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ABSTRACT

A THREE PHASE ALL SIC PWM RECTIFIER FOR INDUSTRY
APPLICATIONS

Yolagan, Cem
Master of Science, Electrical and Electronics Engineering
Supervisor: Prof. Dr. Muammer Ermis

December 2019, 104 pages

In this thesis work, a three phase PWM Rectifier for industry applications will be
designed by using SiC Power MOSFETs and its laboratory prototype will then be
implemented. The topology of the PWM rectifier is the three phase full bridge
topology to convert three phase 400 V AC line-to-line voltage to desirable voltage
levels between 500V and 1000V. The PWM Rectifier has the capability of permitting
the flow of active power in both directions. The new technology SiC Power MOSFETS
can operate at higher frequencies than IGBTs which provide higher efficiency because
of lower switching losses and comparable conduction losses. Furthermore, operation
at higher frequencies also provides us much lower acoustic noise levels and less
harmonic distortion in line current waveforms during the operation of the rectifier.

The theoretical results will be verified by experimental work.

Keywords: PWM Rectifier, SiC Power MOSFET



0z

ENDUSTRIYE YONELIK UYGULAMALAR iCIN BUTUNUYLE SiC GUC
MOSFET TEKNOLOJISINE DAYALI UC FAZ PWM DOGRULTUCU

Yolagan, Cem
Yiksek Lisans, Elektrik ve Elektronik Mithendisligi
Tez Danismant: Prof. Dr. Muammer Ermis

Aralik 2019, 104 sayfa

Bu tez galismasinda, endustriye yonelik uygulamalar icin SiC Gi¢ MOSFETIleri
kullanilarak 3 faz PWM Dogrultucu tasarlanacak ve bire bir boyutlarda laboratuvar
prototipi gerceklestirilecektir. PWM Dogrultucu 3 faz tam koprii topolojisine sahip
olup, 3 faz 400 V AA voltajmi 500-1000 aras1 DA voltajma ¢evirmektedir. PWM
Dogrultucu iki yonde de aktif gii¢ akisi kabiliyetine sahiptir. Yeni teknoloji SiC Giig
MOSFET’leri gliniimiizde kullanilan IGBT’lere gore daha yiiksek frekanslarda
calisabilmekte bu da disiik anahtarlama kayiplar1 ve kiyaslanabilir iletim
kayiplarindan dolay1r daha yliksek bir verim saglamaktadir. Ayrica, daha yiiksek
frekanslarda c¢alismak, dogrultucunun operasyonu srrasinda ¢ok daha diisiik bir
akustik giiriiltii seviyesi ve hat akimi dalga seklinde daha az harmonik bozunum
saglamaktadir. Teorik sonuclar, laboratuvar ortamindaki deneysel c¢alismayla

dogrulanacaktir.

Anahtar Kelimeler: PWM Dogrultucu, SiC Gi¢g MOSFETi
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CHAPTER 1

INTRODUCTION

Rectifiers are utilized in many areas from small electronic appliances to high power
applications such as converting AC to DC for high-voltage direct current power
transmission. Depending on the application, types are varied such as diode, thyristor
or PWM rectifiers.

Application areas of rectifiers which have transistors as switching elements are
expanding with the advancement of semiconductor technology, due to the need for
high efficiency, unity power factor, bidirectional operation and output voltage with
high controllability. Three Phase PWM Rectifiers with IGBT switching elements are
one of the most common type of rectifiers in industry where the features above are

required to utilize.
1.1. SiC Power MOSFET Technology

Conventional Si based power MOSFETs and IGBTs were widely used switching
elements in power electronics applications. In the last decade with the emerge of the
SiC based Power MOSFETs with wide band-gap [1], the application of power
electronics with SiC MOSFETS in low and medium power levels started to increase.
Reason for that is, SIC Power MOSFETs have better material properties when
compared to Si IGBTs [2]-[4]. Studies have shown that converters with SiC based
switching elements are able to reach over 99% efficiency [5]. The transition to SiC
based switching elements first occurred with IGBT-SIC Schottky Diode hybrid
systems [6]. Then, all SIC MOSFETSs, which consist of SiC MOSFET and SiC
Schottky body diode started to widen.

Technical properties of SiC material in power semiconductors in comparison with Si

and GaN materials are already described in [1] as given in Figure 1-1.
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Figure 1-1 Summary of Si, SiC, and GaN relevant material properties [7]

A comparison of SiC Power MOSFETs with HV-IGBTs can be made as follows:

Operating at higher junction temperatures

In medium power applications, as a wide bandgap device, SiC power
MOSFETSs can be switched at higher frequencies (a few tens of kHz) in
comparison with Si IGBTs. They have lower turn-on and turn-off losses which
decrease the switching loss of the system, thus illustrating higher efficiency at
the same switching frequency [1], [8].

Comparable or lower on-state resistance and hence conduction loss

Higher switching frequency also ensures reduced sized filtering elements, thus
makes the converter reduced weight and size [9].

At the present time, they are more costly



1.2. Three Phase PWM Rectifier Topology

For AC-DC conversion there are various topologies that are widely used in the
industry such as line commutated with diode and thyristors, or with power factor

correction such as Vienna, boost or regenerative rectifiers [10], [11].

Although many have advantages in different applications, regenerative three phase

two level voltage source rectifier is the one with the abilities suitable for our work.

Three phase two level voltage source PWM Rectifier topology is given Figure 1-2.
This PWM Rectifier topology when implemented by the use of SiC Power MOSFETS

will have the following features in industry applications:

a. Simple and cheap
b. Ease in control
c. More reliable and

d. Minimum component count
Further than these

e. Unity power factor operation on ac side
f. Nearly harmonic-free line current waveforms on grid side owing to high

switching frequency.

Three Phase Two Level PWM Rectifier

Figure 1-2 Three phase two level voltage source rectifier topology



In today’s technology most of the Regenerative PWM Rectifiers are implemented with
IGBT switching elements which have smaller than 5kHz switching frequencies at high
power levels because the increasing switching losses as the frequency gets higher. In
this work, Three Phase PWM Rectifier will be implemented with SiC Power
MOSFETS s to obtain efficiencies around 99% and accomplish an AC-DC converter

with high power density, smaller volume.
1.3. The Scope of This Work:

The starting point of this work is to create a variable, controlled DC voltage level in
the laboratory, which is constructed for designing and testing new technology traction
converters. Due to this reason, in Traction Systems R&D Laboratory, a 400V, 50 Hz
grid connected All SiC Three Phase PWM Rectifier with 225kW rated power is
designed and implemented. For the All SiC Three Phase PWM Rectifier in Traction
Systems R&D Laboratory a previous work conducted, in which, PWM Rectifier
topologies are compared, selection criteria for the components used in PWM Rectifier
are explained, Si IGBT and SiC MOSFETs are compared with respect to losses,

control strategies and modulation techniques are inspected [12].

The structure of the laboratory test system in Traction Systems R&D Laboratory is

explained in [13].
In Chapter 2, Industrial applications of All SIC PWM Rectifier is discussed.

Operation principles and modes, control of the rectifier, simulations at the different

voltage levels and implementation of the rectifier are presented in Chapter 3.

In Chapter 4, description of the load system in the laboratory is conducted. Then,
experimental results at various output DC voltage and load levels are shown.
Efficiency analysis and comparison with theoretical values are clarified. Finally, the

harmonic spectrum of the input AC voltages is investigated.

In Chapter 5, Conclusion of the work and possible future improvements are discussed.



CHAPTER 2

INDUSTRIAL USE OF PWM RECTIFIER

In this chapter, industrial applications of PWM Rectifier are discussed. Among these
application, there are published work about AC Motor Drive, Battery Charger and
Supercapacitor Energy Storage Systems for All SiC Three Phase PWM Rectifier.
Resistive Furnaces, DC Motor Drives, Synchronous Motor Field Exciters are not
commercially available and do not have published work with this system.

2.1. Resistive Furnaces; Electric Heating

Conventional methods consist of Diode and Thyristor Rectifiers for the application of
resistive furnaces and electric heating systems [14]. However, these systems cause
high harmonic current components on the grid side. Reactive power variations occur
due to the nature of these systems. DC Choppers are also used for reducing THD and

increasing power factor for high power applications. [15]

All SiC Three Phase PWM Rectifiers can be suitable for these systems at medium
power levels. By using Three Phase PWM Rectifier, the unity power factor operation
is accomplished and low THD input is obtained. In this application output DC voltage
is adjustable and the power flow is unidirectional. However, it would be more
expensive to implement than conventional methods and bidirectional capabilities will

not be used.

In Figure 2-1 the structure of the system is shown. All SiC PWM Rectifier is connected

directly to grid or via a transformer for galvanic isolation.



All SiC
PWM
| Rectifier
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Resistive Load

@)

AJA
All SiC
: Rectifier

(b)

0.4 kV, 50 Hz grid
Resistive Load

Figure 2-1 Resistive load fed by All SiC PWM Rectifier (a) directly from grid (b) A/A transformer

2.2. DC Motor Drive
2.2.1. All SiC PWM Rectifier as a Field Exciter

A separately excited medium power DC Motor can be supplied by a SiC PWM
Rectifier as a field exciter. PWM Rectifier will have variable output voltage in order

to control the field current. The schematic is given in Figure 2-2.



3 phase AC Input

[ 1]

All SiC PWM
Rectifier
La Ra + vf
+ la If
Va Eb Lf Rf

Figure 2-2 Electric equivalent circuit - All SiC PWM rectifier as field exciter

If we neglect the effects of armature reaction and saturation, and keep the armature

current constant, the motor equations become as follows:

Ty=K*dxi, (2.1)

As the armature current is constant, the torque equation becomes:

Transfer function is:
di
Jdw ..
F+B*w=K * if (2.4)

B is friction coefficient; J is inertia of the motor. The Laplace Transform of the

equations are:



(Js+B)w(s) = K' xI¢(s)

As we simplify these equation:

w(s) 3 K’
Vi(s)  (Lys+ Rp)(Js + B)

w(s) K,

Vi(s)  (Tys + D(Tps+ 1)

Where,

K, = K

™ iRy
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(2.9)

(2.10)
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In large DC motors time constant T is high. In other rectifier types such as diode

rectifier, the field current cannot be changed suddenly. Therefore, the stability can be

lost. In order to accomplish high response, the All SiC PWM Rectifier would be a

better choice. In other words, with All SIiC PWM Rectifier, field current can be

changed in short time, therefore the motor reacts to changes quickly and there will not

be stability issues.



