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Abstract

Power system harmonics are a topic of significant concern when considering
power quality issues in systems containing Variable Speed Drives. The ex-
tent to which grid-connected power electronics based motor drives affect power
quality is tightly enforced through standards, and must be adhered to. To
ensure compliance, harmonic models of Variable Speed Drives and relevant
components of the connected power system are evaluated. When necessary,
analysis results can be used to aid the design of additional harmonic mitiga-
tion measures. Harmonic assessments are most commonly carried out using

time-domain models.

This thesis details the fundamentals of harmonic assessment and mitigation
measure design. Matlab implementations of those fundamentals are discussed,
with comments regarding the accuracy and limitations of each. State of the
art analytical harmonic models for Voltage Source Variable Speed Drives are
analyzed and compared, from which a new model for 3-level inverter Variable
Speed Drives is proposed. The new model can be implemented in any nu-
merical computing environment and is thought to generate a harmonic current
spectrum for an approximate judgement of harmonic compliance based on the

current injection method.
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Sammanfattning

Overtoner i kraftsystem innehéllande frekvensomriktare #r ett viktigt dmne
nér el-kvalité behandlas. Den grad nédtanslutna elektroniska motorsystem pa-
verkar el-kvalitén &r noggrant uppréatthallen av standarder och maste foljas
dérefter. For att sidkerstalla att standarder uppréatthalls utviarderas modeller
for frekvensomriktare och relevanta komponenter. Nar det anses nédvandigt
kan resultaten vara vigledande for design av ytterligare Gvertonsminskande
atgarder. Utvirdering av 6vertoner gors i allmdnhet med hjilp av modeller i

tidsdomén.

Denna uppsats gar igenom grunderna fér bedémning av 6vertoner och design
av Overtonsminskande atgirder. Matlab-modeller av dessa diskuteras i termer
av precision och begréansningar. De framsta analytiska modeller for frekvens-
omriktare undersoks och jamfors, varefter en ny modell av en véxelriktare med
3 nivaer foreslas. Denna modell kan med enkelhet implementeras i numeriska
datormiljoer och framstéller ett frekvensspektrum av stréommen fér en approx-

imativ bedémning av el-kvalité baserad pa strominmatningsmetoden.
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Chapter 1

Introduction

Non-linear system elements are sources of distorted waveforms in power system
applications. Common examples include Variable Speed Drives (VSD), frequency
converters in wind and solar plants, High Voltage Direct Current (HVDC). The
resulting non-sinusoidal periodical waveform consists of a fundamental component
and unwanted harmonic components which can disturb the power system severely.
Due to the great increase in power electronics application, harmonics and their lim-

itation have been a major concern and topic of research during the last decades.

This thesis focuses on the analysis of power system harmonics introduced by high
power VSDs. While harmonics are present on both line- and load-side of any VSD,
the interest of this work lies on harmonics at the line-side terminal. It is from
here that harmonics penetrate the power system, and may introduce undesirable
performance. In the case of power systems harmonics, standards are used to place
limitations on harmonic content . A grid-connected VSD - regardless of applica-
tion - must comply with all applicable standards to be approved for operations.
Machine, or load-side, harmonics, on the other hand, are determined and limited
through a loss/cost optimization between converter and machine-not by standards.
Although this work focuses primarily on the analysis of line-side harmonics, due
to the harmonic coupling across a shared DC link, analysis of line- and load-side

harmonics can not be treated independently.



2 CHAPTER 1. INTRODUCTION

Power system harmonic analysis is an extensive task , and involves the modeling
of harmonic sources (VSDs in this work) and the nearby power system. Past work
on power system harmonics has resulted in the development of numerous analysis
techniques, most of which differ greatly in complexity and accuracy. The analysis
methods span from simple spreadsheet calculations to those that require sophisti-
cated computational software. The models of harmonic sources differ extensively
too. Some models, very often frequency-domain models, are based on assumptions
that greatly simplify the situation. On the other end of the complexity spectrum,
there are sophisticated models in the time-domain that require many details of con-

verter design parameters as input data.

In general, this thesis aims to investigate the means needed to perform a harmonic
study in an arbitrary numerical computation environment, based on the desire of
ILF Consulting Engineers ! to quantitatively cross-check the detailed power sys-
tem harmonic analysis and filter design proposals provided by third parties. This
implies the need to find appropriate analysis techniques and models. An extensive
part of this thesis is thus literature research and presentation. The report should
further serve as introduction and reference for engineers at ILF when confronted

with harmonic analysis and filter design.

In order to achieve the above mentioned goals, the thesis in hand is structured in

three parts:

I) Power System Harmonic Fundamentals

In this part, all relevant basics, including harmonic representation, classifica-

YILF Consulting Engineers is a global technical consultancy company founded in 1967. To-
gether with ILF Business Consulting it forms the ILF Group. Currently, ILF Consulting Engineers
has 1810 employees covering civil, mechanical and electrical engineering services at various office
locations in 30 countries. ILF’s four main business areas are Oil & Gas, Energy & Climate Pro-
tection, Water & Environment, Transport & Structures. At the company headquarters in Munich
- home to the Oil & Gas and Energy & Climate Protection business units - about 800 people are
employed.



1)

II1)

tion and standards, are discussed.

Harmonic Compliance
This part presents an overview on how harmonic compliance is assessed and

achieved by introducing harmonic studies and harmonic mitigation measures.

Harmonic Modeling of Variable Speed Drives
In this part a liturate review of harmonic VSD models is presented based on
which a detailed modeling approach for a Voltage Source Converter (VSC)

VSD harmonic spectrum is proposed.
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Power System Harmonics Fundamentals






Chapter 2

Harmonic Fundamentals

In this chapter harmonic voltage and current distortion and problems associated
with it are discussed. It first introduces a mathematical representation of har-
monics, shows how a phase sequence can be assigned to each harmonic order and
how triplen harmonics are canceled in line-to-line voltages of balanced three-phase
systems. It also addresses harmonic causes. In the second section, a harmonic clas-
sification is proposed. Thirdly, it discuses the power factor index for non-sinusoidal
quantities for a six-pulse rectifier, the main building block of the front-end of most

high power VSDs.

2.1 Harmonic Voltage and Current Distortion

Both current and voltage distortion are commonly encountered in power systems. In
most cases, current distortion causes voltage distortion. In case of a strong grid, i.e.
low short circuit impedance, current distortion leads to a small voltage distortion
and may be neglected. Assuming a strong grid, and thus a pure sinusoidal voltage
at the fundamental frequency, the supply voltage can be expressed following the

notation of [1] as

vs = V2V, sin wyt. (2.1)

7



8 CHAPTER 2. HARMONIC FUNDAMENTALS

A distorted line current, is, is shown in Figure 2.1 and can be described as
o
Qs =1ts1+ Y deh - (2.2)
h=2

Here, i41 is the fundamental component while 44, is the sum of all harmonic compo-

Figure 2.1: Line-current distortion [1].

nents. The subscript h stands for the harmonic order and is defined as h = 2, ..., co.

Equation 2.2 can be expressed as
o
1s = \/5131 sin(wlt + 91) + Z I, sin(wht + Qh) (2.3)
h=2
where 67 is the phase angle of the supply voltage, as depicted in Figure 2.1, and 6,
is the phase angle of the supply voltage at the frequency f = h - fi.

The RMS value of the current is calculated by
1
I= |~ / 2(t)dt (2.4)
Ty Jo

and can also be expressed in terms of its Fourier components as

[e.9]
L= |15 +> 12, . (2.5)
h=2

The distortion component of the current is the sum of its harmonics and can be

written as

igis = is —is1 = Y ish (2.6)
h#1
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or in terms of RMS values as

Liis =12 =14 = [> 1% . (2.7)

h#1
This leads to the commonly used distortion index called total harmonic distortion
(THD) which is defined as
Idis
sl
I -1
Iy (2.8)

THD% = 100 x

= 100 x

= 100 x

The phase currents (iq, iy, ic) in a balance three-phase system may be expressed as:

lg = Z Ip, sin(hwit + 6y,)

h=1

) ) 2T

iy = Z I, sm(hwpt + 05, — hg) (2.9)
h=1

ic =Y Ipsin(hwit + 6 + hQ—W)
h=1 3

Limited to the fundamental and first two harmonics (h=1,2,3) Equation 2.9 can be

expanded to

N sin(wlt + 91) + I sin(let + 92) + I3 sin(Swlt + 03)

2 4
ip = I sin(wit + 61 — %) + I sin(2wit 4 0 — ?ﬂ) + I3 sin(3wit 4 03 — 6%)

2 2
= Iy sin(wit + 01 — ?ﬂ-) + Iy sin(2wit + 09 + %) + I3 sin(3w; + 03 — 0)
2 4 6
. =11 sin(wlt + 61 + ?ﬂ') + I Sin(2w1t + 05 + ?ﬂ-) + I3 Sin(Swlt + 65 + ?7'()
. 2 . 27 .
= I sin(wt + 01 + ?) + Iy sin(2wit + 09 — ?) + I3 sin(3w; + 03 + 0)
(2.10)

From Equation 2.10 it can be concluded that the fundamental component has posi-
tive (a-b-c), the 1% harmonic, negative (a-c-b) and the 2"¢ harmonic, zero sequence

character. The 37¢, 4" and 5! harmonics are positive, negative and zero-sequences
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again, respectively. This pattern repeats as the order increases.

In the next step, the assumption of an infinitely strong grid is relaxed, which con-
sequently results in a distorted voltage across the finite system impedance, caused
by the harmonic current described in Equation 2.10. If one assumes balanced con-
ditions, this harmonic voltage distortion, at any point upwards the power system,

can be described as

va(t) = V1 cos(wit) 4+ Va cos(2wy t)
+ V3 cos(3wit) + Vi cos(4wit)
+ V5 cos(bwit) + Vg cos(6wit) + V7 cos(Twit) + ... (2.11a)

2 4
vp(t) = Vi cos(wit — g)) + Vo cos(2wit — %))
8
+ V3 cos(3wit — 2m) + Vy cos(dwit — g))

10

+ Vs cos(bwit — Tﬂ)) + Vg cos(6wit — 4)
14

+ Vi cos(Twit — Tﬂ)) + ...

2 2
= Vj cos(wit — ?ﬁ)) + Vi cos(2wit + %))
27

+ V3 cos(3wit) + Vi cos(dwit — E))

2
+ Vs cos(bwit + g)) + Vi cos (6w t)

2
+ VA cos(Twit — ?”)) . (2.11b)
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2 4
ve(t) = Vi cos(wit + g)) + Va cos(2wit + g))

8
+ V3 cos(3wit + 2m) + Vj cos(dwit + ?ﬂ))

10
+ Vs cos(bwit + ?ﬂ)) + Vg cos(6wyt + 4)
14
+ V7 cos(Twit + Tﬁ)) + ...
2 2
= Vi cos(wit + ?ﬁ)) + V3 cos(2wit — %))

2
+ V3 cos(3wit) + Vi cos(dwit + g))

2
+ Vs cos(bwit — %)) + Vg cos (6w t)

2
+ Vo cos(Twnt + ?W)) T (2.11¢)

It becomes evident that the sequence assignments hold true for voltage harmonics
in the same manner as for current harmonics. In the case of a Y-connection, the

line-to-line voltage can be expressed as

Vab(t) = va(t) — vp(t)
= V/3(V; cos(wit + %)) + V5 cos(2wit — %))

+ Vi cos(dwit + %)) + V5 cos(bwit — %))

+ V7 cos(Twit + %))), (2.12)

illustrating that there are no line-line voltage triplen harmonics.

