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ABSTRACT
DESIGN AND IMPLEMENTATION OF A LOW COST, LOW LOSS
ENERGY QUALITY REGULATOR FOR ENERGY DISTRIBUTION
SYSTEMS

EREN, Ahmet
M.Sc. in Electrical-Electronics Engineering
Supervisor: Associate Prof. Dr. Ahmet Mete VURAL
September 2018, 137 pages
The Energy Quality Regulator (EQR) is the solution for reactive power compensation,
neutral current compensation, load balancing and harmonic current mitigation. In this
thesis, design and simulation of a distribution type, voltage source inverter (VSI) based
having two level inverter topologies have been carried out. The thesis is dedicated to
detailed analysis, design, control, simulation and implementation of EQR for a three-
phase four-wire nonlinear, unbalanced, and non-resistive loads. The power stage of
VSI based EQR is composed of naturel air forced discrete IGBT modules switch at 5
kHz to reduce switching losses. The three-leg four-wire VSI topology utilizes a
standard three phase PWM inverter bridge and the neutral wire is connected to the
midpoint of the dc-link. Properly designed, the LCL supply filter is used instead of L
type filter in this work since it provides a much better suppression at the modulation
frequency. Whole compensation reference currents are extracted in the synchronous

reference frame. Control has been carried out in selective manners.

The proposed VSI based EQR has been implemented after the PQ measurement for
the reactive power compensation, neutral current compensation, load balancing and 3.,
5., 7., harmonics current elimination of the distribution type transformer station which

is 400kVA, %4 uk belongs to the Mediterranean Electricity Distribution Company.

Keywords: Reactive Power Compensation, Neutral Current Compensation, Load
Balancing, Zero and Negative Sequence Compensation, Harmonic Current Mitigation,

Synchronous Reference Frame, Proportional-Resonant Controller (PR)



OZET
ENERJi DAGITIM SiSTEMLERI iCiN DUSUK KAYIPLI DUSUK
MALIYETLI ENERJI KALITESI DUZENLEYICiSi TASARIMI VE
UYGULAMASI

EREN, Ahmet
Yiiksek Lisans Tezi, Elektrik-Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Do¢c. Dr. Ahmet Mete VURAL
Eyliil 2018, 137 sayfa
Enerji Kalitesi Diizenleyicisi (EKD) reaktif gii¢, notr akim, diisiik dereceli harmonik
akim kompanzasyonu ve yiik dengeleme yapmasi icin tasarlanmistir. Bu tezde,
dagitim tip iki seviyeli gerilim kaynakli evirge¢ dizayni ve simiilasyonu c¢alisilmistir.
Gerilim kaynakli evirge¢ (GKE) yapisina dayali EKD’nin gii¢ kati anahtarlama
kayiplarin1 azaltabilmek icin 5 kHz anahtarlama frekansinda tetiklenmis olup
IGBT’lerin bu anahtarlama esnasinda asir1 1sinmasini engellemek adina dogal cebri
hava sogutma yontemi kullanilmigtir. Ug-faz dért-telli gerilim kaynakli evirgeg yapisi
standart 3 faz DGM evirici yapisiyla olusturulmusken, kullanilan ayrik kapasitorlerin
orta noktas1 dordiincii tel olan nétr teline baglanmistir. Diizgiin bir sekilde tasarlanan
LCL tipi besleme filtresinin modiilasyon frekansinda L tipi bir filtreden daha iyi bir
soniimleme yapabilmesinden otiirii bu ¢alismada LCL filtre tercih edilmistir. Tiim
ihtiya¢ duyulan referans akimlar senkron referans catida iiretilmis olup, secilimli bir

kontrol mekanizmasi benimsenmistir.

GKE tabanli EKD, reaktif gii¢ kompanzasyonu, notr akim kompanzasyonu, yiik
dengeleme ve 3.,5.,7. Harmoniklerin kompanzasyonu yapmasi i¢in yapilan dlgtimler
sonucunda ihtiya¢ duyulan Akdeniz Elektrik Dagitim Sirketine ait %4 uk, 400kVA

dagitim trafolarinda test edilmistir.

Anahtar Kelimeler: Reaktif Giic Kompanzasyonu, Notr Akim Kompanzasyonu, Yiik
Dengeleme, Sifir ve Negatif Bilesen Dengeleme, Harmonik Akim Kompanzasyonu,

Senkron Referans Cati, Oransal-Rezonator Kontrolciisii
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CHAPTER 1

INTRODUCTION

1.1 Background and Research Motivation

An electric distribution system is a part of an electric system between the bulk power
sources and the end users. The bulk power sources are located far away from the load
center and are served to the consumer via the the distribution system. The widespread
use of non-linear loads and power electronic converters has increased the generation
non-sinusoidal and non-periodic currents and voltages in distribution systems. These
loads draw currents with the lag power factor and rise harmonics and reactive power
in an electric power supply. This behavior leads to a voltage distortion and effects on
other loads connected to the same point. Also, this situation becomes worse when
excessive current passes through the neutral wire in three-phase four-wire distribution

systems because of unbalanced loads [1].

Power quality issues given above are arising and increasing day by day in the
distribution system and electricity distribution companies suffer from these issues. For
example, harmonic currents pollute the voltage of upstream bus in the distribution
system also harmonic amplification of some harmonics may cause parallel or series
resonance in network and the other issues reactive power drawn by some loads may
cause voltage dips or due to excessive neutral current, neutral conductor may be

bursting in the system [2].

Mainly, there are two approaches to solving power quality problems: the first one is
load conditioning, which is done from the customer side, and the second one is line
conditioning, which is usually done from the utility side [3]. The power quality
approaches in a distribution system is concerned with load compensation to maintain
power quality for each load in the distribution system. Over the years, many types of

power conditioning methodologies and equipment have been developed and used to
1



solve power quality problems [4]. Some mitigation equipment such as active power
filter (APFs), transient voltage surge suppressors (TVSS), isolation transformers,
voltage regulators, uninterruptible power supply (UPS), static VAR compensators
(SVC), thyristor-based static switch, Unified power quality conditioner (UPQC),
distribution static compensator (DSTATCOM), dynamic voltage regulator (DVR)

have been used to isolate the loads from disturbances in the distribution network [4].

In this thesis, there is a specific care implemented for some power quality problems
measured from Mediterranean Electricity Distribution Company’s distribution type
transformers, using the advanced developments in power semiconductor technology
and a VSI based compensator has been presented in selective manners than it was

named as Energy Quality Regulator (EQR).

1.2 Power Quality Issues

Nowadays, power quality problems need to be considered since it is very important to
maintain the electric power quality (PQ) within the standard limits. In recent times,
power quality issues and custom solutions have generated a tremendous amount of
interest. However, with the widespread usage of power electronic devices (nonlinear
loads) and motor loadings, such as converters, adjustable speed drives (ASDs), arc
furnaces, bulk rectifiers, power supplies, computers, fluorescent lamps, elevators,
escalators, large air conditioning systems, and compressors, etc. [5-12], it is becoming
more complex and difficult to achieve this aim. In Table 1.1 some common usage of

power electronics and motor application loads are listed [5, 13].

It is the fact that, power electronic devices and electromechanical devices applications
increase the distortion and disturbance on the current and voltage signals in the power

network and cause a phase shift between the current and voltage.

The mentioned distortion current and voltage phase shift phenomena are in charge for
reducing the power quality in the transmission and distribution power systems. It is
obvious that power quality improvement is unavoidable for both utilities and
customers. Therefore, power quality has become a more popular issue that is of

increasing importance to electricity consumers at all levels of usage since [14-16].



Table 1.1 Power electronics and motor applications [13]

Refrigeration and freezes

Space heating

Air conditioning

Residential Cooking

Lighting

Electronics (personal computers, other entertainment equipment)

Elevators, escalators

Heating, ventilating, and air conditioning

Central refrigeration

Lighting

Commercial - -
Computers and office equipment

Uninterruptible power supplies (UPS)

Elevators, escalators

Compressors

Blowers and fans

Machine tools (robots)

Arc furnaces, induction furnaces

Industrial Lighting

Industrial lasers

Induction heating
Welding

Elevators, escalators

Battery chargers
Power supplies (DC and UPS)

Traction control of electric vehicles

Telecommunications

Battery charges for electric vehicles

Electric locomotives

Transportation Streetcars, trolley buses

Subways

Automotive electronics including

Engine controls

e Nowadays there is a tremendous alteration in the load characteristic from
electromechanical to computer applications. Large computer systems are used in

many commercial and business areas. Power quality is more important for these



new equipment than the equipment applied before since these new equipment are
more sensitive to power quality abnormality.

e Modern production manufacturers demand robust and stable power supplies.
Any power quality issues happened means large economic loss especially in
semiconductor production.

e The increasing importance of overall power system efficiency has resulted in a
continued growth in the application of devices such as high-efficiency,
adjustable-speed motor drives and shunt capacitors for power factor correction
to reduce losses, resulting in increasing harmonic levels on power systems.

e The removal of imposed of power industry gives customers the right to demand

higher power quality.

When these needs take into account, two common international standards relating to

the voltage and current distortion as shown below may considerable.

IEEE 519:2014: IEEE Recommended Practices and Requirements for Harmonic

Control in Electrical Power Systems [14].

IEEE 1159:1995: IEEE Recommended Practice for Monitoring Electric Power
Quality [15].

If we detailed analyzed power quality problems in the distribution system dominant
problems can be seen as low power factor, low-frequency harmonics, neutral and

unbalance currents problem.
1.2.1 Low Power Factor — Reactive Current Problem

Generally, the usage of the induction motor as an inductive loading will cause a phase
shift between the voltage and current in the power systems vice versa capacitive loads
also cause a phase shift between voltage and currents and it means that low power
factor. Low power factor means that more reactive current and more reactive current

means much losses. If reactive current increases the system,

e [t means the system draws a higher internal current and excessive heat generated

will damage and/or shorten equipment life.



e Increased reactive loads can reduce output voltage and damage voltage sensitive
equipment

e Low power factor equipment to be constructed heavier to absorb internal energy
requirements

e A system designer looks to increase power factor to lower system costs, increase
reliability and increase the system’s life cycle

e Utilities will charge a higher cost to industrial and commercial clients having a low

power factor.
1.2.2 Current Harmonics Problem

Harmonics are sinusoidal voltages or currents having frequencies that are integer
multiples of the frequency at which the supply system is designed to operate (e.g. 50
or 60 Hz). Nonlinear loads known as originates of the harmonics in the power systems
and these loads can be modeled as a current source for their harmonic spectrum. In the

distribution level, some equipment harmonic levels are listed in Table 1.2.

Table 1.2 Result of harmonic performance test [18]

Load Mode Fiﬁ?:::e(ﬁ?l T?,;;) )_F Dominating
Computer with monitor On 0.54 110 3rd |58%
. Print 0.34 113 3rd |55%
Laser printer
Idle 0.11 160 3rd |52%
Send 0.16 120 3rd |87%
Fax machine Print 3.74 6 3rd |5%
Idle 0.11 98 3rd | 54%
Photocopier Copy 5.56 26 3rd |20%
Idle 0.35 106 S5th |42%
UPS #1 Server |40 35 3rd |25%
UPS #2 PC 4.3 130 3rd | 89%
Magnetic ballast w/cap On 0.21 30 3rd | 18%
Electronic ballast #1 On 0.19 34 3rd |26%
Electronic ballast #2 On 0.23 10 3rd |9%
Sodium lamp On 0.24 64 7th  |44%
Compact fluorescent lamp On 0.1 136 3rd [49%
Fan coil On 8.5 5 5th | 4.80%
Lift Run 39 36 S5th |28%




The main disadvantages of harmonics are [16, 17]

Extra losses and overheating in capacitors, transformers and rotating machines

Malfunction of control devices, protective relays, and signaling systems

Telephone interface

Additional noises for the electronic systems.

1.2.3 Excessive Neutral and Unbalance Currents Problem

The third harmonic is the most common problem for three-phase four-wire distribution
systems. Third harmonic and the other multiple of third harmonics returns in the
neutral wire, which can result in a current flowing in the neutral wire. In addition, the
third harmonic effect, unbalanced load array for each phase can cause the excessive
neutral current in the distribution system. Excessive neutral current can cause the

following problems [19].

e Neutral to earth voltages that create common-mode noise problems
e Circulating currents flowing in transformers

e Unbalance phase voltages

e High voltage drops at loads

e Failure of the neutral conductor

e Overheating of the neutral line

In the distribution systems, single-phase loads are commonly used and these loads
placed equally as far as possible for each phase in order to prevent the system any

unbalance currents since excessive unbalance currents may cause

e The possibility of overloading the neutral conductor and it means a potential of
causing a fire

e Increase the transformer losses

e Double line frequency ripple occurs in the three-phase power, and this line
frequency may cause torque pulsation in three-phase generators [20].

e In [21] it was reported that the negative sequence current induced by voltage
unbalance and this imbalance voltage increases the losses in the stator and rotor and

decreases the net torque produced on the shaft.
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1.3 Literature Review Related to the Study
Wong, Man-Chung, Dai, Ning-Yi, Lam, Chi-Seng (2016). This book describes

parallel power electronic filters for 3-phase 4-wire systems, focusing on the control,
design and system operation. It presents the basics of power-electronics techniques
applied in power systems as well as the advanced techniques in controlling,
implementing and designing parallel power electronics converters. The power-quality
compensation has been achieved using active filters and hybrid filters, and circuit
models, control principles and operational practice problems have been verified by

principle study, simulation and experimental results [19].

Mohammed Barghi Latran, Ahmet Teke, Yeliz Yoldas (2015) presents a
comprehensive review of the various DSTATCOM configurations about single phase
(2-wire) or three phase (3 or 4 -wire) systems and control strategies. Operating
principles, classification of DSTATCOM based on the ower structure, reference signal
extraction techniques and modulation techniques are detailed analyzed. In the final of

this work, DSTATCOMs are classified according to the compensated variables [22].

Ningyun Zhang, Houjun Tang and Chen Yao (2014) have proposed a systematic
method for designing PR controller and active damping of the LCL filter for single-
phase grid-connected PV inverters. In this paper proposed method is supported using
a numerical model, numerical simulations, and experimental results. Control scheme
about the PR controller is given in this paper. Proposed PR control strategy is used to

eliminate the third harmonic in this thesis [23].

Sukin Park, Soo-Bin Han, Bong-Man Jung, Soo-Hyun Choi, Hak-Geun Jeong (2000).
In this paper, fifth and seventh harmonic currents are extracted using Synchronous
reference frame (SRF) theory and low pass filters. The presence of fifth and seven
harmonics belongs the load currents are measured separately. Proposed hybrid active
filter model can be achieved dc-link regulation, fifth and seventh current harmonic

compensation simultaneously [24].

Quanwei Liu, Yong Tao, Xunhao Liu, Yan Deng, Xiangning He (2013) present
voltage unbalance and harmonics compensation strategy for the VSIs in the islanded

microgrid. The proposed method is used synchronous reference frame (SRF) theory to



compensate for voltage unbalance and current harmonics problems. In this study
impedance model of the VSI is given and analytical solutions are done by using this
model. Analytical solutions are supported and validated simulations and experiments.

[25].

Marco Chiadd Caponet, Francesco Profumo, Rik W. De Doncker, and
Alberto Tenconi (2002). They have proposed new and innovative solutions to
minimize noise and common mode conducted electromagnetic interference (EMI), in
power electronic circuits using ultra-low inductive planar bus bar. This study is used

to reduce the high voltage spikes during switching and designing a laminated bus bar

for this thesis [26].

Yi Tang, Poh Chiang Loh, Peng Wang, Fook Hoong Choo, Feng Gao, and Frede
Blaabjerg (2012). Authors are mainly focused on design, control, and implementation
of an LCL-filter-based shunt active power filter to compensate harmonic currents for
the three-phase four-wire power system. The general model of the LCL filter and

design procedure are given with an example in this paper [27].

1.4 Objectives and Scope of the Thesis

Within the scope of this thesis, VSI based EQR employing Selective Harmonic
Elimination using “Multiple Synchronous Reference Frame” MSRF technique, having
simplest two-level converter topology with IGBT modules are investigated. Different
reactive power control techniques are studied and Synchronous rotating (dq0) frame
current controller with decoupled direct, quadrature and zero components are selected
to generating the control signals for the reactive power control technique. In this
method direct component of fundamental current is used for dc-link voltage regulation
with the same manner quadrature component of fundamental current is used for
reactive power compensation and finally, zero component of the fundamental current
is used for mains neutral current compensation. Many load balancing methods are
investigated and finally “Double Synchronous Reference Frame” DSRF technique is
decided. With this method, negative sequence components of the fundamental current

are obtained with the help of low pass filters.



A prototype EQR system is designed to be used in low voltage applications by using
this theoretical work. The designed system will implement in AKDENIiZ EDAS
distribution type power transformer and connected to the system as a parallel to solve
the mentioned power quality problems. Theoretical work was verified by

PSCAD/EMTDC analysis, laboratory, and field tests.

1.5 Thesis Outline

The outline of the thesis is given below:

Chapter 1: Introduces power quality problems, harmful effects of these problems and

preventable measures.

