET based voltage source three phase PWM rectifier

panel, Ptota Was calculated in (2.15).
Protar = 37,5W + 72W + 170W + 10W = 289.5W (2.15)
The following requirements were determined by considering the calculation above.

v Having 24VDC of output voltage

Having minimum 300W of power

Having a fan for a proper cooling during operation
Having a rigid enclosure

Ability to be supply directly from 230VAC of socket

NN

Providing limitations of mechanical dimensions which are 50mm x 150mm x

250mm for height, width and length respectively

DC power supply belonging to company LEDWELL whose part number is LW
2415M was chosen [22]. Some properties of this power supply were given in Table 2.
15.
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Table 2. 15. Some properties of the DC power supply

Picture Parameter Value
Output voltage 24VDC
Output current 15A
Output power 350W
Input voltage 230VAC
Height 50mm
Width 115mm
length 215mm
Cooling type With fan

2.2.8. Heatsink

To be able to reduce size and volume of power converters and to make dense and
compact design directly depend on sizes of passive components and cooling material.
Decreasing of sizes of passive components was achieved by switching at high
frequencies with SiC MOSFETS. Switching losses, and correspondingly total power
losses increased as a result of switching at high frequencies. Junction temperature of
SiC MOSFET increases depending on power losses and its thermal resistance. If
junction temperature of the SiC MOSFET exceeds maximum allowable junction
temperature defined in its datasheet, thermal runaway occurs and switch is damaged
permanently. A proper cooling must be applied to prevent this situation. Air cooling
and liquid cooling are frequently used as a cooling method in power electronic
converters [23] - [24]. The idea lied behind cooling is that heat generated due to power
loss sends away from the baseplates of switches via convection, conduction and
radiation. Heatsink and liquid cooling plate are used for air cooling and liquid cooling
respectively. Air cooling are divided into two groups as natural air cooling and forced
air cooling. Natural cooling method is suitable for only low power applications. If it
is used in high power applications, surface of heatsink is required to be increased

significantly because fan is not used in this method. This causes the size and volume
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of power converter to increase. A thermally conductive material called thermal grease
is applied between base plate of switch and surface of heatsink. In this way, heat
conduction to heatsink is ensured. Heatsinks are designed in such a way that they are
composed of many fins aligned side by side. An important point in the alignment of
fins is that they should be aligned by leaving enough space between them in the
direction of air flow. Materials having high thermal conductivity such as aluminum
and copper are commonly used within heatsink. Aluminum is preferred more
compared to copper due to being lighter and cheaper. However, thermal conductivity
of copper (400 W/m.K) is higher than that of aluminum (205 W/m.K). Furthermore,
heat pipes embedded heat sink is used in addition to heat sink having only fins.
Spreading of heat is provided better using heat pipes. On the other hand, air cooling
method is less efficient than liquid cooling method in very high power applications
around 1MW due to reduction in weight and size. Since maximum 150kVA of three
phase PWM rectifier will be designed, usage of cold plate was not preferred. Forced
air cooling was applied within rectifier panel via heatsink having aluminum fins.
Standard extruded heatsink belonging to company Fischer whose part number is SK

650 was chosen. Some important properties of heatsink were given in Table 2. 16.

Table 2. 16. Some properties of the heatsink

Picture Parameter Value
Number of fins 30

B o Distance between fins 12.5mm

Plate thickness 15mm
Thermal resistance  0.37K/W - 0.1K/W

Height 84mm

Width 400mm

Length 400mm
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2.2.9. Laminated Bus Bars

Cables and laminated bus bars are frequently used in power connections within
converters. Since quantity of cables increases, usage of cables becomes a problem with
the increase in connection. Furthermore, cable diameter and cable weight increase in
parallel with rise in current. Giving shape to the cable and bending within converter
become difficult together with increment in cable diameter. Laminated bus bars are
started to be preferred for high current, high power applications instead of cables or
single copper bars. Cabling faults and voltage drop can be reduced using laminated
bus bars. Moreover, size and cost advantages are able to provide via laminated bus
bars compared to cables. Laminated bus bar is basically composed of conductors
aligned one on the top of the other and insulation layers placed between conductors.
Aluminum and copper are generally used as conductor material. Tin or nickel plating
are usually applied on conductor. Insulation material is used for voltage isolation
between two conductors. Insulation materials such as Nomex, Mylar (PET), Kapton
and Tedlar are typically used in the industry. Furthermore, Inductance and so on
impedance are reduced by placing two conductors in such a way that there is a thin
insulation layer between them. Capacitance are increased under favor of this method.
Inductance and capacitance of laminated bus bar can be calculated as in (2.16) and

(2.17) respectively.

Insulation thickness x Length

(nH) = 319« it

(2.16)

Width x Length x Dielectric constant

C(pF) = 0.2225 x (2.17)

Insulation thickness

According to formula in (2.16), inductance can be minimized by reducing insulation
layer as much as possible and increasing width of the conductor. To be able to decrease
inductance of laminated bus bar is vital. By this means, surge voltages coming from
high rate of di/d; are reduced. Inductance value less than 40nH is generally acceptable
for laminated bus bars. Besides, dielectric breakdown strength, dielectric constant and

continuous operating temperature are some parameters required to consider while
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selecting insulation material type. Kapton is the best insulation material in terms of
parameters mentioned above. However, it is much expensive compared to other
materials. Dielectric breakdown strength for 3mil of insulation thickness, dielectric
constant and continuous operating temperature are given in Table 2. 17 for Kapton,
Mylar and Nomex [25].

Table 2. 17. Comparison of insulation materials in terms of some important features

Parameter Kapton Mylar Nomex
Dielectric breakdown strength
) 13.8kV 10kV 1.6kV
(for 3mil)
Dielectric constant 3.7 3.3 1.6
Continuous operating temperature 400°C 105°C 220°C

Laminated bus bars has also following advantages in addition to points above.

v" Ability to provide integration with components such as SiC MOSFETS,
IGBTS, decoupling capacitors and DC-Link capacitors easily

v Providing flux cancellation by placing conductors having reverse polarities
one on the top of the other

v Having advantage thermally because of heat dissipation over a wide surface

v’ Better EMI and EMC performance compared to cables due to noise elimination

Selecting conductor size properly depending on current rating and adjusting clearance
and creepage distances carefully are also important points in laminated bus bar design.
Cross sectional area of the conductor should be determined correctly based on current
that will be passed through it. Otherwise, temperature on conductor surface will
increase swiftly. As a rule of thumb, conductor width should be selected three times
higher than conductor thickness. It was decided to be used two different types of
laminated bus bars within rectifier panel, one for DC-Link connection, and one for
three phases connection. DC-Link bus bar and 3-Phases AC bus bar belonging to
company EAGTOP whose part number are BSBC-1050-0200-01.A2352A and BSBC-
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1050-0200-01.A2352 respectively were chosen. Some important properties of bus

bars were given in Table 2. 18.

Table 2. 18. Some properties of the DC-link bus bar

Picture Parameter Value
Conductor material Copper
Conductor thickness 1.5mm
Plating Tin
Insulation material Mylar (PET)
Insulation thickness 1.5mm
Length x width 485mm x 265mm
Rated voltage 1050VAC/DC
Rated current 200A
Operating temperature -40°C / +105°C

Applied tests

Power connections

Partial discharge
Dielectric
Insulation resistance

Via spacers

38



Table 2. 19. Some properties of the 3-phases AC bus bar

Parameter Value
Conductor material Copper
Conductor thickness 3mm

Plating Tin
Insulation material Mylar (PET)
Insulation thickness 1mm

Length x width 528mm x 212mm
Rated voltage 1050VAC/DC
Rated current 200A
Operating temperature -40°C / +105°C

Partial discharge

Applied tests Dielectric

Insulation resistance

Power connections Via spacers

2.2.10. Fan

Forced air cooling method was applied within the all SIC MOSFET based three phase
voltage source PWM rectifier panel by using fan. The following requirements were
determined.

v Having 24DC of input voltage to be able take advantage of DC power supply
directly

Having control input to be able adjust speed of the fan

Having minimum 1000m?/h of air flow

Being its power consumption less than 200W

Ability to operate in -40°C/+85°C of temperature range

AR NEE NI NN

Having sound level less than 85dB not to cause noise pollution
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DC diagonal type fan belonging to company EBM-PAPST whose part number is K3G
200-BD46-04 was chosen [26]. Some important properties of fan were given in Table
2. 20.

Table 2. 20. Some properties of the fan

Picture Parameter Value
Nominal input voltage 24VDC
Input voltage range 16VDC...28VDC
Power consumption 170W
Air flow 1240m3/h
Sound level 80dB
Length 225mm
Width 225mm
Depth 89mm
Operating temperature -25C / +60°C
Control input 0-10vDC

2.2.11. Single Phase AC Line Reactor

There may be low older and high order harmonics due to unbalance in grid voltages
and high frequency switching. Besides, it may occur surge voltages in grid because of
other converters connected to same grid and high frequency switching. AC line
reactors are frequently used in many three phase rectifier applications to be able
decrease low order and high order harmonics present in line current and to be able to
protect grid. AC line reactors improve power factor (pf) and THD of line current by
liken the line current to almost sinusoidal via harmonic elimination. Limitations
associated with both THD value and percentage of each harmonic compared to
fundamental stated in IEEE 519-2014 standard were satisfied in this way.
Furthermore, stresses on DC-Link capacitor can be reduced by decreasing harmonics

on line current and absorbing surge currents and voltages. Since DC-Link capacitor is
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drawn less pulse current, its life time can be extended. Although there are many
important advantages of AC line reactor, there are some drawbacks required to be paid
attention such as voltage drop, power loss and unit price. Voltage drop on AC line

reactor and its power loss can be calculated using (2.18) and (2.19).
Voltage Drop,AV = 2xmx f * L) * Igys (2.18)
Power Loss, P = Irys> * Rpc (2.19)

Voltage applied to rectifier decreases due to voltage drop on AC line reactor connected
in series with grid. A significantly high voltage drop can arise depending on
magnitudes of frequency, f, inductance, L, and rated RMS current, Irms according to
(2.18). Since the voltage applied to input terminals of rectifier decreased, intended DC
output voltage cannot be obtained. Voltage drop can be compensated by choosing a
relatively high value of DC-Link capacitor. Moreover, each reactor has a DC
resistance in series with its inductance in the range of a few mQs. A considerably high
I°R losses can occur depending on the magnitudes of DC resistance, Roc, and rated
RMS current, Irms according to (2.19). These losses cause the temperature rise within
the reactor. If temperature rise exceeds the allowable value, isolation of the reactor is
damaged. Finally, AC line chokes is generally more expensive than DC line chokes at

the same inductance value.