Harmonic distortion leads to several undesired effects. In the case of electromag-
netical devices, e.g. electrical machines and transformers, harmonics are the source
of additional losses. In electric machines, for example, hysteresis losses are propor-
tional to frequency while eddy current losses follow a quadratic relationship with
frequency. Thus in the presence of harmonics, electromagnetical devices have to be
overrated to be able to dissipate the additional losses. Additionally, harmonics may
also cause shaft vibrations that, which under resonace conditions, can damage the

electric machine [16]. Another potential danger of harmonics is the occurrence of
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parallel or series impedance resonance in the power system. The resulting current
and voltage amplification are a danger for components in the system. Furthermore,
at high harmonic content power factor compensation capacitors can be overloaded
as their impedance declines inversely proportional to the frequency. The above
mentioned causes are only some examples of the many undesired effects of harmon-

ics [17].

2.2 Harmonic Classification

Harmonics can be subdivided into characteristic-, non-characteristic-, and interhar-
monics. Characteristic harmonics are odd, none triple harmonics. For a p-pulse
rectifier - discussed in detail in Section 5.1 - for example, the characteristic harmon-

ics are defined as [17]

h=nptl n=123,... (2.13)

Because of the half-wave symmetry characteristic of most power system compo-
nents even harmonics rarely occur. Triple harmonics have zero-sequence character
and can be neglected when looking at the harmonic spectrum of a VSD with un-
grounded wye-wye transformers. Even and triple harmonics are thus referred to
as non-characteristic harmonics. Interharmoncis are harmonics at non-integer mul-
tiples of the fundamental frequency. Interharmonics also include harmonics with
frequencies lower than the fundamental one and are caused by certain power elec-
tronics devices, e.g. current source converter driven synchronous machines and
fractional-slot concentrated-winding synchronous machines as well as certain loads
such as arc furnaces [16].

Although interharmonics are not currently regulated via standards, many publica-
tions consider them to be extremely important, especially because of the danger
of resonance excitation with filter or power factor compensation capacitors [18-20].
Because of this ambivalence, interharmonics often cause confusion and are thus ad-
dressed in the following paragraphs.

Interharmonics can be caused by [16]:
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e Arc-furnaces and other similar arc-based processes in industry
The reason for interharmonic generation lies in the physical process of the

devices.

e Power electronic converters with active front-end
The modulation of the active front-end can result in currents at any arbitrary

frequency.

o Power electronic converters with a DC link
Interharmonics are generated by unintentional coupling of two circuits with

different frequencies (front-end and load-end).

Interhamonics cause [16]:

o Flicker and other peak voltage dependent distortion
Caused by superposition of the periodic power system voltage with the non-

periodic phenomenon of interharmonics affecting the peak voltage.

e Failure of ripple control
Ripple control works based on modulated pulses in the frequency range of 110
to 2000 Hz. Interharmonics may lay in this range and thus cause noise which

can lead to ripple control failure.

¢ Resonance
In certain applications, e.g. a motor driven by a current source converter, the
interharmonic spectrum generated during start-up is almost continuous. This

goes along with the danger of resonance excitation.

Interharmonics can be limited by an increased DC link filter or additional front-end
filters. Active filter are an attractive solution as they are adaptive, however, they

are still expensive and rarely used in high power applications [21].
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2.3 Power and displacement factor for non-sinusoidal

quantities

Power factor (PF) is an important measure in the field of power quality and part
of the input data for the harmonic filter design process and thus shortly introduced

at this point. The following discussion is based on [1].

Time-averaged electric power may be expressed as:

T T
p- 1{1 /0 p(t)dt = 1{1 /0 ve(t)is(B)dt . (2.14)

As all the integrals of two different frequencies are eaual to zero, it follows
1 (T
P= ?/ V2V, sinwit - V21 sin(wt — 0;)dt = Vil cos; (2.15)
1J0
where only the fundamental component of both voltage and current contribute to

the time-averaged real power.

Power factor, PF, is generally defined as

P
PF = — 2.16
S ? ( )
where apparent power, S, is expressed as:
S=Vsls . (2.17)
Power factor can thus alternatively be formulated as
Vslsicostr  Ia
PF=—"——-=""cost . 2.18
Vi T cos 61 (2.18)
In linear circuits with sinusoidal waveforms 11551 =1,
PF =cost; = DPF (2.19)

where DPF is the displacement power factor. For non-sinusoidal waveforms Equa-

tion 2.18 can be rewritten as

I
PF = IilDPF . (2.20)

S
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Here, an inverse relationship between harmonic distortion and power factor is

formed. A large harmonic distortion causes If—l to decrease, causing the power
S

factor to fall for a given load angle.

PF and DPF of passive six-pulse rectifiers are now investigated. Six pulse rectifiers
are the building blocks of p-pulse passive front-ends, which are commonly used in
high power VSDs, and thus are of great importance for this thesis. With a constant
DC link voltage and neglected commutation (supply inductance Lg = 0) I and Ig;

are defined as [1]
I, = \/zld (2.21)

1
Iy = ;\@Id =0.781; . (2.22)

where I; is the DC bus current. As voltage and the fundamental current are in

phase,

DPF =1 . (2.23)

The power factor is thus given by

—0.9549 . (2.24)

Figure 2.2 shows DPF,PF and THD;, if commutation is taken into account,
but the DC link voltage is still assumed to be constant. The DC link current is

normalized by the short circuit current

V.
Ishortcircuit = les . (225)

Note that the power factor depends on the rectifier loading. After a certain load, it

almost reaches the calculated 0.95.
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Figure 2.2: DPF,PF and TH D, as function of normalized DC current. [1]



Chapter 3

Harmonic Standards

Harmonic standards specify the allowed voltage and/or current distortion. TEC’s!
61000 series on power quality is on of the most utilized harmonic standards. Another
widely recognized document is the recommended practice 519 of IEEE?, which pro-
vides guidelines on harmonic control. Additionally, many countries establish their
own standards (based primarily on the IEC and IEEE documents) to better suit
their nation’s power system. The harmonic situation in a system such as in Swe-
den, where generation and load are geographically spread and interconnected with
long transmissions lines, differs from a dense system like the UK, where generation
is located close to consumers. Long transmission lines increase the harmonic vul-
nerability [17]. Harmonic standards are expected to evolve with more experience
and improved measurement techniques. Furthermore, IEC is planing to address the
issues of interharmonics in future versions of their standard. Currently only guiding

values can be found in the appendix of [12].

In this chapter the following standards are briefly discussed:

o IEC 61000-2-4 [12], specifies compliance levels for industrial distribution sys-
tems at voltages up to 35 kV and frequencies of 50 Hz or 60 Hz. The voltage

limits are summarized in Table 3.1.

nternational Electrotechnical Commission, http://www.iec.ch/
Institute of Electrical and Electronics Engineers, http://www.ieee.org/
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o IEEE 519 [13], is a recommended practice for harmonic control in electric
power system and also specifies compliance levels. The voltage limits are

summarized in Table 3.2.

o EN 50160 [14], describes the voltage quality a consumer can expect at the point
of coupling. Besides other voltage quality measures, it specifies harmonic levels

which, however, should not be seen as strict limits. They are summarized in

Table 3.3.

ILF’s gas compressor stations, for example, have to fulfill the harmonic levels defined
in [12] at the point of connection, also referred to as point of common coupling
(PCC). For detailed information on the three standards the reader is referred to the

original documents.

Table 3.1: IEC61000-2-4 harmonic voltage distortion limits, pages 16-18 of [12].

Odd Harmonics Even Harmonics  Triplen Harmonics THD [%]

h VvV, h Vi, h V, 8
5 6 2 2 3 )
7 ) 4 1 9 15

11 3.9 6 0.5 15 04

13 3 8 0.5 21 0.3

17 2 10 0.5 21<h<45 0.2

17< h <29 x 10< h<50 X

x=2.27-(17/h)-0.27  x=0.25-(10/h)40.25

Table 3.2: IEEE 519-1992 harmonic voltage distortion limits, page 85 of [13]

Bus voltage Individual Vy, [%] THD [%]
V < 69kV 3 )
69 <V < 161kV 1.5 2.5

V > 161kV 1 1.5




Table 3.3: EN 50160 harmonic voltage distortion levels, page 13 of [14]

Odd Harmonics Even Harmonics Triplen Harmonics THD* [%]

h Vy, h Vy, h Vi 8

6 2 2 3 )

7 5 4 1 9 1.5

11 3.5 6 0.5 15 0.5

13 3 21 0.5
17 2
19 1.5
23 1.5
25 1.5

* including all harmonics up to h=40
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Chapter 4

Harmonic Studies

Harmonic studies are used to investigate industrial plant’s harmonic compliance
and to design harmonic mitigation measures if needed. A harmonic study analyzes
the penetration of harmonic currents from its source into the power system and
determines the resulting harmonic voltage distortion. The present chapter explains
these studies. After a general introduction to the topic, an example of a detailed
harmonic study is presented. In a third part, an implementation of an impedance

scan in Matlab is presented and discussed.

At minimum, a harmonic study consists of the following two analyses:

I Impedance scan
Displays the impedance magnitude, as seen from the harmonic source, as a
function of frequency. It is represented in an impedance versus frequency
plot, or in a frequency response locus, and is used to detect parallel and se-
ries resonance. Series resonance is encountered when the system impedance
is predominantly resistive and tends towards its minimum (according to res-
onance in a series L-R-C circuit, where inductive and capacitive impedance
compensate). Parallel resonance, on the other hand, results in a maximum
impedance, also predominantly resistive (according to resonance in a parallel
resonance R-L-C circuit). If a certain harmonic current lays at or close to se-

ries resonance, a low voltage distortion results. If, however, a current lays at

23
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parallel resonance, the current causes a high voltage distortion. The frequency
scan thus gives important information on where harmonic amplification may
result and serves as a important input for harmonic filter design (see Chapter

6).

II Harmonic voltage distortion
The harmonic voltage distortion at a certain point, most commonly at PCC,
is represented in from of a harmonic spectrum. It allows one to see if the

harmonic requirements are fulfilled.

Harmonic studies range in complexity from simple hand-calculations for small,
straightforward systems with a single harmonic source, to computer simulations
for complex networks with several harmonic sources. The complexity greatly de-
pends on the location of the harmonic sources. If there is only one harmonic source
or if all harmonic sources can be lumped into a single source, the network - up to
the PCC - can be represented as an equivalent impedance. The harmonic distor-
tion at PCC can then be easily calculated based on the harmonic current injection
method. More complex situations with multiple network branches and harmonic
sources in several of those branches, may require sophisticated software tools such
as DIgSILENT! or SKM HI WAVEZ. For this thesis the current injection method

is chosen and further analyzed.

The current injection method requires the network and all loads to be combined
in an equivalent impedance as seen from the harmonic source. The main challenge
in finding this impedance is to decide which components should be included and
which neglected. In general, all buses from the harmonic source level up to the PCC
should be considered. Branches other than load branches must only be included if
a power quality compensation capacitor is utilized. Reactances of cables exceeding
150 meters need to be included as well [22]. If the transmission system lays within

the network of interest, line capacitances and inductances should be included [23].

"http://www.digsilent.de
*http://www.skm.com/hiWave . html
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After the identification of the all relevant network components, and their transfor-
mation into a common p.u. system, the equivalent impedance Z,, j, as seen from the
harmonic source can be calculated. The evaluation of this impedance as a function
of frequency results in the impedance scan plot. The only way to find out if the
network was modeled accurately enough is to see if a more accurate model leads to

significantly different results.

If the harmonic current spectrum, I, of a VSD is known, the harmonic voltage

distortion can be calculated, according the current injection method, as
Vi = Zegn - In (4.1)

and thus the harmonic voltage distortion is found.

Another important fact which has to be considered is the harmonic content of the
supply system. The supply itself can be a major source of harmonic distortion which
has to be added on top of the harmonics generated by the devices in consideration.
The only way to quantify the girds inherent harmonic content is through measure-

ments [23].

4.1 Example Study

This section presents some selected results of the harmonic study for the compressor

station in Egtved, Denmark [2].