Chapter 2: Operating principles of EQR is presented in this chapter. System
description and single line diagram is depicted to visualize the system also reference
signal extraction techniques, dc-link voltage control strategy, whole compensation
strategies for mentioned PQ problems and some suitable modulation techniques are

presented in Chapter 2.

Chapter 3: This chapter deeply explains how to design EQR. Chapter 3 mainly
focused on power stage design and selecting component size of EQR. In this chapter

also gives information about electronic and electromechanical systems of EQR.

Chapter 4: It mentions about AKDENIZ EDAS measurements results and which
problems are important for them. It gives information about priority selection for
selective control strategy and Chapter 4 gives information about laboratory and field

test results.

Chapter 5: It contains about the thesis conclusion and future works to develop the

EQR system.



CHAPTER 2

OPERATING PRINCIPLE OF EQR

2.1 System Description

Figure 2.1 shows a single line diagram of a Distribution type Energy Quality Regulator
(EQR) based on two level Voltage Source Inverter (VSI). It is shown to be connected

to the Low Voltage (LV) distribution system via distribution type transformer.

W WAL AN
AAESASAAATENAA A

Isource ILoad

Non - Ideal Load
Transformer
34.5 kV Bus 34.5kV/0.4kV lI .
uK=%4 Filter

4:} o
i

Figure 2.1 Single Line Diagram of EQR

Waveforms of source currents are distorted due to non-ideal loads. EQR is connected
to the system as a parallel to produce compensating currents using LCL type filter. The

midpoint of dc-link capacitors of EQR and LCL type filter capacitors are
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connected to each other to create a path for neutral current and finally, both are

connected to transformer neutral point.

Circuit diagram of EQR consisting of IGBT based two level VSI, dc-link capacitors,
charge-discharge resistors, laminated busbar, snubbers, IGBTs & drivers and a pre-
charge circuit. An EQR system operates at power frequency of 50 Hz. EQR generates
reactive power compensating currents and harmonic currents in which 150 Hz, 250 Hz
and 350 Hz spectrum that is opposite and in phase to eliminate harmonic components
of load currents in a selective manner. Beside these features shunt compensator injects
unbalanced and neutral current compensating currents using additional control loops
for this purpose two level three phase neutral point clamped shunt EQR observes

negative sequence and zero sequence of source currents.

To achieve these duties important factors are specify the circuit topology, reference
signal extraction techniques, current control techniques and finally modulation
techniques thus next stages attributes of compensator are investigated and then suitable
of them are selected to obtain sufficient compensation capability of the mentioned

power quality problems.

2.2 Circuit Topologies Of VSI

The voltage related PQ disturbances have similar characteristics for both single-phase
and three-phase systems. In single-phase systems, reactive power and current
harmonics are the main drawbacks. In three-phase three-wire (3P 3W) system, one
must consider the current unbalance expected from the reactive current and current
harmonics. In addition, in three-phase four-wire (3P 4W) system, an extra neutral
current compensation loop should be applied to eliminate the neutral current since, in
some situation, its value can take up 1.73 times of the phase current [28]. To figure out
whole aforementioned problems there are many circuit configurations in the literature
[22] but in this thesis most common three phases four wire VSI topologies three leg
and four leg topologies are discussed since the number of switching device and passive
components can be minimized and easy implementation of control and modulation

strategy.
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2.2.1 Three Leg 3P-4W Based Topology

In this topology, dc-link consists of number of capacitors which are equally grouped
and connected as split as shown in Fig. 2.2. The midpoint of the capacitors provides a
path for neutral current and fourth wire is connected here. The advantage of the three-
leg topology we can reduce the number of switching devices and number of gate

drivers. Besides these, this topology simplifies the modulation method.

However, in this topology, the voltage on the capacitor must be balanced to avoid
circulating current on the fourth wire so it means that an additional control loop is

required for this balancing work.

Loads

G

_______

3-Phase 4-Wire Source

Supply

g L

Figure 2.2 3 Leg Inverter Based 3P 4W VSC configuration with LCL filter [33]

2.2.2 Four Leg 3P-4W Based Topology

In this topology of VSI, the midpoint of the fourth leg is connected to the neutral
terminal and it is controlled in such a way that the source neutral current is forced to

be zero [29].

Additional power switches, gate drivers, switching losses and more complex control

strategy may seem as a drawback but it offers different advantages, this type of inverter

12



can produce three independent output voltages for each phase for fundamental

harmonics and they can reach up to dc/v/3 . Thanks to this feature dc-link capacitors
rated voltage values and capacitance of the capacitors can be reduced. Also, lower AC
rated current passing through to dc-link capacitor will reduce the number of dc-link

capacitors.

Finally, reduction of neutral currents and the possibility of neutral point voltage control

can be the main advantages of this type of inverter [30].

’—@
@ + Loads
Lo

_______

3-Phase 4-Wire Source

Supply

TG w0} g3
C——
At L HQ}HG

Figure 2.3 4 Leg Inverter Based 3P 4W VSC Configuration with LCL filter [33]

2.3 Reference Signal Extraction Methods & Control Techniques

In order to calculate the quality of power and to prevent the harmful effect of
disturbances, many real-time methods are developed. These methods are useful for
analyzing and detect properties of signals. The performance of the regulator is strictly
depending on the power of the reference signal extraction techniques. Real-time
reference signal extraction techniques in the literature separated mainly frequency
domain methods and time domain methods. The time-domain methods are faster and
easy to implement than the frequency-domain methods, but they present worse
detection performance than the frequency-domain methods [22]. In this thesis, most,

popular frequency domain methods and time domain methods are carried out.
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2.3.1 Frequency-Domain Methods

Frequency-domain methods are applicable for both single and three-phase systems.
They are mainly derived from the Fourier analysis and applying some customization

it can be used for real-time systems.
2.3.1.1 Fast Fourier Transform (FFT)

An FFT is used to compute the discrete Fourier transform (DFT) and the inverse of it.
A Fourier transform converts functions from time to frequency domains and vice
versa. FFT computes such transformations by factorizing the DFT matrix into a
product of sparse factors. In this type of applications, FFT is used to extract the
harmonic components from the harmonic polluted signals. Owing to excessive
computation in the online application of FFT, it has a high response time [31, 32].

With this method, DFT transform of x[n] signal can be expressed as equation (2.2).

= _j2mkn
X[k] = Z x[nle” N = ) x[n]Wy*™ k=012..N-1 (2.2)
n 0

=
L

=0

S
Il

Where N is the sample number taking from one period of the time domain. X[k] is the
complex frequency component which is obtained after DFT and can be expressed as

(2.3).
X[k] = X;[k] + jXi[k] (2.3)

As expressed in equation (2.3) X[k] have real and imaginary parts. X [k] includes phase

and amplitude information of corresponding frequency component.

X[Kk]| = Jxr[k]z + X, [k]? 2.4)
-1 Xl[k]
@lk] = tan (Xr[k]) (2.5)

With this way depending on index k, reference compounds obtained in the time domain

using inverse transform of DFT.
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N-1 N-1
1 1
X[n] = Nz X[kle” v = Nz x[n] Wy n=0,12..N—1 (2.6)
k=0 k=0

In order to generate reference current using this method, just for one frequency
component, N number complex multiply and (N — 1) complex summing is necessary.
If this method expands whole spectrum, number of complexes will multiply N? and
number of complexes sum will be N(N — 1). Especially in high sample frequency
situation it is very hard to use DFT method for DSP applications. Many algorithms are
developed to reduce complexity of DFT. FFT is the most famous of them. In this
method Wy *" is periodical and symmetrical so it is not necessary to calculate Wy ¥

again each cycle.

Besides these features with the decimation methods calculation can be reduced sum
and multiplying blocks. Most known of these methods is radix-2 decimation in the

time domain and as an example for 8 sample signal application shown in Figure 2.4.

With this method, the number multiplying number will reduce from N2 to (g)logz N

[33].
x(0) © -~ > «—> S D o 0X(0)
x(4) o V\:IBO >< > >« >

N
x(2) © @ > p < > »- O X (2)
am N
x(6) o Vo o : - Wo” o ;_1 > o«— > » o X(3)
x(1) © - > ° Q > . V;/s > o X(4)
o N XN
x(5) © VXB - > - > « >—8 =1 o X(5)

e XX e J/A\N
x(3) o T > 7S \QB > VXB > 0 X(6)
= AR\
0 2 3
x(7) o W V¥8 > VXS ¢ > > o X(7)

Figure 2.4 FFT with decimation in 8-dotted time domain [33]

Y

Y

2.3.1.2 Recursive Discrete Fourier Transform (RDFT)

The RDFT is similar to the DFT, except that the samples are obtained within a moving

window of the sampled data. The RDFT has been developed at first to simplify the
15



computational complexity of DFT since then it was widely employed in frequency
detection and phasor calculations. RDFT is very fast solution when comparing other
DFT methods. There are only two multiplication processes required when calculating
a new value and there is no need to whole data set, which will cause a time reduction
during the calculation of the DFT, which means minimum lag during synchronization.
The application scheme of RDFT methods is shown in Figure 2.5. With every new
sample, frequency spectrum data will refresh, and it can be explained like equation

2.7).

N-1 -1

N
XOem+1) = > sty [IIWE = 3 xp[n] WE"
n

n=0 =0

=

-1
Kk (n+1-n)

N
= X[ + 1]W;("+1)WN — z X [0] WEW R
0 n=1

S
Il

= O xmlnIWE" + xln] - x[ODWi*

N-1
n=0

= (X(k,m) + x[N] — x[ODWy* = (X (k,m) + x, )Wy* (2.7)

When X(k,m + 1) in equation 2.7 demonstrates frequency spectrum output related
with new sample, X(k,m) demonstrates old sample frequency spectrum output.
Together with these x, demonstrates difference between new sample and one period

former sample as shown in Figure 2.5 [34-36].
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Figure 2.5 RDFT sliding window example [33]

16



Using this method reference current can be extracted with zero phase shift and unity
gain. With this method fundamental and the other (harmonics) components of the

source or load currents’ frequency and gain information can be obtained.

On the other hand, the same situation is valid for positive, negative and zero sequence
component of load or source currents. Reference signal extraction technique for shunt

voltage source converter using RDFT method is given in Figure 2.6.

RDFT h; —l
X

RDFTh, Fiip
: : —>[abs0 =2
H H

Isource > RDFT hy —>@——>

v

Y

Inverse-Transform|

L6—>Acos(0)

—»Iref

Figure 2.6 Reference Signal Extraction & Control Scheme using RDFT method [33]

As seen in Figure 2.6. each parallel RDFT branch produce harmonic component as a
complex magnitude X obtained from each phase of source or load currents. Each X},
refers related harmonic component phase and magnitude information and these
reference signals are mathematically summable. Final reference signal I..; can be
obtained from magnitude A and phase angle 8 which are decomposition of total sum
of reference signals and this summation can be inverted to the time domain from
frequency domain. This calculation methods also reduce the processing load of DSP

or microcontroller.
2.3.2 Time-Domain Methods

The following time-domain approaches are mainly used for three-phase systems. With

some special arrangement time domain methods can be used in single phase systems.
2.3.2.1 Instantaneous Reactive Power Theory (p-q Theory)

The p-q theory is based on a set of instantaneous powers defined in the time domain.

This methodology may be applied on the toltage or current waveform, and it can be

17



applied to three-phase system with neutral wire or without neutral wire. This technique

is valid not only in the steady state but also in the transient state.

The p-q Theory first transforms voltages and currents from the ABC to af0
coordinates and then defines instantaneous power on these coordinates. Hence, this
theory always considers the three-phase system as a unit, not a superposition or sum

of three single-phase circuits [37].

The p-q theory uses the a0 transformations, also known as the Clarke transformation
maps the three-phase instantaneous voltages in the ABC phases are transformed to the
instantaneous voltages on the af0-axes. The Clarke transformation and its inverse

transformation of three-phase generic voltages are given by using ‘C’ matrix [38].

1
v0 [ﬁ V2 2 ] va va
2 1 1
[va] = /3 ' [vbl =C Ivbl (2.8)
v s V3 v3|tve vc
4
1
= 1 0
va - \/f . ﬁ] v0 v0
lVbl = EI\/_E -5 5 |[va] =Cc! [va] (2.9)
vc ll 1 3J v v
vz 2 2

Similarly, three-phase generic instantaneous line currents ia, ib and ic can be
transformed to the a0 axes by above transformation matrix C~*. The p-q Theory is
defined in three phase systems with or without a neutral conductor. Three
instantaneous powers are defined from the instantaneous phase voltages and line

currents on the af0 axes as (2.10) [37].

p0 v0 0 0 i0
[p ‘ = [ 0 va vB ] [ia] (2.10)
q 0 vB —vallif
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2.3.2.1.1 The Zero-Sequence Power in a Three-Phase Sinusoidal Voltage Source

There are no zero-sequence current components in three-phase, three-wire systems,
that is, {0 = 0. In this case, there will be no zero-sequence power. If there is zero-
sequence power in a three-phase sinusoidal voltage source, the symmetrical
components of this voltage source were calculated based on their phasors according to
(2.11) and (2.12). Although this analysis is valid only for the steady state condition
[37].

va = 2V, sin(wt + @,.) + V2V, sin(wt + @)

vb = 2V, sin (wt - 2?” + (pv+) + V2 Vysin(wt + ¢y0)

ve = V2V, sin (Wt + 2?” + (pv+) + V2 Vysin(wt + @) (2.11)

ia = V21, sin(wt + @;;) + V2 I, sin(wt + @;0)

ib = V21, sin (wt - 2?” + (pi+) + V2 I, sin(wt + ¢;0)

ic = +21I,sin (Wt + 2?” + g0i+) + V2 Iy sin(wt + @;) (2.12)

The subscripts + and 0 are used to define the positive and zero-sequence components.
Applying the Clarke Transformation, the following voltages and currents on the ap0

reference frames are obtained:
va = V3 Vysin(wt + @,4)
vB = —V3V,cos(wt + ¢,)

v0 = V6 Vysin(wt + ¢0) (2.13)

and
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ia = V3 I.sin(wt + @)

if = —V3I.cos(wt+ ¢;})

i0 = V6 I,sin(wt + ¢;) (2.14)
Therefore zero-power will be;

Po = 3Volp cos(@ypo — @io) — 3Volp cos(2wt + @y + 940) = Po + Po (2.15)

This power has an average value and an oscillating component at twice the line
frequency. The average value p, represents a unidirectional energy flow. The
oscillating component p; also trnasfers energy instantaneously and it is oscillating part
average value is zero. The average zero-sequence power p, is always associated to the
oscillating component p, . Therefore, there is no way to eliminate the oscillating

component and keep the average part alone [37].
2.3.2.1.2 Presence of Negative - Sequence Components

For a three-phase, balanced, positive sequence voltage, the presence of the negative —
sequence component may be a serious problem. If the voltages are sinusoidal
waveforms with a frequency w, consisting positive, negative, and zero sequence

components as given below:
va = V2V, sin(wt + ¢,,.) + V2 V_sin(wt + ¢,_) + V2V, sin(wt + ¢,0)

vb = 2V, sin(wt —2m/3 + @,.) + V2 V_sin(wt — 2m/3 + ¢,_) +
V2V, sin(wt — 2/3 + ¢y0)

ve = V2V, sin(wt + 21/3 + @,,) + V2 V_sin(wt + 21/3 + ¢,_) +

V2 V, sin (W +2?n+ (on) (2.16)

and the currents consist of

ia = V21, sin(wt + @;,) + V2 _sin(wt + ¢;_) + V2 I, sin(wt + ¢;)
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ib = V2 I, sin(wt — 21/3 + ¢;;) + V2 I_sin(wt — 2m/3 + @;_) +
V2 I, sin(wt — 2/3 + @)

ic = V2 I, sin(wt +21/3 + @i1) + V2 Lsin(wt + 21/3 + ¢;_) +

VZ Iosin (wt + 2+ ¢) (2.17)

Applying the Clarke Transformation yields the following voltages and currents:
va = V3V, sinwt + ¢,;) + V3 V.sinwt + ¢,_)
vB = —V/3V,cos(wt + ¢@,;) +V3 V.cos(wt + ¢,_)

v0 = V6 V,ysin(wt + ¢,0) (2.18)

and

ia = V31, sin(wt + @) + V3 Lsin(wt + ¢;_)
if = —V/3I,cos(wt + ¢@;;) + V3 I_cos(wt + ¢;_)

i0 = V6 Ipsin(wt + @;0) (2.19)

If there is an imbalance on the system negative sequence component will occur on the

system. Therefore, power equations must rewrite as equation 2.20 below,

p = 3Vl cos(@yy — @i1) + 3V_1_cos(p,- — ¢;-)
q = 3V,I, sin(@yy — @i4) + 3V_1_sin(@,- — @)
p = —3V,I_cos(2wt + @,y + @;_) — 3V_I,cos(2wt + ¢,_ + ¢;;)

=3V, I_sin(2wt + @, + @;_) + 3V_I, sin(Qwt + ¢,_ + ¢;;) (2.20)

N
I

21



2.3.2.1.3 Presence of Fifth Harmonic Component

Three phase balanced voltage may consist of both fundamental positive-sequence
components and large harmonic spectrum. In this case, only fifth harmonic component

will be considered. Since the fifth harmonic has only negative sequence component,

ias(t) = ﬁ[_sSin(SWt + 6_5)

2
ips(t) = V2 I_gsin (5wt +6_5 + ?n)

is(t) = V2 I_gsin <5wt + — Z?E) (2.21)

The subscript -’ indicates a negative sequence component and subscript ‘5’ indicates

fifth harmonic frequency. The Clarke Transformation of the currents in the 2.22
igs = V3 I_ssin(5wt + 6_s)

igs = V315 cos(Swt + &_s) (2.22)
The real and imaginary powers are calculated as the following oscillating components:

p= —3V,l_scos(bwt + 5_g)
g = —3Vil_5sin(bwt + 5_g) (2.23)
2.3.2.1.4 Presence of Seventh Harmonic Component

Since the seventh-harmonic is the positive-sequence harmonic calculation must be like

(2.24),

ig;(t) = V2 I,,sin(7wt + &,,)

2m
ip;(t) = V21,,sin (7wt + 6,7 — ?>

i, (t) = V2 1,,sin (7wt +68,, + 2?") (2.24)

The Clarke transformation of the currents are

iq7 = V3 1,,sin(7wt + 8,,)
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ig7 = —V3I,, cos(7wt + &,,) (2.25)
The real and imaginary power oscillating parts are

p = 3Viql,; cos(6wt + 8,;)

G = —3V1l,;sin(6wt + §,,) (2.26)

In both case, the real and imaginary powers have only oscillating components at six

times the system frequency.