Minimum inductance value of single phase AC line reactor was calculated using (2.20)

before determining the requirements.

Inductance, L = (Vsc%) x ——2%— (2.20)

2xmX fXigRMS

Short circuit voltage percentage, Vsc can be taken as 5% in order to satisfy IEEE 519-
2014 standard even in highly disturbed grid conditions. For 130kVA of load test, rated

value of line current, ia rms Was calculated in (2.21).

i _ Sin 130000
A,RMS \/E*VAB V35400
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So, minimum inductance value of single phase AC line reactor was calculated using

the values of short circuit voltage percentage, Vsc, and rated value of line current, ia,
rRMs IN (2.22).

400

/
Inductance,L = 0.05 x——3 =~ 0.2mH (2.22)
2xmx50x187.6

The following requirements were determined by keeping in mind the points above.

<\
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Being the structure of single phase iron core

Having 400VAC of rated voltage

Having minimum 216.5Arws of rated current considering maximum 150kVA
of load test possibility

Having 50Hz of fundamental frequency

Having minimum 0.2mH of inductance with less than +5% of tolerance
Linearity of inductance up to minimum 275Arwms of current

No need to cooling (natural convection)

Operation in 100% of duty cycle

Having third harmonic content less than 1% of fundamental

Having harmonic content at switching frequency less than 1% of fundamental
Having H temperature class

Having total power loss than 300W

Having weight less than 35kg

Providing limitations of mechanical dimensions which are 250mm x 200mm
x 200mm for height, width and depth respectively

Having a bus bar interface proving opportunity to connect cable lugs easily

An AC line reactor belonging to company MANGOLDT whose part number is

1042215 was chosen. Some important properties of reactor were given in Table 2. 21.
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Table 2. 21. Some properties of the single phase AC line reactor

Picture Parameter Value
Number of phases Single phase
Structure Iron core with air gap
Rated voltage 400VAC
Rated current 220Arms
Inductance 0.5mH £3%
Frequency 50Hz
Linearity Up to 287Arms
Power loss 275W
3" harmonic 0.88A => 0.4%
Harmonic @ 15kHz 2.2A =>1%
Duty cycle 100%
Cooling Natural convection
Temperature class H
Allowable temperature rise 125°C
Winding material Aluminum
Weight 30kg
Height 265mm
Width 195mm
Depth 180mm

Power connection

Copper terminals suitable

for cable lugs.

2.2.12. DC-Link Capacitor

DC-Link capacitors are used between many different types of power converters. They

may use between AC/DC converters such as three phase diode bridge rectifier, three
phase thyristor bridge rectifier, single phase PWM rectifier, three phase PWM rectifier
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and DC/AC converters such as three phase two level voltage source inverter.
Furthermore, they may use between DC/DC converters such as buck & boost
converter and DC/AC converters such as three phase two level voltage source inverter.
At the same time, they may be found in DC side of three phase two level voltage
source inverter in series connection with DC line choke. Since, three phase two level
voltage source inverter was used as active load at load tests of all SiC MOSFET based
voltage source three phase PWM rectifier in this thesis study, DC-Link capacitor was
used between these two converters. DC-Link capacitors are basically used for
reducing ripple voltage at DC-Link and to be able to draw pulse currents. Both low
and high frequency ripple currents can be drawn by DC-Link capacitor depending on
type of the converter used in AC/DC conversion and DC/AC conversion. If passive
rectifiers such as three phase diode bridge rectifier, three phase thyristor bridge
rectifier are used in AC/DC side, low frequency ripple currents are generally injected
by DC-Link capacitor. On the other hand, if active rectifiers such as single phase
PWM rectifier, three phase PWM rectifier are used in AC/DC side, high frequency
ripple currents are mostly drawn by DC-Link capacitors. Three phase two level
voltage source PWM inverter draws high frequency ripple current as well. For this
reason, both ripple current drawn by rectifier and ripple current drawn by inverter
should be taken into consideration while calculating the ripple RMS current of DC-
Link capacitor [27]. Aluminum (Al) electrolytic capacitors and metallized film
capacitors are mostly preferred as DC-Link capacitors. To be able to choose right type
of capacitor, pros and cons of two capacitor types should be examined in detail.

v In terms of capacitance per volume, Al electrolytic capacitor has superior
properties.

v' Operating voltage of Al electrolytic capacitors is quite less than film
capacitors. Al electrolytic capacitors may be found up to 600VDC. However,
there are found film capacitors having almost 2000VDC of rated operating

voltage.

44



Al electrolytic capacitors have high Equivalent Series Resistance (ESR) value.
For this reason, they have low ripple current carrying capacity. Besides, high
ESR value causes high 1?R power losses. On the other hand, film capacitors
have low ESR values, and so on high ripple current carrying capacity.

Al electrolytic capacitors should be connected in series because of their low
operating voltages in order to obtain for example 2000VDC of DC-Link.
Balancing resistors that will be connected to Al electrolytic capacitors in
parallel should be used in order to provide voltage balance. Total ESR value
also increases due to series connection of Al electrolytic capacitors.

Al electrolytic capacitors show a big change of capacitance in low temperature
conditions. However, capacitance value of film capacitor is able to remain
stable even at -40°C.

Al electrolytic capacitors have polarity. If it is not paid attention, they may be
connected improperly. On the other hand, film capacitors have no polarity.

In terms of construction, Al electrolytic capacitors may be dangerous. Since
they have liquid construction, explosion may occur in conditions of liquid
compression. In other respects, film capacitors have dry construction.

Energy storage capacity of Al electrolytic capacitors is more compared to film
capacitors.

Film capacitors have significantly high life time than Al electrolytic
capacitors. It is expected to operate for almost thirty years from film
capacitors.

Film capacitors are more expensive in comparison with Al electrolytic
capacitors.

Most important property of metallized film capacitors is that they have self-
healing which means they can stay operational in short circuit condition. Area
exposed to high short circuit current is able to separated itself behaving like

open circuited. In this way, remaining parts continue to operate.

45



Metallized film capacitor was chosen as DC-Link capacitor because of high ripple

current and high rated DC voltage requirements. The following requirements were

taken into account while choosing metallized film capacitor.
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Having minimum 4mF of capacitance with £10% tolerance
Having ESR value less than 0.5mQ

Having Equivalent Series Inductance (ESL) value less than 70nH
Having minimum 900VDC of rated voltage

Having minimum 150V of ripple voltage

Having minimum 100Arws of ripple current

Having dissipation factor less than 3x10™

Having minimum 80.000 hours of life time at 70°C of hotspot
Having thermal resistance value less than 2K/W

Ability to operate in -40°C/+85°C of temperature range

Having self-healing property

Having the weight less than 20kg

Providing limitations of mechanical dimensions which are 300mm x 300mm

x 150mm for height, length and width respectively

A DC-Link capacitor belonging to company ELECTRONICON whose part number

Is E56.A26-475200 was chosen. Some important properties of capacitor were given
in Table 2. 22.
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Table 2. 22. Some properties of the DC-link capacitor

Picture Parameter Value
Capacitance 4.7mF £10%
Rated DC voltage 1100vDC
Ripple voltage 200V
Maximum ripple
current 150ArMs
ESR 0.3mQ
ESL 100nH
Thermal resistance,
1.2K/W
RtH
Life time @70°C 100000 hours
Operating temperature -25°C / +70°C
Weight 15kg
Height 260mm
Length 340mm
Width 140mm
Material Polypropylene

) Dry type, resin
Construction

moulded
Dissipation factor, tgdo 2x104
Self-healing v
Pressure switch 4

Calculating the hotspot temperature is an issue required to be taken into account in the
selection of DC-Link capacitor. Whether hotspot temperature of DC-Link capacitor
exceeds its maximum allowable operating temperature or not should be controlled.

For this reason, power losses of DC-Link capacitor which are joule losses, P; and
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dielectric losses, Pp were calculated in (2.23) and (2.24) respectively for 150Arwms of

ripple current.
P] = IRMSZ X ESR = 150ARM52 X 03m.Q = 675W (223)

’ s, 150452
% = (4.7x1073)x (2 x T x 100)

I
P, = Q x tans, = ==& x (2x107%)

Cxw

1.52W (2.24)

After calculating power losses, temperature rise from junction to ambient, AT was

calculated as shown in (2.25).
AT = (P; + Pp) x Rry = (6.75W + 1.52W) x (1.2°C/W) = 10°C (2.25)

Finally, hotspot temperature, Ths was calculated in (2.26) by taking ambient

temperature, Ta as 40°C.
Tys = AT + T, = 10°C + 40°C = 50°C (2.26)

Since hotspot temperature of DC-Link capacitor is less than its maximum allowable
operating temperature which is 70°C, it can be said that selected DC-Link capacitor is

thermally appropriate.
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CHAPTER 3

FUNCTIONS & ELECTRICAL INTERFACES OF PCBS USED IN RECTIFIER
PANEL AND CORRELATIONS BETWEEN THEM

3.1. Introduction

Five different printed circuit boards (PCBs) which are power board, main board, DSP
board, fiber optic interface board and SiC MOSFET gate driver board were used in
the design of all SIC MOSFET based voltage source three phase PWM rectifier. These
PCBs were not designed. Related electrical interfaces of these ready boards were used
directly in this thesis study. Power board, main board and DSP board are found in a
control unit. Control unit was supplied from a DC power supply. SiC MOSFET half
bridge module was driven with two channel SiC MOSFET gate driver board. This gate
driver board has electrical interface. Differential input signals which are Vin+, HiH,
VIN-, HigH, VIN+, Low, VIN+, Low Should be applied to SiC MOSFET gate driver board to
be able to produce gate driving voltages for both sides. However, main board has a
fiber optic interface for transmission of PWM signals. Fiber optic interface board was
used to convert fiber signals to electrical signals. Relation between the boards
mentioned above was illustrated in Figure 3. 1 in detail.