The simplified single line diagram which was used in the study is provided in Figure
4.1. Two 60/10 kV transformers are available for mains feed, used during normal
operation. Each, however, is capable of providing for the station’s entire load (re-
dundancy is used to ensure high availability). Bus 2.1 and 2.2 are normally not
connected, but can be coupled if one transformer is failing. Normally up to two,

in some seldom cases three VSDs are operated, each with a rated load of 6.4 MW.
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There are two identical harmonic filters (H5/H7/H11) at bus 2.1 and 2.2, respec-

tively. Each consists of four parallel branches:

« Single-tuned filter, tuned to 238 Hz (5" harmonic filter with -4.8% detuning)
Single-tuned filter, tuned to 345 Hz (7** harmonic filter with -1.4% detuning)

274 order high-pass filter, tuned to 575 Hz (11" harmonic filter with +4.5%

detuning)

Shunt reactor to compensate for reactive power generation of filter circuit if

required
[—— Net 60 kV
* BUS 1-60 kV El
3 ¥ 7
-i J) rL
? 2 f}’
, BUS 1.1 - 10 KV L] . BUS 1.2-10 kV |
="
)= | =
D if
L BUS2.1-10kV O l BUS 22-10kV 1
T
2,
8 vl )

-

|

e e e
VSD1 - 6.4 MW VSD2- 6.4 MW HF 1 VSD 3 - 6.4 MW VSD 4-6.4 MW HF 2

Figure 4.1: Single-Line-Diagram of the Egtved compressor station. [2]

Amplitudes of the 5 and 7" harmonic were measured by Dr. Walther of MR? and

are depicted in Figure 4.2.

3http://www.reinhausen.com/en
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Figure 4.2: 5" and 7" amplitudes at Egtved 60 kV supply system during one night.

To assure harmonic compliance in all operational states, four different cases were

simulated, and are summarized in Table 4.1.

Table 4.1: Harmonic study case overview

Case C1 C2 C3 C4
Main Transf. 1 1 1 2
VSD1 on on on on

VSD2  off on on on
VSD3  off off on on

Coupler open open closed closed

The study (see p.2 of [2]) indicates that harmonic distortion limits are violated in
all cases expect case 1. Case 4 (with parallel feed-in, closed coupler and three VSDs

in operation) is discussed in the following.

In order to judge harmonic compliance it is sufficient to consider the harmonic sit-
uation at Bus 2.1 as it has the highest harmonic content. System upwards, at Bus
1.1 the harmonics are damped by the cable connection marked as "Kabel 1.1" and
"Kabel 1.2", respectively. Therefore, if the harmonic limits are fulfilled at Bus 2.1

it is reasonable to assume that they are fulfilled at Bus 1.1.
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Figure 4.3: Frequency sweep case 4 at Bus 2.1 - 10 kV, x-axis: Frequency [Hz],

y-axis: Impedance [p.u.] [2].

As mentioned before, the impedance scan is commonly represented in two different
manners. The impedance versus frequency plot, also referred to as frequency sweep,
is used to identify minima and maxima and the resulting danger of harmonic ampli-
fication. It is shown in Figure 4.3 where as the corresponding maxima and minima

are listed in Table 4.2.

The frequency response locus is used to identify series and parallel resonance and is
shown in Figure 4.4. The solid black line in the diagram indicates the zero line of the
reactance (y-axis). Its intersection with the locus curve thus determines all points
where resonance, either parallel or series, occurs. In Figure 4.4a no resonance can
be found as there is no filter connected. Figure 4.4b reveals four resonance points,

which are summarized in Table 4.3.
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Table 4.2: Impedance maxima and minima for case 4, with and without filter

Freq. [Hz] Z[Q] Z [p.u.] Type

1665  34.5 59.4 local maximum
3294 148 24.4  local minimum
232 6.6 11.3  local maximum
239 1.7 44.7 local minimum
328 14.6 30.3 local maximum

No Filter

346 14 2.3 local minimum
508 9.5 16.2 local maximum
972 6.4 10.7  local minimum
1356 5.9 10.9 local maximum

With Filter

3116 5.1 8.7 local minimum
27,2495
21,581
15887 < L d--"C-d--"rf-d--—r-3a"=
. d—— A4 A——F—A——F+ —H4——
ELEE N e et mnbin Gl | (S Pt M R R R
4 4386 _.|
-1,2755 - - - - - -
0,0460 &,1072 12,168 18,230 24 291 30,352
(a) No harmonic filters
L i S S et = S et s O B
7.9050 |- — —d——t ———F———— ——
soa11 & et S R IRy I N B B
Ay b= — A ——F ———
2050 PSS g~ = s o RO [ RO
08666 - — 5 —d—=sFrd——F—d——F£ T— 1
37905 I —f T T 117 1
0,0460 2. 7860 5,5260 8,2659 11,006 13,746

(b) Harmonic filters: H5/H7/H11

Figure 4.4: Frequency response locus case 4, x-axis: Resistance [{2], y-axis: Reac-

tance [Q] [2].
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Table 4.3: Resonance frequency with H5/H7/H11 filter

Freq. [Hz] Z Q] Z [p.ul] Type

331 13 22.1 parallel resonance
343 1.7 2.92 series resonance
2028 5.9 10 parallel resonance

2432 54 9.29 series resonance

The harmonic spectrum of case 4 with and without filters is depicted in Figure 4.5
and listed in Table 4.4. The red, horizontal line in Figure 4.5 indicates the total
harmonic distortion (THD). Harmonic amplification due to the changed impedance
trajectory can clearly be observed for the 11** harmonic. All other harmonics are
attenuated or entirely canceled by the filter circuit. The amplification becomes
obvious if one looks again at Table 4.2 or Figure 4.3b where a local maxima can be
found as a part of an impedance plateau at the frequency of 508 Hz. The harmonic
current at 550 Hz thus causes a high voltage distortion. In the case with no harmonic
filter the voltage distortion lays at 0.36% whereas it rises to 0.41% if the harmonic
filter is connected. This is a classical example of unwanted harmonic amplification
that can lead to high distortion. It indicates the importance of an appropriate filter

design.
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2

(b) Harmonic filters: H5/H7/H11

Figure 4.5: Voltage spectrum at 10 kV bus [%], case 4 [2].

Table 4.4: Voltage harmonic limits and values at 10 kV bus for case 4

h  Limits [%] C4[%] C4 with HF [%)]

THD 8.00 2.36 1.09
) 6.00 0.13 0.10
7 5.00 0.06 0.03
11 3.50 0.36 0.41
13 3.00 0.25 0.25
17 2.00 0.87 0.63
19 1.76 0.72 0.40
23 1.41 0.38 0.18
25 1.27 0.31 0.10
29 1.06 0.14 0.05
31 0.97 0.11 0.02
35 0.83 1.42 0.46

37 0.77 1.34 0.35
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4.2 Impedance Scan Implementation

In this section the impedance scan of the feeding Medium Voltage (MV) system of

the gas compressor station in Egtved is implemented in Matlab and discussed.

Based on Figure 10.1 (Appendix A) an equivalent circuit as shown in Figure 4.6 is

assumed, representing the medium voltage (MV) system of the compressor station.

U,SCC, X/R

PCC
Ut p
10kv
A].OF AZOF
10kV
Al A2 A5 A6 * A3 Ad
U O @ o N D) @)
ki (- Uk2 N Ugs 9 Uke 9 U3 N Uka &
VSD1 VSD2 VSD3@ VSD4

Figure 4.6: Assumed equivalent circuit of the MV system of the Egtved gas com-

pressor station.

The high voltage (HV) system is represented as an equivalent impedance based on
the short circuit capacity (SCC) at the HV/MV transformer and an assumed X/R
ratio. In a first implementation, the impedance of cables with a length smaller
than 150m are neglected, following the guidelines presented above. This means
only the impedances of cable A10 and A20 are considered. They are represented
as T-models. However, the shunt capacitance of all cables are taken into account

in order to achieve accuracy in resonance representation. The VSD impedance and
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the low voltage (LV) distribution system is neglected in this first representation. In
order to be able to use the system representation for the harmonic current injection
method, all harmonic sources were lumped into a single source. All of these simpli-
fications lead to an equivalent circuit according Figure 4.7.The values used for the
implementation and its origins are summarized in Tables 10.1-10.3 in Appendix A.

The Matlab code for the implementation can be found in Appendix B.

S,=100MVA

Zsys
Z

XCAlO,AZO = Xe2

Iup
0V 7,
lspec Xca1,a2,43,45,A6 = Xc1
i =

ZAlO,AZO

c
o
Il
[EY
o
~
<
’.G
(@)
o
s _ &

Figure 4.7: Equivalent circuit of Egtved MV system with lumped harmonic source.

The system impedance from the lumped harmonic source terminal as function of
frequency is plotted in Figure 4.8. By comparing it to Figure 10.2 in Appendix A -

which is taken form GE’s harmonic study for the Egtved system - it can be concluded
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that this first system approximation reveals valuable results. However, no peaks of
minima and maxima impedance occur with this approximated representation. The
representation is time consuming and the equations specific to a particular network

configuration.

30

T T T T
Matlab Implementation
Harmonic study GE

25

=100MVA

-
w
T

=
[l
T

Impedance [p.u], S5

0 I i i i i I i i i
0 5 10 15 20 25 30 35 40 45 50

Harmonic order h

Figure 4.8: Frequency scan Egtved system

To further improve the system representations’ accuracy, the VSD impedance should
be modeled too. The transformer impedance depends on the harmonic source con-
figuration and could be approximated based on the data of Figure 10.4 in Appendix
A. An additional levier for accuracy improvement is to represent the HV system in
more detail. The transmission lines could be represented as T-models based on the

system configuration according to Figure 10.3in Appendix A.



Chapter 5

Harmonic Mitigation

This chapter provides an overview of harmonic mitigation measures. The presented
methods can be broadly categorized as either being preventative or corrective in
nature. Preventive methods directly reduce the harmonic content created by har-
monic sources. In the case of passive front-end VSDs the most common preventive
method is the creation of a p-pulse rectifier. This method’s principles are introduced
together with the therefore needed multiple winding transformers in the first two
parts of the chapter. The phase-shifting mitigation approach, another preventive
method which opens up due to the use of multiple winding transformers, according
GE’s patent [24], is discussed in a next section. Corrective methods, by contrast,
aim to reduce already generated harmonic distortion. Passive filters are the most
common measure in industrial VSD applications and are introduced in the last

section of this chapter.

5.1 p-pulse Rectifier

Multi-pulse rectifiers with p > 6 are commonly used in high power VSDs because
of their superior harmonic performance compared to six-pulse rectifiers . Common
series-type rectifiers are 12-,18- and 24-pulse topologies that consist of two, three, or
four 6-pulse diode rectifiers. Each rectifier connected to a phase-shifted "secondary”

winding at its input and in series with the other rectifiers at its output (see Figure

35
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5.1). The phase shift between the "secondary" windings is given by

~360°
p

5 (5.1)

where p is the pulse-number. As will be shown later, the higher the pulse number,
the more harmonics are canceled in the transformer primary winding. Nevertheless,
pulse-numbers exceeding 24 are seldom used due to prohibitive transformer size and

cost.

Figure 5.1 shows a 12-pulse rectifier with a Y-connected primary and Y- and A-
connected secondary and tertiary winding, respectively. The secondary Y-winding
voltage vgp is in phase with the primary voltage v4p while the tertiary A-winding
voltage lags vap by 30°. In order to have the same amplitude at both rectifier
outputs, the turn ratio of winding must be

N.

Fz =3 (5.2)
which compensates the phase voltage factor of /3 between A- and Y-connections.
Figure 5.1c illustrates the p-peaks per fundamental period that exists in the rectifier
output current waveform, i4. As the two 6-pulse rectifier outputs are in series, iq4 is
the sum of the secondary and tertiary currents. Each rectifier output current has
4 peaks per half-period (Figure 5.1c, where only the secondary current is shown),
and are phase-shifter by 30° from one another. The 12-pulse rectifier input current
I4 (see Figure 5.1a) is the sum of the primary side referred secondary and tertiary
currents i;s and i:lT,

A =igg +ig (5.3)

In the case of the secondary current i,g the transformation to the primary side does
not affect the current waveform as primary and secondary quantities are in phase.
The magnitude may differ depending on the turn ratio % The tertiary current
iq7, however, changes waveform due to a phase shift of 30° and its primary side
referred waveform i;T is depicted in Figure 5.1d. The harmonic magnitudes stay

the same. In the primary current, the sum of i;s and i;T , the 5" and 7*" harmonic

are in anti-phase and thus cancel out. This cancellation results in a primary current
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Figure 5.1: 12-pulse diode bridge and current waveforms [3].

which is closer to a sinusoidal waveform as seen in Figure 5.1a.