Reference Signal extraction & control technique for shunt voltage source converter

using p-q theory is given in Figure 2.7.

P .
L, - P, L .
—] " | Instantal i > _B- > — I
Lo Clarke b stantaneous p ~ Selection of o-B-0 Inverse-Clarke ,
Ly —>] »| Power = Powers to be Currents .
Trasform. I . q._ ¢ . I; Transformation
ke —» »| Calculation »| Compensated 9. | Calculation _ >
d,
A A A
V, —> vy
V, —» Clarke \
Vv, —| Trasform. \

Figure 2.7 Reference Signal Extraction & Control Scheme using Instantaneous
Reactive Power Theory [37]

Figure 2.7. demonstrates a general control technique to be employed in the controller
of a shunt compensator. Calculated real power p is composed average (p) and
oscillating (p) parts. Likewise, imaginary power q is also composed average (q) and
oscillating part (§). Then unwanted parts of the real and imaginary parts of the source
that ought to be compensated are chosen. Selected powers to be compensated p; and
q. are undesired powers on the system and for the compensation mission -p; and -q;
are the inputs for the inverse transformation. After the inverse transformation
instantaneous three-phase compensating currents I, I, and I are obtained. Inverse —

Clarke transformation calculation is carried out using €~ expressed in (2.9).
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2.3.2.2 Synchronous Frame-Based Theory (d-q-0 Theory)

In this method symmetrical three-phase voltage or current are transformed direct,
quadrature and zero sequence component in a synchronously rotating frame using
transformation matrix ‘T’ in (2.27) also known as ‘Park Transform’. In the space, the
frame will synchronize to the phase angle of the AC utility voltage and for 50 Hz
system the corresponding rotating frame angular speed wy, (t) will be 2 x m x 50 =
314 radians/second as shown in Figure 2.8. The direct and quadrature components
are symbolized active and reactive components of the system. Despite, main aim is to
obtain dc quantities in a rotating frame, but higher-order harmonics will remain if there

are harmonics in the phase voltage or current.

Basically, this transformation calculating by using transformation matrix ‘C’ given
(2.8) and synchronizing to the phase angle 6 of the AC utility voltage. Using matrix

‘T’ transformation is calculated for three phases voltages can be performed as (2.27),

Va cos(f) sin(0) 0] [V Vg
Vgl = [—sin(@) cos(0) 0] [Vﬁ =T[Vﬁ (2.27)
V() 0 0 11 Yo Vo
where the transformation matrix ‘T’ is shown in equation (2.28).
cos(@) sin(8) O
T =|-sin(0) cos(0) O] (2.28)
0 0 1

The equation (2.27) describes the general convention of the Park Transform for
Synchronous Reference Frame Theory. This convention based on ‘cosine’ function as
reference. However, in this thesis the matrix T is redefined as ‘sine’ function-based
transformation is used. To achieve this mission 7t/2 is subtracted from the 6 since

‘sine’ function lags the ‘cosine’ function by /2 rad.

0=0-= (2.29)

In this case, the T matrix (2.28) becomes as
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T =|-sin(@ —m/2) cos(@—m/2) O cos(8) sin(8) O (2.30)

cos(@ —m/2) sin(0 —m/2) 0] [sin(@) —cos(@) O
0 0 1 ) 0 0 1

Transformation angle and magnitude of the balanced three-phase system can be
calculated according to Figure 2.8. then can be calculated in (2.31) and (2.32)

respectively,

8, = arctan(vg/vy) (2.31)

V| = /vaz + vp? (2.32)

B

mp(t)

Figure 2.8 Space vectors representation of alpha-beta vector to d-q vector
transformation [33]
If the transformation angle is equal to the phase angle 6, = 6 , and d and q vectors

are represented as dc quantities, thanks to these features using low level compensators,

high performance control systems can be developed [33].

Phase angle 6 is obtained using Phase Locke Loop (PLL) algorithm. Many PLL
algorithm represented in the literature and they can be classified into three phase PLL
methods and single phase PLL methods [39-46]. According to this review, Inverse
Park PLL structure is chosen due to more effective and stable than the others. The
block scheme of Inverse Park PLL structure is given in Figure 2.9. In the three-phase

system reference signals for the mentioned problems can be generated using
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synchronous reference-based theory except third harmonic currents. Third harmonic

compensation techniques will have discussed the following pages.

After the reference signal extraction calculation, matrix T~1 given in (2.33) is used in

order to transformed back to alpha-beta axes.

T™'=|—cos(0) sin(8) 0 (2.33)

sin(8) cos(0) O]
0 0 1

4 Wo
s +
d + w
0p
> af Sq
af P 15t Order
> LPF
15t Order
d < <
1 LPF

Figure 2.9 Inverse Park PLL structure block scheme

2.3.2.2.1 Presence of Zero Sequence Component

The zero-sequence component in the three-phases four-wire system can be represented
zero component of the Park Transformation. These zero components can be obtained

directly from zero component of the Clarke Transformation.

Ig cos(8) sin(8) 07 |ia Iy
Ig| = |=sin(®) cos(@) o0f|ig|=T]|is (2.34)
I 0 0 1 | lo

As seen in (2.34) I, = i, therefore voltage or current zero sequence components are

handled by Clarke Transformation of the voltage or current. This component will be
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used for neutral current compensation and split capacitor-based dc-link capacitors’
voltage balance control of the system and control methodology will discuss in the next

sections.
2.3.2.2.2 Presence of Negative - Sequence Components

It is commonly known that when the unbalance occurrs in the three-phase system
negative sequence component will appear in the system. The negative sequence
component in the system can be found using the Synchronous Reference Frame
Theory. Matrix T of (2.28) utilizing - 8 instead of 8 and then using this angle negative
sequence fundamental frequency components of load or source current appear as dc
quantities if there is no harmonic component in the currents. If there are harmonic
components in load or source current it will appear as AC quantities in this case using
LPF structure negative sequence fundamental frequency components can be extracted
[47].

pi g e e I R @9

If there is no harmonic component in the (2.35), the equation will be (2.36).

[Idneg] -0 [cos(29+<p+) I [COS(<P—) (2.36)

Iyneg sin(260 + ¢,) sin(p_)

As understood from (2.36) fundamental components of the current appears at 100 Hz
for 50 Hz utility after this transformation and also it means it is an AC quantity. If we
eliminate this component, fundamental negative components of the system will occur

as a dc quantity.
2.3.2.2.3 Presence of Fifth Harmonic Component

The fifth harmonic AC component can be represented as dc component using matrix
T in (2.28) utilizing - 50 instead of 6. There is a minus sign in the theta since fifth
harmonic component is negative sequence harmonic and magnitude ‘5’ is the order of

harmonic which want to be extracted.
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] =[S0 5[] =[] -

After the transformation given in (2.37), the equation will be (2.38)

[5615] _— [cos(66 + @) ] [cos(Scp_) (2.38)

q sin(60 + ¢.) sin(5¢_)

As seen in (2.37) AC and DC quantities appear in the signal. AC quantities represented
in (2.37) appears at 300 Hz for 50 Hz utility and these components can be subtracted

from the signal by using a suitable LPF structure.
2.3.2.2.4 Presence of Seventh Harmonic Component

The seventh harmonic reference can be generated with the same manner of the fifth
harmonic extraction techniques, but it is the fact that seventh harmonic is the positive
sequence harmonic, so matrix T utilize 78 instead of —568. Magnitude ‘7’ represents
the harmonic order of the signal.

Ig71 _ [sin(70) —cos(70)] [ia] _ -

[1q7] r [cos(7 9) sin(76) ] [iﬁ] =T [iﬁ] (2:39)
After the transformation given in (2.39), the equation will be (2.40)

Id7] -, [ cos(60 + ¢,) ] [cos(7<p+)

ly7 —sin(66 + ¢,) sin(7¢,) (2:40)

again, AC quantities appear at 300 Hz for 50 Hz utility so the selected LPFs should
have maximally flat and unity gain characteristic at their pass-band region and should
provide adequate attenuation for the harmonic components which appear at 300 Hz.
After these explanations general reference current extraction technique can be
explained as the shunt voltage source converter in the synchronous reference frame is

like in Figure 2.10.
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Figure 2.10 Reference Signal Extraction & Control Scheme using Synchronous
Reference Frame Theory [33]

Figure 2.10 is the basic reference current extraction scheme for the synchronous
reference-based theory. This scheme can be rearranged according to needs for the
reference signal extraction. With the help of the PLL the scheme locks the utility phase
and using the ‘Park Transform’ Id and Iq components are obtained. These components
have AC and DC quantities as mentioned before. After the proper filtering stage, final
reference signals can be used for the controlling next ‘Inverse Park Transform’ is
calculated by the help of inverse matrix 7~ with suitable 8. Finally, ‘Inverse Clarke

Transform’ is used with the help of matrix €~ and reference currents are generated.

2.4 Control Strategies Of EQR

In this thesis, the current controller is realized in the synchronous reference frame for
generating reference signals which are further used to produce switching signals. This
section generally includes about how EQR follows extracted reference signals and how
switching signals transfer to the power stage with minimum errors and as a summary
how EQR is controlled to achieve compensation mission. All about this control

strategies for EQR are discussed in this section.
2.4.1 Voltage Control of DC-Link Capacitor

Sufficient dc-link voltage level is required to achieve compensation mission as
capacitive energy storage element is used in the dc-link. The EQR needs to draw
certain amount of active power from the supply to cover its power loss (due to the
switching) and to maintain the desired dc-link voltage level. If the supply voltage is
sinusoidal, symmetrical and balanced, the d component of the supply voltage Vg, will

be constant and peak value of the phase to neutral voltage. Additionally, in this
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condition the q component of the phase to neutral voltage Vg, will be zero so

instantaneous active power equation can be written like (2.41).

—

3 3
Pgor3e = 5 Vsalra = 3 Uslfa (2.41)

In this equation Us refers peak value of the phase to neutral voltage of the supply
voltage so this value cannot be controlled. According to the (2.41) the three-phase
instantaneous active power of the EQR only be controlled by the d component of the

EQR current. In this manner the dc-link control of the EQR is given in the Figure 2.11.

+
Vdc—ref —>{ Ramp P | V;
- + C

Vdc—upper —{O—) LPF \/S J

Vi

c-lower

Figure 2.11 DC-link Voltage Control Block

Proposed control algorithm is shown in Figure 2.11. creates a reference to regulate the
DC bus voltage to its reference value Vy._r .5 . To prevent instantaneous over current
problem the Ramp block is used. This block increases Vyc_res value slowly from end
of the pre-charge state dc-link value to desired final reference value. This block can be
described as a smoother for unexpected overcurrent problems. The feedback signal of
the dc-link voltage is the summation of the upper capacitors voltage signal Vge_ypper
of the split dc-link and the lower capacitors voltage signal V;._;ower Of the split dc-
link. The total feedback signal requires filtering since dc-link voltage has voltage
ripple at 100 Hz. Because, the EQR has a two-level topology each of half bridges
produces ripple at the twice of the fundamental frequency. Thus, first order 20-100 Hz
LPFs can be utilized in the feedback path. Feedback control is combined with
feedforward term of source voltage d component Vg, to improve performance over
simple feedback control since feedforward control can eliminate the effect of the
measured disturbance on the output. The final reference V. added to the d component
of the current reference extraction scheme is shown in Figure 2.66. In the split
capacitor topology, the main drawback is balancing voltage level of the upper
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capacitor group and lower capacitor group to prevent this problem another control loop

is used shown in Figure 2.12.

Lo repe ?—’I()—ref
Vdc—upper —EO—»E

\7

c-lower

Figure 2.12 DC-link Voltage Balance Control Block

The zero component of the current reference extraction scheme is used for this control
since zero-sequence current flows through to split capacitors. According to the Figure
2.12 upper and lower dc voltages are read separately and their differences are an input
for another PI controller to control unbalance voltage level of upper and lower dc
voltages. The output of the PI controller will subtract from reference zero sequence
component to obtain final zero sequence reference. Applied control block output is

given in Figure 2.13. according to the PSCAD analysis which EQR PSCAD model is

control_system : Graphs
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Figure 2.13 DC-link Voltage Control Analysis in PSCAD/EMTDC

given in Appendix A, first overshoot occurs at 717 V and it is in the applicable limits.

After the second overshoot dc-link voltage is stabilized.
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2.5 Reactive Power Compensation Controller

EQR is a VSI based system that can be injected or absorbed reactive current Ip,
independent from grid voltage V;. Figure 2.14. shows the basic block diagram of the
EQR. It is the fact that, grid node voltage will extremely be influenced from this
reactive current flow. To control the reactive current flow between source and EQR
indirect current control (ICC) strategy [48] has been chosen since whole reference
signals are extracted in synchronous reference frame. In order to prevent complexity
in the control system and the dynamic response of the SRF technique, it was thought

that ICC method is applicable for this compensator.

In the ICC control strategy, q component of the source current is calculated with the
help of SRF method. The reactive power of the mains is calculated according to the

(2.42).

3
Qsource,3(2) = Ex(VsqxIsd - Vsdxlsq) (2.42)

If the supply voltage is sinusoidal, symmetrical and balanced than q component of the

source voltage Vs, will be zero. In this case to calculate the reactive power of the source

Vs (Bus voltage)

Coupling
I Transformer

Leakage
Impedance

V (EQR voltage)

i

VD('

Figure 2.14 Basic EQR model
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two important parameters are necessary, these are d component of the source voltage
Vsq and q component of the source current /g, . In this thesis non-ideal supply voltage
conditions take care and the control technique takes advantage of (2.42) to produce
desired reactive power (Qry) at the Point of Common Coupling (PCC), q component
of the EQR current I, is given in (2.43) can be used to produce reference Igq_rr to

compare [¢, and control reactive power flow on the system.

— 2/ XQpes + Vigxl
ref sq*tisd
Isq—ref = 3 (2.43)
Vsd

Isq—rey is obtained from (2.43) which represents desired reactive power (Qy.f) current

q component at the PCC. To obtain desired reactive power at the PCC, control

algorithm shown in Figure 2.15. is used.

Qref—s| LPF > £q.(2.43)

PI _’Vq-ref

Ifq—> LPF

Figure 2.15 Reactive Power Control Block

In the reactive power control block given in Figure 2.15., Q¢ is calculated according
to (2.42) and using first order 100 Hz LPF and using (2.43) the reactive component of
the source current Is;_,.r can be applied to reactive power control block as a reference.
To compensate whole reactive power at the PCC, Q. must be reverse of mains
reactive power since according to this controller EQR will try to produce reference
reactive power Qreyr. If @y is variable according to the load the controller will detect
reactive power at the PCC and produce magnitude of required voltage reference signal
to accomplish dynamic reactive power control. However, important thing is here EQR
must generate a fundamental frequency voltage which is in the same phase with grid
voltage only the magnitude of the EQR voltage may change to control reactive power

flow on the system.
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Figure 2.16 Reactive Power Control Block Dynamic Analysis in PSCAD/EMTDC

According to the PSCAD/EMTDC analysis of the reactive power control block given
in Figure 2.16, system can response reactive power change at the PCC. This analysis
is done according to the £100 kVAR load reactive power change since these limits are
EQR power limits. In the Figure 2.16 blue line demonstrates load reactive power and
green line is the response of the EQR. Response time of the EQR can be increased by
using integrator constant. Response time of the EQR seems to be slow. However,
reactive power is calculated according to the 2.42 and first order 100 Hz LPF is used
to measure reactive power at the PCC. Due to the filter reactive power response time

printed with filter delay.