CONTROL UNIT

DSP Board
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SiC MOSFET Half
Bridge Module

=
[
2EES
2|F |z |8

AN T E—
— - Fiber Optic Vi, iow SIC MOSFET Gate
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.
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Figure 3. 1. Relation between the boards used in the rectifier panel

49



Following parts explain functions of each board in depth.
3.2. Main Board
Main board has the functions below.

v" PWM signal transmission and receiving via fiber optic connectors
v" Current reading
v Voltage reading

v Thermistor sensing

Main board provides fiber optic transmission of PWM signals to fiber optic interface
board. Since fiber optic connectors have extremely high bandwidth, fiber optic cables
can be carried through long distances. Besides, noise cannot be coupled to fiber optic
cables easily because their electromagnetic interference (EMI) immunity are
significantly high. For this reason, fiber optic connectors are commonly used in recent
years. Furthermore, four current sensors used for line currents, ia ig, ic and DC-Link
current, ipc and three voltage sensors used for line to line voltages, Vg, Vec and DC-
Link voltage, Vpc were read in this board. Current outputs of current and voltage
sensors were converted to differential digital signals using measuring resistances and
Analog to Digital Converter (ADC) Integrated Circuits (ICs). And then, these digital
signals were sent to DSP board. There is also thermistor sensing circuit on main board.
Three Negative Temperature Coefficient (NTC) thermistors were placed near SiC
MOSFET half bridge modules on heatsink. Temperatures of SiC MOSFET modules

were monitored using this circuitry.
3.3. Power Board
Power board has the functions below.

v Reverse voltage protection
v" Inrush current limiter

v Producing £15V of current and voltage sensor supplies

v’ Producing +3.3V of DSP supply
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v Onloff control of contactors

v" Filtering of input voltage which is +24VDC

There are protection circuits on power board against reverse plugging of power
connector and drawing inrush current. Besides, isolated DC-DC converters were
present on power board. £15V of current and voltage sensor supplies are produced
using 24V/15V DC-DC converter. At the same time, 24V/5V isolated DC-DC
converter and 5V/3.3V buck converter IC are found on power board to produce +3.3V
DSP supply. Moreover, on/off control circuits are found on power board to switch

three phase line contactor and soft-start contactor in a controlled manner.
3.4. DSP Board

DSP board has dual-core microcontroller belonging to company TEXAS
INSTRUMENTS whose part number is TMS320F28377D. DSP board has the

functions below.

v" CAN communication
v" RS-422 serial communication

v Having configurable General Purpose Input / Outputs (GPIOs)

CAN high, CAN low and CAN ground signals are produced on DSP board. CAN
communication was used in monitoring of important parameters continuously on
MATLAB/Simulink model using CAN/USB converter. CAN communication was
also used for changing parameters such as DC-Link voltage, reference current, iq,
parameters of PI controllers used both in outer voltage control loop and inner current
controller loop while all SIC MOSFET based voltage source three phase PWM
rectifier is operating. This property provides an opportunity not to lose time while
loading software to flash of DSP consistently. Moreover, Signals of TXD+, TXD-,
RXD+, RXD-, GND are produced on DSP board for RS-422 serial communication.

This property allows software loading without using emulator.
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3.5. Fiber Optic Interface Board
Fiber optic interface board has the functions below.

v" Conversion from fiber to electrical

v" Conversion from electrical to fiber

v Conversion of single ended signal to differential signals

v" Filtering of input voltage

First of all, input voltage is filtered on fiber optic interface board. This filtered voltage
is sent to SIC MOSFET gate driver board. Besides, optical signals come from main
board are taken with fiber optic receivers and then converted to single ended electrical
signals. These single ended signals are converted to differential signals which are Vin+,
HIGH, VIN-, HiGH, VIN+ Low, VIN- Low and sent to SIC MOSFET gate driver board as a
differential input signals for high side and low side. A signal to be able reset SiC
MOSFET gate driver board is produced on fiber optic interface board depending on
request comes from main board. Furthermore, there is a circuitry to be able take status
information comes from SiC MOSFET gate driver board. Status signal is converted to
optical signal and then sent to main board via fiber optic transmitter. By this means,
operation of all SIC MOSFET based voltage source three phase PWM rectifier is
stopped by cutting PWM signals.

3.6. SiC MOSFET Gate Driver Board

SiC MOSFET gate driver board [28] used in all SiC MOSFET based voltage source
three phase PWM rectifier has two channels. Therefore, it is suitable for driving
MOSFETSs both in high side and low side. +20V/-6V of gate driving voltages are
produced on this board. It has 20A of peak output current capability. Besides, it is

appropriate for switching frequencies up to 125kHz.
SiC MOSFET gate driver board has the functions below.

v Under and over voltage monitoring of isolated supplies produced in primary

side
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v Unver voltage monitoring of gate driving voltage produced in secondary side
v" Vps monitoring

v Adjusting blanking time

v Adjusting dead time

Isolated supply voltages produced in primary side for using in gate drive circuits in
secondary side are monitored on SiC MOSFET gate driver board against situations of
under voltage or over voltage. Besides, gate driving voltages used to turn on SiC
MOSFET in both sides are monitored with the help of circuit present on secondary
side. Fault signal is produced if positive gate driving voltage which is normally +20V

decreases under +18V.

A MOSFET has a Vps, on voltage when it turned on depending on drain current, Ip
and on state resistance, Rps, on. Over current situation are determined by monitoring
this voltage. Voltage of Vps increases linearly while drain current, Ip is increasing in
linear region. However, voltage of Vps increases up to DC-Link voltage in the case of
short circuit because it goes into saturation region. A circuitry is used in secondary
side of SiC MOSFET gate driver board to compare voltage of Vps with a determined
voltage level. If voltage of Vps exceeds this trip level, short circuit condition is sensed.
Fault signal is produced and PWM signal is cut off. Trip level of Vps adjusts by
changing value of a resistor assembled on SiC MOSFET gate driver.

A time passes for turning on of MOSFET completely after applying turn on signal
because internal capacitances of MOSFET which are Cps and Cgs is required to
charge. Until a SiC MOSFET is conducted on completely, voltage of Vps is quite high
compared to voltage of Vps, on. For this reason, if Vps monitoring circuit is active
continuously, misdetection can occur. Short circuit can be sensed although there is no
short circuit condition. To be able to inhibit this situation, a blanking time is used. Vps
monitoring circuit is activated after a specific blanking time passed. Default blanking
time on SiC MOSFET gate driver board is 1ps. This time can be adjusted with a
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capacitor assembled on SiC MOSFET gate driver board. This value has not been

changed throughout thesis study.

A dead time is used to ensure that MOSFET on low side is turned on after MOSFET
on high side is completely turned off or vice versa. By this means, shoot-through is
prevented without turning on MOSFETS on both sides at the same time. Default dead
time on SiC MOSFET gate driver board is 500ns. This time can be adjusted with two
resistors depending on whether they are both assembled or not or which one is
assembled.
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CHAPTER 4

PHASE LOCK LOOP ALGORITHM AND VOLTAGE BASED CONTROL
METHODS

4.1. Phase Lock Loop Algorithm

It is necessary to provide synchronization between grid connected converters and grid
to obtain unity power factor (pf) operation. Improving the power quality provides to
be increased the efficiency of grid connected converters such as Three Phase Pulse
Width Modulation Rectifiers. There are many reasons not to be able to implement a
Phase Locked Loop (PLL) algorithm having high immunity. Line voltage sags, line
voltage spikes, unbalanced between line voltages, line frequency variations,
harmonics in line currents are some disturbances for that [29]. PLL algorithm is
basically used to adjust and know phase angle of line voltage accurately. This phase
Is used both in PLL algorithm as a feedback and in inner current control loop.
Therefore, performance of the inner current control loop directly depends on the
success of PLL algorithm. In this thesis work, Direct-Quadrature (dg) axis based PLL
algorithm was applied using Digital Signal Processor (DSP) belonging to Texas
Instruments company (TMS320F28377D). Besides, PLL model was established and
tested using MATLAB/Simulink simulation environment. Code Composer Studio
(CCS) 6.1.1 was used for code development. Developed and built code was loaded to
flash memory of microprocessor on DSP board via RS422 serial communication.
Three are many different types of PLL techniques in literature. Reference frames or
coordinates used for line voltages representation varies from one technique to other.
Some PLL techniques directly use stationary, time dependent abc reference frame.
Other techniques use either stationary, time dependent Alpha-Beta(ap) reference
frame or synchronous, time independent dg reference frame. Using abc reference

frame directly is not proper to be able to achieve an immune PLL algorithm [30]. For
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this reason, dq axis based PLL algorithm was chosen. Figure 4. 1 shows PLL scheme

implemented on microcontroller step by step.
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Figure 4. 1. PLL scheme

First of all, two pieces of printed circuit board type voltage sensors belonging to LEM
company (LV 25-1000) were used to sense Vag and Vgc line voltages. Depending on
applied voltage from primary terminals, these voltage sensors give current output from
secondary terminal in milliamp (mA) range using a specific conversion ratio
(1000Vv/25mA). Supply voltages of voltage sensors (£15VDC) were provided from
power board located on power module. Current output terminal (measuring terminal)
were also connected to connector on power board. Current output was converted to
voltage output using measuring resistance on main board, and then analog voltage
output were converted to digital signal using Analog to Digital Converter (ADC) ICs
on main board. These differential digital signals generated on main board were sent to

DSP board and sensed as a real voltage value. Electrical interface of printed circuit
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board type voltage sensor and above operation were shown in Figure 4. 2 and Figure

4. 3 respectively.
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Figure 4. 2. Electrical interface of PCB type voltage sensor
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Figure 4. 3. Voltage reading operation
After sensing Vag and Vgc line voltages using voltage sensors, these grid voltages
were transformed to V, and V; voltages in stationary reference frame. V, and Vjp
voltages are also time dependent like Vas and Vasc grid voltages. ABC to of
transformation is known as Clarke Transformation in literature. After Clarke
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Transformation, V, and Vjp should be perpendicular. Physical and mathematical
explanations of Clarke Transformation was shown in Figure 4. 4, (4.1), and (4.2)

respectively.