To illustrate the aforementioned harmonic cancellation of select harmonics, an ideal
6-pulse rectifier current is considered. As detailed in [11], the rectangular waveform
of the secondary winding (where instantaneous commutation is assumed) may be

represented as:
Isp, = I1 sinwt — Issinbwt — I7sin Twt + Iy sin 11wt + ... = I, . (5.4)

For harmonic cancellation, the tertiary winding must be phase shifted by § = 30°
(compare to Equation 5.1) with respect to the secondary winding: The tertiary
current can hence be expressed as
Iy = Ieplo
= [ sin(wt + 9) — I sin(bwt + 55) — I sin(Twt 4+ 76) + I11 sin(11lwt + 116) £ ...
(5.5)
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For simplicity % =1 and % = /3 is assumed. If 6 is the phase shift due to the
transformer configuration (for the above example 65 = 0°, 67 = —30°) and the IEC

notation! is used, the primary current of Equation 5.3 can be rewritten as

l,s/0s + I,7/07 h=1,4,7,10,...
Iy= (5.6)
lys/ —O0g+ 1,7/ — O h=2,52_811,...

where h is the harmonic order.

14 equals

Iy =1 sin(wt + Og) — I5sin(bwt — Og) — I sin(Twt + Og)

+ 111 sin(llwt — 95) + ...

(5.7)
+ I sin(wt 4 0 4 O1) — I sin(bwt + 56 — Op) — Iz sin(7wt + 76 + O7)
+ I sin(llwt + 116 — QT) + ...
which can be re-written to
I4 =1 sin(wt) — I5 sin(bwt) — Ir sin(7wt)
+ I11sin(11lwt) + ...
(5.8)

+ I sin(wt) — I5 sin(5wt — 180°) — I sin(7wt — 180°)

+ I11sin(1lwt) £ ...

Note that the 5 and 7" are in anti-phase and add to zero. The expression thus

simplifies to
Iy =2 (I sin(wt) + I11 sin(11wt) £ ...) (5.9)

Accordingly, a 18- or 24-pulse version can be formed which are depicted in Figure
8.5a. In the case of 18-pulse rectifier this leads to the cancellation of the 5", 7th,
11t" and 13" current harmonics. In a 24-pulse version the 5%, 7t 11t 13th 17th

and 19*" harmonics are not present in the input current which results in a nearly

'For Y-A transformers, primary side positive sequence lead the "secondary" side by 30° while

negative sequence primary quantities lag the "secondary" side by 30 °.
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sinusoidal waveform. In general the characteristic harmonics of a p-pulse rectifier
are defined as

h=nptl n=1,23,.. . (5.10)

The above analysis suggests that a p-pulse rectifier can be analyzed by treating
each 6-pulse rectifier independently. To compute the line current of the system, all

"'secondary" currents are refereed to the primary side where they are summed.

5.2 Phase shift

5th 7th

As shown above cancellation of the and input current harmonics occur in
series-connected 12-pulse rectifier with a phase shift § = 30°. Zingel suggests in [24]
to use a phase shift ¢’ slightly different from the value determined by Equation 5.1,
thus in the case of 12-pulse configuration ¢’ # 30°. For example, one can see from
evaluating Equation 5.4 to 5.7 with ¢’ = 28° that anti-phase harmonic cancellation

5" and 7" harmonics are larger, yet the

no longer exists. Compared to § = 30°,
magnitude of the 11**, 13** harmonics, etc are decreased. In other words, the har-
monic energy is distributed more equally along the harmonic spectrum.

If Osnife is selected appropriately, harmonic suppression requirements can be satis-
fied without the need of additional filters. The same principal can be applied to

any p-pulse rectifier.

5.3 Passive Harmonic Filters

Harmonic filters can be categorized as either being active or passive. In addition
to passive components (resistors, inductors, capacitors) which are the sole building-
blocks of passive filters, active filters incorporate power electronic devices. Active
filters are used in low power applications, where they successfully overcome some
of the disadvantages of passive filters. In high power applications, however, passive
filters are predominately applied. This is due to their low cost-benefit ratio not yet
achieved by active designs. Generally, it can be said that for VSDs above 1 MW,

passive filters are the most common topology [21]. As a result this chapter focuses
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solely on passive filters.

Passive filters can be classified as:

o Series filter (high impedance at tuning frequency), e.g. line reactor in a power

electronics converter
o Shunt filter (low impedance at tuning frequency), e.g. single-tuned LC filter

To remove a particular harmonic, series filters are tuned to have a high impedance
at the unwanted frequency. If there exist multiple unwanted harmonics, series fil-
ters can be cascaded so that each a filter is tuned to a specific harmonic order. The
main disadvantages, and reason why series filters are seldom used, is that they have

to withstand full current and voltage ratings and that they consume reactive power.

Shunt filters, by contrast, are tuned to provide a low impedance path to ground for
a particular range of harmonics. They have to withstand only a fraction of the load
current and can provide reactive power. Because of those two advantages, shunt
filter topologies are most predominately used in practice. To address the shunt
filters more thoroughly, five different topologies are shortly discussed below: single-
tuned filter, 1st-3rd order high pass filter, and c-type filter. The design of a passive
harmonic filter for VSDs, described extensively in the literature [5,11,25-27], is
addressed in Chapter 6.

5.3.1 Single-tuned filter

The single-tuned (ST) filter topology and its impedance curve as a function of fre-
quency (harmonic order) is shown in Figure 5.2. The impedance curve is determined

by

LCs?> + RCs +1
Zs(s) = Cs (5.11)

where s = 0 + iw the complex operator in the Laplace domain.
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j

Figure 5.2: Single-tuned filter and its impedance curve [4].

abs(zZ)

Harmonic order

The filter depicted is tuned to eliminate the 5" harmonic where one can observe a
notch in the impedance curve. From the shape of the impedance curve it becomes
clear that this type of filter is suited to eliminate a specific harmonic (narrow notch).

The notch frequency is determined by

1
f= oy ol (5.12)

Furthermore, the figure indicates that the sharpness of the tuning is determined by

the so called quality factor, (), which is defined as

JI/C
R

Q= (5.13)

Variation in inductance and capacitance values are often on the order of several
percent due to component fabrication and aging. The STF’s notch frequency is
sensitive to parameter variation, thus such deviations in component values can im-
part a considerable shift of the impedance curve. This can lead to an amplification,
instead of suppression, of the targeted harmonic. Figure 5.3 helps to illustrates
this risk by depicting the impedance curve of the filter and the power system as
seen from the harmonic source. One can see that there exists a parallel- and series-
resonance point. The impedance is low close to the series-resonance and conse-
quently, harmonic voltage distortion at similar frequencies is low as well. Close to
the parallel-resonance point, however, the impedance is high and harmonic currents

cause a high voltage distortion. For inductive systems with one STF, the point of
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parallel resonance is given by

1
- 2n/(Ls+ L)C

f (5.14)

where Lg is the series source inductance.

Comparison of equations 4.24 and 4.26 shows that the parallel-resonance always
occurs at a lower frequency than the series-resonance point. Knowing this, harmonic
amplification is avoided by detuning the filter to a frequency below the targeted
harmonic. This way it is guaranteed - at least if the parameter deviation is within
the expected range - that the target harmonic lies at or above the point of series-

resonance. Therefore dangerous harmonic amplification is prevented.

Parallel-resonance

Impedance

Series-resonance

Frequency

Figure 5.3: Impedance curve of filter and system [5].

5.3.2 First-order high-pass filter

The first-order high-pass filter topology and its impedance curve as a function of

frequency is shown in Figure 5.4. The impedance curve is determined by

RCs+1
Z =— . 5.15
£(s) s (5.15)
Low impedance at high frequencies suggests that the first-order high-pass filter is
suitable for a shunt-filter topology where it can provide a low impedance path to

ground for harmonics above the tuning frequency.

A quality factor does not exist as there is only a capacitance but no inductance in

the filter circuit.
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ER

Figure 5.4: First-order high-pass filter and its impedance curve [4]

Harmonic order

A most significant disadvantage of the first-order high-pass filter is its high losses
at the fundamental frequency due to the nearly pure resistive impedance at this
frequency. Another disadvantage is the high MVAr filter rating needed to be able
to attenuate the wide band of harmonics. Those two disadvantages are the reasons

this filter topology is seldom used [4].

5.3.3 Second-order high-pass filter
The second-order high-pass filter (HPF2nd) topology and its impedance curve as a
function of frequency is show in Figure 5.5. The impedance curve is determined by

Z )_RL032+L5+R
1= "§(CLs + CR)

(5.16)

One of the advantages of this topology is its shallow notch compared to the single-

Harmonhic ordet

Figure 5.5: Second-order high-pass filter and its impedance curve [4]
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tuned-filter (compared impedance curve of Figure 5.2 and 5.5), allowing it to be
used to filter several high-order harmonics. It also results in a lower parameter
deviation sensitivity. Compared to the first-order high-pass filter, it convinces with
lower fundamental losses. Because of these superior characteristics, the HP2nd
is the most popular filter topology for industrial applications such as high power

VSDs [4].

5.3.4 Third-order high-pass filter

The third-order high-pass filter topology and its impedance curve as a function of

frequency is shown in Figure 5.6. The impedance curve is determined by

B RL010233 + (Cl + CQ)LSQ + CyRs +1
N sCq (CQLS2 + CyRs + 1)

Zg(s) (5.17)

When compared to the HPF2nd, the third-order high-pass filter yields even fewer

[ | | Qlincreases
F3E0 ml nilh et Bl I Rt
G

1] 10 135 20 25 30
Harmonic order

Figure 5.6: Third-order high-pass filter and its impedance curve [4]

losses at the fundamental frequency due to the added capacitor Cy which increases
the impedance of the resistive branch at low frequencies. It is, however, less effective
in filtering high-order harmonics than the second-order type. Due to cost and

complexity reason it is seldom used in industry [4].
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5.3.5 C-type filter

The c-type filter topology and its impedance curve as a function of frequency is
show in Figure 5.7. The impedance curve is determined by

B LRC’10253 + LCQSZ + (Cl + CQ)RS +1

Zf(s) sCq (L0232 + RC5s + 1)

(5.18)

The C-type filter is a second-order high-pass filter with an additional auxiliary

Harmonic order

Figure 5.7: C-Type high-pass filter and its impedance curve [4]

capacitor Cy added in series with the inductance. The auxiliary capacitor is tuned
so that its reactance compensates the inductive reactance at the fundamental fre-
quency which results in a low impedance branch for the fundamental current thus
avoiding high losses in the resistive branch. The low fundamental losses are the
main advantage of C-type filters. Furthermore, a superior harmonic attenuation
at the tuned frequency is reached compared to high-pass filters. Additionally, C-
type filters can be tuned to lower harmonic orders then high-pass filters [28]. Its
harmonic attenuation for high-order frequencies is, however, less effective than for
second-order high-pass filters. In general the C-type filter can thus be categorized

to have an intermediate behavior between second- and third-order high-pass filters.