The output of the PWM Rectifier can be decreased so that the field winding would
have higher voltage than the output of PWM Rectifier. Then, rectifier will start to

operate in inversion mode and current flows toward the rectifier.

2.2.2. Armature Supplied by All SiC PWM Rectifier

Applied armature voltage is adjusted for speed control purpose. It provides 2 quadrant
operation (motoring and regenerative breaking) in the case where the field excitation
is fixed. The resulting DC Motor Drive can be operated in all 4 quadrants of the speed-
torque plane by reversing the field current and adjusting its magnitude. It exhibits

nearly harmonic-free operation at unity power factor on the grid side.

Schematic of the system is presented in Figure 2-3.
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Figure 2-3 Electric equivalent circuit — armature supplied by All SiC PWM Rectifier

Torque equation of the DC Motor is as follows:

T;=Kx*xdx*i, (2.12)



As an armature controlled DC motor if keep the field current constant i.e. the magnetic
field is constant, the torque equation becomes:

Ty, =K, * i (2.13)

The angular velocity, o and the back emf, Eb relation of the DC Motor is given as:

Epy =K, *w (2.14)

Motor torque constant, K, and back emf constant K, are taken equal as K. From the

equivalent circuit of the DC motor following equations are derived.

Jdw .
di
Ryig + L, (d—;) =v, — Kw (2.16)

If we apply the Laplace Transform, the equation become:

(Js+B)w(s) = K * I,(s) (2.17)

(Las + Ro)Io(s) = Vo(s) — Kw(s) (2.18)

Then, we eliminate I,(s) between equations above and obtain the open loop transfer

function.
w(s) K
Vo(s) ~ (Las + Ry)(Js + B) (2.19)
en - (2.20)

Va(s) — (Tas + 1)(Tps + 1)
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L - . .
Where R—“ = T, is electrical time constant
a

é = T,, IS mechanical time constant

In the transfer function above, the rotational speed, w is considered the output and the
input of the system is armature voltage V,, which is the output of the All SiC PWM
Rectifier. DC motor can be controlled by changing the output of rectifier. By
decreasing the output, rectifier will start to operate in inversion mode and armature

current will flow towards the rectifier.

DC Motor can also be driven by a Buck Type PWM Rectifier which would be
connected to the armature of the motor[16].

2.3. Synchronous Motor Field Exciter

SiC PWM Rectifier can be used as a field exciter of directly grid connected large
synchronous motors. It provides adjustable field current with boosting action. Power
flow is bidirectional. It maintains stability of the synchronous motor against
fluctuations in the supply voltage since field excitation can be controlled more rapidly
in comparison with diode and thyristor based field exciters. It exhibits nearly

harmonic-free operation at unity power factor on the grid side.

The electric equivalent circuit of All SIC PWM Rectifier as a field exciter can be

observed in Figure 2-4.
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Figure 2-4 SiC PWM rectifier as field exciter for synchronous motor

2.4. Battery Charger

All SiC PWM Rectifier can be used as fast and ultrafast battery charger in many
configurations [17]. It provides variable output voltage with unidirectional power flow
in off-board battery chargers of all electric vehicles. The rectifier can be connected
directly to the battery if the voltage rating of the battery is around dc output voltage
level of the SiC PWM Rectifier. In our case output is between 600V-1000V. Nearly
harmonic-free operation is accomplished at unity power factor on the grid side. The
battery charger diagram can be seen in Figure 2-5. SiC PWM chargers can also be

connected in parallel to speed up the charging time.
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Figure 2-5 Battery charger topology by PWM Rectifier fed from the grid

12



2.5. Supercapacitor/Battery Energy Storage Systems

Supercapacitors can be directly connected to the output of the All SiC PWM Rectifier
if its voltage rating matches the output voltage range of the PWM Rectifier as it can
be seen in Figure 2-6. PWM Rectifier will be controlled in variable output voltage

level. It provides controllable and bidirectional power flow between the utility grid

and the energy storage system.

Other alternative is to connect a DC/DC converter between the PWM Rectifier and
the supercapacitor as in Figure 2-7. This time the output of the PWM Rectifier can be

a fixed voltage value as DC/DC converter will control the charge or discharge as a

buck/boost converter.

0.4 kV, 50 Hz grid
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Figure 2-6 Supercapacitor energy storage system topology with PWM Rectifier fed from the grid
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Figure 2-7 Supercapacitor energy storage system topology with DC/DC Converter

13



2.6. Variable Frequency AC Motor Drives

PWM Rectifier acts as the active front end converter of the AC Motor Drive and
provides bidirectional power flow. The resulting motor drive is a 2-quadrant drive
with regenerative breaking ability. It can operate as a 4-quadrant motor drive by
reversing the phase sequence of inverter output voltages. It exhibits nearly harmonic-

free operation at unity power factor on the grid side.

Advantages of supplying the inverter with All SiC PWM Rectifier compared to other

types such as diode or thyristor based rectifier specified as follows:

> Due to bidirectional operation of both PWM rectifier and inverter, when the
AC Motor operates in regenerative mode, the power can be transferred to grid.
Instead of dissipating the power on a resistor at dc-link, the power is recovered
with this operation.

» Because the dc voltage and supplied current is nearly pure dc, no need for
filtering element at the input of the inverter.

» PWM Rectifiers in these systems can supply variable output voltage.

» Nearly harmonic-free operation at unity power factor on the grid side.

All SiC * 2-level
PWM vde Inverter
Rectifier -

Induction Machine

0.4 kv, 50 Hz grid

Figure 2-8 AC Motor Drive topology 2-level inverter fed by PWM Rectifier

Depending on the power rating of SiC PWM Rectifier, more than one AC Motor or
PMSM can be supplied as it is shown in Figure 2-9.

A squirrel cage induction machine connected to a traction inverter which is supplied
by All SiC PWM Rectifier is studied in detail in [13].
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Figure 2-9 Multiple load motor connected All SiC PWM Rectifier
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CHAPTER 3

OPERATING PRINCIPLES AND MODES OF PWM RECTIFIER

In Chapter 3, operation modes and control structure of All SiC Three Phase PWM
Rectifier is studied. Effects of SPWM and SVPWM modulation techniques on input
current THD is investigated. After that switching frequency choice is made based on
thermal limits and power capacity of PWM Rectifier. Efficiency and THD is analyzed
by changing the switching frequency, output power and output voltage parameters.
Finally, simulations for various output levels are conducted and implementation of All
SiC Three Phase PWM Rectifier is discussed.

3.1. Operation Modes of PWM Rectifier

The main operation modes discussed in this chapter is for unity power factor
operation. Therefore, for rectification, it is transferring active power from the AC side
to the DC side of the rectifier.

In Figure 3-1, at given AC supply side voltage and current waveforms, the operation
instance is marked with dotted line while the PWM Rectifier is in rectification. This
line corresponds to the time instant where Vb and V¢ are positive and Va is negative.
Therefore, Ib and Ic are conducting at positive direction and la current is in negative

direction.

17



400

Va Vb Ve T

Operating Instant

1 1.00781 1.01583 1.02344

Figure 3-1 Operating Instance on given AC side current and voltage waveforms PSIM power electronics
software

A switching pattern is given in Figure 3-2 as an example. This represents the gate
signals sent to the high side of the SiC MOSFETS. Therefore, the opposite signals are
applied to the low side of the corresponding MOSFETSs. The aim of these switching
patterns is to create purely sinusoidal current waveform at the AC side of the rectifier
at steady state and this is achieved by changing the width of the pulses in each step.

The switching frequency for this operation is set to 10 kHz.
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Modes I II I v I II I

011 | 111 | 011

Switching Patterns | 000 | 001 | | 001 | 000 |
I I I I I I I I
I I I I I I
I I I | I I
I I I I I I I I
| |

Sample Gate | | ' ' | |
Signals for high I | | | | |
side SiC MOSFETs | | | | | | | |
I I I I I I I I
I I I I I I
I I I I I I

I I I I

Figure 3-2 High side MOSFET gate signals as an example

According to this time instant, the cases of which switches are conducting is presented
in Figure 3-3. During the cases (a) and (d) the load is supplied only by the capacitor.
In these periods, the boost inductor is charging. In case (b) and (c) rectification occurs
and the load is supplied by the source. Therefore, in cases (a) and (d) capacitor voltage

is decreasing whereas in (a) and (d) capacitor voltage is rising.

Cdr: Vdc

&———— |LOAD [—=-o

(@)
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Figure 3-3 Rectification operation on the switching cases for (a) 000 (b)100 (c)110 (d)111
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3.2. Control structure of All SiC Three Phase PWM Rectifier

All SiC Three PWM Rectifier
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Figure 3-4 Control structure of All SiC Three Phase PWM Rectifier

In Figure 3-4, the control structure used in the scope of this work for the All SiC Three
Phase PWM Rectifier is presented. Control of the rectifier implemented in Texas
Instruments TMS320F28377D DSP.

At the input of the rectifier voltage between phase A and phase B (Vab) and voltage
between phase B and phase C (Vi) are measured with LEM LV 25-100 voltage
transducer. Then, the sensed voltages are converted to digital from analog with the
control board. The converted Va, and V¢ values are processed with Phase Lock Loop
(PLL) and the phase angle ©p.L is acquired. This value is obtained putting the output

of Park and Clarke transformations to PI integrator loop. Because this OpLL is for line-
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to-line voltages, /6 is subtracted from this value to be able to use it in current loop.