3

120° >\, > >V,

Ve

Va Vs Ve Vo Vg

K X XN AN
| XA XS N%

Figure 4. 4. Clarke transformation

Vo= 2% (Va— 5 (p + 1)) (42)

1

After Clarke Transform, V. and Vg voltages in stationary reference frame were
transformed to Vg4 and Vq voltages in synchronous (rotating) reference frame. Vg4 and
Vg voltages are time independent DC components. They should be orthogonal. af} to
dg transformation is known as Park Transformation in literature. Physical and
mathematical explanations of Park Transformation was shown in Figure 4. 5, (4.3),

and (4.4) and respectively.
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Figure 4. 5. Park transformation

Va = Vg x cos(wt) + Vg * sin(wt) (4.3)

Vg = Vg * cos(wt) —V, * sin(wt) (4.4)

After Park Transformation, Pl controller was adjusted in a way that V4 should be zero.
By this means, Vq follows grid voltage vector. Output of PI controller gives angular
frequency, w. To be able to obtain, phase angle, O, it is required to take the integral

of angular frequency, w by using the (4.5).
6= [wxdt (4.5)

However, this angle goes infinite because of the fact that integral has no limit. To
prevent this situation, mode operation was made according to 2z and then, real phase
angle, ©pLL was obtained. This phase angle, ©pLL was formed using line to line grid
voltages Vag and Vgc. Since inner current control loop uses line currents la, Is and Ic
for transformations, ©pLL cannot be used directly in inner current control loop. Instead

of ©pLL, Opwm was used by extracting w/6 from OpLL and making mode operation
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according to 2m. Angle, ©Opwm Was used both park transformation and inverse park

transformation in inner current control loop as shown in Figure 4. 6.
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Figure 4. 6. Usage of theta generated in PLL within inner current control loop

While developing code in CCS 6.1.1, Clarke, Park and Inverse Park transformations
were made using available code blocks called macro instead of writing (4.1), (4.2),
(4.3) and (4.4) one by one. Furthermore, in the case of unbalanced between line
voltages, second harmonic are formed in general. To be able to eliminate this
component, several methods such as Low Pass Filter (LPF), resonant filter and moving
average filter are proposed in literature. All these filters decelerate dynamic response
of the system. Besides, LPF can cause phase shift. Resonant filters are better than LPF
in terms of phase shift. Optimization of LPF should be made carefully not to face with

a considerable phase shift. To conclude, PLL algorithm is crucial for three phase PWM
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rectifiers to be able control converters properly independent of the control techniques
to be applied. To be able apply Direct Power Control (DPC) properly, active and
reactive power should be calculated instantaneously. For example, to be able to
calculate active power correctly, line currents and line voltages should be known
accurately via PLL algorithm. On the other hand, to be able apply Voltage Oriented
Control (VOC) properly, park and inverse park transformations should be made

correctly using the phase angle, ©pwm generated by PLL algorithm.
4.2. Introduction to Voltage Based Control Methods

Direct Power Control (DPC) and Voltage Oriented Control (VOC) are commonly used
voltage based control methods to control three phase voltage source PWM rectifiers.
There are also virtual flux based control methods in literature. However, in the scope
of this thesis work, voltage based control methods were only examined. Analogy can
be made between DPC for rectifiers and Direct Torque Control (DTC) for induction
machines. At the same time, there is a similarity between VOC for rectifiers and Field
Oriented Control (FOC) for induction machines. VOC was implemented on using
microprocessor on DSP board. Furthermore, before starting code development,
Success of the VOC method was tried on MATLAB/Simulink simulation

environment. Following parts will explain the both control methods in detail.
4.3. Direct Power Control

DPC is basically based on active and reactive power control. Reference value of active
power is determined by multiplying measured DC-Link voltage and reference current
which is output of Proportional Integral (PI) controller used in voltage control loop.
Reference value of reactive power should be taken zero for unity power factor (pf)
operation. Feedback values of active and reactive power are calculated
instantaneously by measuring line currents via current sensors, line voltages by means
of voltage sensors and using PLL. Hysteresis controllers take errors of active and

reactive power and outputs of hysteresis controllers are fed to switching table.

61



Switching states (Ta, Ts, Tc) are determined according to switching table. Control

method mentioned above is shown in Figure 4. 7 in detail.
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Figure 4. 7. Direct power control scheme

DPC method requires to know active and reactive power information at any time to
be able control the rectifier. A considerably high sampling frequency has to be used
to determine these ever-changing power values. Furthermore, switching frequency is
not constant in DPC method, it changes consistently. This situation makes difficult to
design a suitable boost reactor, Ly [31]. A significantly high inductance value has to
be chosen for boost reactor, L. However, choosing higher inductance value causes
larger component size. This results in mechanical design which is not dense and not
compact. Moreover, calculations of active and reactive power cannot be made

properly at switching instants. This condition complicates control of the rectifier.
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Advantages of DPC method are that it does not need to inner current control loop and
Pulse Width Modulation (PWM) blocks such as Sinusoidal PWM (SPWM) and Space
Vector PWM (SVPWM). Implementation of these modulation techniques is quite
complicated compared to switching table used in this control method. DPC method
does not need to Clarke, Park and Inverse Park transformations because of the fact
that there is no inner current control loop. Inner current control loop has good dynamic
response at transients and good static response at steady state if its control parameters
are optimized properly. DPC was not chosen as a control method in this thesis study

because of its drawbacks mentioned above.
4.4. Voltage Oriented Control

VOC is basically based on two control loops which are called outer voltage control
loop and inner current control loop. Voltage regulation at DC-Link and bidirectional
power capability provides cooperation of these two control blocks. Voltage control
loop takes DC-Link voltage measured via voltage sensor as a feedback. Error gets
subtracting reference value, Vg, ref from DC-Link voltage, Vqc. Error is fed to Pl
controller. Output of PI controller which is iq, ref, pu gOes to inner current loop as an
input. Outer voltage control loop is completed at this stage. Both Proportional
Resonant (PR) controller and PI controller are used as a regulator in inner current
control loop. PI controllers were preferred in the scope of this thesis study. First of all,
inner current control loop needs to real value of line currents which are ia, ig, ic.
Current measurements were performed using current sensors that work with principle
of closed loop hall effect belonging to LEM company (LF 510-S). Current readings
on DSP board is same as voltage readings clarified in Figure 4. 3. Current carrying
cable is passed into this hall effect current sensor. Magnetic field is produced around
current carrying conductor. Current sense is made with the help of hall cell placed into
the air gap of a magnetic circuit. According to primary current, current sensor gives
current output in mA range using a determined conversion ratio (500A/100mA). After
reading real value of line currents, these values were not used directly in

transformations and in PI regulators. Per unit (pu) line currents which are ia, pu, ig, pu,
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ic, pu Were obtained to provide immunity to noise by dividing reference current values.
Relation is shown in (4.6).
iA

. ip . ic
= —,1 = —,1 = — 4.6
lref ' "Bpu lref »-Cpu lref ( )

iA,pu
At the same time, line currents were limited to reference value. Per unit alpha and
beta axis components which are i, pu and i, ,u Were obtained using Clarke
Transformation. Mathematical explanations of Clarke Transformation were shown in

(4.7) and (4.8).
. 2 . 1 .. .
lapu = 3* (la,pu — 3 (lb,pu + lc,pu)) (4.7)

igpu = 5% (bpu = icpu) (48)

After Clarke transformation, per unit direct and quadrature axis components which are
Ia, pu @nd ig, pu Were obtained using Park transformation. Phase angle, ©pwwm generated
in PLL algorithm was used in Park Transformation. Mathematical explanations of
Park Transformation were shown in (4.9) and (4.10).

lapu = lapu * €0S(Opwa) + igpy * Sin(Opyy) (4.9)

lgpu = Igpu* cos(Opwm) — lapu * sin(@pwu) (4.10)
Difference between voltage control loop output which is ig, ref, pu and g-axis component
of Park Transformation which is ig, pu Was used in Pl controller as an error. At the same
time, difference between reference value of d-axis current which is zero and d-axis
component of Park Transformation which is iq, pu Was used in PI controller as an error.
Outputs of PI controllers give Vg, pu and Vg, pu. These values were used in Inverse Park
Transformation to get alpha and beta axis components again which are Vg, pu and Vp,
pu. Phase angle, ©pwm generated in PLL algorithm was also used in Inverse Park
Transformation. Mathematical explanations of Inverse Park Transformation were
shown in (4.11) and (4.12).

Vapu = Vapu * sSin(@pwa) + Vg pu * cos(@pwy) (4.11)

V,B,pu = Vypu * sin(@pyy) — Vapu * cos(Bpwu) (4.12)
While developing code in CCS 6.1.1, Clarke, Park and Inverse Park Transformations

used in inner current control loop were made using available code blocks called macro
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as in PLL part instead of writing (4.7), (4.8), (4.9), (4.10), (4.11), and (4.12) one by
one. Outputs of dq to ap transformation which are Vo, pu and Vp, pu Were used in
SVPWM block to constitute switching states which are Ta, Tg, Tc. SVPWM block
will be explained in modulation techniques part in detail. Control method mentioned
above is shown in Figure 4. 8 in detail.
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Figure 4. 8. VVoltage oriented control scheme

Switching frequency is constant in VOC method compared to DPC method.
This situation makes easy to design a suitable boost reactor, Ly. Advanced
modulation techniques such as SVPWM can be implemented using VOC
method. Usage of this kind of modulation technique is beneficial for harmonic
reduction, however it is difficult to apply [32]. Main disadvantage of this
method compared to DPC is inner current control loop. PI controller
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parameters have to be well-optimized. Performance of inner current control
loop directly depends on PI controller parameters and phase angle, ©pwm
created in PLL. However, if VOC method is applied successfully, dynamic
response of the system at transients and static response of the system at steady
state are better than DPC method. VOC was chosen as a control method in this

thesis study because of its benefits mentioned above.
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CHAPTER 5

PULSE WIDTH MODULATION TECHNIQUES

5.1. Introduction

Sinusoidal Pulse Width Modulation (SPWM) and Space Vector Pulse Width
Modulation (SVPWM) are commonly used as a PWM technique in three phase PWM
rectifier applications. Both PWM techniques have some advantages and disadvantages
in terms of harmonics, THD performance, switching losses, DC bus utilization, power
factor, number of switching, simplicity of implementation and control easiness.