2.6 3" Harmonic Currents Compensation Controller

3™ harmonic and multiply of the third harmonics are called as triplen harmonics. These
triplens are in phase with each other and directionless so in the synchronous reference
frame reference current cannot extract. Due to the complexity and the other drawbacks,
Fourier transform based algorithms aren’t used to control third harmonic. In such
situation according to the internal model principle [49], Proportional Resonator (PR)
regulator is the best solution for tracking the sinusoidal reference signal and harmonic

elimination. An ideal form of PR regulator is given in (2.44).

2K,s

Gpr(s) = K, + ——

(2.44)
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Where K, and K, are the proportional and the resonant control gain respectively, wy,
is the fundamental angular frequency of the source. The PR controller enhances an
infinite gain at the selected frequency (resonant frequency) with zero phase shift. The
ideal PR controller bode diagram is given in Figure 2.17. but this type of controller
cannot be applied in a physical circuit because the controller given in (2.44) is a

lossless controller.
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Figure 2.17 Ideal PR controller Bode diagram [23]
The block diagram of Gpg(s) can be demonstrate in Figure 2.18. also, it is internal

structure of used PR control block in this thesis.

" &

+ 7 +Y
y(s—>_ & > = —>O—Y(s,

Figure 2.18 PR controller block diagram

In this controller integral term also behaves high-gain low-pass filter. The proportional

gain K, primarily controls the dynamics of the controller, while K, regulate the
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amplitude of the gain at the selected frequency and controls the band with around it
[23]. To tracking and eliminating third harmonic at the PCC, controller tuned to 150

Hz and the control mechanism shown in Figure 2.19. is used.

+

Ref - PR _>I/third—refia
+

Ref »| PR =P Viid-res

I

+
Ref > PR —> I/third—refc
Lﬂj_

Figure 2.19 Third Harmonic Control Block Diagram

Because of the non-linear single-phase loads third harmonic is the main problem for
distribution system so the third harmonic wants to be canceled since it is very harmful
both distribution transformer and the neutral conductor due to this reasons reference
value Ref will be zero. It means that there is no more third harmonic wants to be in
the system. Firstly, third harmonic controller will extract third harmonic component
from the source currents Ig,, I, and I, and than it will try to produce third harmonic
reference voltage to eliminate third harmonic from the system. PSCAD/EMTDC
analysis results of the PR controller for the third harmonic current compensation are

given in Figure 2.20-2.28.
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Figure 2.20 Phase A Load Harmonic Current Spectrum
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Figure 2.21 Phase A Source Harmonic Current Spectrum
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Figure 2.22 Phase A Source Current Waveform
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Figure 2.23 Phase B Load Harmonic Current Spectrum

37



URCE HARMONIC SPECTRUM (A)

|

Harmonic Current Spectrum

Figure 2.24 Phase B Source

=

[—
|
L

L

I

i

mo A

I

N

IR AT TR ARV A R I ATR AR R TRTIAY

S P

uw

Q&

c

3 J&L

8 100
1 1 1 1 1 1 1 1 1
0.400 0450 0.500 0550 0.600 0650 0.700 0.750 0.800

0350

Current Waveform

Figure 2.25 Phase B Source

HARMONIC SPECTRUM (A)

Figure 2.26 Phase C Load Harmonic Current Spectrum

38



PHASE C SOURCE HARMONIC SPECTRUM (A)

0.0

[3] 4.46217

Figure 2.27 Phase C Source Harmonic Current Spectrum
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Phase A, B and C are loaded with 21 A third harmonic current to examine third
harmonic capability of the EQR device. After the compensation third harmonic current
reduces to 4.53 A, 5.01 A and 4.45 A for phase A, B and C respectively. EQR third
harmonic compensation is started at 500 ms. of the simulation nearly 50 ms. later
compensator regulates the third harmonic current dips as seen in Figure 2.22, Figure

2.25, and Figure 2.28.

2.7 5" Harmonic Currents Compensation Controller

The produced fifth order harmonic current by load canceled out using EQR. EQR is
able to inject fifth order harmonic currents for three phases which are in phase with
load currents but inverse direction. In the synchronous reference frame which rotates
at 2 xmx 250 = 1570 radians/second the fifth harmonic appears as DC. Hence,

using source current fifth harmonic d and q components as a feedback and zero
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reference, fifth harmonic current compensation controller block can compensate fifth
harmonic. The 5™ harmonic current reference generation and proposed control

methods are represented in Figure 2.29. and Figure 2.30. respectively
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V, —» P

Figure 2.29 5" harmonic current reference generation

To eliminate ripples and obtain purely fifth harmonic reference currents 3rd order 20
Hz low pass filter is used for signals Ids; and Iqs; which are outputs of the park
transformation. The output of the filter Ids, and Iqs, are compared reference value.
For the ideal case reference values must be zero. The compared signals will be inputs
for the PI controller and PI controller will produce reference voltages Vds,, and Vgs,.
As seen in Figure 2.30. to obtain reference voltages in the a-b-c frame the output of
the controller must pass through Inverse-Park transform block and Inverse-Clarke

transform block.
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Figure 2.30 5" harmonic reference voltage generation
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This control block is also called multiple synchronous reference frame-based control
[24]. According to this control method, feedback controller is utilized with the

feedback loops to eliminate individual harmonics using conventional PI controller.

PHASE A LOAD HARMONIC SPECTRUM (A)

50.0

0.0

[5] 304056

Figure 2.31 Phase A Load Harmonic Current Spectrum
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Figure 2.32 Phase A Source Harmonic Current Spectrum
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Figure 2.34 Phase B Load Harmonic Current Spectrum
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Figure 2.35 Phase B Source Harmonic Current Spectrum
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Figure 2.37 Phase C Load Harmonic Current Spectrum
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Phase A, B and C are loaded with 30 A fifth harmonic current as an extreme case to
examine fifth harmonic capability of the EQR device. After the compensation fifth
harmonic current reduces to 3.61 A, 3.73 A and 4.06 A for phase A, B and C
respectively. EQR third harmonic compensation is started at 500 ms. of the simulation
nearly 40 ms. later compensator regulates the fifth harmonic current distortion as seen

in Figure 2.33, Figure 2.36, and Figure 2.39.

2.8 7" Harmonic Current Compensation Controller

As seen in Figure 2.40. seventh harmonic current reference can be extracted in multiple
synchronous reference frame like fifth harmonic. 3rd order 20 Hz LPF is used again
to prevent ripples. Both fifth harmonic and seventh harmonic occurs at 300 Hz in the
reference frame so LPF can be characterized up to this level. Due to simplicity,
reliability and applicability PI controller is used again to control seventh harmonic as

seen in Figure 2.41.

Seventh harmonic reference voltages are obtained using Inverse-Park transform and
Inverse-Clarke transform blocks. These reference voltages will be inputs for the

modulator block.
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Vb e 2
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Figure 2.40 7™ harmonic current reference generation

Seventh harmonic reference voltages Vyer_74, Vier—7p and Vygr_7. can be summed
with fifth harmonic reference voltages Vyer_sq, Vrer—sp and Vier_s. respectively since

plant is linear and superposition law is valid.
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Figure 2.41 7™ harmonic reference voltage generation
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Phase A, B and C are loaded with 15 A fifth harmonic current as an extreme case to
examine seventh harmonic capability of the EQR device. After the compensation
seventh harmonic current reduces to 2.86 A, 2.91 A and 2.86 A for phase A, B and C
respectively. EQR third harmonic compensation is started at S00 ms. of the simulation
nearly 40 ms. later compensator regulates the seventh harmonic current distortion as

seen in Figure 2.44, Figure 2.47, and Figure 2.50.

29  Current Unbalance Compensation Controller

There are several factors which may cause unbalance. These can be sorted as single-
phase distributed generation, asymmetric fault, open conductors, untransposed lines
and single-phase loads [25]. In this thesis current unbalance due to the single-phase
loads has mentioned which are the most commonly reason for current unbalance. In
an unbalanced operation not only, positive sequence current components are occurred,
but also negative sequence and zero sequence vector components are occurred as seen

in Figure 2.51.
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Figure 2.51 Symmetrical component of unbalanced vector

Negative and zero sequence components can be easily found by using vector a = e’3"
also known as Fortescue’s Theorem [50]. However, in this thesis negative sequence
components in the system are extracted by using Double Synchronous Reference

Frame Theory (DSRF). This theorem basics are explained in section 2.3.2.2.2.

In this reference frame negative sequence components occurs at 100 Hz and 3rd order
10 Hz filter can be used to extract negative sequence components (Id,, and 1q,,) as

seen in Figure 2.52.
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Figure 2.52 Unbalanced current reference generation

To suppress negative sequence current at the PCC, PI controller is used. Id,,,, and Iq,,,
are compared with reference values which must be zero to suppress negative sequence
currents. Compared values are inputs for the PI controller to control unbalanced
current at the PCC. The output of the PI controller is stated as voltage magnitude since

the current inputs are multiply by scalar numbers. These outputs Vd,,,, and Vq,,, are
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Figure 2.53 Unbalanced current reference voltage generation

also called as negative sequence reference voltages and these are inputs for the inverse
transform blocks to obtain 3-phases voltage magnitude in ABC frame as seen in Figure
2.53.

Unbalanced current compensation capability of the EQR is analyzed for three cases.
These are extremely unbalanced case, over unbalanced case and normal unbalanced
case. Figure 2.54 shows extremely unbalanced case that is an abnormal situation since
one of the phases extremely overloaded and the other phases magnitudes far away from
this value. To measure EQR performance in this case is created in the

PSCAD/EMTDC software.
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Figure 2.54 Unbalance Current Compensation for Extremely Unbalanced Case

According to the PSCAD/EMTDC analysis phase A, B and C currents have 140 A, 55
A and 30 A peak values. These currents are nearly balanced after compensation at the
800 ms. of the simulation. According to the Figure 2.54. new compensated source

currents peak values have become 95 A, 60 A and 60 A for phase A, B and C
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respectively.
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Figure 2.55 Unbalance Current Compensation for Over Unbalanced Case

Unbalanced currents are given in Figure 2.55. have a 60 A, 45 A and 30 A peak values
it can be named as over unbalanced case and with the compensation these values are
balanced at the 53 A, 50 A and 48 A.
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Figure 2.56 Unbalance Current Compensation for Normal Unbalanced Case

As seen in Figure 2.56. the currents are guaranteed to be balanced with given
unbalanced compensation strategy. The scenario given in in Figure 2.56 is a normal
unbalanced case and it can be observed every distribution type transformer. Nearly
230 A, 205 A and 210 A peak values are balanced after compensation at the 215 A
peak value.
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2.10 Neutral Current Compensation Controller

In three-phase four-wire distribution system zero sequence currents flow through the
neutral wire. Therefore, to achieve neutral current compensation zero-sequence current
components in the system must be separated and suppressed. Zero sequence currents
are composed of third harmonic with multiply of third harmonic and zero sequence
currents due to unbalance operation. Since third harmonic compensation technique is
discussed in 2.6. in this section only zero sequence compensation technique will
describe. In the three-phases four-wire system zero sequence current components can
be represented using directly from zero component of the Clarke Transformation by

(2.8).

0 —O— P >V, o

Iy
Figure 2.57 Zero sequence current control block

Zero sequence current component of the system is feedback signal for this closed loop
control system to compare reference value. To suppress zero sequence currents from
the system completely, reference value must be zero. Zero sequence current is
controlled using only P controller since it is enough for suppression. The block

diagram of the zero-sequence current control block is given in Figure 2.57 to obtain

V(;k—ref'

Neutral current compensation capability of the EQR is analyzed in PSCAD/EMTDC
environment with third harmonic current compensation and without third harmonic

compensation since third harmonic also passes through neutral wire.

As seen in Figure 2.58 neutral current has 60 A peak value and this value is reduced
to 40 A peak value using only zero sequence control block given in Figure 2.57.
However, using third harmonic compensation block this value is reduced to nearly 25

A as seen in Figure 2.59.
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Figure 2.58 Neutral Current Compensation without Third Harmonic Compensation
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Figure 2.59 Neutral Current Compensation with Third Harmonic Compensation

2.11 Modulation Techniques

Modulation is the most important part of the control system and it is directly affecting
the compensation performance. PWM (Pulse Width Modulation) technique is the most
common and reliable way to create needed output voltage wave shape [51]. To obtain
reliable signal, switching frequency must be much greater than intended output
frequency. PWM methods can be categorized as open loop and closed loop modulation

techniques [22].
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2.11.1 Open-Loop PWM Techniques
2.11.1.1 Sinusoidal Pulse Width Modulation (SPWM)

In this method reference sinusoidal signal is compared with a high frequency triangular
‘carrier’ wave shape to produce desired reference waveform (modulating signal) as

depicted in Figure 2.60.
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Figure 2.60 Principal of SPWM [52]

Both the positive or negative DC bus voltage is applied to output according to whether

the reference voltage signal or desired waveform is larger or smaller than carrier
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waveform. During this switching period, average voltage applied to the load is
proportional to the amplitude of the signal. Amplitude of the signal mean is duration
state (high or low level) of the square wave which is obtain from comparation between
reference voltage and carrier. This square wave contains replica of the reference
voltage so with the elimination of high frequency component from this wave desired
waveform can be obtain. With a high carrier frequency, in the AC network high
frequency component will be decrease. However, high switching frequency means
high power loss so in power system application 2-15 kHz carrier frequency carry out

adequate performance [52].

If A,, is the amplitude of the sinusoid modulating signal, A, is the amplitude of carrier
signal than modulation index ‘m’ can be represented as (2.38), and the amplitude of

the output voltage can adjust controlling modulation index ‘m’.

Am

m= e

(2.38)
Modulation index can be lower, equal or greater than 1. Modulation index greater than
1 means “overmodulation” and it is used when larger AC output voltage is needed but
if modulation index much greater than 1 there will be no intersection between carrier
and reference voltage signal and modulation performance will be close to zero so in

practical application modulation index is often used lower than 1.
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Figure 2.61 Application scheme of SPWM
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The general application scheme of SPWM technique is depicted in in Figure 2.61 and
using this method produced maximum phase voltage is given in (2.39).

Vims = m% (2.39)
As seen in from (2.38) output voltage is directly related with modulation index. To
prevent harmonic effect and gain maximum modulation performance, modulation
index must be closed to 1. However, in this case produced voltage peak value is lower
and DC-link voltage cannot be utilized its total performance so to gain high
performance using SPWM method, third harmonic is injected to the modulated signal
but this method only valid three-phase three-wire systems. This method doesn’t
applicable for three-phase four-wire systems since zero-sequence third harmonic

currents flows through neutral wire [33].
2.11.1.2 Space Vector Pulse Width Modulation (SVPWM)

Space Vector Pulse Width Modulation (SVPWM) technique has become more popular
in recent years since it has higher utilization rate of DC voltage and smaller output
waveform distortion unlike SPWM method [53]. This method is applicable for both 3-
phase 3-wire systems and 3-phase 4-wire VSI systems. However, application methods
are different from each other. In this thesis SVPWM is discussed for 3-phase 4-wire
system. In this method, reference signals in abc coordinate system are transformed to

normalized vectors in a0 coordinates using transformation matrix given in (2.40).

— 1 1_
Y73 72
V3 V3
Tabc—aﬁo = § 0 7 7 (2.40)
1 1 1
L2 2 2

Using neutral point clamped 3-phase 4-wire topology different inverter output voltages
can be produced at different phases angle and different magnitudes for each phase.

This topology has eight different switching states vectors. This switching vectors and
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normalized output voltages vectors according to these switching states in ABC and
af0 coordinates are given in Table 2.1. The output vectors in aff0 frame due to the
switching states are depicted in Figure 2.62. As a difference from 3-phase 3-wire
topology in this topology zero sequence output voltages can be produced thanks to the
neutral wire. Due to this reason vectors formed in switching states have three

dimensional components as seen in Figure 2.63.

___________ ‘v,

Figure 2.62 Three-Dimensional Space Figure 2.63 aff Axes Top View
Vectors

There are six different stages between space vectors which are called as sectors.

Mainly SVPWM is applied using three basic steps.

57



Step 1: Reference voltages in abc frame is transformed into normalized space vectors

in af0 frame and according to the projection of afy frame rotating angle 6 is detected.