This final © angle is called Opwwm.

At the output of the rectifier dc link voltage value Vqc is measured with LEM 25-1000
voltage transducer and it is converted to digital. The desired output value which is
between 625V and 1000V in this work is fed to the system as Vqcrer. Outer voltage
control loop is implemented by subtracting Vac from Vgcref, then feeding to result to
the PI controller. The output of the Pl is called iqrefand it will be used in inner current
control loop.

Input line currents are sensed with LEM LF 510-S and converted to digital values.
After these converted input currents go through Park and Clarke Transformations with
using Opwm angle, their outcomes igand iq are subtracted from reference values of iq e
and iqrer. In Order to achieve zero reactive power, this iqref reference current should be
set to zero. The results of the subtractions then passed through PI controller, thus the
Vg and Vg values are obtained. Vg4 and Vqare converted to alpha-beta reference frame
with Reverse Clarke Transformation and fed to Space Vector PWM modulation block.
Output of SVPWM is called T, T, Tc signals which are the input of the SIC MOSFET
driver board. The short description of Clarke and Park transformations are mentioned

below.

3.2.1. Clarke transformation (abc to af):

It transforms the abc three phase signals to alpha-beta two phase 90 degree apart

reference frame.

2 1 1

g = 3% (la—5*ip —5*ic) (3.1)
2 V3 V3

l/;=§*(7*ib——*ic) (3.2)
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3.2.2. Park transformation (of to dq):

It transforms the alpha-beta two phase 90-degree apart reference frame to dq reference
frame which is dc values.

g = ig * cos(wt) + ig * sin(wt) (3.3

iqg = —iq * sin(wt) + ig * cos(wt) (3.4)

3.2.3. Inverse Clarke Transformation (ap to abc):

It transforms the alpha-beta two phase reference frame to abc three phase reference

frame.
iq = ig (3.5)
. 1 . 3
lb=—§*La+7*Lﬁ (3.6)
1 V3

e = —5%ia——*ig (3.7)

3.2.4. Inverse Park Transformation (dq to ap):

It transforms the dq reference frame to alpha-beta two phase 90-degree apart reference
frame.

ig = ig * cos(wt) — iy * sin(wt) (3.8)

ig = ig * sin(wt) + iy * cos(wt) (3.9)
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3.3. Comparison of SPWM and SVPWM

Sinusoidal PWM and Space Vector PWM are two modulation methods that can be
used for generating signals for the gate drive circuits. Although SPWM method is
simpler and depends on the comparison of transformed Va, Vb, Vc signals with a
triangular wave at a fixed frequency, SVPWM is better due to less harmonic content
thus smaller THD. Furthermore, switch transitions are smoother, i.e. one switch state
changes at a time, therefore a system with SVPWM has less switching loss compared
to SPWM.

In Figure 3-5, phase A input current waveform for Three Phase PWM Rectifier with
SVPWAM is given. In Figure 3-6, SPWM modulation is applied for the same circuit. It
can be observed that the one with SVPWM has less harmonic content. THD values
are also presented in the figures which are 9.94% for SVPWM and 22.4% for SPWM.
Simulations are performed at 2kHz switching frequency so that the difference can be

more visible. The output power is 50kW and rectifier is fed by 400V grid voltage.
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Figure 3-5 Phase A Input current waveform and THD for SVPWM at 2kHz switching frequency
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Figure 3-6 Phase A Input current waveform and THD for SPWM at 2kHz switching frequency

Effect of different frequencies on these modulation techniques should also be studied.
In Figure 3-7 and Figure 3-8, the simulations at 1kHz and 20kHz switching frequency
for SPWM are conducted respectively. In Figure 3-9 and Figure 3-10, the same
simulations are performed for SVPWM at 1kHz and 20kHz. The output power for the
simulations are 50kW. THD of all simulations conducted for various switching
frequency levels are summarized in Table 1. It can be concluded that as the frequency
increases, the harmonic content of the input current decreases for both modulation
techniques and SVPWM gives better results on every frequency level compared to
SPWM.

The values in Table 1 shows that the THDs of frequencies 10kHz and above are in
small range and close to each other. When deciding the switching frequency of the
system, the values 1 kHz, 2kHz, 5kHz would not be suitable due to their high harmonic

contents. 10kHz and above is better choice because of their lower THD level.
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Figure 3-7 Input current waveform and THD for SPWM at 1kHz switching frequency
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Figure 3-8 Input current waveform and THD for SPWM at 20kHz switching frequency
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Figure 3-9 Input current waveform and THD for SVPWM at 1kHz switching frequency
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Figure 3-10 Input current waveform and THD for SVPWM at 20kHz switching frequency
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Table 1 Input current THD values for SPWM and SVPWM at different frequencies

Frequency (kHz) THD — SPWM (%) THD - SVPWM (%)
1 29.85 10.39
2 22.42 9.94
S 9.31 7.75
10 4.56 4.52
15 3.04 2.87
20 2.29 2.11

Simulations conducted at low switching frequencies also implies that IGBTs have
high input current harmonics considering their conventional switching frequency
range of 2-3 kHz at the output power level of this study, therefore higher THD.
Moreover, because the switching frequency is lower for systems with IGBTs
compared to systems with SiC MOSFETS, the filtering elements are bigger in size, so
the volume of the system is larger. IGBTs have higher switching losses and similar

conduction losses, therefore efficiency is lower for these systems.

3.4. Determining the Switching Frequency

After explaining the modes and operation of the Three Phase PWM Rectifier, the All
SiC Three Phase PWM Rectifier built for this work will be described.

The distinguished and the most important part of the used PWM Rectifier is the
switching elements. Switching elements of the Three Phase PWM Rectifier in this
work consist of new technology SiC MOSFETs which are discussed in the
introduction section. The chosen SiC MOSFETs are CREE CAS300M17BM2. These

transistors have the specifications in Table 2.
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Table 2 Specifications of the MOSFET used in Three Phase PWM Rectifier

Parameter Value Unit
Drain - Source Voltage (\Vds) 1700 \Y
Gate - Source Voltage (Vgs) -5/20 \Y
Drain Current (1d) 325 @ Tc=25°C A
225 @ Tc=90°C
Diode Forward Current (If) 556 @ Tc=25°C A
353 @ Tc=90°C
Junction Temperature (Tjmax) -40 to +150 °C
On-state Resistance (Rds(on)) 8.0 @ Vgs=20V, 1d=300A mQ
Rise Time 72 ns
Fall Time 56 ns

As it can be seen from Table 2, these SiC MOSFET has fast switching characteristics
with having a rise time of 72 ns and fall time of 56 ns. This feature makes it have less
switching losses compared to the Si based MOSFET counterparts at high switching
frequencies such as 10-20 kHz. The other reason for choosing CREE
CAS300M17BMz2 is being only commercially available SiC MOSFET that has 1700
V continuous drain-source voltage level. In our application in Traction Systems R&D
Laboratory, the transient voltages can extent 1200V so the other manufacturers’
available SiC MOSFET options were not considered. CREE CAS300M17BM2 SiC
MOSFET can be observed in Figure 3-11.
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Figure 3-11 CAS300M17BM2 SiC MOSFET from CREE
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As it is mentioned above CREE CAS300M17BM2 SiC Power MOSFET can have
switching frequencies as high as 10-20 kHz. In order to determine the switching
frequency for this application of All SiC Three Phase PWM Rectifier, simulations are
conducted with Wolfspeed SpeedFit Design Simulator. The starting point of the
design process is the maximum junction temperature of the SiC Power MOSFETS. In
the datasheet maximum junction temperature (Tj) is given as 150°C. However, in
order to extend the lifetime of SiC Power MOSFETSs and operate in safe limits, the
maximum junction temperature is specified as 120°C. Furthermore, possible bonding
weaknesses in the chip are also considered for determining the maximum allowable

junction temperature.

The necessary parameters for the simulations are line inductance and heatsink thermal
resistance values. The line inductance in our application is 0.5mH. The value of heat
sink thermal resistance is given in the datasheet of heatsink as a curve changing with
respect to the length of the heatsink which can be observed in Figure 3-12 (Fischer
Elektronik SK 461 400 SA). Length of the heatsink in the PWM Rectifier is 400mm
and forced cooling is performed. Therefore, according to the curve thermal resistance
is 0.018 °K/W.

Ry, [K/W] v=5m/s

0,08
0,07
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0,05
\ . -
L SN sk 440
0,03 < 5K 458
S~ ~— SK 441
=]
100 200 300 [mm)

Figure 3-12 Thermal Resistance Curve of the Heatsink
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The simulations are conducted by taking the above values into consideration to
determine the proper switching frequency for All SiC Three Phase PWM Rectifier.
An example of the simulation is presented in Figure 3-13. In this simulation, for
1000V output DC voltage at 20kHz switching frequency, junction temperature reaches
120°C at 143kW output power. It can be observed that at 20kHz switching frequency,
the switching losses goes higher than 1kW for 143kW output power.

Circuit
| I |
5 B ofn
L[ 05/mH AH H M
gl g2 [=E]
10 e
0 aaas 1000v ()
10 oo
400 V (LL, RMS) [ H =
0z glhs g
H H H
ad I =c) ot
Rin_ha: 0.018 KW
T_amb: 25 °C
System overview
Input Voltage Actual Qutput Switching Efficiency
Power Frequency
400V 143.0 kW 20 kHz 98.62 %
Device overview
Switching Conduction Combined Junction
Losses Temperature
MOSFETs 1.017 kW 951.20 W 1.968 kW 120 °C
Diodes
Converter 1.968 kW
Losses

Figure 3-13 SpeedFit Simulation for 1000V output DC voltage at 20kHz

This simulation is repeated at 10, 15 and 20kHz switching frequencies for various
output dc voltage levels such as 625V, 750V, 800V, 900V and finally 1000V. The
results showing the effects of switching frequency on maximum output power at

junction temperature of 120°C is presented in Figure 3-14. It can be concluded that
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maximum output power changes with the output DC voltage level, i.e. as the output
voltage increases, the maximum output power decreases for the specified junction
temperature level. This heavily depends on the fact that switching losses increase with
the rising drain to source voltage of MOSFETSs.