Following parts explain both modulation techniques in detail.
5.2. Sinusoidal Pulse Width Modulation

A reference signal which is also called control signal is compared with triangular
carrier signal to form PWM signals in SPWM technique. Sinusoidal signal is used as
control signal in three phase PWM rectifier applications. Frequency of sinusoidal
signal is equal to grid frequency. On the other hand, switching frequency is adjusted
by frequency of carrier signal. SPWM technique applied in three phase PWM rectifier

was illustrated in Figure 5. 1.
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Figure 5. 1. Sinusoidal pulse width modulation scheme
Outer voltage control loop compares reference DC-Link voltage, Vc, ref With measured
DC-Link voltage. Output of Pl controller within outer voltage control loop is
multiplied with sinusoidal waveforms shifted by 120° from each other to form
reference line currents which are ia ref, is, ref, ic, ret. Phase angle generated by PLL loop
is used to be able to make line to neutral grid voltage and grid current in phase. Inner
current control loop compares reference line currents with measured line current

which are i, i, ic. Outputs of PI controllers within inner current control loop are used
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as control signals for SPWM. PWM signals are generated by comparing these
sinusoidal control signals with triangular carrier signals. SPWM technique has

following advantages and disadvantages.

v"Its implementation is quite simple.

v" lIts control is easy.

v Unity power factor operation is not achieved.
v High THD value is obtained.

5.3. Space Vector Pulse Width Modulation

Space Vector Pulse Width Modulation (SVPWM) uses alpha axis and beta axis
voltages (Vq, Vp) coming as a result of outer voltage control and inner current control
loop. A space voltage vector, Vs, comprising vectorial sum of alpha and beta voltage
vectors is formed. Representation, magnitude and phase angle of space vector were

given in (5.1), (5.2), and (5.3) respectively.

Vs =V +jVs (5.)

V| = /Vaz + V3% (5.2)

0= arctan‘l(%) (5.3)

There are eight possible switching states of switches in three phase system. Each
switching states is expressed a with one vector in SVPWM technique. Vectors
corresponding to switching states were shown in Table 5. 1. Vectors which are V4,
V... Vs are known as active vectors within space vector diagram. On the other hand,
vectors which are Vo and V7 are known as zero vectors. Space vector diagram is
separated to six sectors using these eight vectors. SVPWM technique is basically
based on that a space voltage vector can be expressed using two adjacent active vectors
and zero vectors. A space voltage vector, six active vectors, two zero vectors and

sectors were shown in Figure 5. 2 in detail.
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Table 5. 1. Vectors corresponding to eight switching states

w
et
w
@
w
al

Vector

P P O O ©O L L O
P O O B B LB O O
r P P P O O O O

B -axis

V3 (0,1,0) % VZ (11110)

V5 (01011) VG (1'0'1)

Figure 5. 2. Space vector diagram

A space voltage vector in Sector 1 are expressed using active vectors of V1 and V2 and
zero vectors of Vo and V7 within one period, Ts as shown in (5.4).

t t t t
Vs(t) = T—‘;V0+ T—;VI + T_25V2 + T—7SV7 (5.4)
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Times which are to, t1, t2, t7 are shown turn-on time of vectors. To be able reduce

harmonics, symmetrical switching was made as shown in Figure 5. 3 [33] — [34].

0 Ts
I
|

t(,/4>lI

| | | | | |
—
:4t0/4> < :<t2/2 >:< tO/Z >:4t2/2 }LtI/Z >:4

(51,53,55) (51,53,55) (51,53,55) (SI,SS,SS) (Sl,s3,55) (51,53,55) (sl,s3,55)

S TR T S T T

(0000 (100) (110) (111) (110) (100) (00,0)

Figure 5. 3. Turn-on times of vectors

Firstly, angle of the space vector voltage, © is determined to be understood which
sector it is in. Then, turn-on times of each vector which are ty, to, to are determined as

in (5.5), (5.6), and (5.7) respectively for a space voltage vector within Sector 1.

1= Vilx sin(g) X TS (55)

__ Vsl xsin(8)
2 — . (T
Vo] x sm(g)

x Ts (5.6)

tO = TS - tl - tz (57)

Line to neutral grid voltages shown in Figure 5. 4 which are Va, VB, Vc can be
expressed as in (5.8), (5.9) and (5.10) respectively by using inductance of boost
reactor, Lo, DC resistance of boost reactor, Rqc, line currents, ia, ig, ic and rectifier leg

voltages, Vra, Vre, Vrc.
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Figure 5. 4. Line to neutral grid voltages, inductance of boost reactor, DC resistance of boost reactor,
line currents and rectifier leg voltages

Va=230x VZxsin(8) = Rgc X is+Lx T2+ Vs (5.8)

Va=230xVZxsin(0—2) = Ry xip+Lx L2+ Vip (5.9)
Va=230xVZxsin(6 =) = Rycxic +Lx S+ Vic (5.10)

Furthermore, rectifier leg voltages, Vra, Vrs, Vrc Can be expressed using switching
states, Si1, S3, Ss and DC-Link voltage, V4 as shown in (5.11), (5.12) and (5.13)

respectively.

_ 1 -
VRA = _Sl - g (Sl + 53 + 55)_ X VdC (511)

_ 1 -
VRB = _53 - E (Sl + 53 + 55)_ X VdC (512)

_ 1 i
VRC = _SS - E (Sl + 53 + 55)_ X VdC (513)

Maximum value of rectifier leg voltages can be 2Vqc/3 according to switching states
given in Figure 5. 2 in detail. . For this reason, magnitudes of active vectors which

are V1, Va...Vg are equal to 2Vqc/3.

SVPWAM technique has following advantages and disadvantages.
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v

Number of switching is reduced to 30% of that of SPWM at same switching
frequency.

Since number of switching is decreased, switching losses are less in SVPWM
according to SPWM.

Harmonics are considerably reduced in comparison with SPWM. SVPWM
technique provides shifting of frequency of dominant harmonic to a higher
value. In this way, harmonics are filtered.

Its implementation is quiet complicated compared to SPWM.

Better THD performance and unity power factor can be obtained in SVPWM
due to decreased harmonics [35].

Its control is harder according to SPWM.

Better DC bus utilization is provided via SVPWM. 15% more of output voltage
can be obtained with SVPWM technique [36].

Wider linear modulation range is obtained with SVPWM.

SVPWM was preferred as modulation technique in designed all SiC MOSFET based

voltage source three phase PWM rectifier by paying attention to points above.
Implementation of SVPWM technique was made both in MATLAB/Simulink
simulation environment and in Digital Signal Processor (DSP) in the scope of this
thesis study. SVPWM macro present in the library of Code Composer Studio (CCS)

6.1.1 was used directly in the stage of software development. On the other hand,
SVPWM was designed step by step in MATLAB/Simulink without using ready
SVPWM block present in Simulink.
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CHAPTER 6

TESTS, MEASUREMENTS, AND RESULTS

Designed all SiC MOSFET based voltage source three phase PWM rectifier were
tested using ready all SiC MOSFET based voltage source three phase PWM inverter
as an active load in the test infrastructure of laboratory located in Middle East
Technical University Electrical and Electronic Engineering Department. Test bench

present in laboratory are shown in Figure 6. 1 in detail.

17}
L

fm———————==a
All SiC MOSFET Based} All SiC MOSFET
Three Phase | Based Three Phase Industrial Motor Drive
PWM Rectifier Traction Inverter with Active Front End Converter

Squirrel - Cage Squirrel - Cage

J% 1 % _]% Traction Motor oading Generator 4[{)’} %[i}

Viatea= 480V )= 30 kg
Myatea = 1775rpm & Myared = 1775rpm

Vil
nr

Grid
400V, @50Hz

Figure 6. 1. Test bench

All SiC MOSFET based voltage source three phase PWM rectifier are supplied from
400 VL of grid voltage in distribution panel. 400V of grid voltage are come to
distribution panel via 1250kVA power rating of dry type transformer which
transforms 34.5kV . of medium voltage to 400V of low grid voltage. Both All SiC
MOSFET based voltage source three phase PWM rectifier and All SiC MOSFET
based three phase traction inverter are connected to same DC-Link line. All SiC
MOSFET based three phase traction inverter drives 125kW of squirrel cage traction
motor whose specifications are given in Figure 6. 1. 130kW of squirrel cage generator
whose specification are given in Figure 6. 1 is used as load for squirrel cage traction
motor. Squirrel cage traction motor and squirrel cage generator are connected each
other with the help of double flex couplings, bearing and flywheel. Squirrel cage

generator is controlled with an industrial motor drive with active front end converter.
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By this means, power flow to grid is provided. A lot of different tests were performed
using test bench. First of all, generator side was activated using Programmable Logic
Controller (PLC) communications to form load against traction motor. Then, DC-Link
voltage was brought and kept at 750VDC of constant value using All SiC MOSFET
based voltage source three phase PWM rectifier. All tests were performed at 750VDC
of DC-Link voltage. As a first test, generator side was operated at 1800rpm using
industrial motor drive with active front end converter and PLC communications. At
this speed, All SIC MOSFET based voltage source three phase PWM rectifier was
provided 131.25kW of power to All SIC MOSFET based three phase traction inverter.
Line to neutral voltage, line current, DC-Link voltage and DC-Link current were
measured using two current probes, two current amplifiers, two high voltage
differential probes and digital oscilloscope. Details about test equipment, channel
assignments of digital oscilloscope according to measured data were given in Figure
6. 2 in detail.