In general, SF'T, HPF2nd and parallel combination of the two types are commonly
used for industry applications. The reason for this will be further discussed in
Chapter 6. Third-order high-pass and type C filter are mostly used in mitigation

on a transmission system level [21].
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5.4 Impedance Scan implementation including Harmonic

filter

The system representation of Section 4.2 is now extend with a harmonic filter at
the harmonic sources terminal. A standard harmonic filter consisting of a STF
branch (tuned to the 3rd harmonic) and two HPF2nd branches (tuned to the 5th
and 7th harmonic, respectively) is implemented. The detailed filter parameters for

this H3/H5/HT are listed in Table 5.1

Table 5.1: Parameters of H3/H5/HT7 filter

h  Q Qr[MVAr] R[Q] X1[Q Xc[ L [mH] C[muF] Topology

3 400 8.8 0.1 1.26  11.36 4 280 STF
5 23 189 24.34 0.21 9.3 0.67 601 HP2nd
7 9 139  9.25 0.15 7.19 0.47 442 HP2nd

Figure 5.4 shows the frequency scan of the new impedance including the filter.
The introduction of three resonance points in the impedance scan can clearly be

observed.
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Figure 5.8: Frequency Scan including harmonic filter H3/H5/H7.



Chapter 6

Harmonic Filter Design

This chapter presents the fundamentals needed to understand and judge a harmonic
filter design. From the considerations in the Section above, it is clear that a har-
monic filter must be designed for a specific supply system configuration and that
poor design or detuning may lead to harmonic amplification instead of attenuation.
The present chapter discusses an iterative filter design process that avoids these

problems.

Harmonic filter design methods can be categorized in two groups: Iterative process,
discussed in [5,17,21,29] and optimization problem formulation, discussed in [30].

The method of optimization problem formulation is out of the scope of this thesis.

Figure 6.1 shows a possible iterative process of passive filter design. It can be

summarized in the following steps, [5,17,21,29]:

1) Input data
The VSDs harmonic current spectrum and the power factor must be calculated
(see Section 2.3 and Chapter 8) based on the VSDs working point. The system
of interest has to be defined and the relevant components to be modeled (see

Chapter 4).
2) Define min and max capacitor size

47
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As discussed in Chapter 5.3, shunt harmonic filters can be used to supply
reactive power in order to improve the power factor of the load. In cases
in which the power factor is sufficient, a filter only for harmonic standard
fulfillment - a so-called minimum filter - has to be designed. In cases where
the filter is designed to improve the power factor, the required reactive power

is calculated as
Q = P(tan 01 — tan 02) (61)

where @ is the reactive power which the filter has to supply, the initial power
factor PF; equals cosf; and the required power factor PFby equals cosfs.

Based on the bus voltage, the capacitor reactance is calculated as

X, = k‘g? . (6.2)

If a power factor range is given, a minimal and maximal reactive power, and
consequently a minimal and maximal reactance, can be calculated.

A common practice is to distribute the required capacity evenly among the
branches [31].

It shall be noted that a minimum filter design does not necessarily result in
a lower kVAr rating. It is possible that the kVAr requirement for harmonic
standard fulfillment is higher than the one needed for a certain power factor

compensation, or vice versa. Thus, the term is somewhat deceptive.

Start with STF5, STF7 and HP2nd11 topology

The simplest filter topology would be a single broad band-pass configuration
designed to keep all harmonics below required limits. Such a configuration
would - in most cases - require a very high capacitance. A more economical
configuration is to mitigate lower harmonics with single-tuned filters [17]. In
industrial systems, three branch configurations are often applied [29]. Nassif
showed in [31] that a configuration with two STF and a HPF2nd can be
expected to have superior filter performance in terms of harmonic standard
fulfillment, price, components stress and frequency response than all other

three-branch topologies. Based on the above publication, it is suggested to
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start the design process with a three-branch filter configuration consisting of
two single-tuned and a high-pass filter, tuned to the 5**, 7t* and 11** harmonic,
respectively. The same topology is successfully in operation in the EGTVED

gas compressor station planned by ILF.

Decide on detuning
As mentioned in Section 5.3, single tuned filters are often detuned in order to
avoid harmonic amplification cause by component’s tolerances and aging. A

common practice is to detune them to 1-10% below the intended frequency [5].
Select minimal capacitor size

Dimension L, R according the following equations:

Single-tuned filter [11]

The rector is given by

Xc

X, =28
L h%

(6.3)

where h2 is the harmonic order to which the filter should be tuned. The

characteristic impedance X, is defined as

X, = VX Xc . (6.4)

The reactor resistance is given by

X,
R="g' (6.5)

where @ is the quality factor of the filter and normally lies between 30 and
100 [5]. The filter size is calculated as

kV?
QFilter - Xo — X1 . (66)
2" order high-pass filter [11]
The rector is given by
X
X, =28 (6.7)

T2
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where h2 is the harmonic order to which the filter should be tuned. The

characteristic impedance X, defined as

X, = VXX . (6.8)

The reactor resistance is given by
R=X,Q (6.9)

where @ is the quality factor of the filter and normally lays between 0.5 and
2 [5]. The filter size is calculated as

kV?

. - 1
Qlete'r XC — XL (6 O)

7) Perform harmonic study, see Chapter 4 and calculate filter components volt-

ages and currents

8) Overloaded?
According to [32] a power shunt capacitor can withstand the following ratings
in continuous operation, which consequently must not be exceeded in any filter

capacitor:

e 110% of rated RMS voltage

e 120% of rated peak voltage, i.e., peak voltage not exceeding 1.2v/2V,atedriS,

including harmonics, but excluding transients
o 135% of nominal RMS current based on rated kVAr and rated voltage
e 135% of rated kVAr
Another commonly used standard is [33].
A reactor should be design to at least withstand the RMS current under which

it is operated [11] (based on the withdrawn IEC Standard 60289).

The same holds through for the resistor, thus I 4teq < IrMS-
9) Harmonic standard, see Chapter 3, fulfilled?

10) Is parallel resonance and the resulting harmonic amplification the cause?
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11) Ts there another topology or tuning frequency to be investigated in order to

compare different designs?

While the above described filter design process should lead to a suitable harmonic
attenuation for the system parameters and working points defined in input data,
a designer should also evaluate his design upon possible changes in working points
and system configuration, i.e. planned system extensions, in order to verify the
effectiveness of it. Once an initial design has been found, several well chosen cases

should be tested by performing a harmonic study for each of them.

Particular importance should be paid to the shift in harmonic spectrum under differ-
ent loading conditions of certain VSDs, such as Line Commutated Inverters (LCIs).
A system with a LCI which has a pronounced harmonic current occurring around
the 6" harmonic when the VSD is at full load and around the 4*” harmonic for low

5t order under

load operation, is expected to have a pronounced harmonic at the
some intermediate operating conditions. A designer has to consider such a change

in harmonic spectrum and design the filter accordingly.

Besides harmonic performance and component stress, filter costs and loss should

also be considered.
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1. Input data:
Working point and harmonic
spectrum of VSDs, system
parameters (SCC, impedances)
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Figure 6.1: Iterative Passive Filter Design Flow Chart.
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Chapter 7

Conclusion and Outlook - Harmonic

Compliance

Harmonic studies of VSDs aim to assess the devices’ compliance with harmonic
standards. They study well-chosen "worst-case” scenarios that may differ in system
configuration and harmonic source configuration. A harmonic study, as defined, con-
sists of: an impedance scan (providing possible parallel or series resonance points),

and a calculation of harmonic distortion at a specific point in the network.

The complexity of a harmonic study predominantly depends on the number and the
location of the harmonic sources. A simple method to calculate a harmonic study
that can be implemented in any numerical computing environment is the current
injection method. A simple method to calculate a harmonic study is the current
injection method. It is important to be aware of the fact that the supply system

itself is a source for harmonic distortion and should be included in the analysis.

An example of a specific network frequency scan has been implemented in Matlab.

Its results and limitations were discussed. They can be summarized as following;:

e A PI-model of cables with commonly used inductance and capacitance values

is sufficient for a first approximation,

e The VSD transformer impedance was neglected in this first representation,

93
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e No peaks of minima and maxima impedance occurred with the simplified

representation restricted to the MV system,

e Implementation is time consuming and specific to one network configuration.

In order for a valid assessment of the resonance phenomena, a more detailed net-
work representation including transmission lines has to be implemented. Detailed
information regarding network configuration must therefore be available. A further
improvement of the system representation’s accuracy can be achieved by a detailed

model of the VSD multi-winding transformer impedance.

After a detailed enough network representation could be found, the harmonic cur-
rent injection method can be used to calculate harmonic voltage distortion at any
point in the network. The method of current injection is limited to one harmonic
source at a specific point in the network. This implies the need for finding a single-
lumped-harmonic-source representation that includes the supply system’s harmonic
distortion and all harmonic sources, taking into account the harmonic cancellations

between them.

An appropriate definition of a single-lumped-harmonic current spectrum, together
with the aforementioned detailed network representation, are thus the main chal-

lenges of this otherwise simple harmonic study approach.

Harmonic mitigation methods can be categorized in preventive and corrective mea-
sures. For passive front-end VSDs, the following three measures are most commonly

used.

o Creation of p-pulse rectifier (preventive): Examples of commonly used p-
pulse configurations are 12-, 18-, 24-pulse rectifiers. Pulse numbers higher
than 24 are seldom used due to prohibitive transformer size and cost. In a
p-pulse passive rectifier, the following characteristic harmonics are present:

h=np+1l n=1,2,3
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o Phase shift (preventive): Phase shift method (according GE’s patent [24])
annuls the harmonic cancellation of p-pulse configuration and distributes the

harmonic energy among the spectrum.

o Harmonic filter (corrective): The most commonly used filter topology in VSD
applications is a multi-branch filter consisting of a combination of single-tuned
and second order high-pass filters. The design of such a filter is commonly done

in an iterative process to find a solution that complies with all constraints.

There are no hard-and-fast rules on how to design harmonic measures. A filter
design process illustrating a possible design strategy was presented. In practice,

filters are often used in combination with the other mitigation measures.

The harmonic impedance scan of the MV system representation was reevaluated,
this time with a standard harmonic filter (a parallel combination of the 3rd har-
monic, single-tuned filter and two second order, high-pass filters tuned to the 5th
and Tth harmonic, respectively) at the VSD terminal. The new impedance scan

clearly shows resonance points introduced by the filter.






Part Ili

Harmonic Modeling of Variable Speed

Drives

o7






Chapter 8

Harmonic Source Modeling

This chapter focuses on the modeling of harmonic sources in order to calculate their
harmonic current spectrum. This spectrum is needed to calculate a harmonic study
based on the current injection method. First, the scope of interest of this thesis in
terms of harmonic sources is defined. Next, two commonly used high power VSD

topologies are presented, for each of which a suitable harmonic model is discussed.
Power system harmonic sources take the form of

o Transformers (I = f(U) = f(BIH))
» Rotating machines (winding harmonics)

o Power electronic devices (topology, modulation)

As the topic of this thesis is the analysis of power system harmonics VSDs, only

power electronic devices shall be examined.

Numerous VSD topologies are used for high power industrial applications. An
overview is provided in [6,8,34] and summarized in Figure 8.1. Literature research
was carried out for both a voltage and current source converter VSD, LCI and

3-level Neutral Point Clamped VSC, respectively and is summarized below.

99
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High Power
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Figure 8.1: Overview of converter topologies used for high power drives.

8.1 Line Commutated Inverter Variable Speed Drives

The structure and operation of the LCI is quite simple, as it does not allow for
the use of pulse width modulation. These two inherent simplicities allow a rather
simple derivation of a model, which turns out to be very insightfull in terms of

interharmonic generation.

Line Commutated Inverters are predominantly used in very high power applica-
tions up to 100 MW [35]. The main reason for this choice is LCI’s semiconductor
device, the thyristor, is both less expensive than competing devices and has high
voltage and power capabilities, high efficiency and reliability [34]. The basic struc-
ture of an LCI is shown in Figure 8.2. It consists of two identical thyristor-based
converters connected back-to-back via a DC link inductance. The inductive DC
link is the reason for it is classified as current source topology. As the name Line
Commutated Inverter indicates, both converters’ commutation is dependent on an
external AC voltage. The grid-side converter is commutated by the line-voltage
while the machine-side converter is commutated by the back e.m.f. of the machine.