The effect of switching frequency change is the crucial result of Figure 3-14, since the
maximum output power that can be received from All SiC PWM Rectifier falls with
rising switching frequency because of the increasing switching losses. In our system,
the ability to deliver high output power is desirable, therefore 10kHz switching

frequency is more suitable.
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Figure 3-14 Output power comparison at different switching frequencies for Tj=120°C
In Figure 3-15 the comparison of efficiency for changing output voltage levels at
different switching frequencies is studied while the maximum junction temperature
120°C condition is satisfied. This graph indicates that efficiency of All SiC Three
Phase PWM Rectifier decreases with rising switching frequency. Therefore, it also

confirms the choice of 10 kHz switching frequency for our system.
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Figure 3-15 Efficiency comparison at different switching frequencies for Tj=120°C

Audible hearing range is another effect of switching frequency. Although it changes
according to age and gender, hearing is most sensitive in the 2000 - 5000 Hz frequency
range. Therefore, choosing the system frequency as 10000 Hz will reduce the audible
noise during the operation of the Three Phase All SiC PWM Rectifier.

3.5. THD and Efficiency Analysis

Up to this point, we have investigated the output and efficiency values for the
boundary junction temperature to understand the limits of the PWM Rectifier and to
operate it in safe limits. In this part, we are going to analyze the effect of frequency
change on THD for 750V constant output voltage at 50kW and 100kW output powers.
In SPWM-SVPWM comparison topic, frequency change of SVPWM at 50kW output
power is already examined. In Table 3, the THD variation on these power levels are
given and in Figure 3-16, the graph is presented. As it is expected, the THD values
fall as the switching frequency increases and for every frequency 100kW case has less

THD than 50kW case, therefore less input current harmonics.
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Table 3 THD for changing frequencies at 50 and 100kW output power

Frequency (kHz) 50kW- THD(%) 100kW - THD(%)
2 9.94 5.06
5 7.75 4.01
10 4.52 1.73
15 2.87 1.50
20 2.11 1.12
g 6 — Pout = 50kW
= 57 Pout = 100kW

2.87
212

112

0 5 10 15 20 25
Switching Frequency (kHz)

Figure 3-16 THD for changing frequencies at 50 and 100kW output power

The impact of changing output power is noticed in the simulations above; however,
we can investigate further by expanding the output power range. For that reason, input
current THD variation is simulated for different output power levels from 25kW to
150kW at 750V output DC voltage, 10kHz switching frequency. In Figure 3-17 and
Figure 3-18, the input current waveforms and THD values are given for 25kW and
150kW output power respectively. In Table 4, THD and efficiencies are presented at
6 different output power from 25 to 150kW and their graph can be seen in Figure 3-19.
It can be concurred that efficiency is decreasing with rising output power for fixed
output voltage, since switching and conduction losses increase. Moreover, rising

output current makes conduction losses dominant which can be observed in Table 5.
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Figure 3-17 Input current waveform and THD for 25kW output power
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Figure 3-18 Input current waveform and THD for 150kW output power
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Table 4 THD and efficiency values for different output power levels

Output Power (KW) THD(%) Etficiency(%)
o 8.9 99.63
50 458 99.53
75 3.09 99.45
150 1.68 99.23
s i 99.55
Q§ 5 . 99.45 g s
S 458 99.38 99.4 G
. E Efficiency
5 \\"‘ﬁiogn 99.31 o
i ""“**u;ﬁas‘-‘¥‘ﬂ_k% _ 99.3
. 5023 99.25
. 99.2

Output Power

Figure 3-19 THD and efficiency values for different output power levels

Table 5 Switching and conduction losses for different output power levels

Output Power Conduction ~ Combined Junction
(kW) Switching Loss (W)  Loss (W) Loss(W)  Temperature(°C)
25 62.95 26.04 89.00 29
50 128.18 102.86 231.04 36
75 191.84 212.25 404.09 44
100 253.33 358.64 611.97 54
125 335.92 553.37 869.29 66
150 379.59 804.95 1185 81
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Lastly, effect of different output voltage levels on the input current THD and
efficiency is investigated for 100kW output power, 10kHz switching frequency. In
Table 6, THD and efficiency for different output voltage levels are presented and its
graph can be seen in Figure 3-20. This time the switching frequency is dominant with
the rising output voltage level which can be deduced from the simulation results in
Table 6. Therefore, the efficiency falls as the output voltage increases. THD makes a
bottom at the 750V output DC voltage. The reason can be presumed as follows: Pl
controllers of the All SiC PWM Rectifier are optimized for the 750V output voltage,
thus the least harmonics are achieved at that voltage level.

Table 6 THD and efficiency values for different output voltage levels

Output Voltage (V) THD(%) Efficiency(%)
625 2.04 99.46
750 1.73 99.39
800 2.49 99.36
900 2.69 99.31
1000 2.86 99.24
3 : i g6 99.45
T 2 ire V 99.36 o g
|:D_: 15 9931 . é ;:\Dciency
993

Output Voltage (V)

Figure 3-20 THD and efficiency values for different output voltage levels
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Table 7 Switching and conduction losses for different output voltages

Output Conduction ~ Combined Junction
Voltage (V)  Switching Loss (W)  Loss (W) Loss(W)  Temperature(°C)
625 211.44 333.02 544.45 51
750 253.33 358.64 611.97 54
800 270.07 367.23 637.31 55
900 303.85 382.41 686.26 58
1000 358.83 397.05 755.89 61

3.6. Simulation Results

Simulations for the All SiC Three Phase PWM Rectifier is performed on PSIM 9.0
power electronics simulation software. The schematic of the simulation for

rectification can be observed in Figure 3-21.

P B 7 7 S £ ® | @
\ [ ‘ <> Eectroncon ~ _W i
N | 1 . + T aoe ! JJ[*E‘
| o e e T s Ia

IV B i

Voltage and o

current
control loop

Space
Vector
PWM

=} Bej- . PLL

Figure 3-21 Schematic of Three Phase PWM Rectifier

The lower voltage limit for Three Phase PWM Rectifier arise from the fact that anti-

parallel diode rectifies the voltage even if MOSFETSs are blocked for conduction.
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Therefore, the system behaves as three phase diode bridge rectifier with dc-link
capacitor which has high capacitance (4700uF). The limit is approximately the peak
of line-to-line input voltage (565V). The schematic and the simulation for the circuit
can be seen in Figure 3-22 and Figure 3-23 respectively.

400 @ A00u J QESJ QJ
- o © AT - @ Vout
2 G,
L S e A 4muf zanD:D [
- e %35 |
E_ I i
Figure 3-22 Schematic of Three Phase PWM Rectifier with gates of MOSFETS blocked
Vout
564.75
564.7
564.65 /\

564.6

564.55

8.585 8.59 8.595 86
Time (s)

Figure 3-23 Output DC voltage of the rectifier when gates of MOSFETS are blocked for conduction
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The average output voltage of this circuit without the dc-link capacitor can be
calculated from this formula:

3V3 (3.10)

Vdc =V, * -

Where Vm is the peak of line-to-neutral input voltage. It can also be written as:

vd \/ZV 3v3
C = — 7 X
f_3 -1

=135V, (3.11)

The simulations are conducted for 625V, 750V, 800V, 900V and 1000V output dc
voltage levels. The load is chosen as 4.5Q resistive load. The variations of input
current waveforms and output dc level voltage can be observed between Figure 3-24

and Figure 3-28. In all simulations unity power factor is achieved.

The three phase AC input current waveforms and output dc voltages are demonstrated

in the same figure for each output voltage level.

Ve =625V

-

Pout = 86.8kW

T

Figure 3-24 AC input currents and DC output voltage waveforms for 625Vdc
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Figure 3-25 AC input currents and DC output voltage waveforms for 750Vdc
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Figure 3-26 AC input currents and DC output voltage waveforms for 800Vdc
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Figure 3-27 AC input currents and DC output voltage waveforms for 900Vdc
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Figure 3-28 AC input currents and DC output voltage waveforms for 1000Vdc

Inversion operation is also examined. For the inversion the following schematic shown
in Figure 3-29 is formed. From the dc link side, a 1000V dc voltage source is

connected and the dc link control reference value is set to 750Vdc. The result of the
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simulation demonstrating the output dc value and phase-A current and voltage
waveforms can be observed in Figure 3-30.
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Figure 3-29 Schematic for inversion operation
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Figure 3-30 Output dc value and phase-A current and voltage waveforms

Transient response of the Three Phase PWM Rectifier also studied in simulations.

Peak voltage is observed at 6.05 milliseconds and settling time as 51.43 milliseconds
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at 750 V output DC value by adjusting the gain and time constant of voltage and
current P1 controllers. The control system has a fast response and settles quickly to the

desired output voltage value. The response can be seen in Figure 3-31.

Vde

Peak
[0.00605061 , 881.973)

Settling time

800 [0.0514301 , 763.958]

\
m;\/
|
|

-200

Time (s)

%1 ¥2
Time £.0506051e-003 £.14307143e-002
wdo 5.8137303e+002 7.B395818e+002

Figure 3-31 DC output voltage transient response for 750Vdc output dc voltage — underdamped response

Lastly, the dynamic response of the Three Phase PWM Rectifier is studied, i.e. during
the operation of PWM Rectifier the load resistance level is changed so that the

response of the system can be examined.

At the start of the simulation, 30Q resistor is connected to the dc link of the PWM
Rectifier. After 2.5 seconds, the load is changed to 4.5 Q. As it can be seen from Figure

3-32, Vdc and lload reach their final values after the dynamic response time.
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Figure 3-32 Dynamic response of Three Phase PWM Rectifier

3.7. Implementation of All SiC Three Phase PWM Rectifier

All SiC Three Phase PWM Rectifier is given in Figure 3-33. The components it
consists of are clarified on the figure. How the materials are chosen for this application
of All SiC Three Phase PWM Rectifier are explained thoroughly in [11].