High Current Probe: Tektronix, TCP404XL
Current Amplifier: Tektronix, TCP404A

L AIA)

SiC PWM Rectifier DC-Link

fdc Digital Oscilloscope: Tektronix, MDO3034

|

AC Grid

———
35

88888

L — =

CH1: DC-Link Voltage, Vg
CH2: DC-Link Current, iy
CH3: Line to Neutral Voltage
CH4: Line Current, iy

To
SiC Traction Inverter +

,

Figure 6. 2. Test equipment

Waveforms of line to neutral voltage, line current, DC-Link voltage and DC-Link

current saved in digital oscilloscope were shown in Figure 6. 3. Input and output power
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of All SiC MOSFET based voltage source three phase PWM rectifier were calculated

in (6.1) and (6.2) according to oscilloscope measurements.
Siv = V3 * Vg rus * iagms = V3 *400 = 190.95 = 132.3kVA (6.1)

Poyr = Vpe * ipc = 750 % 175 = 131.25kW (6.2)

DC-Link
Voltage, Vpc

ILine to Neutral
I Voltage, Vay |

Vpc=750VDC

- Vian, s = 229.84 Vigss

- fy =10 kHz . : : : ;
250 Y 10.0ms 100kS/s ® 7 12 May 2018
250 v g @D 1008 @ 10k points 285V 16:22:41

Figure 6. 3. Oscilloscope images of line to neutral voltage, line current, DC-link voltage and DC-link
current in rectification mode

Grid side waveforms (line to neutral voltage and line current) and DC-Link side
waveforms (DC-Link voltage and DC-Link current) were saved separately as well.
Figure 6. 4 and Figure 6. 5 show grid side and DC Link side respectively. Unity power

factor operation are seen in Figure 6. 4 clearly.
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Figure 6. 4. Oscilloscope images of line to neutral voltage and line current

TekPrevu | I : : —] _ ]

Frm—— PR TTTTTIN

.' - : N N : N N : '
(@@ 100v )(10.0ms 100kS/s s 12 May 2018
10k points 285 ¥ 16:21:54

Figure 6. 5. Oscilloscope images of DC-link voltage and DC-link current
As a second test, generator side was again operated at 1800rpm using industrial motor
drive with active front end converter and PLC communications. This time, braking
was made to All SiC MOSFET based three phase traction inverter. At this speed, All
SiC MOSFET based voltage source three phase PWM rectifier was provided 112.5kW
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of power to grid. Waveforms of line to neutral voltage, line current, DC-Link voltage
and DC-Link current saved in digital oscilloscope were shown in Figure 6. 6. Input
and output power of All SiC MOSFET based voltage source three phase PWM

rectifier were calculated in (6.3) and (6.4) according to oscilloscope measurements.
Siv = V3 * Vyprus * iarms = V3 *400 %163 = 112.93kVA (6.3)

Pour = Vpc * ipc = 750 x 150 = 112.5kW (6.4)

DC-Link

Voltage, Vpc
Tekstop l\\l ——— e |
----- e e

Line to Neutral
Voltage, Van

750 VDC

VDC

————

Period = 20ms

: Van, RM;é 230 Vgws : f, =50 Hz

'_iA,RMS =163 Agms : + : _ fﬂ’ =10 kHz
& 2ov 10.0ms 1.00MS/s ®© / 13 Jul 2018
€ 250v By € 100 @ 100k points 285V 18:22:06

Figure 6. 6. Oscilloscope images of line to neutral voltage, line current, DC-link voltage and DC-link
current in inversion mode

As a third test, power quality measurements were performed while generator side was
again operated at 1800rpm using industrial motor drive with active front end converter
and PLC communications. At this speed, All SiC MOSFET based voltage source three
phase PWM rectifier was provided 112kW of power to All SiC MOSFET based three
phase traction inverter. Probe connections of power quality analyzer used were

illustrated in Figure 6. 7 clearly.
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Figure 6. 7. Probe connections of power quality analyzer

Voltage probes of power quality analyzer were connected from line to line. Current
probes were connected to each line. Snapshots for line to line grid voltages, line
currents, THD value of line to line grid voltage, THD value of line current, harmonic
lists according to order, apparent power of rectifier, active power of rectifier, reactive
power of rectifier and power factor were saved. At the same time, data record was
made during ten minutes. And then, 10 minutes of records were plotted using HIOKI
9624-50 PQA software for each data. Figure 6. 8 shows line to line grid voltages and
line currents at the same graph. THD value of line to line voltage, V ag and percentage
of each harmonic according to fundamental value were given in Figure 6. 9. Figure
6. 10 illustrates THD value of line current, ia and percentage of each harmonic
according to fundamental value as in Figure 6. 9 . RMS values of line to line voltages,
Vag, Vac, Vca, RMS values of line currents, ia, is, ic, total active power of rectifier,
total reactive power of rectifier, total apparent power of rectifier and power factor were
displayed in Figure 6. 11 altogether. Difference between THD values of line to line
voltages, Vag, Vac, Vca can easily be seen in Figure 6. 12. Likewise, Figure 6. 13

shows distinctness of THD values of line currents, ia, is, ic.
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Figure 6. 9. THD value of line to line voltage, Vag and percentage of each harmonic according to
fundamental value
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Figure 6. 10. THD value of line current, ia and percentage of each harmonic according to
fundamental value
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Figure 6. 11. RMS values of line to line voltages, RMS values of line currents, total active power of
rectifier, total reactive power of rectifier, total apparent power of rectifier and power factor
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Figure 6. 13. THD values of line currents, ia, ig, ic

Line to line voltages, Vags, Vec, Vca were recorded while all SiC MOSFET based
voltage source three phase PWM rectifier was loaded at 122.5kVVA of power for 10
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minutes of duration. Recorded data was plotted using HIOKI 9624-50 PQA software
as in Figure 6. 14.

I I I 0 K I Time Plot Graph 3312018 FA\PW3198\88031710
Measurement fom aHIOKI PW3198
9624-50 PQA-HIVIEW PRO .
2018/03/M17 12:22:03 - 2018/03/17 12:32:06
UVICH1
400 Vde —— 01 MN = CH1 MAX 1 AV
M v
00 O
UM CH2
400V — 2 N — A X A
v ¥
00 .00
382 00
UMVICH3
A00Vdy ==CHIMN —==CHOMAX — OB AVG
= L

Figure 6. 14. 10 minutes of records of line to line voltages, Vag, Vsc, Vca

Line currents, ia, i, ic were recorded while all SiC MOSFET based voltage source
three phase PWM rectifier was loaded at 122.5kVA of power for 10 minutes of
duration. Recorded data was plotted using HIOKI 9624-50 PQA software as in Figure
6. 15.
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Figure 6. 15. 10 minutes of records of line currents, ia, ig, ic

THD values of line to line voltages, Vas, Vec, Vca were recorded while all SiC
MOSFET based voltage source three phase PWM rectifier was loaded at 122.5kVA
of power for 10 minutes of duration. Recorded data was plotted using HIOKI 9624-
50 PQA software as in Figure 6. 16.
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Figure 6. 16. THD values of line to line voltages, Vag, Vic, Vca for 10 minutes of record

THD values of line currents, ia, i, ic were recorded while all SiC MOSFET based
voltage source three phase PWM rectifier was loaded at 122.5kVVA of power for 10
minutes of duration. Recorded data was plotted using HIOKI 9624-50 PQA software
as in Figure 6. 17.
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Figure 6. 17. THD values of line currents, ia, ig, ic for 10 minutes of record

Finally, grid frequency was recorded while all SiC MOSFET based voltage source
three phase PWM rectifier was loaded at 122.5kVA of power for 10 minutes of
duration. Recorded data was plotted using HIOKI 9624-50 PQA software as in Figure
6. 18.
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Figure 6. 18. Grid frequency variation for 10 minutes of record

As a final test, power quality measurements were performed while generator side was
operated at 900rpm this time using industrial motor drive with active front end
converter and PLC communications. At this speed, All SiC MOSFET based voltage
source three phase PWM rectifier was provided 54.6kW of power to All SiC MOSFET
based three phase traction inverter. Figure 6. 19 shows line to line grid voltages and
line currents at the same graph. THD value of line to line voltage, V ag and percentage
of each harmonic according to fundamental value were given in Figure 6. 20. Figure
6. 21 illustrates THD value of line current, ia and percentage of each harmonic
according to fundamental value as in Figure 6. 20. RMS values of line to line voltages,
Vag, Vac, Vca, RMS values of line currents, ia, i, ic, total active power of rectifier,
total reactive power of rectifier, total apparent power of rectifier and power factor were
displayed in Figure 6. 22 altogether. Difference between THD values of line to line
voltages, Vag, Vec, Vca can easily be seen in Figure 6. 23. Likewise, Figure 6. 24

shows distinctness of THD values of line currents, ia, ig, ic.
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Figure 6. 19. Instant images of line to line voltages and line currents saved with power quality
analyzer
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Figure 6. 20. THD value of line to line voltage, V ag and percentage of each harmonic according to
fundamental value
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Figure 6. 21. THD value of line current, ia and percentage of each harmonic according to
fundamental value
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Figure 6. 22. RMS values of line to line voltages, RMS values of line currents, total active power of
rectifier, total reactive power of rectifier, total apparent power of rectifier and power factor
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Figure 6. 24. THD values of line currents, ia, ig, ic

Line to line voltages, Vags, Vec, Vca were recorded while all SiC MOSFET based
voltage source three phase PWM rectifier was loaded at 54.6kVA of power for 10
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minutes of duration. Recorded data was plotted using HIOKI 9624-50 PQA software
as in Figure 6. 25.
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Figure 6. 25. 10 minutes of records of line to line voltages, Vag, Vsc, Vca

Line currents, ia, i, ic were recorded while all SiC MOSFET based voltage source
three phase PWM rectifier was loaded at 54.6kVA of power for 10 minutes of
duration. Recorded data was plotted using HIOKI 9624-50 PQA software as in Figure
6. 26.
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Figure 6. 26. 10 minutes of records of line currents, ia, ig, ic

THD values of line to line voltages, Vas, Vec, Vca were recorded while all SiC
MOSFET based voltage source three phase PWM rectifier was loaded at 54.6kVA of
power for 10 minutes of duration. Recorded data was plotted using HIOKI 9624-50
PQA software as in Figure 6. 27.
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Figure 6. 27. THD values of line to line voltages, Vg, Vec, Vca for 10 minutes of record

THD values of line currents, ia, i, ic were recorded while all SiC MOSFET based
voltage source three phase PWM rectifier was loaded at 54.6kVA of power for 10
minutes of duration. Recorded data was plotted using HIOKI 9624-50 PQA software
as in Figure 6. 28.