To find normalized space vectors and rotating angle below formulas are used to

complete Step 1.

i 1
1 =3
_2| V3
1 1
7 3

| —

RN

(2.41)

Table 2.1 Switching States & Normalized Output Voltages

Vectors| Switching | Normalized Output Normalized Output | Normalized ap0 Voltages
States |Line — Neutral Voltages| Line - Line Voltages
S |{S|S |VA/NV | VB/V | VC/V | VAB/ | VBC | VCA/ Vao/ Vp/ Vo/
35| DC DC DC | VvDC |/VDC | VDC | VDC VDC | VDC
VO |00 |0 ]| -1/2 -172 -172 0 0 0 0 0 -172
Vi |1]0]0 12 -172 -172 1 0 -1 2/3 0 -1/6
V2 |1 |1]0]| 12 172 -172 0 1 -1 1/3 1/V3 1/6
V3 |0 |1]0]| -1/2 172 -172 -1 1 0 -1/3 1/V3 -1/6
V4 (0|1 |1 | -12 172 172 -1 0 1 -2/3 0 1/6
V5 |00 |1] -1/2 -172 172 0 -1 1 -1/3 | —1/4/3 | -1/6
V6 |1 (0 |1 172 -172 172 1 -1 0 1/3 -1//3 1/6
V7 [1]1 |1 172 1/2 172 0 0 0 0 0 172
— 2 2 2
[Vier| = /Va + Vi + Vs (2.42)
V,
0 = tan~! <—ﬁ) (2.43)
Va
V. |Vref| v _ |Va| _ |Vﬁ| Vv _ |VO| (2 44)
rej,norm a,norm — ,norm — o,norm — "
4 Vdc Vdc P Vdc Vdc
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Step 2: Reference vector stage is defined and to form reference voltages timing

interval is determined.

Reference vector sector selection:
0°<0<60° -> Sector 1

60° <6<120°-> Sector?2
120° <6 <180° = Sector 3
180° <0 <240° > Sector 4
240° <0 <300° > Sector5
300°<6<360° > Sector 6

Calculation of application times of vectors in switching states are given in Appendix

B.

Step 3: Switching is performed according to the order of application of the vectors in

the switching states.

Application Sequence of Vectors in Switching States:

Application sequence and form of vectors are directly affecting the output voltage and
switching frequency. In this thesis symmetric switching method is tried to explain. The
application sequence of these vectors are given in Table 2.2. In this method, the

deterioration of output voltage is the minimum level.

Table 2.2 Application Sequence of Vectors

Sector 1 Vo-Vi-V2-V7-V;-V,-V; -V,
Sector 2 Vo-V3-V32-V7-V;-V,-V3-V,
Sector 3 Vo-V3-V4-V7-V7-V4-V;3-V
Sector 4 Vo-Vs5-V4-V7-V;7-V4-V5-V,
Sector 5 Vo-Vs5-Vs-V7-V;-Ve-Vs5-V
Sector 6 Vo-Vi-Vs-V7-V;-Ve-V;-Vj
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2.11.2 Closed-Loop PWM Techniques
2.11.2.1 Hysteresis Band PWM (HB Controller)

The principle scheme of Hysteresis Band Current Control (HB control) is shown in
Figure 2.64. To control output current of the inverter reference currents iy, are
compared with output currents i.,. Obtained error signals are applied to hysteresis

controller and switching signals are generated.
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- - Lower band

Trigger

{ F N Signal

- -

Figure 2.64 Principle Scheme of HB Control [19]

The hysteresis controller of each phase determines the current error of that phase to
produce a switching signal to hold it in a tolerance band. In this method whether
switching signal change or not error signal keeps between hysteresis band limit so

output current tracks reference signal [54].
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Figure 2.65 Application Scheme of HB Control
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The application scheme of hysteresis band current control is simple, and it has a high
performance given in Figure 2.65. However, variable switching frequency is
significant disadvantage for this method. This method is applicable both three-phase
three-wire and three-phase four-wire systems. In the power stage output voltage of
each phases is related according to another phase switching position. Phase current can
be reduced or increased due to upper switching with respect to sign of source voltage,
but lower switching always reduces phase currents. Switching speed depends on,
hysteresis band width, output filter inductance, source and dc-link voltages. While high
filter inductance, high hysteresis band width and low dc-link voltage means low
switching frequency, switching frequency will increase in opposite situation of this. If

switching frequency is higher enough high order harmonics can be compensated.
2.12 General Control Scheme of EQR

General Control Scheme of EQR is given in Figure 2.66. mode selection block enables
to compensation mode selection and it operates as a switch for the reference signals
and allows only selected compensation. This method enables power save for the
converter. Selected reference voltages send to modulator block to produce firing
signals for IGBTs. Due to ease of application and reliability SPWM method is used in
the modulator block. Control system and power stage of EQR is detailed analyzed and
whole control system parameters are simulated in the PSCAD/EMTDC given in
Appendix A. After completed the simulation work power stage and electrical panel is

built.
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CHAPTER 3
DESIGN OF EQR

3.1 Design Specifications

A prototype VSI based EQR employing SPWM technique and having simplest 2 level,
3 leg neutral point clamped topology with half bridge IGBT modules. Prototype testing
was carried out in AKDENIZ EDAS distribution type transformers to solve reactive
power, low-order harmonic current, neutral current compensation and load balancing

problem.

Because of single phase and non-linear loads, distribution type transformers suffer
from basic energy quality problems. To specify magnitude of this problems Schneider
ION 7650 Class A Power Analyzer is used to take measurement from the different
distribution type transformers belong to AKDENIZ EDAS. To specify application
place of EQR, measurements are taken from twenty different distribution type
transformers and the measurement results are analyzed by each day for six months.
The measurement points are taken from the distribution transformers are given Table
3.1. Data are taken from transformers observed using INAVITAS SCADA system

shown in Figure 3.1.
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Figure 3.1 INAVITAS SCADA System
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Table 3.1 Measurement points are taken from the field

# | Org. Name Single Line Code & Name Fle.ld IP CT -Ratio
Coordinates
192270_1551 VE 1590 SOKAK 36°53"2"-
I [Muratpasa | ¢ p1IMI UGUR MUMCU STADI 30°43'52" 3.26.170.6 100075
2 | Konyaalti 201140_75. YIL DM :;60053‘;,36,,_ 5.26.133.57 600/5
542289 YENI EMEK MH —
3 | Kepez CEYHANCD-SAKARYA BLV 30°41'46" 5.26.125.131 600/5
KESISIMI BINA TR
542309 YENI MH SEHITLER PARKI 36°55'9"-
4 | Kepez iCi BETON KOSK 30°42'24" 5.26.125.134 600/5
= 36°52'32"-
5 | Konyaalti 202222 CAKIRLAR KAVSAGI BT 30°34'4" 5.26.136.193 600/5
36°52'7"-
6 | Konyaalti 202224_JANDARMA YANI BT 30°33126" 5.26.153.139 600/5
192744 GAZI BULVARI 786 SOKAK 36°54'44"-
7 | Muratpasa KESISiMi 30°4225" 5.26.125.132 600/5
- 36°58'08"-
8 | Kepez 541080 DUDENDM 30943124" 5.26.125.132 600/6
542455 GUNDOGDU MH.2488-89 SK. 36°55'49"-
9 | Kepez BINA TR 30°42'33" 5.26.133.57 600/5
542119_KANAL MH 4703-4699 36°55'16"-
10 | Kepez KESISIMI BINA TR 30°40'29" 5.26.153.139 600/5
192665_SINANOGLU CADDESI 36°51'55"-
11 | Muratpasa SHELL YANI 30°44"29" 5.26.170.6 600/5
36°56'44"-
12 | Aksu 181130_PINARLI DM 30°48'45" 5.26.153.139 600/5
542363 FEVZI CAKMAK MH. 6152 36°51'55"-
13 | Kepez SK. BINA TR 30944729" 5.26.125.134 600/5
542765 FEVZI CAKMAK MH. 6176 36°56720.7".
14 | Kepez SK. MUHTARLIK YANI BETON T~ an 5.26.125.131 600/5
- 30°42'27,9
KOSK
542263 FATIH MH. 3353 BETON 36°56"23"-
15 | Kepez KOSK 30°39'0" 5.26.136.193 600/5
192737_2325 SOKAK CAMDIBI 36°51'33"-
16 | Muratpasa SITESI 30°48'50" 5.26.136.193 600/5
36°50'56"-
17 | Muratpasa | 192547_MARTI SITESI con 5.26.170.6 600/5
30°47'58
192506_2028-2032 SOKAK KAPALI 36°51'15"-
18 | Muratpasa PAZAR 30°46"20" 5.26.125.131 600/5
192593_BULENT ECEVIT BULVARI 36°51127"-
19 | Muratpaga 2088 SOKAK 30°46'7" 5.26.125.134 1000/5
192606_1524 VE 1492 SOKAK 36°51'52"-
20 | Muratpasa |  pqisivi CAG. KOOP. SITESI 30°4425" 5.26.133.57 60075

The measurement results include phase currents, current and voltage harmonics (10

minutes interval according to the IEEE Std. 519-2014 [14]), active and reactive power

consumption, and load unbalance of transformers. According to the worst-case

(according to the EN and IEE standards) measurement results and load profile of
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transformers given in Table 3.2. are selected as design criteria of EQR. As seen from

Table 3.2. domestically loads are widely used.

Table 3.2 Load profile of transformers

Single Line Code & Field . sy Agricultural
Trans. Name Coordinates Domestic | Office | Industry | Lighting Irrigation Other

192270_1551 VE 1590 365391

SOKAK KESISIMI 30°43'52" 80% 10% 0% 10% 0% 0%

UGUR MUMCU STADI

192744 GAZI BULVARI | 36°54'44"

786 SOKAK KESISIMI 30°42'25" 70% 20% 0% 10% 0% 0%

192665_SINANOGLU 36°51'55"-

CADDESI SHELL YANI | 30°4429" 80% 10% 0% 10% 0% 0%

192737_2325 SOKAK 36°51'33"-

CAMDIBI SITESI 30°48'52" 70% 0% 0% 10% 20% 0%

192547_MARTI SITESI 33%0207,55%,{ 80% 10% 0% 10% 0% 0%

192506_2028-2032 36951'15"

SOKAK KAPALI 3094620 80% 10% 0% 10% 0% 0%

PAZAR

192593_BULENT 36050

ECEVIT BULVARI 2088 30°46'7" 60% 10% 0% 10% 20% 0%

SOKAK

192606_1524 VE 1492 3651'52"

SOKAK KESISIMi CAG. 20044 5,,‘ 100% 0% 0% 0% 0% 0%

KOOP SITESI

542289 YENI EMEK

MH CEYHANCD- 36°53'8"-

SAKARYA BLV 30°41'46" 70% po% % 10% 0% 0%

KESIiSiMi BINA TR

542309_YENIMH 369559"

SEHITLER PARKI iCi 3004224 70% 20% 0% 10% 0% 0%

BETON KOSK

541080 DUDENDM 36°58'08"- 80% 10% 0% 10% 0% 0%
- 30°43'24" 7 7 7 7 7 7

542455 _GUNDOGDU 3695549"

MH.2488-89 SK. BINA i 90% 0% 0% 10% 0% 0%

TR 30°42'33

542119_KANAL MH 16°55'16"

4703-4699 KESISIMI 300 40,29,,' 80% 10% 0% 10% 0% 0%

BINA TR

542363 FEVZI 36°51'55"

CAKMAK MH. 6152 SK. | %00, oo, 60% 20% 0% 10% 0% 0%

BINA TR

542765 FEVZI

CAKMAK MH. 6176 SK. | 36°56'29,7"-

MUHTARLIK YANI 30°42'27,9" 80% 10% 0% 10% 0% 0%

BETON KOSK

542263 FATIH MH. 36°5623"-

3353 BETON KOSK 30°39'0" 0% 0% 0% 10% 0% 0%

201140_75. YIL DM 33%053‘;,36,,' 0% 50% 0% 30% 0% 20%

202222 CAKIRLAR 36°52'32"-

KAVSAGI BT 30°344" 50% 10% 0% 10% 30% 0%

202224_JANDARMA 36°52'7"-

YANIBT 30°33126" 60% 10% 0% 10% 20% 0%

181130_PINARLI DM 36°5644™ | 90, 0% 0% 10% 20% 0%
= 30048'45" (9 (9 (9 (9 (9 (9
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Because of these loads, excessive neutral currents, loads unbalance and third harmonic
will be problem for these transformers. According to the measurement results
maximum reactive power consumption are measured at the distribution transformer
192270 as 112 kVAR. 3.,5., 7. harmonics are measured as 42.4 A, 23.2 A and 7.65 A
respectively at the distribution transformer 192270. According to the NEMA standard
current unbalance is measured as 23.4 % at the distribution transformer 192270.
Maximum reactive power consumption, maximum current harmonics and maximum

current unbalance values for distribution transformer 192270 are given in Table 3.3.

Table 3.3 Maximum values for distribution transformer 192270

Maximum Maximum Current Maximum
Transformer | Reactive Power Harmonics (A) Current
Name (kVAR) 3. 5. 7. Unbalance
192270 112 42 4 23,2 7,65 %?23.,4

The important point is here these results shows only maximum values for any time, in
other words these problems didn’t occur at the same time. When the maximum demand
occurs at the transformer for any problem the other problem’s maximum values are

given in Table 3.4. for distribution type transformer 192270.

Table 3.4 Measurement results according to the maximum values

Current Harmonics
Reactive Power (A) Current
(kVAR) Unbalance
3. 5. 7.
Maxi ti
aximum reactive 112 24,7 55 5 %8
power occurs
Maxi t
aximum carren 69 24 | 42 | 115 %10,6
harmonics occurs
Maxi t
XU curren 67 2425 | 925 | 3 %234
unbalance occurs

According to this measurement and analysis of EQR measurement report technical
specifications are determined and they are listed in Table 3.5. In the following sections

equipment selecting criteria and calculation methods are also discussed.
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Table 3.5 Technical specification of implemented EQR

Reactive power generation capacity +100 kVAR
Third Harmonic injection capacity 50 A

Fifth Harmonic injection capacity 30 A
Seventh Harmonic injection capacity 15 A
Neutral current compensation capacity 432 A
Circuit Topology 3P-4W
Operating Frequency 50 Hz
Maximum input voltage 440 V

DC link voltage 710V
Maximum DC link current 432 A
Maximum peak IGBT voltage 1200 V
Nominal IGBT current 450 A

DC link capacitor 30 mF/900V
LCL filter reactor inverter side 300uH/200A
LCL filter grid side 100uH/168A
LCL filter capacitor 100 uF
Laminated busbar inductance <75 nH
Forced-Air Cooling System 630 m3/h
Switching frequency SkHZ

Heat Sink Thermal Impedance 0.03 kK/'W

3.2. Design of EQR Power Stage

Power stage of EQR is responsible for producing suitable switched voltage to

compensate PQ problems. It consists of mainly below equipment;

IGBTs

IGBT Drivers

DC-Link Capacitors
Pre-charge & Discharge Circuit
Laminated Busbar

Snubber Capacitors

Heat Sink & Fan

NS R

To identify technical specification of this equipment mainly Table 3.3. and Table 3.4.
are used as a reference. According to the reactive power demand at worst case, 100
kVAR EQR design seems suitable since maximum demand is 112 kVAR. If we

redefine capacity of EQR as a current, we can say that it has 144 A current injection
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capacity at 400 V for each phase. To make possible overload compensation EQR is
designed to compensate 10% overload condition. Harmonic currents injection
capacity of EQR is selected according to again Table 3.3. and Table 3.4. Maximum
values of these tables are criteria for this selection. However, to enhance compensation
performance of the EQR and to avoid any load growing effect, these values are
multiplying by a correction factor and tolerance values are used as a reference which
are given in Table 3.5. Because of the neutral current compensation features EQR
maximum dc-link current selected as 432 A since at the limit values for unbalanced
neutral wire current case can be reached up to 3 times of phase current. Neutral wire
compensation mission makes compulsory 3-phase 4-wire topology has mentioned in
section 2.2. Since this device will be used in Turkey network, operating frequency is
selected as 50 Hz and operating line to line voltage selected as 400 V with 10%

tolerance.
3.2.1 Selection of Power Semiconductor

Combination of power electronic components and a driver circuit can be defined as
actively switchable power semiconductors. There are many power semiconductors can
be found on the market and present current and voltage limits for controllable power
semiconductors are given Figure 3.2. IGBT (Insulated Gate Bipolar Transistor),
MOSEFET (Metal Oxide Semiconductor Field Effect Transistor), GTO (Gate Turn Off-
) thyristors and IGCT (Integrated Gate Commutated Thyristor) became more popular
for the line-commutated application compared with thyristor. These products have
many advantages such as operation without snubbers, active turn-off in the event of
short circuit, short switching time and relatively low switching losses. IGBT products
are more common since usage of IGBT is comparatively simple, readily available on
the market and it has low-priced when compared with other devices in the same voltage

and current range [55].
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Figure 3.2 Current and voltage limits for controllable power semiconductors [55]

Power electronic switch system generally consist of interfaces to external electric
circuitry and the control unit (information processing, auxiliary power supply) whether
optical or inductive transmitter are used. General power electronic switch system is

depicted in Figure 3.3.