In Table 8 Nominal values of components in All SiC Three Phase PWM Rectifier and

their manufacturer part numbers are presented.

In Figure 3-33, the picture of the All SiC Three Phase PWM Rectifier built in the
laboratory and all materials used in the rectifier are given. To manufacture the PWM
Rectifier cabinet, the drawings of cabinet are implemented in SolidWorks software.
In Appendix A, these drawings can be observed. In Figure 3-34, from AC to DC side

the materials used in the rectifier can be seen in schematic form.

The close-up picture of power, control, DSP PCBs and SiC MOSFET drivers are
shown in Figure 3-35. The PCBs were manufactured in ASELSAN UGES for traction
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converters and their functionality was already proven in field. Therefore, it only
required coding for DSP in order to use it in All SiC Three Phase PWM Rectifier.

Table 8 Nominal values of components in All SiC Three Phase PWM Rectifier

Component Manufacturer- Part Number  Nominal Value  Unit
Line Boost Inductor Mangoldt - 1042215 0.5 mH
Voltage Transducer LEM - LV25-1000 1000 \V/
Current Transducer LEM - LF500S 500 A
Soft-start Resistor REO - BW 154/200 1000 Q

200 W

Soft-start Contactor ABB TAL 26-30-10 690 vV
Main Contactor SCHNEIDER LC1F300 440 Vv
330 A

SiC MOSFET CREE - CAS300M17BM 1700 Vv
300 A

MOSFET Driver CREE - PT62SCMD17 +20/-6 \Y

46



DCLink Current
transducer

DC Link Voltage
transducer

Current transducers «——

ACInput Voltage
transducers

Power and control
PCB

» SiC MOSFETs and
drivers

- Softstart contactor

Main three phase
contactor

Softstart resistor

——p Line boost inductors

Figure 3-33 All SiC Three Phase PWM Rectifier built in laboratory and used components
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Figure 3-34 All SiC Three Phase PWM Rectifier schematic and used components
Power Supply DSP
Board Board
Main
Board
SiC MOSFET

Gate Drives "

Figure 3-35 Close up picture of boards and SiC MOSFET Gate Drives

In Figure 3-35 the boards are placed on top of the power stage of the All SiC PWM
Rectifier which are all self-designed. In Figure 3-36, layers of the power stage are
shown from the heat sink to metal film DC link capacitors. First, three half bridge SiC
MOSFETS placed on heatsink with thermal paste. Then laminated DC bus with DC
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link capacitors is assembled on the MOSFETS. After that, three phase AC bus is placed
on top of the DC bus with plastic spacers. Electrical connection between AC bus and
the MOSFETS are accomplished by conductive copper spacers.

—

Fischer Elektronik Heatsink
(forced air cooling)
LxWxH: 400mmx400mmx88mm

Leg1 Leg 2 Leg 3
CAS300M17BM2 SiC MOSFETs

Metal Film DC Link
Capacitors

(b)
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(©

Figure 3-36 Layers of power stage of All SiC Three Phase PWM Rectifier (a) SIC MOSFETS on heatsink (b) DC
Bus with DC Link Capacitors (c) Three phase AC bus

3.8. Discussion

Space Vector PWM modulation technique when compared the Sinusoidal PWM
through various frequency levels showed that SVPWM results in less input current
harmonic components, thus THD. Determining the switching frequency carried out by
considering the thermal limits i.e. junction temperature of switching element.
Simulations on different output voltages for the limit junction temperature
demonstrated that PWM rectifier has higher output power capacity at 10 kHz
switching frequency compared to 15 kHz and 20 kHz. The parameters affecting the
input current THD and efficiency are investigated as well. The simulations revealed
that THD gets lower as the switching frequency increases. Rising output power at
constant output voltage leads to reduced efficiency and THD. Efficiency decreases
since conduction losses increase with square of current, therefore they become
dominant as the output power rises. When we keep the output power constant and
increase the output voltage level, efficiency decreases. This time switching losses

become more dominant with rising drain to source voltage on SiC MOSFETSs.
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CHAPTER 4

EXPERIMENTAL WORK

In experimental work chapter, laboratory experimental setup, experimental results for
both rectification and inversion, efficiency and finally harmonic spectrum of the
system are investigated. Each application discussed in chapter 2 demands different
output power and output voltage. For instance, battery charger application demands
narrow output voltage ranges for different periods of its operation. At the beginning
of the charging, low voltage and high current, at the end of charging period high
voltage and low current is needed. In AC Motor Drive, output voltage is constant
whereas output power transferred to inverter is changing. For resistive furnaces,
rectifier output voltage, thus power is varied. DC Motor Drive needs variable output
voltage and Synchronous Motor Field Exciter needs boosting action of output voltage
for stability. Consequently, experiments are conducted for various output power

ratings for each output voltage level.
4.1. Experimental Setup

In this part, experiments conducted on the laboratory setup are presented. These results
are obtained from the implemented All SiC Three Phase PWM Rectifier cabinet
shown in Chapter 3. In this setup, the Three Phase PWM Rectifier is energized from
the Distribution Panel constructed for this work which gives three phase line-to-line
400VAC 50Hz voltage to the PWM Rectifier. The distribution panel is presented in
Figure 4-1. The electric project of the laboratory is drawn in order to construct the

experimental setup in the laboratory. The electric project can be seen in Appendix B.
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Figure 4-1 Distribution Panel

At the entry of the distribution panel there is a 4-pole circuit breaker connected to the
main grid which has line-to-line 400VAC 50Hz voltage. The voltage and current at
the input of the circuit breaker is examined via “Mains” ammeters and voltmeters.
Output of the 4 pole circuit breaker is connected to two 3-pole circuit breakers. One
of them is responsible for the safe transfer of power to the Three Phase SiC PWM
Rectifier cabinet. The current and voltage at the output of the circuit breaker is
observed via ammeters and voltmeters as well. These measurement and safety devices

can be observed in Figure 4-1.

In the experimental procedure, the results are obtained with two different load types.
The main load of the All SiC PWM Rectifier is AC Induction Motor. PWM Rectifier
feeds the AC Induction Motor through an inverter. Due to the fact that the AC
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Induction Motor has rated power of 130 kW, a resistive load is also connected the

output of the PWM rectifier so that higher power can be achieved.

The laboratory setup used for this configuration is given in Figure 4-2. The total
system consists of Three Phase All-SiC PWM Rectifier, All-SiC Traction Inverter,
Induction Motor and Resistive Load. Also, in order to simulate the load on the
induction motor, a generator which is driven by a dc-link converter is used. The dc-
link converter is commercial motor drive with active front end. There is also a
flywheel coupled to the shaft of the motor which is used to simulate the saved and

released kinetic energy during induction motor operation.

J
1
All sic All siC DC-Link Converter
~ PWM Rectifier Traction Inverter with Active Front End
z
2 AC Induction M
g N Motor Flywheel Loading Generator
g —M _JH* Vde JM— ,”—I I_”,_' _| _|
5 ' Al
=
Y
o0
Prates = 125kW Pratea = 130kW
F ateqa = 60HZ 30 kg.m! Frateq = 60HZ
: Viaea = 480V Viatea = 430V I
I Nateg= 1775rpm Neatea = 1775rpm :
Motor Load
— 1
1AWV
! 1
| Resistive Load I
I
Total Load

Figure 4-2 System scheme for AC Induction Motor load configuration

The specifications of AC Induction Motor can be seen in Table 9.
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Table 9 Specifications of AC Induction Motor

Motor Parameters Rated (S1) Maximum (S2)

P [kW] 130 160
U[V] 475 475
fnl [Hz] 60 60

11 [A] 200.3 244.5

n [U/min] 1779 1773

Mn [Nm] 670.9 861.9

cosfi 0.8112 0.8527

eta [%] 93.5 93.29

The specifications of Loading Generator which is also an induction motor used in

generator mode can be seen in Table 10.

Table 10 Specifications of Loading Generator

Motor Parameters Rated (S1) Maximum (S2)

P [kW] 125 160
U[V] 430 430
fnl [HZz] 60 60

11 [A] 231.9 280.8

n [U/min] 1776 1770
Mn [Nm] 672 862
cosfi 0.80 0.84

eta [%] 93.4 91.4

The parameters represent the following values for motor:
P: Motor power

U: Motor voltage

fnl: Frequency

I11: Current

54



n: Speed in rpm
Mn: Torque

cosfi: Power factor
eta: Efficiency

The images of All SiC Traction Inverter, AC Induction Motor - Flywheel - Loading
Generator system, DC-Link Converter and resistive load can be seen in Figure 4-3.

© (d)
Figure 4-3 (a) All SiC Traction Inverter (b) DC-Link Converter (c) AC Induction Motor — Flywheel — Loading
Generator System (d) Resistive Load

The control structure of this system can be seen in Figure 4-4. In this scheme, All-SiC
PWM Rectifier and All-SiC Inverter are controlled from MATLAB/Simulink program
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on a PC through CAN BUS interface which is converted to USB with a USB/CAN
converter. The DC-Link Converter which drives the load generator has a PROFIBUS
interface and connected to PLC. PLC communicates with the second desktop PC
through Ethernet interface and the control of PLC is maintained with the Codesys
software of the Eaton PLC. (XC-CPU202)

All 5iC All 5iC
PWM Rectifier Traction Inverter

i

CAN BUS

DC-Link Converter with PFC

PROFIBUS

USB UsB/cAN ETHERNET
Py Py

Figure 4-4 Main control of All-SiC PWM Rectifier and All-SiC Traction Inverter on MATLAB/SIMULINK

4.2. Experimental Results
4.2.1. Rectification Mode

As mentioned before, All-SIiC Three Phase PWM Rectifier can be used in both
Rectification and Inversion Mode. In this part, the results acquired with the systems

mentioned in previous section are presented.