94



H I 0 K I I-THD 3172018 F\PW3198\88031711

9624-50 POAHIVIEWPRO Measurement from aHIOKI PW3198

2018/03M17 12:33:03 - 2018/0317 12:43:03
I-THDI%] CH1
200 %idv — CHIMIN  — CH1T MAX

W

I-THD[%] CH2
200 %idv — CRMN —CH2 MAX CH2 AVG
v

-THDI%] CH3
200 %kliv =—COMN  =——CHIMAX — Ci AVG

v

1200

-.W ~ _b@wﬁwwm_\wmwwmr/wm
gy M L A M i e A i N B SV e AV W r

A NN

Figure 6. 28. THD values of line currents, ia, ig, ic for 10 minutes of record
Finally, grid frequency was recorded while all SiC MOSFET based voltage source
three phase PWM rectifier was loaded at 122.5kVA of power for 10 minutes of
duration. Recorded data was plotted using HIOKI 9624-50 PQA software as in Figure
6. 29.
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Figure 6. 29. Grid frequency variation for 10 minutes of record

At 112kVA of load test, THD values of Vg, Vic, Vca were measured as 1.35 %, 1.22
% and 1.34 % respectively according to Figure 6. 12. Fifth harmonic was seen as most
dominant order which is 0.99 % according to Figure 6. 9. Seventh and third harmonic
were come after fifth harmonic which are 0.64 % and 0.37 %. THD values of ia, is, ic
were measured as 4.80 %, 3.86 % and 5.88 % respectively according to Figure 6. 13.
Fifth harmonic was seen as most dominant order which is 3.42 % according to Figure
6. 10. Third and second harmonic were come after fifth harmonic which are 3.26 %
and 1.18 %.

At 54.6kVA of load test, THD values of Vas, Vsc, Vca were measured as 1.46 %,
1.36 % and 1.45 % respectively according to Figure 6. 23. Fifth harmonic was seen as
most dominant order which is 1.02 % according to Figure 6. 20. Seventh and third
harmonic were come after fifth harmonic which are 0.66 % and 0.41 %. THD values
of ia, ig, ic were measured as 8.84 %, 8.25 % and 10.82 % respectively according to
Figure 6. 24. Fifth harmonic was seen as most dominant order which is 8.41 %
according to Figure 6. 21. Third, seventh and second harmonic were come after fifth
harmonic which are 3.26 %, 1.56 % and 1.29 %.

Results show voltage unbalance is present in grid because there is a second order
harmonic having a considerably high percentage of THD in line current. To be able to
decide whether THD values of line to line voltages, THD values of line currents and
percentage of each harmonic are allowable or not, IEEE 519-2014 standard which is

called as IEEE Recommended Practice and Requirements for Harmonic Control in
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Electric Power Systems are used. Figure 6. 30 shows admissible value of percentage
of each harmonic and admissible value of THD for line to neutral grid voltage. For
230V of line to neutral grid voltage, 5 % and 8 % are acceptable for percentage of

each harmonic and percentage of THD respectively.

Individual Total harmonic
Bus voltage V at PCC harmonic (%) distortion THD (%)
V<1.0kV 5.0 8.0
LkV<V<69kV 3.0 5.0
69kV<V<161kV L5 2.5
161 kV<V 1.0 1.5%

®High-voltage systems can have up to 2.0% THD where the cause is an HVDC terminal

whose effects will have attenuated at points in the network where future users may be
connected.

Figure 6. 30. Admissible value of percentage of each harmonic and admissible value of THD for line
to neutral grid voltage

Above limitations were satisfied at both 54.6kVVA of load test and 112kVA of load
test. On the other hand, Figure 6. 31 indicates regulations for Total Demand Distortion
(TDD) and each harmonic order. Since ratio of maximum short circuit current, Isc to
maximum demand load current, I is less than 20 at both load tests of all SiC MOSFET
based voltage source three phase PWM rectifier, third, fifth and seventh order

harmonics of line current should be less than or equal to 4 %.
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Maximum harmonic current distortion
in percent of I},

Individual harmonic order (odd harmonics)® b

Isc/I, 3=h<ll |11=h<17| 17=h<23 | 23<h<35| 35=h=50 TDD
<20° 4.0 2.0 1.5 0.6 0.3 5.0
20<50 7.0 35 25 1.0 0.5 8.0
50<100 10.0 4.5 4.0 1.5 0.7 12.0
100 <1000 12.0 55 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 25 1.4 20.0

*Even harmonics are limited to 25% of the odd harmonic limits above.
°Current distortions that result in a dc offset, e.g.. half-wave converters, are not allowed.

All power generation equipment is limited to these values of current distortion, regardless
of actual I../I;
where
I.. = maximum short-circuit current at PCC
I = maximum demand load current (fundamental frequency component)
at the PCC under normal load operating conditions

Figure 6. 31. Regulations for Total Demand Distortion (TDD) and each harmonic order

Third and fifth harmonic contents of line current for 112kVVA of load test which are
3.42 % and 3.26 % were fulfilled the allowable value. At the same time, third harmonic
content of line current for 54.6kVA of load test satisfied the admissible value.
However, fifth harmonic content of line current for 54.6kVA of load test which is 8.41
% passed acceptable value which is 4 %. These results imply that distortion in line
current is more at lower values of line current. For this reason, lowest THD value and

harmonic content are obtained at rated load test.
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CHAPTER 7

SIMULATIONS

In this chapter, simulation studies made for designed all SIC MOSFET based three
phase voltage source PWM rectifier were mentioned. Built simulation models such as
whole power circuitry, phase lock loop implementation, outer voltage control loop,
inner current control loop and SVPWM implementation and related simulation results
were shared in order to be explain the theory more clearly. Power circuitry and control
blocks were given separately to be able to see the figures better. All simulations were
made in MATLAB/Simulink simulation environment. 2016b version of MATLAB
was used. On-state resistance value of selected SiC MOSFET module, forward voltage
value of SiC diode and internal resistance value of SiC diode were directly used as
switch parameters in Simulink in order to be able make simulation study as near as
real one. At the same time, inductance and series DC resistance values of selected
single phase AC line reactor were used in the power circuitry. Moreover, capacitance,
ESR and ESL values of selected DC-Link capacitor were used in the series RLC
branch built in Simulink. Figure 7. 1 shows power circuitry model of all SiC MOSFET
based three phase voltage source PWM rectifier built in Simulink. Line to line grid
voltages, line to neutral grid voltage, line currents, DC-Link current and DC-Link

voltage were measured using Simulink scopes.
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Figure 7. 1. Three phase voltage source PWM rectifier model build in Simulink



Besides, Figure 7. 2 shows implementation of PLL algorithm in MATLAB/Simulink.
Clarke and Park transformation blocks and related control schema were seen clearly.
Ready transformation blocks present in Simulink were not used for Clarke and Park
transformation. These transformation blocks were formed using math operations given

in the Simulink library.
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Figure 7. 2. Three phase PLL model built in Simulink

101



Figure 7. 3 shows line to neutral grid voltages shifted 120 degrees according to each

other.
400 i [
AV AVAVIEYAVA

A \/

VAU ARFAWAWARRA WA

=300 § 7

-400

g o’ e p o -

0.385

0.39 0.395 04 0405 0.41 0415 0.42 0425

Figure 7. 3. Line to neutral voltages, Va, Vg, Vc

Figure 7. 4 shows alpha & beta axis voltages formed as a result of Clarke

transformation.
the Figure 7. 4

Alpha & beta axis voltages are perpendicular to each other as seen in

. Yellow one shows alpha axis voltage, on the other hand blue one

stands for beta axis voltage.
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Figure 7. 4. Alpha & beta axis voltages
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Figure 7. 5 shows direct & quadrature axis voltages formed as a result of Park
transformation. Direct & quadrature axis voltages are DC values and also
perpendicular to each other as seen in the Figure 7. 5. Yellow one shows direct axis

voltage, on the other hand blue one stands for quadrature axis voltage.

T T T
50 — | | | -

100 [~ —

150 - | | | -

=200 — —

1 1 1 |
0 05 1 15 2

Figure 7. 5. Direct & quadrature axis voltages

Figure 7. 6 shows theta generated in PLL. First of all, direct axis voltage was
subsratcted from zero. Then, error was given as input to the PI controller. Output of
PI controller was formed to w. Afterwards, theta was generated by taking the intergral
of w. However, this theta goes to infinity. For this reason, mod operation was made
according to two pi. This theta resembles the ramp signal going from zero to two pi

within the one period (1/50Hz = 20ms) as seen in the Figure 7. 6.

T T T il

1.42 143 1.44 145 1.46 1.47 1.48 1.49 15 151

Figure 7. 6. Theta generated in PLL
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Below, it is seen the line to neutral grid voltage, Va and theta in a single figure. In
order to be able to see line to neutral grid voltage, Va and theta in a single figure, theta
was multiplied with gain as shown in Figure 7. 2. It is expected that line to neutral grid
voltage, Va and theta should be synchronized in each period in succsesfull PLL

algortihm.