Galvanic ) Power Semiconductor Devices
Isolation Driver (e.g. MOSFETs; IGBTSs; Diodes)

_______________ . External
\ é L Snubbers
Liwr ExT or
Control A
Unit NMo—4—o Parasitics
|
|
==CINT | = CEXT
|
|
Power e |
Supply J Lt 1B
| ; Lo
|
_________________ K
Internal
Parasitics

Figure 3.3 Power electronic switch system [55]
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Due to mentioned features IGBT is selected as a power semiconductor. Mainly three
factors are taking care to select size of IGBT. First one is frequency limits. In this
thesis 400 V EQR will be operated by using SPWM technique. To prevent high
switching losses within IGBT boundaries 5000 Hz is selected as an optimum switching
frequency. Secondary voltage level of EQR must be specified. For 400 V line to line
phase voltage, minimum peak value of voltage between the terminal of the power
semiconductor can be calculated in 3.1. [56] where Liotqr = Lgrig + Liny., as aresult
the minimum voltage rating of power semiconductor for EQR should be taken as
875.52 V (with 50% safety factor) or higher. Finally, current rating of IGBT is
measured according to the fault case while neutral current compensation is (calculated
as 432 A in section 3.2) figured out. As a result, 1200V 450A SEMIX453GB12E4p
half-bridge IGBT module is selected as a power semiconductor with suggested driver

SKYPER 12 press-fit 450A driver as seen in Figure 3.4.

100000 VAr
|4

=V2x400V + ——— x2xmwx50x 0.4 mH = 583.68V 3.1
peak 400VX\/§ ( )

Figure 3.4 SEMIX453GB12E4p & SKYPER 12 press-fit
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Basic specification of SEMIX453GB12E4p is given in Table 3.6.

Table 3.6 Basic specification of SEMIX453GB12E4p

d; /dt,n, = 70004 /us
d; / dt,rr = 33004 /us
d, /dt =4800V /us
T; =150°C

Item Symbol Conditions Ratings
Collector-emitter voltage Vers T; =25°C 1200 V
Gate-emitter voltage Vees - -20...20V

; T, =25°C 678 A
Collector Current ¢ T. = 80°C 521 A
Icnom |- 450 A
Emitter Current Ig - 450 A
Isolation Voltage Viso AC sinus 50Hz, t = 1 min 4000 V
Junction Temperature T; - -40...175°C
. . v T; =25°C 205V
Collector-emitter saturation voltage CE(sat) T, = 150 °C SA0V
' ’ T; =25°C 246V
Emitter -collector voltage (FWDi) Vee
T; = 150°C 238V
Turn-On switching energy Eon Vee = 600V 25 ml]
Ic =4504
Veg = 15/-15V
Reon =110
o Rgorr =110
Turn-Off switching energy Eorr 57 ml]

3.2.2 DC-Link Capacitor Selection

The compensation performance of the EQR is directly depends on storage element dc-

link capacitor voltage level (V;.) and capacitance value (Cy.). To drive the enough

compensation currents to the system minimum capacitor voltage level is calculated

according to the compensation parameters. To make stable compensation it is not

allowed peak-to-peak voltage ripple higher than 1-3% on the dc-link voltage level.

Minimum dc-link voltage level is EQR is figured out under reactive power and current

harmonics compensation condition as a worst case. Referring to Table 3.5., required

EQR fundamental output voltage (Vgors) and EQR harmonic output voltage (Vgggrn)

at each harmonic order can be found. As Vgorr and Vgggr, are in RMS values, to
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calculate required EQR dc-link level fundamental reactive current component and nth
order harmonic current component peak values must be calculated in which Vger =
\/EVEQRf,Vdm = \/fVEQRn . These peak values can be considered as superimposed

since required dc-link voltage requirement V., can be calculated for single phase

circuit model of EQR can be calculated as equation (3.2).

Vaee = [Vactl2+ ) IVaenl? (3.2
n=2

To make compensation simultaneously, required EQR fundamental output voltage
(Vegrys) and EQR harmonic output voltage (Vgqry) can be calculated in equation (3.3)
and (3.4).

Veorr = VWp—n + Zn=1 X Icp=1 (3.3)
Veorn=357 = Zn=357 X Iecn=3,57 (3.4)

Z, denotes LCL filter impedance at fundamental and nth. order harmonic frequency

and it can be expressed as:

Zn=nx2x1Xf X Liotar (3.5)

Table 3.7 Sufficient voltage levels to make compensation

Frequency | Inductance Impedance (Zc,n | Current (Icn, | Voltage
(Hz) (Ltotal) =1,3,5,7) n=13,5,7) (VEQR(f;n)
50 0.4 mH 0.125 Q 144 A 230V +18 V
150 0.4 mH 0.377 Q 50 A 18.85V
250 0.4 mH 0.628 Q 30 A 18.84 V
350 0.4 mH 0.874 Q 15A 13.11V

According to the worst-case compensation parameters, required voltage level which

must be produced by EQR is given in Table 3.7. In this table PQ problems for each

phase assumed to be balanced. Using equation (3.2) V., according to the Table 3.7.
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calculated as 353.22 V. Minimum dc-link voltage level V. for three-phase four-wire
EQR can be found as 2 x V4., = 706.45V. In the EQR project dc-link value is
selected as 710 Vdc.

To select suitable capacitance value firstly allowed ripple voltage is decided. In this
project around 1-3% ripple level is selected and ripple voltage level is used as

maximum 8V verified by PSCAD/EMTDC. According to this value dc-link

capacitance value (Cg ) is calculated using equation (3.6).

Iy

Cac =
2xwx Vdc—ripple

(3.6)

In which I; demonstrates EQR supply current and w = 2 x w x f is calculated in

fundamental frequency

_ EQR power rating = 100000 VAr
~ dc — link voltage level = 710 Vdc

1, (3.7)

Using equation (3.6) and (3.7) required dc-link capacitance is calculated as 28 mF.

450 V 10mF EPCOS very high ripple current (72 A @40 °C) B437 series aluminum
electrolytic dc capacitor is selected and to provide dc-link capacitor design criteria,
432 A fault current condition and three-phase four-wire topology connection which is

depicted in Figure 3.5. is used.

rr/TaTT T -__-_"':
C1 : |

b e e L |
N <

|_ --------- ——— e = e

i |
Cs :

el L P [ NN

Figure 3.5 DC-Link capacitor configuration

Two capacitors group (C1 and C2) is connected as a series. Using this connection

created mid-point of the capacitors is used for a path for zero-sequence compensation
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and 450 Vdc voltage level is increased up to 900 Vdc. Each group contains six discrete
capacitors, and these are connected to each other as a parallel to increase current
capability of the dc-link by this way total dc-link reach to 432 A. Total capacitances is

30 mF according to this final design.

Beside these calculations another important factor is low inductive dc-link design since
due to stray inductance in the dc path, voltage overshoots occur during switch off of
the IGBT according to the equation (3.8). These voltage overshoots may destroy the
IGBT module because they are added to the dc-link voltage and may lead to Vg >
VeEmax- B437 series aluminum electrolytic dc capacitor has very low ESL value (<23
nH) in the parallel branch this value is reduces to one in six, due to series branch these
value increases two times. Finally, equivalent ESL value will be one in three of 23 nH
(~7.6 nH). With low inductive dc-link design these voltage overshoots can be reduced
significantly.

d;
Vovershoot = Lstray X d_l (3.8)
t

3.2.3 Pre-charge & Discharge Circuit

To avoid any inrush current problem, EQR pre-charge circuit increases dc-link voltage
level up to line to line phase voltage peak value before the switching. When system is
stopped, discharge circuit reduce to dc-link voltage to safety level. While pre-charge
circuit consist of resistors, full bridge rectifier module and relay, discharge circuit only
contains of discharge resistors. Pre-charge circuit and discharge resistors of the
capacitors is depicted in Figure 3.6. and corresponding circuit is simulated using

OrCAD Capture.

Charging circuit shown in Figure 3.6 employees a full bridge rectifier connected to the
dc-link through pre-charging resistors. Pre-charging resistors is used in the ac side to
limit the charging current. Electromechanical relay contacts represented in the OrCAD
model as Ul and U2. These contacts switched off with start command through pre-

charge time. When pre-charge time is ended, these contacts again switched on.

Discharging resistors shown in Figure 3.6 provides rapid discharge. Electrical

specification of charging and discharging circuit is given in Table 3.8.
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Table 3.8 Electrical specification of charging and discharging circuit

Aim of Usage Brand-Name | Model Specification
Full-Bridge Rectifier | SEMIKRON | SKB 30/12 1200V, 30 A
Pre-Charge Resistor ARCOL HS100 330 Q, 100W
Pre-Charge Relay OMRON MY4IN 10 A, 24Vdc
Discharge Resistor ROYAL 263 P 23.5kQ, 20W (2-47 kQ,10W)

75




s I = I 3 I = | i
EQR Pre—-Charge & Discharge Circuit
ke ESL
k Capacitance
o x ESR
arge Hesistor
H - [ E-J & L3 - L4 - LS - L&
1 : L1 23nH 23nH 23nH 23nH 23nH
23nH
FulllBridge Hect]
Fre—fharge Laminated Bus—Bac
B M e e o Besistors Inductance
c1 F§ = B3 g RS g BR7 = RS g R11
== 10000u —— 3 ] = Z3.5k c3 235k == C4 23 5k C5 > 235k == C8B 23 5k
i D s D2 2 10000uR 10000uF 10000uF 10000uF 10000uF
c D1MN400Z D iN400E ==
Phasa-A
= é "1 = R4 RE = R8 R10 é Rz
= =
Phase-B = 12m =  12m 12m =  12m 12m = 12m
—
] |- NS EIUTE— — [}
[@)) . L7 Le & L9 & L10 - L1 - L12
Z3anH 23nH 23nH 23nH 23nH 23nH
25 Da AN -
D1MN4002 DinNanap
"""""""""""""""""""" == R13 = Ri5 R17 Ri9 = B2 <= R23
L = B 235k o= CB > 235k ca 2385k —= G110 235k c11 > 235k == C12 = 235k
10000 10000uR 10000u 10000uF 10000uF 10000uF
R14 = RIB R18 = R20 2z 24
12m % 12m 12m % t2m 12m 12m
=2 =
o o
A V1 VOFF =0 w2 VOFE=0
WVAMPL = 325 VAMPL = 325
FREQ = 50 FREQ = 50 e
AC=1 AC =1 Pre-charge & Discharge Gircuit
A PCKS- 1627
= T 10, S018 Enhcat =13 £
5 T 4 T 3 | 2 | 1

Figure 3.6 Pre-Charge & Discharge Circuit OrCAD Model




3.2.4 Laminated Busbar Design

DC path inductance caused by the distance between dc storage element and power
switch is one of the majors constrain to develop power stage. High dc path inductance
leads to non-ideal inverter operation, voltage overshoot, voltage droop and resonance

with snubber capacitors [57].

Laminated busbar inductance plays an important role when calculating total dc path
inductance. This inductance value can be calculated by analytically or by using Finite
Element Analyze (FEA) tools and it can be limited using some approximations. The
mechanical design has a significant influence to reduce the inductance of the dc path

and approximations are described according to these design criteria.

1. The conductors must be parallel, and they must be overlapped. There must not be
any space between conductors since each additional 1 cm? space adds nearly 10 nH

additional inductance to total stray inductance as shown in Figure 3.7.

| i =100 B | s

%h:m?:ﬂl}nH

Lstray < 20 %

Figure 3.7 Laminated busbar conductor’s placement

2. Capacitor terminals connections must be in line with the main current flow as
shown in Figure 3.8. This connection reduces total inductance nearly 70 % when

compared with opposite case.
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Leray = 100 %

N
------------ I remaining loop

Lstray =30 %‘

Figure 3.8 Suitable DC-Link Capacitor terminals direction

Because of more than one capacitor is used, final placement must be designed as

Figure 3.9.

Figure 3.9 Suitable DC-Link capacitor terminal placement

3. Laminated busbars orientation also must be taken into regard. Current distribution
between ‘+’ busbar and ‘-’ busbar are directly affects the stray inductance, so this

distribution must be designed as Figure 3.10.

Lstray =100 % + leray =80 %

Figure 3.10 Suitable orientation of planer busbars
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4. To obtain low inductive power stage above restriction must be taken into attention

also as much as possible parallel current paths must be created. Large current path

loops mean large inductance as shown in Figure 3.11.

Typical solution Low inductive solution

2 IGBT Moduls

" 21GBT Moduls _/

. parallel
current paths

Capacitor

Figure 3.11 Low inductance power stage design

5.

Dielectric material is used between two conductors to isolate conductors. Thickness
of this material effects laminated busbar inductance. Laminated busbar inductance
increases by increasing dielectric thickness or vice versa.

Copper plates are used to produce laminated busbar. The width of this conducting
plates plays important role on the laminated busbar inductance. Laminated busbar
inductance decreases by increased conductor width.

IGBT’s switching frequency also impacts laminated busbar inductance. Higher

switching frequency reduces laminated busbar inductance.

However, these experiential approaches do not guarantee the minimum inductance.

Many numerical modelling tools is available to calculate this complex inductance

model. However, in this thesis inductance situated on the dc path is calculated

mathematically regarding inductive elements on the dc path. In this section laminated

busbar inductance is calculated with internal inductance L; and external inductance L.

The other components inductance values are taken from manufacturer catalog than

added to laminated busbar inductance to obtain total stray inductance on the dc path.

Finally, the result obtained from calculation is verified by experimental setup.
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Laminated busbar rough model and physical representation is depicted in Figure 3.12.

In this model dimensional quantities are given to make calculation.

Conducting Plates Dielectric

Figure 3.12 Physical representation of the bar, showing dimensional quantities [26]

According to the Figure 3.12. I [m] represents length, w [m] represents width of the
busbar, t [m] represents thickness of the plates and d [m] represents distance between

the two plates.

Figure 3.13 Electrical equivalent circuit to model EQR busbar [26]

The mechanical dimensions of the busbar are determined according to the number of
capacitors, capacitor mechanical dimensions, heat sink and IGBT dimensions, and
considering low inductance design suggestions. Eventually, designed is completed in
the CAD program than inductance of the busbar is calculated according to these
dimensions. Mechanical properties of the laminated busbar and some other properties

related with busbar are given in Table 3.9.
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Table 3.9 Mechanical properties of busbar

Description Abbreviation Value
Length of the busbar 1 69 cm
Width of the busbar w 16 cm
Thickness between busbar plates d=tgietectric 0.05 cm
Thickness of busbar (copper plate) t 2 mm
Permittivity of air o 8.85419e-12
Relative permittivity of material & 3.3
Permeability of air Uo 1.25664e-06
Relative permeability of air Uy 0.9999999
Resistivity of the busbar (pure copper) p 1.72e-08 Qm

To make calculation firstly, model must be selected. Lumped parameter model or
transmission line model can be applied. To make this decision highest frequency

component of the EQR power stage must be defined [26]. Highest critical frequency

defined as:
= 1 3.9
fe = 2xmxty (39

where ¢y represents the device fall time for SEMIX453GB12E4p IGBT pack. For
SEMIX453GB12E4p model IGBT pack, device fall time is 115 ns so highest critical

frequency is ~1.4 MHz.
The wavelength is defined in (3.10).

A= — (3.10)
fe

Since /4 = 54 m and is not comparable with the dimension of the busbar, lumped

stray inductance model shown in Figure 3.13 can be used. Figure 3.13 contains four

lumped parameters, these are the busbar inductance L, capacitance C and resistance R.

The dielectric losses are represented by the conductance G.
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The capacitance C between busbars and dielectric losses G can be calculated according

to the (3.11) and (3.12) respectively,

wxl
C= gpe, —m (3.11)
dielectric
wxl
G=0—-— (3.12)
zl:dieleclrric

Laminated busbar inductance composes of internal inductance and external
inductances. Due to the flux linkages between busbar plates internal inductance is
occurred. Skin and proximity effect impact internal inductance value and for low
frequency application internal inductance is more important. Internal inductance for

low frequency application can be calculated in equation (3.13).

X
L = % xl (3.13)

Because of the geometry of the busbar external inductance occurs and this inductance
value is frequency independent inductance. External inductance can be calculated in
equation (3.14).

Laietectric

Le = py—— = (3.14)

§ to be skin effect for switching frequency f. It can be expressed as:

_f p
5= T (3.15)

Since t > 2§ resistance of the busbar R can be calculated according to the equation
(3.16).

4]
wxd

R=p (3.16)
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According to the related calculations laminated busbar, calculated -electrical

parameters are given in Table 3.10.

Table 3.10 Electrical parameter of laminated busbar

Description Abbreviation Value
Capacitance between busbars C 6.45 nF
Internal inductance of busbar L; 34.5 nH/m
External inductance of busbar L, 3.92 nH/m
Skin depth é 0.93 mm
Resistance of the busbar R 0.3 Qm

To obtain total dc path inductance analytically other inductances like IGBT
inductance, capacitor ESL value, screw and spacers inductances must be added to
summation of the internal and external inductance. According to the datasheets of this

material

Equivalent IGBT part inductance L;;gr = 20 nH

Equivalent capacitor ESL value Lgg;, = 7.6 nH

Screw and spacer inductance Lgg = 10 nH

Internal Inductance of busbar L; = 34.5 nH

External Inductance of IGBT L,= 3.92 nH and total stray inductance is:

Lstray = LIGBT + LESL + LSS + Li + Le = 7602 nH (317)
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The produced laminated busbar is given in Figure 3.14.

Figure 3.14 ‘+’, *-’ and ‘neutral’ busbar plates
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Total stray inductance on the dc path is verified using experimental setup given in

Figure 3.15.