All-SiC Three Phase PWM Rectifier operated in various output voltage levels at
different loads. These voltage levels include 625V, 750V, 800V, 900V and finally
1000V. It should be emphasized that all results of the experimental work show the
unity power factor as aimed for. For the measurements Tektronix MDO 3034 Mixed

Domain Oscilloscope is used.
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4.2.1.1. Input and Output Waveforms for 625 Vdc Output Voltage Level

Phase A input line to neutral voltage and input current, the DC output current and
voltage are presented for rectification mode of operation through Figure 4-5 to Figure

4-9. The experiments are conducted for various load levels.

>
N
>

: | | ; | | | | _ Pout=S6kW
& >o0v 10.0ms 100kS/s e 22 Apr 2019
® 50v 2004 @ 10k points 210 10:35:39

Figure 4-5 Input line to neutral voltage, input current, output dc voltage and output dc current for 56
kW output power
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Pout = 87.5kW

@& 50V & 200: @ 10.0ms 100kS/s \ 22 Apr 2019
& 50V 2004 @ B+¥0.000000 s 10k points 210 ¥ 10:37:11

Figure 4-6 Input line to neutral voltage, input current, output dc voltage and output dc current for
87.5kW output power

Tekstop_ _ = : it : 1

Pout = 112.5kW

& =5o0v @ 2004 < 10.0ms 100kS/s N 22 Apr 2019
250y 008 @ 0+¥0.0000005 10k points 10v 10:55:08

Figure 4-7 Input line to neutral voltage, input current, output dc voltage and output dc current for
112.5kW output power
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Figure 4-8 Input line to neutral voltage, input current, output dc voltage and output dc current for
137.5kW output power

Pout =187.5kW

& =o0v & 2004 O 10.0ms 100kS/s ® 22 hpr 2019
250 ¥ 2004 @ @+¥0.0000005 10k points -215 v 16:30:47

Figure 4-9 Input line to neutral voltage, input current, output dc voltage and output dc current for
187.5 kW output power
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4.2.1.2. Input and Output Waveforms for 750 Vdc Output Voltage Level

Input and output waveforms are given for rectification mode of PWM Rectifier for
750 Vdc output voltage through Figure 4-10 to Figure 4-14.

Pout =37.5kW !

@& oV @& 008 O 10.0ms 100kS/s e 21 hpr 2019
250 V 1004 @ TR 10k points 210 ¥ 17:37:57

Figure 4-10 Input line to neutral voltage, input current, output dc voltage and output dc current for
37.5kW output power

Pout = 62.5kW

& ov @ 004 < 10.0ms 100kS/s ® 21 Apr 2019
250 V 1004 @ -+~ 10k polnts 210V 17:36:56
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Figure 4-11 Input line to neutral voltage, input current, output dc voltage and output dc current for
62.5kW output power

Tekstp [

Pout = 100kW -

& o0v @ 00: < 10.0ms 100kS/s e 21 Apr 2019
250 ¥ @ 10s O -0, 0 10k points 210 17:35:45

Figure 4-12 Input line to neutral voltage, input current, output dc voltage and output dc current for
100kW output power
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)

Figure 4-13 Input line to neutral voltage, input current, output dc voltage and output dc current for
135kW output power
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Pout = 165kW |

@ oV 10.0ms 100kS/s 3 Y 22 Apr 2019
250 V @ 2004 9 10k points -215 v 16:47:49

Figure 4-14 Input line to neutral voltage, input current, output dc voltage and output dc current for
165kW output power

4.2.1.3. Input and Output Waveforms for 800 Vdc Output Voltage Level

Phase A input line to neutral voltage and input current, the DC output current and
voltage are given for rectification mode of operation through Figure 4-15 to Figure

4-18. The experiments are conducted for various load levels.
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Figure 4-15 Input line to neutral voltage, input current, output dc voltage and output dc current for

36kW output power
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Figure 4-16 Input line to neutral voltage, input current, output dc voltage and output dc current for
72kW output power
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Figure 4-17 Input line to neutral voltage, input current, output dc voltage and output dc current for
112kW output power
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Figure 4-18 Input line to neutral voltage, input current, output dc voltage and output dc current for
144kW output power
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4.2.1.4. Input and Output Waveforms for 900 Vdc Output Voltage Level

Input and output waveforms are given for rectification mode of PWM Rectifier for
900 Vdc output voltage from Figure 4-19 to Figure 4-22.

VY,

AARAAA
v YV VIV

Pout = 36kW -

& ov 10.0ms 100kS/s e 22 Apr 2018
250 1004 O ‘ 10k points -215 v 17:51:30

Figure 4-19 Input line to neutral voltage, input current, output dc voltage and output dc current for
36kW output power
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Figure 4-20 Input line to neutral voltage, input current, output dc voltage and output dc current for
72kW output power

Pout.= 117kW |

@& 50V @ 1004 O 10.0ms 100kS/s \ 22 Apr 2019
& 50v 5004 @ +¥5.400000ms 10k points -215 ¥ 17:48:42

Figure 4-21 Input line to neutral voltage, input current, output dc voltage and output dc current for
117kW output power
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Pout = 160kW |

& =ov ) 10.0ms 100kS/s ® 22 Apr 2019
& 50 2004 @ rv 10k points -215 v 17:46:31

Figure 4-22 Input line to neutral voltage, input current, output dc voltage and output dc current for
160kW output power

4.2.1.5. Input and Output Waveforms for 1000 Vdc Output Voltage Level

Phase A input line to neutral voltage and input current, the DC output current and

voltage are given for rectification mode of operation in Figure 4-23 and Figure 4-24.
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Figure 4-23 Input line to neutral voltage, input current, output dc voltage and output dc current for
56kW output power

Pout = 160kW -

& v @ 004 < 10.0ms 100kS/s ® 22 Apr 2019
250 2004 @ 05,4 . 10k points -215 ¥ 17:58:14

Figure 4-24 Input line to neutral voltage, input current, output dc voltage and output dc current for
160kW output power
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4.2.2. Inversion Mode of Operation

Inversion mode of operation achieved by using the AC Induction Motor in generator
mode so the power is transferred from the DC side to the AC side of the All-SiC PWM
Rectifier and fed to the grid. The scheme can be observed in Figure 4-25.

/]
1
All sic All SiC DC-Link Converter
- PWM Rectifier Traction Inverter with Active Front End
=
2 AC Induction M
g . Motor Flywheel Loading Generator
SH—— 5 || | —H— -
5 _ Al
=
o
m
Pratea = 125kW Pratea = 130kW
Fratea = 60HZ 30 kg.m?  Frotea= 60Hz
: Viarea = 480V Viatea = 430V I
| Negteg= 1775rpm Neatea = 1775rpm }

Circuit

b 4 Vo
Breaker Motor Load
LW

w_/

Resistive Load

Figure 4-25 Power flow direction on All SiC PWM Rectifier during inversion

The inversion mode of operation is performed in three different voltage levels; 750 V,

800V and 900V.

4.2.2.1. Inversion Input and Output Waveforms for 750Vdc Voltage Level

Input and output voltage and current waveforms of inversion mode of operation can

be observed in Figure 4-26 to Figure 4-31.
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Figure 4-26 Inversion mode input and output voltage and current waveforms for 22.5kW power

: Z : : : I : ; © Pout=525kW:
@ =0V v @ o0h o 10.0ms 100kS/s s 9 Mar 2019
& 50V & w004 ¢ Jlmso.oos 10k points 285 14:37:01

Figure 4-27 Inversion mode input and output voltage and current waveforms for 52.5kW power
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Figure 4-28 Inversion mode input and output voltage and current waveforms for 71.25kW power

Pout = 97.5kW |

& =0V 8w @ 00sr O 10.0ms 100kS/s ® / 9 Mar 2019
& 0V & 00 @ i 50.00 % 10k points 285 ¥ 14:40:15

Figure 4-29 Inversion mode input and output voltage and current waveforms for 97.5kW power
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Figure 4-30 Inversion mode input and output voltage and current waveforms for 112.5kW power

N
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& =0v % @ 1004 o Jisooo 10k points 285 v 14:42:05

Figure 4-31 Inversion mode input and output voltage and current waveforms for 127.5kW power
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4.2.2.2. Inversion Input and Output Waveforms for 800Vdc Voltage Level

Inversion mode input and output voltage and current waveforms for 800Vdc dc-link
voltage level are given in Figure 4-32.

Tek Stop I ]

: ; ; : I : : : Pout = 136kW
& =0V & 10.0ms 100kS/s © 11 Mar 2018
250 ¥ 008 @ 10k points 285 ¥ 19:30:50

Figure 4-32 Inversion mode input and output voltage and current waveforms for 136kW power

4.2.2.3. Inversion Input and Output Waveforms for 900Vdc Voltage Level

Input and output voltage and current waveforms of inversion mode of operation for
900Vdc can be observed in Figure 4-33.
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Figure 4-33 Inversion mode input and output voltage and current waveforms for 120kW power at
900Vdc dc-link voltage

4.2.3. Efficiency Calculations for All-SiC Three Phase PWM Rectifier

After obtaining the results of All-SiC Three Phase PWM Rectifier, the efficiencies of
the power layer of the rectifier are calculated based on the oscilloscope waveforms.

Power layer consists of the switching elements of the PWM Rectifier.

The output power and the input power of the rectifier are calculated and efficiencies

are found according to these equations:

Pout = Vdc = Idc 4.1)

Pin = 3+ Vin* lin 4.2)
Pout

= 4.3

n = 100 * Pin 4.3)
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In these equations; Pout is the output power, Pin is the input power, Vin is the rms
value of input line to neutral voltage, lin is the rms value of input line current and n is

the efficiency.