The current can flow in only one direction (an inherent characteristic of thyristor).
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Figure 8.2: Diagram of a LCI VSD. [6]

Nevertheless, power transfer is possible in both directions and depends on voltage
polarity across the DC link inductance. It is defined by the DC voltages, V., on
the line-side and Vj,, on the machine side. They themselves are dependent on the

firing angles, oy and ay, respectively, as shown in Figure 8.3a and defined below

Vdcl/m = Viemaz €OS A1 /ms Qp/m = 0° - + Viemaz

Oél/m = 180° — — Vdcmax . (8.1)

In motor operation, the line-side converter operates as a rectifier (firing angle
a; < 90° = Vg, = positive) and the machine side converter as an inverter (firing
angle 90° < oy, < 180° = Vi, = negative). The voltage Vy = Vy, — Vye,, across the
inductor is thus positive in the direction of current flow. A positive power transfer
from the grid to the synchronous machine results. Conditions are reversed when

machine is operated as a generator.

The VSD operation scheme minimizes reactive power flow and thus allows the con-
verter ratings to be used for active power transfer. In motor operation, it keeps au,
constant at 180° (= V., = —Viemar) Which means voltage and current are in anti-
phase and the machine-side displacement factor is DPF,, = 1 (see Figure 8.3b). At
the same time an excitation system is used to assure a good magnetic utilization
of the machine by keeping the flux linkage at its nominal value [34]. To achieve

this, the stator voltage is varied with varying speed. The scheme thus results in
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Figure 8.3: 3-phase thyristor converter quantities as a function of « [1].

a proportionality between the machine’s speed and the DC link voltage V., . In
order to keep the current set-value I 40, oy is varied from o = 90° = V. =0 at
stand still to a; = 0° = +Vyemae at full speed. In breaking operation, «,, is set to
zero (rectifier mode) and kept constant (= V., = +Vicmaz). The line-side angle
aq, on the other hand, is now varied between 90° — 180° (inverter mode). The DC

link voltage polarity is thus inversed, which leads to a reversed power flow from the
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machine to the grid. In both operations, i.e. motor and breaking, this operation
scheme implies that the line-side displacement power factor DPF; is a function of

motor speed, which is one of the disadvantages of an LCI.

The above described working principle is now used to derive an analytical harmonic
model for the LCI, which follows that of [7]. Line-side harmonics are caused by
two phenomena: First of all, by the non-linear line-side current drawn by LCI,
and machine harmonics transferred through the DC link. In superposition, those
two phenomena cause not only harmonics at integer multiples of the fundamental
frequency but also harmonics at non-integer values. As discussed in Chapter 2
they are referred to as interharmonics. In [7] the following simplifications for the

harmonic model are assumed and adpoted for this presentation:

Balanced line voltage

e No harmonic distortion in line voltage

Equally spaced thyristor firing angles

e Large DC link inductance

In a thyristor converter two operation states, conduction and commutation, have to
be distinguished. The differences between the two states are clear when analyzing
the input impedance from the line side.: During the conduction phase, the DC link
and machine circuit impedance is seen, while during commutation two lines are
shorted, causing the impedance to reduce to the thyristor short circuit impedance.
This leads to two different line-side current parts:

On one hand, there is the conduction current that is the product of the conduc-
tion function current I; .y and the DC link current I;. Together they represent the
current in the conduction state I; . = Ij .y - I;. On the other hand, there is the com-
mutation current I; .., representing the commutation state. The line-side current

I; is the sum of the two, depicted in Figure 8.4, and can be represent as:
I = Ticom + (Llep - 1a) - (8.2)

Observe that I; will be zero in case of an infinite large DC link inductance, the
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Figure 8.4: Supply current composition. [7]

above assumption, however, only assumes a large inductance and thus I; is finite.
Both Ij com and I; .y are periodic functions that are connected to the converter
valves’ switching. Their sum is non-zero during two 120° intervals in each period,
once positive and once negative, and they can be represented as Fourier series in

the following manner:

o0
I com = Z { A com,, cosnwit + By com,, sin nwit} (8.3)
n=1
o
Ijcf = Z {Aicf, cosnwit + By ey, sinnwit} (8.4)
n=1

where n = 1,3,5,7.... For Aj com,., Bi,com,» Ai,cf, and By .y, coefficient development
refer to [36].

The DC link is represented by an inductance connected between two rectified AC
voltages (Ve and Vi), as shown in Figure 8.2, which themselves consists of a
DC part and periodic AC components. They can thus be represented as a Fourier

series as shown below:

A oo
Ve, = % + Z {Adc,,, cosmwit + Bgey,, sinmwit} (8.5)
m=6
Adc mo = .
Viem = T + Z {Adcm,, cos mwat + Bae m,, sin mwat} (8.6)

m=6
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where m = 6,12, 18,24..., wy is the line-side angular frequency and ws the machine-
side angular frequency. For Ag.;,,, Bac,,, Ade,m,, and Bgem,, coefficient development

refer to [17].

The DC link current I; is the sum of an AC part Id(ac) and a DC part Id( 20) and

can be written as

1y = Id(ac) + Id(dc) : (8.7)

The two components can be determined by again considering Figure 8.2 in which the
two rectified voltages are coupled by an inductance. If one neglects the resistance

of the inductance for AC quantities, the above components may be expressed as

Adc,mo + Adc,lo
T (8.8)

1
Iy = 1 / (Vieduny — Ve ) dt. (8.9)

where Ry is the DC resistance of the inductor L, Vch(ac) and Vdc,mmc) are the AC

components of Vg.; and Vy ., respectively.

Equation 8.9 can thus be rewritten as

1 & [ Adey Bict,, .
I;,  =— E 2O cosmwyt — —=™ sin mw t
(e L4 mwi mwy
m=6 (8.10)
Adc,mm de,mpy .
+ ¢ —— cos mwsat — sin mwayt
w9 Mw9

The line-side current I; of Equation 8.2 can be reformulated as:

Iy = Ticom + Tiep - Lagg,y + lier - Lag,,, (8.11)
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and by using Equations 8.3, 8.4 and 8.10 it follows

o
I = Z { A com cos nwit + By com sin nwit} (8.12a)
n=1
o
+1q4,. - Z {Aicp, cosnwit + By, sinnwit} (8.12b)
n=1
+ Z { deldm o8 mwst — Bdc’lmsinmwlt} : (8.12¢)
mwi Ly mwi Ly

Z {Aicf, cosnwit + By g, sinnwit}

n=1
+ Z { de,may, cos mwaot — M sin mW2t} . (8.12(1)
mwaLg mwa Ly
o
Z {Aicf, cosnwit + By, sinnwit} .
n=1

Analyzing each component of equation 3.12 provides insight into LCIs harmonic
content. Part 8.12a of equation 8.12 represents the harmonics caused by the com-
mutation phase. Part 8.12b represents the harmonics caused by the DC component
of I;. One can show that the triple harmonics of part 8.12a and part 8.12b cancel if
a very large DC inductance is assumed [7]. Part 8.12c represents the harmonics gen-
erated by the modulation of current harmonics resulting from the DC link voltages
and the current harmonics of the conduction phase. Part 8.12d is the term of inter-
harmonics and consists of two groups: The first of which are the characteristic inter-
harmonics (modulation of n = 1,5,7,... xw; of the I} .y with m = 6,12, 18, ... xws of
the I4,.) and the other which are small triplen related interharmonics (modulation

of n=3,9,15, ... x wy of the I; .y with m =6,12,18,24,... X wy of the Iy, ).

As it can be seen from Equations 8.5, 8.6 and 8.9 and was mentioned earlier, the
DC link current is dependent on the two DC side voltages of the line and machine-
side converter, respectively. The machine-side voltage magnitude and its frequency,
however, are a function of the machine speed. It can therefore be concluded that in-
terharmonics are dependent on the machine’s operation point and that they change
frequency as the machine is operated at different speeds. This in turn makes it

difficult to size components when employing passive harmonic mitigation schemes.
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It further creates the danger of exciting resonant oscillations with other components

in the power system such as power factor compensation capacitors.

A more advanced model is described in [37]. It uses switching functions apadpted
from modulation theory. Carbone highlights in [38] that models as the one above
that do not take unbalanced conditions in account may lead to a harmonic under-

estimation and thus should be utilized with care.

8.2 3-level Voltage Source Converter Variable Speed Drive

A passive front-end, 3-level, neutral-point-clamped (NPC), pulse-width-modulated
(PWM), voltage source converter (VSC) VSD will be analyzed ! To develop a suit-
able harmonic model for the aforementioned VSD, the present section first intro-
duces the converter topology, then provides an overview of different models found in
literature, before a suitable model is developed by combining several of the existing

concepts.

Figure 8.5 depicts the converter topology. It consists of a passive front-end (diode
rectifier), a PWM inverter and a capacitive DC link that connects the two convert-
ers. The rectifier converts the AC power to an unregulated DC voltage which is
smoothened by the DC link capacitance. The PWM-Inverter modulates the DC
voltage to create a magnitude and frequency adjustable three-phase voltage used to
control the machine. Figure 8.5a displays three possible passive front-end configu-
rations for which several 6-pulse rectifiers are connected in series to form a higher
pulse number rectifier (12-, 18-, 24-pulse, respectively) for a 3 phase input. Figure
8.5b presents the DC link and 3-level NPC PWM Inverter.

For both converters, rectifier as well as the PWM inverter, a wide variety of ana-

lytical harmonic models are available. For the rectifier, on the one hand, it should

'Most of ILF Consulting Engineers’ projects, e.g. gas compressor station in Egtved (DK),
Neustift (AU) and Baumgarten (AU), apply a 12/18/24 pulse version of this converter topology.
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Figure 8.5: Diagram of passive front-end 3-level NPC PWM VSC VSD [8].

be noted that even though the circuit seems rather trivial, its harmonic modeling
is not a simple task. The most basic analytic model is the so called ideal model
"1/h" which assumes perfect current pulse trains, i.e. infinite slew rate and constant
magnitude, during a 2%—in‘cerval, where p is the rectifiers pulse number [11]. This
model is very limited in accuracy, as it neglects commutation and load conditions.
It may drastically underestimate the harmonic content, especially the magnitude

of 5 and 7 harmonics [39]. More advanced analytical models, such as presented
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in [40,41], represent the diode bridge by its voltage switching functions. Switching
functions relate the AC side voltage to the DC voltage as they define the conducting
states of the diodes. Other models, such as [19], represent the rectifier circuit by
differential equations. The modeling of the PWM-Inverter, on the other hand, is
even more complex, as the harmonic content additionally depends on the applied
modulation strategy, e.g. naturally sampled PWM, Direct Torque Control (DTC)
PWM or Harmonic Elimination PWM to mention a few. Holmes [10] and Evans [42]

describe two different approaches based on switching functions.

Publications which present models of the entry drive system - rectifier, DC link
and inverter - often focus solely on the rectifier and DC link and neglect the in-
verter as a source of line-side harmonic distortion. This simplification is justified
by the fact that the DC link represents a shunt filter for harmonics of higher orders
and is legitimate in many applications. In such models the inverter and DC link
can be represented as single series-impedance [19], or as a series-impedance with a
constant back-emf [43], or a current source [44]. This simplification, however, goes
along with the negligence of interharmonics as they are predominately caused by

the modulation of rectifier and inverter harmonics [15].

If interharmonics have to be taken into account - which [19] suggests in case of high
power drives - the inverter stage and possible unbalanced conditions should also be

modeled [20, 38].

No reasearch on a 3-level VSD topology was found.

A model based on Jiang’s approach of space vector representation that also incor-
porates unbalanced motor conditions is presented in [45]. The rectifier is modeled
by its switching functions, the DC link as a parallel impedance, and the converter
as a parallel connected harmonic current source. The current source spectrum is
computed based on switching functions of the PWM Inverter and an assumed un-

balanced three-phase load current.
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The most advanced model encountered includes model refinements as non-ideal
commutation, unbalanced supply voltages and a state-space representation of the
induction machine, described in [9]. Both rectifier and inverter are modeled by its
voltage and current switching functions. The DC link is represented as simple shunt

impedance.