Rioad

Lload

~ PEM Rogowski Coil

Figure 3.15 Total stray inductance test circuit

Bottom IGBT is switched off for a short time (1 ms.) in the circuit given in Figure
3.15. Using PEM rogowski coil and voltage probe, current and voltage waveforms are

taken. Corresponding results are given in Figure 3.16.
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dt
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@& 160.0A
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13:44:07 |

Figure 3.16 Load current and voltage waveform
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AV =1L di 3.18
= xdt (3.18)

AV is the instantaneous voltage change between the load terminals and is equal to

135V and it is demonstrated as a magenta line for Figure 3.16.

Z—i can be defined as time dependent current change and according to the Figure 3.16.

cyan line its value is 1.8 A/nsec. Using these values dc path total stray inductance

calculated as:
di
L =AV/ T =75nH (3.19)

Equation (3.19) shows that theoretical work is verified by experimental work and

recommended maximum 100 nH stray inductance limit condition is provided.
3.2.5 Snubber Capacitor Selection

To provide voltage overshoots during the switch off, snubber capacitors are used to
protect IGBT module. The snubber circuits work as a low pass filter and prevents
voltage overshoot caused bay stray inductance on the dc path. There are many types

of snubber circuits to protect IGBT as depicted in Figure 3.17.

i€ &
1 T 0%y

K& T
L LT

Figure 3.17 Different type of snubber circuit
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Due to the simplicity and manufacturer recommendation only, parallel connected high
voltage film capacitors can be used as a snubber circuit as shown in Figure 3.18.

Important things here is snubber capacitor must be located directly at dc terminals of

the IGBT module.

g

DC-link Snubber

JE&

Figure 3.18 Selected snubber circuit

To select correct snubber capacitor value below calculation must be done otherwise

snubber does not reduce the voltage overshoots and dc-link oscillation can occur.

AVs? x C
Lstray = Izsnubber (3.20)
c

AV's is the second voltage overshoot level which is calculated as 60 V from the Figure
3.19. I, is the nominal current and for 100 kVAR operation calculated as 144 A. Using

equation (3.20) Cspupper Value is calculated as 0.432 uF.

Because of the IGBT blocking voltage level is 1200V and dc-link voltage level is 710
V according to the manufacturer application note minimum snubber capacitor voltage
level must be 1000V. According to these explanations on the power stage of prototype
EQR, VIMA FKP series 0.47 uF 1600 V snubber capacitor is selected to use as snubber

capacitor.
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Figure 3.19 Second voltage overshoot

3.2.5 Heat Sink & Fan Selection

Thermal restrictions are one of the most important parameters for power stage design.
Power electronic devices always faced with thermal problems due to interaction
between the heat flow paths of individual die within the power module [58]. This
thermal problem for switching devices leads to malfunction operation and lifetime
reduction. To prevent thermal issue thermal sinks are used. According to the needs
thermal sinks are cooled via water or air to reduce thermal impedance. To make heat
sink selection power dissipation must be calculated according to the inverter maximum

output current and modulation technique.

When power switch started to switch two losses occurs. These are switching losses
and conduction losses both IGBT and diode. The sum of these total losses gives total
power dissipation. To make power dissipation calculation corresponding formulas are
given IGBT manufacturer application note for SPWM technique and three-phase four
wire inverter [55]. Using power dissipation magnitudes, steady-state thermal analysis
can be achieved. According to this analysis junction temperature can be found with
related ambient temperature. Conduction losses both IGBT and diode can be calculated

according to (3.21) and (3.22) respectively,
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1

1 muxcos(p) R m x cos(¢) .
Pconaucnr) = <§+ B — Veeo(Ty) x I+ I — ree(T;) x I? (3.21)

1 muxcos(p)

1 mxcos(p)
Pcond(D) = % - 8 - a4

)VFO(Y})xi+ (§ 3

(3.22)

)ty

Switching losses both IGBT and diode can be calculated according to (3.23) and (3.24)

respectively,

Psw(IGBT) = fow X Eon+off

\/E Iout <]/CC

T Iref Vref

Ky
> (1+ TCrou (T = Trey))

\/7 i K; v Ky
Psw(D)ZfSWXErrx7< ) (CC> (1+TCErr(T}'_Tref))

Iref Vref

Corresponding parameters and results are given in Table 3.11.

(3.23)

(3.24)

Table 3.11 Corresponding parameters and results of power dissipation calculation

Description Abbreviation Value
Modulation index m 1
Power factor cos(¢p) 1
Collector-emitter threshold voltage Vero 08V
Peak of the EQR output current @100kV Ar, 400V I 203.64 A
On-state slope resistance of IGBT TcE 3.6 mQ
Threshold voltage of an inverse diode Vro 1.1V
Forward slope resistance of an inverse diode Tp 2.8 mQ
Switching frequency fow 5000 Hz
Dissipated switching energy during turn on and turn off Eontorr 0.0821]
EQR maximum output current @ 100kV Ar, 400V Lot 144 A
Reference current values for loss calculation Lyes 432 A
DC link voltage Vee 710V
Reference voltage values for loss calculation Vier 718V
Exponents for the voltage dependency of switching losses | K, IGBT) ~1.3...14
Temperature coefficients of the switching losses TCgsy ~0.003 1/K
Reference temperature values for loss calculation Trer 125 °C
Energy dissipation during reverse recovery E,. 0.0377J
Exponents for the voltage dependency of switching losses | K,, (Diode) ~0.6
Exponents for the current dependency of switching losses | K; (Diode) ~0.6
Temperature coefficients of the switching losses TCgrr ~0.006 1/K
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According to the Table 3.11. one IGBT and one diode power dissipation inside the
SEMIX453GB12E4p calculated as:

Piotaiacer) = Pconaueer)y + Pswucsr) = 157 Watt (3.25)
Ptotal(D) = Pcond(D) + PSW(D) = 56 Watt (3-26)

The total losses of the EQR power stage Piytqi(m) are obtained by multiplying the

individual losses with the number of switches n integrated in the power switch:
Piotaigmy =M x( Piotaraer) + Ptotal(D)) =6x213W =1278W (3.27)

Junction temperature T; is critical design parameter for heat seat designing since
junction temperature directly affects the IGBT life time. Thanks to development of
power electronic technology IGBT modules give flexibility for junction temperature
and they allow 175 °C junction temperature. However, manufacturers advise
maximum 100~125 °C allowable junction temperature. Steady state thermal model of
the power stage is given in Figure 3.20 and it must be extracted to calculate junction
temperature of the power switch. Necessary information about junction temperature

calculation is given in Table 3.12.

Table 3.12 SEMIX453GB12E4p half bridge IGBT pack thermal parameters

Description Abbreviation Value
Thermal resistance junction to case Rin(j—c)16Br 0.066 K/W
Ren(j-cypioge | 0-1 KIW
Thermal resistance case to fin Rence—p) 0.03 K/'W
Thermal resistance fin to ambient Rin(r-a) 0.03 K/'W
Ambient temperature T, 40 °C
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Figure 3.20 Steady-state thermal model of EQR power stage [58]




Tiucery = Protaiacsm* Reng-o168T + [(Protaacnr) + Protaip)) *Rene—p)|

+ [(6PotarciceTy + 6Ptotaip) ) XRen(f-a))
+T, (3.28)

Ti(piode) = Ptotai(piode)® Renj—cypiode + [(ProtaiicBry + Protaid))*Rence—p))
+ [(6Ptotatcicer) + 6Ptotaip) ) XRencr-ay| + Ta (3.29)

As a heatsink SEMIKRON P-16-300-16B aluminum thermal fin is selected with 630
m*/h blower fan. This combination serves Ry (r-q) = 0.03 K/W thermal impedance.
Using this forced air-cooling system IGBT and diode junction temperatures state as 95
°C and 90 °C in steady state condition. This design seems safe according to

manufacturer datasheet. Heat sink, and blower fan 3D drawing is shown in Figure 3.21.
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Figure 3.21 Heat sink and blower fan 3D drawing

IGBT placement on the heat sink is given Figure 3.22. and final power stage design

top view drawing is given in Figure 3.23.
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Figure 3.22 IGBT placement on the heat sink
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Figure 3.23 Top view of final power stage design

3.3 LCL Filter Design

LCL type filter is a third-order filter and it has a common usage and better performance
than L type and LC type filter since compared with other two types filter it has smaller
inductance and capacitance value and shows better harmonic attenuation performance.
Moreover, the voltage drop across the filter is less than the mentioned two type filters
[27]. Three-phase four-wire EQR single phase equivalent circuit diagram with LCL

filter is given in Figure 3.24, where subscript x denotes a, b and c phases, subscript ‘i’
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denotes inverter side, subscript ‘g’ denotes grid side and subscript ‘f’ denotes filter.
Inverter output voltage Vi, the capacitor voltage V¢, and grid voltage at the PCC V,
are related voltage definitions. Inverter side reactors used for high frequency current
cancellation therewithal grid side reactor uses as interface between grid and EQR at

the fundamental frequency.

| 1} =y 3
AT
_ﬁ_[ J Vi Ly Ry ch" Lgx Rgx P

Figure 3.24 Three-Phase Four-Wire EQR single phase equivalent circuit diagram with
LCL filter

Filter parameters must be chosen according to the Table 3.13 to prevent over-

amplification and switching frequency harmonics effects.

Table 3.13 LCL filter parameter limitation

Parameter Limitation Reason
Total Inductance (L; + Lg) <0.1 (p.u.) To avoid extreme voltage drop
Reactive power consumed by | <5% of rated power Power factor limit

the capacitor

Resonance frequency 10wy < wyes < 0.5wg,, | To prevent the grid from

serious resonance problems

where, w; is the fundamental frequency of the grid, wy,, is switching frequency of the

system and w,.., 1s the resonance frequency of the system which is given in (3.30).

(3.30)
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To analyze LCL filter behavior, frequency response of the filter without any damping

may be expressed in (3.31) when internal resistance of the inductors R; and R, are
neglected.

Iy (s) _ 1

= 3.31
Vi(s)  LiLyCrs3 + (Li+Ly)s (331

TreL(s) =

According to the Table 3.13, PSCAD/EMTDC analyze and producibility in Turkey,
LCL filter parameter selected as: L; = 300 uH , L, = 100 uH and Cr = 100 uF.

Bode Diagram
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Figure 3.25 Frequency response of the designed LCL type filter

It is clearly seen that resonance frequency is 1837 Hz at the selected filter parameters
and for the further values from the resonance frequency there is nearly -60 db/decade

attenuation.
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High frequency currents and integer multiply of this current pass through the inverter
side reactor so inverter side reactor must be produced properly to prevent overheating

and saturation problems.

" !

Figure 3.26 Inverter side reactor current spectrum at no-load condition

As shown in Figure 3.26. nearly 27A current will pass through to inverter side reactor
at the 5 kHz (switching frequency) also SA @ 10A kHz, 2.5 @ 15 kHz, 1A @20 kHz
and 0.5A @25 kHz current will pass through to inverter side reactor. These values can
be reduced with increasing switching frequency as shown in Figure 3.27. As shown in
Figure 3.27. high frequency currents shifted to changed switching frequency and
integer multiply of the new switching frequency. As an example, 7 kHz switching
frequency is selected as a new frequency and examined. It is clearly seen that high
frequency currents are reduced to 19A @7kHz, 4A @14kHz and 1.5A @21 kHz.
However, it means high losses for the power stage. Producibility of this reactor is
proper both frequencies so 5 kHz switching frequency is selected to prevent higher

power losses.
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Figure 3.27 Inverter side reactor current spectrum at no-load condition

3.4 EQR Control Card Design

EQR control card has an integrated structure. EQR card reads analog data and
peripheral digital inputs and produces suitable switching signal and digital outputs.
This card also has a serial interface to communicate HMI (Human Machine Interface)
system. EQR control card main power supply is 24 Vdc and isolated power supplies
on the card converts this voltage to £15 Vdc and + 5Vdc. The other necessary voltage
level 3.3 Vdc is produced by linear circuits on the card. This card has 12 digital inputs
and 12 digital outputs with this feature, card can be managed and protect EQR panel.
EQR control card has two MCU one of them is main MCU and the other one is
auxiliary MCU. Main MCU employees processing analog data and control algorithm,
driving IGBT switching signals, determination of protection levels, real time RMS
calculation, alarm and fault state detection, active and reactive power calculation, PLL
algorithm management, transformation and inverse transformation blocks and SPI
communication with auxiliary MCU. Auxiliary MCU utilize management of digital
inputs and digital outputs, serial communication with HMI and SPI communication

with main MCU. General structure of the EQR control card is given in Figure 3.28.
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Figure 3.28 EQR control card general structure

Main specification of the designed EQR control card are listed below:

e 18-36 Vdc Power Supply <20 W

e 12 Digital Inputs

e 12 Digital Outputs

e Current measurement .../5A or .../1A

e DC voltage measurement max. 1000 Vdc

e AC voltage measurement max 360 Vac, PN
e Discrete IGBT driving

e Modbus RTU communication

e SPI communication

General 3D view and produced card are given in Figure 3.29. and Figure 3.30.

respectively
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Figure 3.30 Produced EQR control card
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STM32F407VGT6 is selected as main MCU since F4 series has more advantage like:

e ARM® 32-bit Cortex®-M4 CPU with FPU, Adaptive real-time accelerator (ART
Accelerator™) allowing 0-wait state execution from Flash memory, frequency up
to 168 MHz, memory protection unit, 210 DMIPS/ 1.25 DMIPS/MHz (Dhrystone
2.1), and DSP instructions 210 DMIPS

e 3x12-bit, 2.4 MSPS A/D converters: up to 24 channels and 7.2 MSPS in triple
interleaved mode

e General-purpose DMA: 16-stream DMA controller with FIFOs and burst support

e Up to 17 timers: up to twelve 16-bit and two 32- bit timers up to 168 MHz, each
with up to 4 IC/OC/PWM or pulse counter and quadrature (incremental) encoder
input and low cost etc.

e Up to 140 I/O ports with interrupt capability
— Up to 136 fast I/Os up to 84 MHz
— Upto 138 5 V-tolerant I/O s

e Up to 15 communication interfaces
— Up to 3 x I2C interfaces (SMBus/PMBus)

— Up to 4 USARTs/2 UARTs (10.5 Mbit/s, ISO 7816 interface, LIN, IrDA,
modem control)

— Up to 3 SPIs (42 Mbits/s), 2 with muxed full-duplex I2S to achieve audio class
accuracy via internal audio PLL or external clock

— 2 x CAN interfaces (2.0B Active) — SDIO interface

Sampling frequency is selected as 25 kHz at this sampling frequency each current and
voltage variable are sampled every 40 us respectively and calculations are made in the
control blocks every 40 us. Finally, switching signals are produced. With this way
PWM signals are updated each sampling period according to the new variable and
calculations. According to these information flowcharts of the main MCU is derived

as the Figure 3.31.
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Figure 3.31 EQR control system flowchart

As seen from the EQR control system flowchart after the system initialize program
variables and peripherals activated. If there is no error pre-charge state starts up to
peak value of the PCC voltage than panel fans start to prevent overheating condition
during switching. These states are pre-condition to close main contactor before the
main control loop. PLL algorithm must work properly since it is more important for
accuracy of the transformation block. RMS and PQ calculation blocks follows mains
to protect EQR any overcurrent or overvoltage case. If there is an error occurs mains
contactor switches on to protect EQR. Control blocks produces reference voltages for
modulation block and switching signals are produced according to these references
block after the mode selection. If there are any fault at the switching state mains

contactor are switches on and switching signals are stopped.
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3.5 Power Stage Components

The details of the EQR power stage and general connection scheme is given in Figure

3.32 EQR is connected to the mains via 200 A NH 00 fuses and 200 kW contactor.
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Figure 3.32 EQR general structure
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Contactor employees commissioning of the EQR and two level three-phase four-wire
voltage source inverter topology with LCL filter is used to create main structure where
Cr, and Cr, demonstrates split capacitors, R, demonstrates pre-charge resistor which
is 2x11042 , R;_1 and R,;_, are discharge resistors and their equivalent values are

~4kQ. Final prototype EQR is build up as shown in Figure 3.33.

Figure 3.33 EQR general view
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Figure 3.31 shows general view and components of the designed EQR. Numbered

components can be described as:

EQR control panel

Human Machine Interface (HMI)
Control buttons and LEDs

IGBTs and drivers

Laminated busbar and discharge resistors
Mains contactor

DC-Link Capacitors

EQR control card

© ® 2o s Wb =

Pre-charge resistors

10. LCL filter
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CHAPTER 4

FIELD TESTS & RESULTS

4.1 Introduction

A £ 100 kVAR EQR is designed according to the specifications given Chapter 3. The
developed system is applied to AKDENIZ EDAS #181150 Distribution station to
regulate power quality at the PCC is given in Figure 4.1.

AN W

Figure 4.1 Distribution Station of AKDENIZ EDAS

In order to verify theoretical results and PSCAD/EMTDC analyzes, implemented
system has been applied to AKDENIZ EDAS distribution transformer given in Figure
4.2. During the test different scenario have been applied to EQR device to
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analyze compensation capability of the EQR. Whole control algorithm given in

Chapter 2 have been tested and related results are given in this section.