The method of finding the efficiency from MATLAB by using the oscilloscope

waveforms are given in the following procedure.
4.2.3.1. Efficiency Calculation Method

1. The oscilloscope waveform .csv file from which the efficiency will be
calculated is imported to MATLAB. Data consist of input current, input
voltage, output current and output voltage.

2. The input current and the output current are filtered by a lowpass filter to get
rid of high frequency components. The original waveform and filtered

waveform can be observed in Figure 4-34 and Figure 4-35.

Rectifier Input Voltage Waveform and Fundamental
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Figure 4-34 Rectifier Input VVoltage Waveform and Filtered Waveform
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Rectifier Input Current Waveform and Fundamental
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Figure 4-35 Rectifier Input Current Waveform and Filtered Waveform

. The power factor is calculated from number of data points between the current
and voltage waveforms (filter delays are also considered):

For this waveform:

The period is: 1994 data points

The phase difference between voltage and current is: 4 data points

The phase difference in degrees: (4/1994) * 360 = 0,72°

The p.f: cos (0,72°) = 0,99992

. The rms values of the waveforms are calculated.

Mean values of the output DC current and voltage are calculated.

Input and output power, then efficiency is calculated with the rms and dc
values found in previous steps.

Vrms= 228.2399

Irms= 172.4420

pf=0,99992

Idc=155,7231 A

Vdc=751,1817 V

Therefore, the efficiency becomes:
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100 * (155,7231 * 751,1817) /(3 * 228,2399 x 172,4420) = 99,07%

In Table 11 the efficiencies found for rectification and inversion mode of operation

are given. In Figure 4-36, the graph is generated from Table 11.
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Table 11 Efficiencies for Rectification and Inversion

Rectification

Output KVA Efficiency Inversion Efficiency
25 99.38 99.35
50 99.32 99.27
7 99.25 99.17
100 99.19 99.08
125 99.07 98.97
150 98.95 98.78

Rectifier Efficiency for 750V DCLink

25,99.38 —s—Rectification

25,99.35 50, 99.32

Inversion

75,99.25
50,99.27 100, 99.19

75,99.17

125,99.07
100, 99.08

150, 98.95
125, 98.97

150, 98.78

20 40 60 20 100 120 140 160
Power Ratings (kVA)

Figure 4-36 Rectification and Inversion Mode Efficiencies

The theoretical efficiencies are also calculated with SpeedFit Design Simulator from
the SiC MOSFET manufacturer CREE Wolfspeed website. An example for SpeedFit
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Design simulation is demonstrated for 750V output dc voltage and 125kW output
power in Figure 4-37 using CAS300M17BM2 SiC MOSFET half-bridge modules.
Switching frequency is designated as 10 kHz, same as the experimental setup.

Circuit
[ 7 I
L
|? S 750V C‘)
5 ARAR
400 V (LL, RMS) _EES A’—EES K—{EES
gd I R E

Rih_ha: 0.018 K/W
T_amb: 25 °C
System overview
Input Voltage Actual Output Switching Efficiency
Power Frequency
400V 125.0 kKW 10 kHz 99.31 %
Device overview
Switching Conduction Combined Junction
Losses Temperature
MOSFETs 3614w 543.04 W 864.18 W 63 °C
Diodes
Converter 86418 W
Losses

Figure 4-37 SpeedFit Design Simulation for 125kW output power

The theoretical result is estimated as 99.31% with 316.14W switching, 548.04W
conduction losses by the simulator software. In the following table and graphs, the

comparison of theoretical and experimental efficiencies is given for rectification and
inversion mode of PWM Rectifier.
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Efficiency (%)

Table 12 Theoretical and Experimental Efficiency Comparison for Rectification Mode

Experimental

Output KVA Efficiency  Theoretical Efficiency
25 99.38 99.63
50 99.32 99.53
7 99.25 99.45
100 99.19 99.38
125 99.07 99.31
150 98.95 99.23

Table 13 Theoretical and Experimental Efficiency Comparison for Inversion Mode

Experimental

Output kKVA Efficiency  Theoretical Efficiency
25 99.35 99.6
50 99.27 99.5
75 99.17 99.3
100 99.08 99.2
125 98.97 98.9
150 98.55 98.6

Rectification Efficiency Comparison

1000 —e— Experimental

99.53 Theoretical
99.45 99.38

99.5 99.31

99.63

99.23

99.4 99.3

99.0 99.3 99.2
99.1
99.0

98.5
98.0
97.5

97.0
0 20 40 60 80 100 120 140 160

Power Ratings (kVA)

Figure 4-38 Theoretical and Experimental Efficiency Comparison for Rectification Mode
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Figure 4-39 Theoretical and Experimental Efficiency Comparison for Inversion Mode

Experimental measurements are obtained with Tektronix MDO 3034 Mixed Domain
Oscilloscope using following instruments.

e AC and DC currents:
Tektronix TCP404XL High Current Probe
(Accuracy, Typical < 1%, Warranted < 3%)
e AC and DC voltages:
Tektronix PS205A High Voltage Differential Probe
(Accuracy, Typical < 2%)

At this point, the accuracies above stated by the Tektronix company should also be
minded when evaluating the results. If we visit the calculation at the beginning of the

topic and apply the maximum accuracies, the following result is obtained:

Vrms= 228.2399 * 4.5648 V
Irms=172.4420 + 1.7244 A
Idc=155.7231 + 1.5572 A

Vdc=751.1817 + 15.0236 V
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In order to get minimum limit of the efficiency, maximum input power and minimum

output power is calculated:

pf= 0.99992
Pin= 121630.55
Pout= 113490.45
n =93.31%

General expression for calculating minimum accuracy of efficiency ( for 2% voltage,
1% current accuracy):

Mmin = M %> =1 % 0.9418

The corresponding power and efficiency accuracy values with respect to given current

and voltage accuracy of probes summarized in Table 14.

Table 14 Accuracy values of power and efficiency

Current Voltage Power Efficiency
Accuracy 1% 2% ~3% ~6%

1. Measurements can be improved in order to obtain efficiency that is more
accurate. First, a power analyzer, which has better accuracy levels provided by
the manufacturer should be chosen for the measurements. For instance,

Yokogawa WT3000 offers following accuracies:
e Current and voltage measurements: 0,01% of reading

e Power measurements: 0,02% of reading

2. The other important feature offered by power analyzer is ability to acquire
simultaneous measurements for input and output. By using same instrument,
the error occurs from using two different device is eliminated. The efficiency

is more accurate than using individual current and voltage meters.
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3. Thermal steady state condition is another factor that should be ensured in order
to obtain accurate efficiency. Thermal steady state can be achieved by defining
a settling time for the system then waiting settling time to be reached before

taking measurements.

4. The current and voltage should be measured directly from the terminals of the

device so that losses originated from wiring and contact resistant is avoided.

5. Ability to take sequential measurements of current and voltage, then obtaining
their average value and multiplying to calculate power would also provide

more accurate efficiency value.

6. Calibration of the measurement instrument should be performed on

predetermined periods.

7. Sampling frequency of the device should be higher than twice of the measured
signal. As the sampling frequency gets higher, the accuracy of the
measurements gets better. Therefore, sampling frequency should be as high as

it can get.

However, in order the examine the measurements, a test setup is implemented for the
voltage and current probes. Differential voltage probe is examined by taking
measurements of 1000V DC voltage with Tektronix PS205A and LEM LV25-1000
voltage transducer at the same time from the same power supply which is presented
in Appendix D. A high precision 10Q measuring resistance is connected to the output
of LEM LV25-1000 voltage transducer which has 1000V:25mA ratio. The
measurements are observed on the Tektronix MDO 3034 Mixed Domain Oscilloscope

screen.

Current probe is examined by taking measurements of 250A DC current with
Tektronix TCP404XL High Current Probe and LEM LF 510-S current transducer
(Appendix D). Output of the transducer is 50mA when 250A DC current passes
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through the primary side. A high precision 10Q2 measuring resistance is connected to
the output of the transducer. The measurements are observed on the Tektronix MDO
3034 Mixed Domain Oscilloscope screen. Devices are also calibrated before taking
the measurements for the efficiency calculations. Furthermore, in order to place the

cable in the center of clamp, cable is wrapped with an anti-static pad.

In conclusion, according to accuracies provided by measurement instrument
manufacturer, the measurement uncertainty is high for determining the system
efficiency. This is because, the efficiency of the system is expected to be around 99%
and the accuracy range of probes results in wide margins on the calculated
experimental efficiency. However, examining the measurements of probes by
comparing them to measurements of voltage and current sensors and theoretical results
being close and consistent to the experimental results shows the experimental

efficiency is realistic and provides insight about the system efficiency.

4.2.4. Harmonic Spectrum of the Input

During the tests conducted in the laboratory harmonic spectrum of the input current
and input voltage are recorded with Hioki PW3198 Power Quality Analyzer for
125kW input power. The input voltage and current waveforms and power level are

recorded as well.

Current and voltage waveform, power level, current and voltage harmonic spectrum

can be observed in Figure 4-40 to Figure 4-45.

In Figure 4-44 it can be seen that the voltage THD is 1.16%. In IEEE Std 515, the
THD upper limit for general applications are defined as 5%. All SiC Three Phase
PWM Rectifier is clearly under this limit.