In order to assess of the effects on the harmonic content of each of those model
refinements (Unbalanced supply conditions, state-space representation of the in-
duction machine, and non-ideal rectifier commutation), the cases discussed in [9]
can be compared to each other and also to [15] - for the case of commutation mod-
eling, as both papers analyze the same VSD. THD and TIHD indices are used to
evaluate the refinements’ influence on the harmonic and interharmonic spectrum,
respectively. For each refinement, a case with and without the refinement is listed.

To benchmark the improvement across refinements, a relative change,

THDrefinemant - THDno—refinement
THDrefinement

is calculated for each case.

For the model refinement supply voltage representation, Table 8.1 (based on values
of model "Proposed approach” of Figure 12 of [9]) presents THD and TIHD for a
balanced supply voltage (de?= 0%) and an unbalanced voltage (d2 = 5%). From
Table 8.1, it can be seen that an unbalanced supply voltage can severely increase
THD as well as TIHD. Neglecting unbalanced supply voltage conditions would thus

lead to a significant underestimation of the harmonic spectrum.

For the model refinement state-space representation, the case of a simplified model
(motor represented as back-emf and series impedance) is compared to a state-space

model. The results are presented in Table 8.2. A state-space representation of the

2d, is the ratio of negative-sequence component to the positive-sequence component with zero

relative phase angle, do = %100%
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machine generally increases the harmonic and interharmonic distortion as it pro-
vides less damping than the simplified model [9]. The change, however, is minor
(THD increase by 4.8%, increase of TIHD by 7.9%). The relative change of this

refinement is small compared to the refinement of voltage supply.

Also in the case of non-ideal commutation, a model including commutation effects [9]
and a model neglecting it [15] was chosen for comparison. For [15], there are no
THD and TIHD values available. In order to compare the models, an underestima-
tion index?® Neglecting commutation leads to a difference in underestimation of 1.9%

of the 5" and 0.4% of 7" order harmonic for the specified simulation conditions.

Table 8.1: Influence of supply voltage representation on THD and TTHD, based on
"Proposed model”, Figure 12 of [9].

Balanced Supply Unbalanced Supply (d2o=5%) Relative change [%)]

THD 60.3 160.4 62.4
TIHD 1.4 7.4 80.7

Table 8.2: Influence of machine model on THD and TIHD, based on comparisson

of "Proposed model” with "Proposed model (w/0)” of Figure 17.a and 17.b. of [9].

Simplified Model ~State-Space Model Relative change [%)]

THD 86.0 90.4 4.8
TIHD 3.6 3.9 7.9

Based on the above comparison, a model that takes unbalanced supply conditions
and commutation effect into account, but neglects the state-space machine repre-

sentation, is chosen for this thesis. The choice for the simpler machine model is

3Based on a difference between the model’s prediction and a reference laboratory measurement,

normalized by the measurement, the underestimation index is defined as

In Meas.—Ih, Model

underest. = 5
h,Meas.
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Table 8.3: Influence of commutation phenomenon of rectifier on harmonic spectrum,
values from "Proposed model (w/0)” of Figure 16.a of [9] and "Proposed approach’

of Figure 8 of [15].

Without commutation With commutation

h  Model [p.u] Meas. [p.u] underest. Model [p.u] Meas. [p.u.] underest.

5th 58.3 66.2 12.0 48.6 54.1 10.1
Tth 31.1 33.9 8.0 33.7 36.5 7.6
11t 7.4 8.1 7.9 7.6 8.2 7.9

justified by the the state-representation’s small improvement in accuracy and also
by the unavailability of detailed machine parameters needed to implement this re-

finement.

The model’s main parts are the Rectifier, DC link, Inverter and Machine (see Figure
8.6). The rectifier and Inverter are represented in terms of their current and voltage
switching functions. The DC link is modeled solely as a capacitor and the simplified
machine model with a back-emf and series impedance is used for the induction

machine. It is thus a combination of [15], [9] and [10]. In the following each model

Iﬂ / r Id
Vs - + » - _—
o S | e /l |
— i
Ve = Va i
/e j_\_\_/, T H
— —
Ve Switching Functions B n Switching Functions

(a) Rectifer

(d) Machine

(b) DC Link (c) Inverter

Figure 8.6: VSD Model [9].

part is discussed in detail.



8.2. 3-LEVEL VOLTAGE SOURCE CONVERTER VARIABLE SPEED DRIVE 73

8.2.1 Rectifier Model

This subsection assumes a 6-pulse rectifier. It is modeled by its voltage and current
switching functions. They relate the input voltage (vq, vp, v.) and current (iq, ip, i)

quantities to the corresponding output quantities v4 and i,, respectively:

vd:ZSvk-Uk, k=a,b,c (8.13)
e

ig =Sy - ir, k=ua,b,c. (8.14)

Figure 8.7 shows the voltage S,, and current .S;, switching functions for phase a
when the source resistance, R, is negligable and a smooth DC current is assumed.

The switching functions can be represented in terms of its Fourier coefficients as [9]

Figure 8.7: 6-pulse rectifier voltage and current switching functions [9].

Spa = Z (A7, cosnwit + Bj, sin nwit) (8.15)

a
n€odd
n>0

Sia = Z (A7, cosnwit + Bj, sin nwit) (8.16)
n=6p+1
P=1.2,...

where the voltage Fourier coefficients can be found as [9]:

-1
Ay, = —[sin(noy + nuy) — sin(nog + nug) + sinnoy — sin nos) (8.17)
nm
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1
B], = —|[cos(no1 + nuy) — cos(nog + nug) + cos noy — cos nos| (8.18)
nm
with
uy = cos™ ! {1 - 2X1a T } (8.19)
V24 V2 —2V,V.cos(0. — 0,)]2
2X1
Uy = cos™ ! {1 - d : } (8.20)
(V2 + V2 =2V, V,cos(0, — 6p)]2
V,sinf, — V,.sin 0
— tan-" (VeSO = VesinO 21
o1 an (Va cos b, — V. cos 90> (8.21)
_1 { Vpsin@, — V,sin b,
= tan~ ! .22
72 an <Vb cos B, — V, cos 9a> (8:22)
where X is the supply reactance.
The current Fourier coefficients are defined by [9]
Lo2(1, .
AT == {n[smn(ag + ug) —sinn(oy + ul)]}
b
1 — cosuy
- |— (sinn(oq + uyp) — sinnoy
- (sinn(or + ) )
1
_ m(sin(nal + (n+ 1)uy) — sinnoy)
1
_ m(sin(nal + (n —1)uy) — sinnoy) (8.23)
b
1 — cosusg

1
— (sinnoy — sinn(og — uz))
n

1

- (sin(noz + (n + 1)uz) — sinnoy) — 2(n —1)

- (sin(nog 4+ (n — 1)ug) — sinnos)
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2 (1
Bl =— {[cosn(al + uy1) — cosn(oz + ug)]}
mln
1

1 —cosuy

1
. { (cosnoy + cosn(oy + up))
n

1
_ m(cos(nol + (n+ 1)uy) + cosnoy)

_ 2(711_1)(003(1101 + (n — 1)uy) + cosnoy) (8.24)

1
1 — cosusg

-1
— (cosnoy + cosn(og + u2))
n

+ m(cos(nag + (n + 1)ug) + cosnos)

+ 2(n1—1)(cos(n02 + (n — 1)ug) — cosnoy)

The Fourier coefficients for phase b and c are the same and the switching functions
Subs Sve, Sip and S;. are obtained by replacing wit in Equations 8.15 and 8.16 by

(w1t — %) for phase b and (wit — %’r) for phase c, respectively.

8.2.2 DC link Model

The DC link is modeled as shunt capacitor, as shown in Figure 8.6b), where the
current into the capacitor is expressed as

. dvg
c=Cg— . 8.25
i T (8.25)

The relation of the three currents i,,i. and i4 at the node is

I =19+ 1 . (8.26)

8.2.3 Inverter Model

The inverter is assumed to be naturally modulated (comparison of a reference signal

with a carrier signal) with a phase disposition (PD) carrier arrangement.
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The inverter is modeled by its voltage and current switching function, while re-
late the DC link quantities (vg and ig4) to the corresponding output quantities

<UANavBNaUCN and IA7137[C)'
vynN = Syn-vg, U=A,B,C (8.27)
iq = ZSiU iy, U=AB,C (8.28)
U

The voltage switching functions are derived based on Holmes’ analytic represen-
tation of modulated waveforms [10]. The most important steps of derivation are

shown in the following. A complete derivation is presented in [10], p. 469-481.

Any periodically modulated voltage can be expressed by

ft) = %‘F i [Aop, cos(nfwit 4 01]) + Bop sin(nfwit + 601])]

n=1
[eS)

+ Z [Amo cos(m[wct + 6.]) + Bmo sin(mw.t + 60¢])])
m=1

(8.29)

[e.9]

+ Z Z [Amn cos(mwet + 0] + nfwit + 61])
m=1 =00

n#£0)

+ B sin(mwct + 0] + njwit + 61])

where

m™ T

1 .

- —T
and where x = w.t, y = wit. Here, w., and w; are carrier and reference signal

angular frequency, respectively.

To find the Fourier coefficients of Equation 8.30, the two dimensional function
f(z,y) must be defined. This definition can be visualized by a so called unit cell
which depicts the boarders in the x,y - plane in which the function is constant. The
unit cell of a naturally sampled 3-level inverter with phase disposition (PD) carriers
is shown in Figure 8.8.

In case of a 3-level inverter the function f(x,y) can have three voltage levels, i.e
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Ax=o/1

Figure 8.8: Unit cell of a 3-level naturally sampled PWM-Inverter with phase dis-

position carriers. [10]

+1(= +Vg), 0, and —1(= —Vj.). The boarders of the area in the x,y - plane in
which the function takes each of those values is defined in the unit cell. Equation

8.30 can thus be rewritten as

1 5 wMcosy
—% —7M cosy
-5, —n(1+M-cosy) T
. / { / ej(n’wc-}—’rzy)(ir + / ej(m$+ny)dx}dy (8.31)
n “r w(14+Mcosy)
r , —m(1+Mcosy) T
_ / { / el(me+ny) 4, 4 / ej(ma:Jrny)dx}dy]
z - w(1+Mcosy)

which may be further reduced to

w(1+Mcosy)
/ e MEY) qpdy (8.32)
-5 —7n(1+M-cosy)

O = 2%2{1 — cos([n + m]m)}

\MH

Evaluating Equation 8.32 for m = n = 0 results in

Coo =0 (8.33)
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which represents the DC component, for m =0,n =1 in
Cop =M (8.34)
which represents the fundamental component. For m > 0,n = 0 it results in

Crmo = —— (1 — cosmm) ];1 W (8.35)

where Jo,_ is the Bessel function of (2k — 1) order and that represents the carrier

harmonics. For m > 0,n # 0 it results in

Comn :%{1 — cos([n + m]m)}

iy

Jn(mm M) sin(n 5

(8.36)

[2k — 1] cosnF
2k — 1+ n][2k — 1 —n]

4 00
+ — Z Jzk_l(mﬂ'M)
k=1

W%J

which represents the sideband harmonics.

By combining Equation 8.33-8.36 with Equation 8.29, the voltage switching function

of phase leg A S4n may be expressed as:

San =M cos(wlt)
Jo_1([2m — 17 M)

2 Z 2m — Z 2% 1] cos([2m — 1]w,t)
+3§: ! Z Jons1(2ma M) cos(nm) cos(2mwet + [2n + 1w t)
pi P om L 2n+1 &M COS(NT ) COS( MW, n w1 (8.37)
+§ = = Jog—1([2m — 17 M) [2k — 1] cosnw
—om -1, 2k—1+2n][2k—1—2n]

(n#0)
-cos([2m — 1|wet + 2nwit)

The corresponding switching functions for phase B and C' are obtained by setting

f, in Equation 8.29 to —=F and —=F, respectively.