Figure 4.2 Distribution Transformer of AKDENIZ EDAS DS

Not only field tests are observed but also some properties are verified in the laboratory
using experiment setup. The records have been obtained by measuring apparatus which
are listed in Appendix C. Measurements have been taken from the main distribution
panel of distribution station is given in Figure 4.3. Two different power quality
analyzer and one 200 MHz oscilloscope have been used to take measurement results.
Reactive power compensation capability of the device has been tested in the laboratory
since in the field reactive power was very low and corresponding results are recorded
using Chauvin Arnoux 8335 Portable Power & Quality Analyzer. To analyze reactive
power compensation capability of the EQR 100 kVAR three phase capacitive load
bank have been used. Dc-link regulation and neutral current compensation capabilities
of the EQR have been recorded using TEKTRONIX MDO3024 — 200 MHz
oscilloscope. These measurements have been recorded in the laboratory case since

extreme scenarios have been applied to the device. Fifth and seventh harmonic current
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compensation capability of the device has been tested used three phase rectifier circuit
in the laboratory. Third harmonic compensation capability and load balancing
capability of the device is tested in the field and related results have been recorded

using HIOKI PW3198 Power Quality Analyzer.
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Figure 4.3 Main Distribution Panel of AKDENIZ EDAS DS

The implemented system is shown in Figure 4.4. This is also called as EQR control
panel. This panel covers whole system like EQR control card, LCL filter, dc-link
capacitors, laminated busbar, IGBTs, snubber capacitors, mechanical relays, fuses,
MCBs, contactor and wirings. This panel has control functions of the device to start
and stop the system. Using panel buttons or HMI panel can be commissioned or
stopped. Voltages, currents, reactive and active powers for source and load sides are

also observed using HMI panel.
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Figure 4.4 EQR Control Panel

4.2 DC-Link Regulation Performance

DC-link voltages and balance algorithm is measured using TEKTRONIX MDQO3024
— 200 MHz oscilloscope and PINTEK DP100 High Voltage Probe. Total dc-link
voltage 1s nearly 715 Vdc when the system has run. Total dc-link voltage is given in
Figure 4.5. To check voltage balance algorithm another measurement is taken between
plus and neutral conductor of the split capacitors and related measurement result is

given Figure 4.6.
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Figure 4.5 Total DC-Link Voltage

Taken value is nearly 356 Vdc and it means that balancing algorithm works well. To
prevent any circulating current problems voltage balance between lower and upper
capacitor is very important. This unbalance condition also causes excessive neutral

current problems.

Figure 4.6 DC-Link Voltage Between Terminals
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4.3 Reactive Power Compensation

Reactive power compensation performance is measured from inductive side and 80
kVAR capacitive load is trying to be compensated. To measure compensation
capability of the EQR three phase 100 kVAR capacitive load bank is used in the

laboratory given Figure 4.7.

Figure 4.7 100 kVAR Three Phase Capacitive Load Bank

Because of the minimum sampling period of the Chauvin Arnoux 8335 Portable Power
& Quality Analyzer is 1 sn, response time of the EQR hasn’t been observed clearly.
However, system has been response reactive power change at the PCC as seen in

Figure 4.8.

Relative performance graph is given in Figure 4.8. Section 1 given in Figure 4.8.
demonstrates before reactive power compensation when reactive power compensation
starts the reactive power at the PCC is reduce dramatically can be seen in Figure 4.8.

section 2 for three phases.
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Figure 4.8 Reactive Power Compensation Performance

4.4 Third Harmonic Compensation Capability

Third harmonic compensation capabilities of the EQR has been tested in the field since
in the laboratory used three phase rectifier circuit produces only positive and negative

sequence harmonics.

Third harmonic current compensation capability is measured using HIOKI PW3198
Power Quality Analyzer. For the phase A 4A third harmonic current, for phase B 4A
third harmonic current and for phase C 9A third harmonic current is reduced to 1A,
2A and 4A respectively after third harmonic compensation mode enable as seen in

Figure 4.9-4.14.

Third harmonic compensation performance of the device can be seen low but for this
topology third harmonic currents circulated on dc-link capacitors, so this is very hard
to compensate third harmonic current for this type systems. Nevertheless, this
performance is acceptable for distribution systems since for the worst case there is

nearly 60% attenuation for third harmonic currents.
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Figure 4.10 Phase A 3" harmonic Current After Compensation
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4.5 Fifth and Seventh Harmonic Compensation Capability

To produce fifth and seventh harmonic prototype load is used in the laboratory related

circuit diagram is given in Figure 4.15 and implemented circuit is given in Figure 4.16.
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Figure 4.15 Three Phase Rectifier Circuit Diagram

400 uF capacitor and 8.25 Q have been used in the three-phase rectifier through a three-

phase variac to produce 8.5 A fifth harmonic and 3 A seventh harmonic currents.

Figure 4.16 Three Phase Rectifier Implemented Circuit
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Figure 4.17 Fifth Harmonic Current Compensation Capability

To produce mentioned harmonics variac has been adjusted to 300 V phase-to-phase
voltage. Main reason of this adjustment is resistors power loss. Three phase rectifier
circuit produces nearly 8.5 A fifth harmonic and 3 A seventh harmonic when EQR is
run with no mode selection. After fifth and seventh harmonic mode selection fifth
harmonic is reduced nearly 1 A and seventh harmonic current is reduced 0.5 A. As
seen in Figure 4.17 section 2 and Figure 4.18 section 2 respectively. These results are
satisfying for the EQR device since unwanted fifth and seventh harmonic currents at

the PCC have been compensated completely.
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Figure 4.18 Seventh Harmonic Current Compensation Capability
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4.6 Unbalanced Current Compensation Capability

Unbalanced current compensation capability of the EQR device has been tested both
laboratory and field. In this section only, field test results are shared since three phases
are observed simultaneously only field test equipment. Unbalanced current
compensation capacity has been measured using HIOKI PW3198 Power Quality
Analyzer and source currents are unbalanced up until load balancing mode selection

as shown in Figure 4.19.

B ASYTEWSTIME PLOT © EVENT

Dhi
= POWER

13:37:00
Figure 4.19 Source Currents Before Unbalance Compensation

Before the load balancing mode selection phase currents have been 90 A, 168 A and
135 A peak value for phase A, B and C respectively. After mode selection these
currents balanced around 133 A peak values as shown in Figure 4.20. since both
negative sequence and zero sequence compensation control blocks have been activated
with the unbalanced current compensation mode and only positive sequence current
are observed with this compensation. This compensation seems to be satisfactory and

it can be selected as proper for this application.
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Figure 4.20 Source Currents After Unbalance Compensation

4.7 Neutral Current Compensation Capability

Neutral current compensation capability of the EQR device has been tested in the
laboratory. Neutral current compensation capacity has been measured using

TEKTRONIX MDO3024 — 200 MHz oscilloscope.

The neutral current capacity of the EQR has been tested using unbalance loads using
single phase 5 kVAR, 7.5 kVAR and 12.5 kVAR capacitive loads. When the loads are
unbalanced related waveform about mains neutral currents have been observed as

shown in Figure 4.21.

Before the neutral current compensation, mains neutral current is measured as 29.16
A. Then neutral current compensation mode has been selected and with this selection
zero sequence compensation, and third harmonic compensation mode have been
activated simultaneously by the control algorithm and this value have been reduced to
5.142 A. This value seems to be satisfactory and applicable for EQR application since

neutral currents is attenuated nearly 82.37%.
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Figure 4.22 Neutral Current After Compensation
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CHAPTER 5

CONCLUSION

In this paper, three-phase four-wire neutral point clamped VSI-based EQR operated in
parallel and connected to LV bus between 400 kVA 400V %4 uk distribution type
transformer and loads through LCL filter. System proposed solution to typical
distribution transformer problems. A case study has been carried out for AKDENiZ
EDAS 181450 DS which was subject to the reactive power compensation, low order

harmonic mitigation, unbalance and neutral current compensation.

Reactive power flow and harmonic currents lead to power losses on the distribution
transformers also these losses cause to thermal overloading especially in summer.
Main power quality problems and the necessity of the project are mentioned in Chapter
1. There are many Active Filter and STATCOM works in the literature and these are
capable of reactive power compensation, harmonic mitigation and load balancing.
However, in this thesis mentioned problems are solved locally and using selective
manner to reduce cost of the device. Also, power losses of the device are reduced with

reducing switching frequency of the IGBTs.

Many control algorithms have been searched and compared to extract reference
currents to control the system. Finally, synchronous reference frame-based theory and
derivative of this theory MSRF and DSRF have been selected to extract reference
currents since ease of implementation and applicable for real time systems. There are
many circuit topologies in the literature about three-phase four-wire inverter systems.
To reduce cost and ease of implementation neutral point clamper 2-level topology is
selected in this work. Although design and implementation of PR controller is not easy,
third harmonic current compensation is done by using PR controller since at the tuned
frequency it allows to selective harmonic elimination. The other harmonic currents

unbalanced current and neutral current are controlled by using PI controller. The
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general control scheme of EQR is enabled to selective control for chosen problems.
Whole control algorithms are tested in the PSCAD/EMTDC environment and related
results are shared. P and I constant of the controllers, ramp block and modulation block
are selected and tested according to simulation work for the system. Open loops and
closed loops modulation strategies are searched and some of them are explained in

Chapter 2. Due to adequate performance SPWM is selected and used.

Design specifications and design of power stage are explained in the Chapter 3.
According to the field measurement results EQR design criteria are determined.
Extreme conditions are taken into account for this determination. Suitable power
semiconductors, dc-link capacitor, pre-charge and discharge circuit, laminated busbar,
snubber capacitor and cooling unit is selected and designed to create EQR power stage.
Due to insufficient attenuation for the current ripple caused by the PWM voltage L
type supply filter does not used in this work. Properly designed, the LCL filter provides
a much better suppression for the modulation frequency current ripple compared to the

L type supply filter so LCL supply filter is used instead of L type filter in this work.

To control EQR power stage and panel control card is designed. The developed control
card has an integrated structure so there is no need rack structure. Used two STMFx

microcontrollers accomplish control, protection, communication and firing missions.

Field and laboratory test results are shared in the Chapter 4. Dc-link regulation
performance and neutral current compensation capability is tested using TEKTRONIX
MDO3024 — 200 MHz oscilloscope. Reactive power compensation performance, five
and seven harmonic current compensation performances are tested using Chauvin
Arnoux 8335 Portable Power & Quality Analyzer. Unbalanced current compensation
capability and third harmonic current compensation performance is measured using

HIOKI PW3198 Power Quality Analyzer.

In this research work, compensation performance of EQR is adequate for mentioned

problems except third harmonic compensation. As a future work third harmonic
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compensation capability of the device will be modified. Another future work can be
the modification of the adaptive control mode selection instead of selective mode

selection.
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APPENDIX

APPENDIX - A: PSCAD/EMTDC MODEL FOR EQR

EQR is simulated in PSCAD/EMTDC software. EQR waveforms, input filter
waveforms, line currents are analyzed and closed loop control of EQR system is tested.

EQR configuration and single line diagram is given in Figure A.1.

ENERGY QUALITY REGULATOR CONFIGURATION

P=4719 P =0,1694 P =0,0004797
Q=415 Q=-0,04483 Q=-3662e-011

4 [MVA]
345 [KV]/ 0.4 [K -
V=3450004 o [Vl 1 v-3098 V=308
SOURCE] .@ #1()#2
& 0.025 [ohm] - Lqé Lqé

g’ EEE M
EWVU 0-=0
68910 =d

Load

Tnedtral

ENERGY QUALITY REGULATOR
AHMET EREN - 21.03.2018

Figure A.1 EQR Configuration

Unbalanced resistive load model, 100 kVAR inductive, 100 kVAR capacitive and

harmonic loads models are given in Figure A.2.
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Figure A.2 Load Model

EQR inverter model with LCL filter and dc-link capacitors are given in Figure A.3.
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Figure A.3 EQR Inverter Model

Source voltage parameters can be set using source voltage settings page is given in

Figure A 4.
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Figure A.4 EQR Supply Voltage Source Model
Monitoring page is given in Figure A.5.
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Figure A.5 EQR PSCAD/EMTDC Simulation Monitoring Page
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APPENDIX- B: CALCULATION OF APPLICATION TIMES OF VECTORS
IN SWITCHING STATES FOR SVPWM METHOD

Sector 1:
TsVref,norm =T1\Vi + LV, + ToV, + TV (B.1)
Vanorm 2/3 1/3 0 0
T Vﬁ,norm =T [ 0 +T, 1/\/§ +T,| O +T,{ 0 ] (B.2)
VO,norm _1/6 1/6 _1/2 1/2
3 V3
T, = E T Va,norm - TTS Vﬁ,norm (B.3)
T, = \/§Ts VB,norm (B.4)
1
To = =T5 Vanorm=Ts Vonorm + ETS (B.5)
1 V3 1
T7 = - E Ts Va,norm_ 7 Ts Vﬁ,norm + Ts VO,norm + E Ts (B' 6)
Sector 2:
TsVref,norm =TV, + T5V3 + ToV, + T,V (B.7)
Va,norm 1/3 _1/3 0 0
Ts Vﬂ,norm :Tz 1/\/§ +T3 1/\/§ +T0 0 +T7 0 ] (3-8)
Vo,norm 1/6 -1/6 -1/2 1/2
3 V3
T, = ETS Va,norm + 7Ts V[s’,norm (B.9)
3 V3
T; =— ETS Vanorm + 7 T Vﬁ,norm (B.10)
1 V3 1
TO = ETS Va,norm_ TTS V,B,norm - Ts VO,norm + ETS (B- 11)
1 V3 1
T7 = - ETS Va,norm_ 7 Ts Vﬁ,norm + Ts VO,norm + E Ts (B- 12)

134



Sector 3:

TsViefnorm = TsVs + TyVy + ToVo + T7 V5 (B.13)
Va,norm —-1/3 -2/3 0 0

T Vﬂ,norm =T; 1/\/§ + T, 0 + T 0 +T,1 0 ] (B.14)
Vo,norm -1/6 1/6 -1/2 1/2

I3 = \/§Ts Vi norm (B.15)

3 V3
T, =-— E T Va,norm - 7 T Vﬁ,norm (B' 16)
1 V3 1
TO = ETS Va,norm_ 7Ts Vﬁ,norm F Ts VO,norm + ETS (B- 17)
1

T7 = Ts Vanorm*Ts Vonorm + ETS (B.18)

Sector 4:

TsVref,norm = T4V4 + T5V5 + T0V0 + T7V7 (B 19)
Va,norm —2/3 _1/3 0 0

TS Vﬁ,norm = T4[ O +T5 —1/\/§ +T0 O +T7 O ] (BZO)
VO,norm 1/6 —1/6 _1/2 1/2

3 V3
T, =— ETS Vanorm + 7TS VB,norm (B.21)
Ts = —V3Ts Vg norm (B.22)
V3 1
TO = ETS Va,norm'l' 7TS VB,norm - Ts VO,norm + ETS (B- 23)
1

T7 = Ts Vanorm*Ts Vonorm + ETS (B.24)

Sector 35:

TsVref,norm = T5V5 + T6V6 + T0V0 + T7V7 (B 25)

135



Va,norm _1/3 1/3 0 0
Ts Vﬂ,norm = T5 —1/\/§ + Te —1/\/§ + To 0 + T7 0 ] (B-26)
Vo,norm -1/6 1/6 -1/2 1/2
3 V3
Ts =— ETS Vanorm — 7TS V,B,norm (B.27)
3 V3
Te = ETS Vanorm — 7Ts V,B,norm (B.28)
1 V3 1
TO = ETS Va,norm+ 7Ts Vﬁ,norm - Ts VO,norm + ETS (B- 29)
1 V3 1
T7 = ETS Va,norm+ 7 Ts Vﬁ,norm + Ts VO,norm + E Ts (B- 30)
Sector 6:
TsVref,norm = T6V6 + T1V1 + T0V0 + T7V7 (B 31)
Vanorm 1/3 2/3 0 0
T V,B,norm =Ts —1/\/§ +T7,] O +T,| O +T,] 0 ] (B.32)
Vonorm 1/6 -1/6 -1/2 1/2
T = _\/§Ts Vi norm (B.33)
3 V3
T, = ETS Va,norm + 7Ts V[s’,norm (B.34)
1
Ty =—T; Va,norm_Ts VO,norm + E Ts (B.35)
V3 1
T7 = - ETS Va,norm+ 7 Ts V[s’,norm + Ts VO,norm + E Ts (B- 36)
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APPENDIX - C: MEASURMENT APPARATUS

TEKTRONIX MDO3024 — 200 MHz oscilloscope
Chauvin Arnoux 8335 Portable Power & Quality Analyzer
HIOKI PW3198 Power Quality Analyzer

PEM, Rogowski Current Waveform Transducer

Fluke 267 TRMS Multimeter

PINTEK DP100 High Voltage Probe
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