In Figure 4-45 current total harmonic distortion i.e. ITHD is measured as 3.83%. The
current harmonics are under limits as well according to current distortion limits in

IEEE Std 519 which states that up to 11th harmonic, their percentage should be smaller
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than 4%. In Figure 4-45, 3" harmonic is 2.82 and 5™ harmonic is 2.45, therefore the

PWM Rectifier is operating in limits of regulations.

i |f:-50.018H=

300.00 V/div  300.00 V

— 2018/85/12
HOLD 16:33:54

Figure 4-40 Input current and voltage waveforms observed at 125kW input power
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Figure 4-42 Input line-to-line voltages and their THD values
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Figure 4-44 Harmonic spectrum of input voltage and THD value
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Figure 4-45 Harmonic spectrum of the input current and THD level

FFT of the AC side current waveform also recorded with oscilloscope and calculated
with short MATLAB code by importing csv file. Similar results are acquired. The FFT
spectrum, 2", 39 and 5™ harmonic values are given in Figure 4-46. MATLAB m file

code presented in Appendix E.
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Figure 4-46 Harmonic spectrum of the AC current waveform

4.3. Discussion

Experimental work showed that All SiC Three Phase PWM Rectifier is capable of
providing various output power levels on output voltage range from 625V to 1000V.
Both rectification and inversion operations are implemented keeping the unity power
factor. Result of harmonic spectrum analysis demonstrated that input current THD is
3.83% at 750V output DC voltage, 125kW output power level. This THD value seems
a little higher than expected when compared to the result of simulation in Table 4
which is 1.96%. 3.83% is under the limits; however, as we have deduced from the
analysis in Chapter 3, input current THD gets higher when the output power decreases.
Therefore, reducing this value would be beneficial for the system. This value can be
decreased by improving the control parameters, applying harmonic elimination
methods or increasing the switching frequency by paying regard to switching device

thermal limitations.
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CHAPTER 5

CONCLUSION

All SiC Three Phase PWM Rectifier with variable output voltage levels is studied in
this thesis work. Due to advantages of SiC such as high thermal conductivity and high
melting point, SiC Power MOSFETSs can work in high temperatures and high electron
velocity contributes to working in high switching frequencies. These benefits of SiC
power MOSFETSs let us build converters that have high efficiency and high power
density. In Traction Systems R&D Laboratory converters with SiC Power MOSFETSs
are designed and implemented. In this work All SiC Three Phase PWM Rectifier with
variable output voltage is explained. Due to controllable variable output voltage, the
All SiC Three Phase PWM Rectifier can be used in many areas in the industry. These

areas are summarized as:

e Resistive furnaces; Electric heating
DC Motor Drive

e Synchronous Motor Field Exciter

e Battery Charger

e Supercapacitor/Battery Energy Storage Systems
e Variable Frequency AC Motor Drives

After the field of use, sample switching pattern is presented and operation modes are
explained. Effect of SPWM and SVPWM modulation methods on THD are
investigated. The reasons of choosing 10kHz switching frequency is studied. The
change of input current THD is observed for different output power and output voltage
levels. Using PSIM power electronics simulation software, the input and output
voltage waveforms are drawn. Then, response of the rectifier control is mentioned as

well.
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After that, the implementation of All SiC PWM Rectifier is explained with schematics

and the used components.

In the last chapter, results of the experiments conducted in the Traction Systems R&D

Laboratory with AC Motor and resistor loads showed the over 99% efficiency of the
All SiC PWM Rectifier. Furthermore, experiments are done from 625V to 1000V
output voltages in vastly varied output power levels from 37.5 to 187.5kW.

The conclusion of the conducted work can be summarized as follows:

1.

A

10.

11.

12.

Boost type PWM Rectifier is designed and implemented by employing SiC
Power MOSFETSs

It can be supplied from 400V 50Hz 3-phase utility grid.

DC output voltage of SiC Three Phase PWM Rectifier is adjustable
theoretically in the range from 565V to 1000V. Experimentally 625V to 1000V
is implemented successfully.

SVPWM technique cause less input current harmonics compared to SPWM.
Input current harmonics, thus THD is reduced as output power increases.
Input current harmonics, thus THD is reduced as the switching frequency rises.
Efficiency of the system decreases as the output power increases for a fixed
output voltage due to dominant conduction losses.

Efficiency of the system decreases as the output voltage increases for a fixed
output power due to dominant switching losses.

It can deliver adjustable power to its load. Maximum value of power output is
224KW at 625V output DC voltage.

Limit value of the power output at fixed switching frequency depends on Vdc
i.e. as Vdc is reduced, Po(max) increases.

Compared to 15kHz and 20kHz switching frequencies, 10kHz switching
frequency has more power capacity for the system.

The implemented system has a very high efficiency in rectification (99.38%)

and inversion (99.35%) modes.
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13. Harmonic distortion of the current waveforms on the AC side is very low.
(3.83% at 125kW output power, 750V output DC voltage)

14. It is also worth to know that THD of line-to-line supply voltage waveforms is
also very low, although grid is slightly distorted.

Three Phase All SiC PWM Rectifier can be used to supply different loads such as
batteries. Fast charger schemes can be implemented with variable output voltage.
Since 10kHz switching frequency is chosen for this work, in the following
experiments switching frequencies up to 20kHz can be set for the SiC MOSFETSs.

In the medium term, it is expected that All SiC PWM Rectifiers will be developed at
much higher output voltage and power ratings with the advances in SiC Power
MOSFET technology. As far as the author knows 3300V 1500A SiC power modules

are under development and will be commercially available in near future.
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APPENDICES

A. AIll SiC Three Phase PWM Rectifier Drawings

Figure A 1 All SiC Three Phase PWM Rectifier Model on SolidWorks
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Figure A 2 All SiC Three Phase PWM Rectifier Drawing on SolidWorks
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PWM Rectifier Cabinet Reference Material List:

1. DC Busbars

2. Fan (K3G200BD4604)

3. Range Hood

4. PWM Rectifier Power Block

5. Voltage Sensor x 2 (LV25-1000)
6. 3 Phase Contactor (LC1F330M7)

7. Soft Start Contactor x 2 (3RT1017-1KB41)
8. Soft Start Resistor (R154-200)

9. PLC (XC-CPU202)

10. 3-Phase AC Busbar

11. Current Sensors x 3 (LF510-S)

12. Boost Reactor x 3 (Mangoldt 1042215)
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Traction Systems R&D Laboratory Electric Project

34.5kV, 50Hz, Medium Voltage Grid Busbar

1250kVA Cast Resin Transformer 34.5kv/0.4kV

Wenl

CB1  Electrical and Electronics Engineering E-Block
Distribution Panel 3 Phase+Neutral Circuit Breaker

CcB2 Traction Systems R&D Laboratory
Distribution Panel 3 Phase+Neutral Circuit Breaker
0.4 kV, 50 Hz, Low Voltage Distribution Panel Grid Busbar

Traction Systems R&D l Traction Systems R&D
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Laboratory UPS Busbar

Grid 10 —— ————

Grid1l —>—m—
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C. MATLAB Code for Efficiency Calculation

W0 ] o A e W b

L T T L e o B e S B I B S S o
I i N = T T - T Sy SO APy S

=]

L Ly L W b b
Ao L [ = O

close all

f5=100000;

H = 2: (first order

cutoff Hz = 1000;
[b,a)l=butter (N, cutoff_Hz/ (fs/2), 'low’); ta
Filtered Vout 1800 wol2 = filter(b,a,V1(:,1));
plot (VerticallUnits,Filtered Vout 1800 _wolZ,':r' );
hold on
plot (VerticalUnits, V1, 'k'):
title ("Bectifier Input Voltage Waveform and Fundamental')
ylabel ("Voltage (Volts) ")

figure:;
[b,a)l=butter (N, cutoff_Hz/ (fs5/2), 'low’); ta

filtered I = filter(b,a,Al(:,1});

plot (VerticallUnits, filtered I, 'x'):

hold on

plot (Verticallnits, 21, 'k'"):;

title{'Rectifier Input Current Waveform and Fundamental')
ylakel ("Current')

Vrms=rms (Filtered Vout_1800_wolZ (1000:10000}));
Irms=rms (filtered I(1000:10000)):

Vdc=mean (V) ;
Idc=mean (&) ;

Pout=Vdc*Idec;
Pin= pf*Vrms*Irms*3;

Eff=Pout/Pin*100;
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D. Voltage and Current Probe Examinations

Tekstop [ I | 1
O -az0.0ns
Q 1.320p
AL 640ps
Ly
T e I
1000 V DC measured by Tektronix P5205A d
p2
(@ v [2) J[a 10w B @ [ i rma]
(1R ) 10k paints 500V 1737sa )
Tekswe T T L
CRE
3
Qe e — . —_— SON——
1000 V DC measured by LEM voltage sensor + 4
10 ohm as 250 mV
1000 V is equivalent to 250 mV
21®
@ v @ oon \ l[a [ B0s J | 1My 2018)
(1 \ 10k paints 500 v 17:37:5

Voltage Sensor
LEM (LV25-1000) -

High Voltage
. Differential Probe 1
. TEKTRONIX (P5205A)
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Tekstop I > 1 ]

.Q
250 A DC measured by Tektronix TCP404XL
IT) Woa © @B ' \ '|[a 00ps ’ BSOS /5 6 ‘|" 1 Mar gmxl
U 10k paints 0.00 4 124906
Tek ste 1 = — I ]

.e'“.»...,#..‘ R

2{® ‘
250 A DC measured by LEM current sensor +
10 ohm as 500 mV
250 A is equivalent to 500 mV
[T' 1WoA @ [Z) \ |[a 00ps B rs ._' ] 1 Mar 2018
i~ 10k paints 0.00 A4 12:43:4%

g{

"' High Current Pro@
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Cables with
anti-static pads
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E. MATLAB Code for FFT Analysis

1
2 = SamplingRate=100000;
2= SamplingPeriod=1/SamplingRate;
4 - a = Rl:;
= figure;
&
T - a=a-meania);
T|= fft_cur=l*abs (fft(a)/ (length(a)/2)):
o £fft cur 100=(fft cur/(rms(a)*1.4142135€))*100;
U= 1=lengthia):
11 (= f axis=0.001*SamplingRate* (0:1length(a)-1) flengthia) ;
12 — bar(f_axis(l,1:1e4),fft_cur(l:le4,1), 'BarWidth',1l);
1=l= xlabel ('Frequency (kHz)"):
14
15 = figure;
16
17 — bar(f_axis(l,1l:1e4),ffc_cur 100(1l:1e=4,1}), 'BarWidch',1l):
8- xlakel ('Freguency (kHz)"):!
19 ettt e e
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