300 I I I I I I I -

-100 |- -

200 I I I I I I I -

300 F I I I I I I I -

13 1.31 1.32 1.33 1.34 1.35 1.36

Figure 7. 7. Line to neutral voltage, Va and theta

Figure 7. 8 shows the Simulink model belonging to outer voltage control loop and
inner current control loop. In outer voltage control loop, DC-Link voltage reference
which is 750 VDC was substracted from measured DC-Link voltage. Result of the
substraction which is error was considered as input for the PI controller of outer
voltage control loop. Output of PI controller was formed to the per unit reference
quadrature axis current, igq, ref, pu. In inner current control loop, line currents were
converted to the per unit forms. Then, per unit line currents were converted to the per
unit alpha & beta axis currents which are iaipha, pu and ineta, pu USing Clarke
transformation block. Later on, per unit alpha & beta axis currents were converted to
per unit direct & quadrature axis currents which are ig, pu and iq pu using Park
transformation block. Afterwards, per unit reference quadrature axis current, ig, ref, pu

formed in outer voltage control loop was substracted from per unit quadrature axis
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current, iq, pu formed in inner current control. Resulting error was passed from Pl
controller and then created per unit quadrature axis voltage, Vg, pu. At the same time,
per unit reference direct axis current, iq, ref, pu Which is zero was substracted from per
unit direct axis current, ig, pu formed in inner current control. Resulting error was
passed from PI controller and then created per unit direct axis voltage, Vg, pu. These
per unit quadrature & direct axis voltage which are Vg, pu and Vg, pu Were converted to
the per unit alpha & beta voltages which are Vaipha, pu @nd Vbeta, pu DY Using Inverse Park
transformation. Theta generated in PLL model was used in both Park transformation
and Inverse Park Transformation. Parameters of Pl controllers used in outer voltage
control loop and inner current control loop should be optimized properly for good

dynamic response at transients and good static response at steady state.
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Figure 7. 8. Outer voltage control loop and inner current control loop models built in Simulink
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Figure 7. 9 shows the sector selection model used in SVPWM implementation. A
space voltage vector comprising vectorial sum of per unit alpha & beta axis voltages
which are Vaipha, pu @nd Vieta, pu COMINg as a result of inner curret control loop was
formed. Later on, magnitude and angle of this space voltage vector were calculated.
Afterwards, using its angle value, it was determined in which sector space vector

exists.
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Figure 7. 9. Sector selection model built in Simulink for SVPWM
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If space voltage vector is in Sector 1, Simulink model shown in Figure 7. 10 was used
for SVPWM implementation. Blocks calculating the turn-on time of each vectors
which are ti, t, to were determined using the formulas given in (5.5), (5.6, (5.7).
Finally, switching states of each switches which are Ss,...,Se were determined by using

two adjacent active vectors and turn-on times as shown in Figure 7. 10.
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Figure 7. 10. Switching states of active vectors and zero vectors if reference vector is in Sector 1
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If space voltage vector is in Sector 2, Simulink model shown in Figure 7. 11 was used
for SVPWM implementation. Blocks calculating the turn-on time of each vectors
which are ti, to, to were determined using the formulas given in (5.5), (5.6, (5.7).
Finally, switching states of each switches which are Ss,...,Se were determined by using

two adjacent active vectors and turn-on times as shown in Figure 7. 11.
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Figure 7. 11. Switching states of active vectors and zero vectors if reference vector is in Sector 2

109



If space voltage vector is in Sector 3, Simulink model shown in Figure 7. 12 was used
for SVPWM implementation. Blocks calculating the turn-on time of each vectors
which are ti, t, to were determined using the formulas given in (5.5), (5.6, (5.7).
Finally, switching states of each switches which are Ss,...,Se were determined by using

two adjacent active vectors and turn-on times as shown in Figure 7. 12.
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Figure 7. 12. Switching states of active vectors and zero vectors if reference vector is in Sector 3




If space voltage vector is in Sector 4, Simulink model shown in Figure 7. 13 was used
for SVPWM implementation. Blocks calculating the turn-on time of each vectors
which are ti, to, to were determined using the formulas given in (5.5), (5.6, (5.7).
Finally, switching states of each switches which are Ss,...,Se were determined by using

two adjacent active vectors and turn-on times as shown in Figure 7. 13.
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Figure 7. 13. Switching states of active vectors and zero vectors if reference vector is in Sector 4
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If space voltage vector is in Sector 5, Simulink model shown in Figure 7. 14 was used
for SVPWM implementation. Blocks calculating the turn-on time of each vectors
which are ti, t, to were determined using the formulas given in (5.5), (5.6, (5.7).
Finally, switching states of each switches which are Ss,...,Se were determined by using

two adjacent active vectors and turn-on times as shown in Figure 7. 14,
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Figure 7. 14. Switching states of active vectors and zero vectors if reference vector is in Sector 5
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If space voltage vector is in Sector 6, Simulink model shown in Figure 7. 15 was used
for SVPWM implementation. Blocks calculating the turn-on time of each vectors
which are ti, to, to were determined using the formulas given in (5.5), (5.6, (5.7).
Finally, switching states of each switches which are Ss,...,Se were determined by using

two adjacent active vectors and turn-on times as shown in Figure 7. 15.
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CHAPTER 8

CONCLUSION AND FUTURE WORK

According to IEEE 519-2014 standard, grid connected converters have to satisfied
both allowed THD value of line currents and also admissible percentage value of each
harmonic compared to fundamental. Besides, it is expected that grid connected
converters have properties of bidirectional power flow, unity power factor, pure
sinusoidal line current and regulated output voltage in today’s technology. Distorted
line current comprises in line commutated rectifiers such as three phase diode bridge
rectifier and three phase thyristor bridge rectifier which leads to significantly high
harmonic content and consequently high THD value. Furthermore, line to neutral grid
voltage which is in phase with line current, output voltage regulation and also power
transfer to grid cannot be provided using these converters. Regenerative type PFC
rectifiers such as single phase voltage source PWM rectifier and three phase voltage
source PWM rectifier are used in the industry to satisfy properties above instead of
line commutated rectifiers. Design of 130kVA of all SiC MOSFET based voltage
source three phase PWM rectifier supplied from 400V, 50Hz grid was proposed in
this thesis study. It was aimed to be used designed three phase voltage source rectifier
in traction applications, battery charging applications and also wind turbine
applications. Designed rectifier simulates 750VDC of catenary line. By this means, it
is able to be used for supplying three phase traction inverter. Moreover, designed
rectifier can be used together with bidirectional buck-boost converter for charging and
discharging of a battery or a supercapacitor in rectification and inversion mode
respectively. Likewise, it can be used in AC/DC side of a back to back converters
especially in wind turbine applications. Besides, usage of SiIC MOSFET as a power
semiconductor switching device may be seen as innovative side of this thesis study.
SiC MOSFET has superior properties compared to Si IGBT in terms of dielectric

breakdown field, bandgap, doping concentration, drift velocity and thermal
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conductivity. SIC MOSFET has lower on-state resistance, Rps, on than Si IGBT and
can be operate at higher switching frequencies than Si IGBT due to above properties.
Furthermore, SiC MOSFET has no tail current and reverse recovery current which
results in very small turn-off energy, Eorf and zero reverse recovery energy. For this
reason, SiC MOSFET has significantly smaller switching losses than Si IGBT. In this
thesis study, SIC MOSFET was preferred instead of Si IGBT due to advantages
mentioned above. Size and weight of passive components such as reactor and
capacitor, and also size and weight of heatsink was able to reduced dramatically by
switching at 10kHz thanks to SiC MOSFET. Efficiency and power density of designed
rectifier were provided by reducing power losses and size of both passive components
and cooling unit. Moreover, VOC and SVPWM was proposed as a control method and
modulation technique respectively. VOC method was compared with DPC method in
the scope of this thesis. Switching frequency should be constant to be able to select a
suitable boost reactor, Ly easily. Since switching frequency is changing in DPC
method, design gets hard. Besides, dynamic response of the system at transients and
static response of the system at steady state are better in VOC method than in DPC
method if it applied successfully. For this reason, VOC method was chosen as a
control method. Regarding to modulation technique, SVPWM was contrasted with
SPWM. Since number of switching is decreased in SVPWM, switching losses are less
in SVPWM compared to SPWM. Moreover, better THD performance and unity power
factor can be get in SVPWM because harmonics are able to be reduced significantly.
One of the most important differences between SVPWM and SPWM is that better DC
bus utilization is ensured via SPWM which results in more output voltages. Therefore,
SVPWM was preferred as modulation technique in this thesis study. In other respects,
designed rectifier panel was tested at full load and half load conditions by using three
phase traction inverter as an active load. Bidirectional power transfer capability of
designed rectifier, unity power factor operation, pure sinusoidal line current and
750VDC of regulated output voltage was proven via presented oscilloscope
waveforms. Finally, it is proven to be satisfied regulations stated in IEEE 519-2014

standard with designed rectifier by presenting power quality analyzer measurements
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such as THD value of line to neutral grid voltage, THD value of line currents and

percentage values of each harmonic compared to fundamental. The following are

considered for the future works.

v

v

Design of liquid cooled all SIC MOSFET based three phase voltage source
PWM rectifier can be considered.

Heatsink can be changed with smaller one. Since a ready heatsink was bought,
completely optimized heatsink in terms of size and volume could not found.
Custom design can be made for increasing power density further.

Switching frequency can be enhanced to 20kHz. In this way, size and weight
of passive components such as boost reactor and DC-Link capacitor can be
reduced further.

Three phase three level voltage source PWM rectifier topology can be tried
instead of two level topology. Since lower voltage switches can be used under
favour of three level topology, Gallium Nitride (GaN) MOSFET can be
considered instead of SiC MOSFET.

Designed rectifier can be tested using bidirectional buck-boost converter
instead of three phase traction inverter as a load. By this means, it may be
proven that designed rectifier is also suitable for battery charging applications.
Virtual Flux Oriented Control (VFOC) and Virtual Flux Based Direct Power
Control (VFDPC) can be investigated and applied instead of VOC and DPC
methods.

If SiC MOSFETSs having 3300V of drain-source voltage become widespread,
all SiC MOSFET based voltage source three phase PWM rectifier having
1500VDC of regulated output voltage can be designed by using these switches
for 1500VvDC of catenary line applications.

By the way, the aim of this thesis study was to reveal a three phase voltage source

PWM rectifier design using latest SIC MOSFET technology and use this design in

traction application, battery charging & discharging applications. It was achieved this
goal at the end of this thesis study. Designed all SIC MOSFET based three phase
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voltage source PWM rectifier simulating the 750VDC of catenary line was used
together with traction inverter and traction motor. At the same time, this converter was
operated together with buck & boost converter for battery charging & discharging
applications. Finally, this thesis study made a big contribution to me by increasing
my knowledge in the fields of power converter design, control and algorithm

development.
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APPENDICES

A. CREE SiC MOSFET CHARACTERISTICS
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B.

INFINEON Si IGBT CHARACTERISTICS
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C. SEMIKRON Si IGBT CHARACTERISTICS
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D. MITSUBISHI Si IGBT CHARACTERISTICS
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