The phase-midpoint voltage van(t) (see Figure 8.5b) can now be calculated by
Equation 8.27. The line-to-line voltage of the converter is obtained by the subtrac-
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tion of two phase-to-midpoint voltages, e.g. vap(t) = van(t) — vn(t).

Next, the current switching function shall be derived based on the assumption of
a lossless inverter and balanced load conditions, which, following Kirchoff’s voltage

law, requires the following equality to hold true:
Vgld = VAolA + VBolB + VcolC. (8.38)

Here, v4,,vB, and v, are the inverter output phase voltages with respect to the

load mid-point and are defined in Equation 8.46. It can be rewritten as

g = A0 a+ B2 4 UCOiC (8.39)
Vg V4 Vg
= Siaia + Sipip + Sicic (8.40)
= S -iv, U=ADB,C (8.41)
U

where S; 4, 5;p and S;¢ are the current switching functions of the inverter and thus

are defined as

Siy = 20, (8.42)

Vd

8.2.4 Machine Model

As depicted in Figure 8.6d the induction machine is modeled as a back-emf with a
series impedance (e4 and Z,,). Assuming balanced machine operation, the three-

phase voltages must sum to zero
VAo +VBo + Voo = 0. (843)

The relation of inverter output voltage van,vgy and von to the load mid-point

voltage v 4., VB, and vg, is given by
Vo = VN — Van, U=ADB,C. (8.44)

Manipulation of Equations 8.2.4 and eq:safran2allows the inverter mid-point to

load mid-point voltage, Vi, to be expressed as a function of the inverter output



80 CHAPTER 8. HARMONIC SOURCE MODELING

voltages as:

1
Vay = 5 (Van + Vix + Vo) (8.45)

The phase A voltage v4, applied to the machine is thus be found to be

2 1
VAo = gUAN_g(UBN‘f'VCN)- (8.46)

The other phase voltages are similarly derived. The machine currents are given by

. VAo — €A

14 = —
m

. UBo — €B

ip = T (8.47)
m

. VCo — €C

ic = 7
m

8.2.5 Model analysis

After each model part has been defined, the analysis of the line-side harmonics can

be summarized in the following eight steps:

1) Specify the source voltages v,, vp, v (balanced or unbalanced) and the back-

emf of the machine e, ep, e,

2) Calculate the DC link voltage vg by applying the rectifier voltage switching

functions to the sources voltages, Equation 8.13 and 8.15.

3) Calculate the inverter output voltages v4,vp,vc by applying the inverter

voltage switching functions to the DC link voltage, Equation 8.37 and 8.27

4) Calculate the machine currents i4,ip,ic by using the simplified machine

model, Equation 8.47

5) Calculate the DC link current ig by applying the inverter current switching

functions to the machine currents, Equation 8.39

6) Calculate the front-end output current i, by the use of the DC link model,
Equation 8.26 and 8.25

7) Calculate the line currents 4,4, iy, i. by applying the rectifier current switching

functions to front-end output current, Equation 8.14 and 8.16
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8) Calculate the line current harmonic content by the use of a Fast Fourier Trans-

form (FFT) algorithm






Chapter 9

Harmonic Transformer Modeling

To make the above discussion of harmonic source modeling valuable for high power
VSDs applications, a mean to transfer the 6-pulse spectrum to a p-pulse spectrum
has to be found. This chapter therefore discusses multi-winding transformer har-

monic modeling.

The phase shift of multi-winding transformer, according Equation 5.1, is achieved
by an appropriate configuration of primary and "secondary' windings. A phase
shift of 30°, for example, can be achieved by a combination of a A- and Y-winding.
This and other winding configurations are denoted by so called transformer vector
groups, which consist of two letters and a number. The first letter indicates the
connection of the primary (HV) winding and is capitalized, the second letter de-
scribes the secondary (LV) winding configuration and is lower-case. Possible letters
are Y,D,Z (or y,d,z accordingly) and indicate wye (or Y), delta (or A) and zigzag
configurations, respectively. The number indicates the phase shift between HV- and
LV-side-voltage and stands for the multiple of 30 ° by which the LV-side- is lagging
the HV-side-voltage in an anticlockwise direction. The vector group Yd1 thus refers
to a transformer with a Y-connected primary and a A-connected secondary winding
where the secondary voltage is lagging the primary voltage by 30 °©. Al Y/A, A/Y,
Y/Y and A/A vector groups that comply with this standard are shown in Figure
9.1.

83
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L iy AA Ay
AN A Ay AA
AN AL AV AL

(a) Yy vector groups

(b) Dd vector groups

I A A AX

Yatl B yar pyl1 Dy?

A A A A
A A Ay A

(¢) Yd vector groups (d) Dy vector groups

Figure 9.1: Vector groups of Y/A configurations [11]

Depending on the vector group, there are different relations between primary and
secondary quantities. For each vector group a transformation matrix can be derived
that, together with the transformation ratio «, fully determines the relation of
primary and secondary quantities of an ideal transformer [11]. The transformation

ratio « is the ratio of secondary to primary voltage and is defined as

a=kN (9.1)
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where N is the turn ratio of secondary to primary winding and k is defined as

V3, A —Y — transformers
k= %, Y — A — transformers (9.2)

1, A—A—orY —Y — transformers

)

In the following, the transformation matrix for a Dyl two-winding transformer is

derived. For a Dyl transformer, the primary currents are
Ia=1ac—IBa
Ip=1Ipa—IcB (9:3)
Ic =1Icp — Iac

or in matrix form as

Ia 1 -1 0 Tac
Ispc=|Ig|=]10 1 -1|]|Iga
Ic -1 0 1 Icp
(9.4)
1 0 -1 a
=2 1 1 0 1
\/g b
0 -1 1 I.
The transformation can be generalized to
Iypo=a T Iy (9.5)

where T is the transmission matrix and thus, in case of a Yd1 vector group, defined

as

T=—|0 1 -1| . (9.6)

Through similar techniques, all other Y /A vector group transformation matrices can
be derived. The transformation of primary and secondary quantities for two winding
Y /A transformers are shown in Figure 9.2. The arrow in the Figure indicates the

transformation direction, either primary to secondary transformation, or vice versa.
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The number above the arrow refers to vector group number and thus is related to
the phase shift of the winding configuration.

The transformation matrices for A-A and Y-Y configurations are now derived.

PRIMARY to secondary

\.,ab:'—‘a.T'\‘IABC kabc=1/a'T"'ABC
1 5
, 5 . LN
1 0] ([0 0
T=2a 10] +]1 a0
2T Blea 1) Blons)
1190 11 — — |0
Al o0 1 7 L1104
31 4 0 —_ — Bl 10
—_— (1 1 0) (4 1 0) —_—
9 Alo 14| Lo 11 3
Bla o1 31 0
“ o’ “~ o
1 5
“IABC = 1/0"T'\.Iabc iABC = a'T‘iabc

secondary to PRIMARY

Figure 9.2: Voltage and current transformation for A/Y vector groups of two wind-

ing transformers [11].

For a Yy0 transformer, Kirchoft’s current law requires that one can write

Ia+Ip+1c=0, (9.7)

which leads to

24— I —Ic =314
o0p —Ic — 14 =3Ip (9.8)
2o — 14— Ip =3I

If represented in matrix form this can be re-written to

I 2 -1 -1\ [I4
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In the case of a Yy0 transformer £ = 1 and thus o = N. Therefore from Equation

9.9 it follows

I 2 -1 -1\ (L,

«
Ip|=3 |-t 2 -1||L]| - (9.10)
Io -1 -1 2 )\

The transformation can be generalized to
Tapo=a -Te -1y (9.11)

where T is the transmission matrix and thus in case of a Yy0 vector group defined

as

12 1| . (9.12)
-1 -1 2

By similar derivations, all other Y/Y and A /A vector group transformation matrices
can be derived. The transformation of primary and secondary quantities for two

winding these transformers can be summarized as shown in Figure 9.3.

PRIMARY to secondary
Vibc=a‘Te"-’ABC iab¢=1/a.Te.|ABC
_2 <4
r b r L
1 1 12 1 -1 -1 2
T.=5]-2 11 =2 -1 1
0. M1 21) 3la 24 5.
“ r . ”
11219 — . 12 11
3 -1 21 10 8 3 1 -2 1
-1 -1 2 T LT 1 1-2
1 1 -2 1 1 -1 2 -1
3|1 12 3 -1 -1 2
L-z 11 Lz -1 -1
2 4
Vase = 10T Vane  Iage = 0 T lage

secondary to PRIMARY

Figure 9.3: Voltage and current transformation for Y/Y and A/A vector groups [11].

Figure 9.4 shows the results of the application of this modeling approach to an

harmonic spectrum of unity amplitude for harmonics h = 1,5,11,17,23,29,35. In
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case of a phase shift according Equation 5.1, the 5'h / 7th and 5'h / Tth, 11th /
13th for 12-pulse- and 18-pulse-rectifiers, respectively, cancell entierly. Is the phase
shift ¢’ decreased, the characteristic harmonics decrease too while non-characterisitc
harmonics increase. The proposed model is thus capable of modeling multi-winding
transformers as well as representing the phase shift mitigation measure as described

earlier in this thesis. The analysis underlying Matlab code can be found in Appendix

T
fund fund.
iy Sy
- = -11'"3"|| 12l - = -1 |
- = 179" ’ - = 179"
——23"25™ —— 235"
— = —29M31™ — = — 29"zt
el ———— « gstygzth 1 v 3styg7ih

08

S 06

Harmonic Amplitude [p.u]
/
Harmonic Amplitude [p.u]

02t I ! q 02 _—

. . . . . . . . . . - ; . . . .
-30 -29.5 -29 -28.5 -28 -27.5 =27 -26.5 -26 -25.5 -25 -20 -195 -19 -18.5 -18 -17.5 -17
50 B

(a) 12-pulse rectifier (b) 18-pulse rectifier

Figure 9.4: Harmonic amplitudes as a function of phase shift angle ¢’

As discussed in Section 5.1, in order to find the harmonic current spectrum of the
VSD as an entire system, each 6-pulse current spectrum (see Subsection 8.2) has to
be transferred to the transformer’s primary side. A imaginable process of generating

a p-pulse spectrum is thus the following:

1) Chose the turn ratio of the winding Nn that is in phase with the primary
winding N1 as % = & and all other "secondary" winding ratios so that their

secondary voltage levels are the same as the one of Nn.

2) Calculate harmonic spectrum of VSD with a 6-pulse rectifier according Section

. . . . P,
8.2 while using partial nominal load Psvsp partial = —270

(p/6) *
3) Add the according phase shift to the "secondary" winding spectra to fulfill
Equation 5.1.
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4) Use the transformation matrices to transform the spectra to the primary side
5) Add all to the primary referred currents in order to get the primary current.

The validity and accuracy of it has to be verified.






Chapter 10

Conclusion and Outlook - Harmonic

Modeling of Variable Speed Drives

To perform a harmonic study based on current injection, the harmonic spectrum
of the VSD input currents must be known. A harmonic model of the VSD, which
depends on its topology, must therefore be formulated. A wide variety of analytical
models for 6-pulse passive front-end VSDs are described in literature. The most ac-
curate analytical models use current and voltage switching functions adapted from

modulation theory.

An evaluation of passive front-end VSC VSD harmonic models was presented. It
was determined that a state-space representation of the machine only slightly im-
proves the prediction accuracy of harmonic content. Load side harmonics have to
be included for high power VSDs as they are the main reason for interharmonic
generation. The commutation effect of the front-end was found to have a signifi-
cant influence on low-order harmonic amplitudes and thus should be included in a
harmonic model. Finally, no research on 3-level VSC PWM inverters influence on

the harmonic content was found.

Based on the aforementioned findings, a model for 6-pulse, passive front-end, two-

level VSC VSD was adapted to a 3-level topology. This was done under the assump-
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tion that the harmonic spectrum of a 3-level VSD differs from a 2-level spectrum,

mainly in terms of interharmonics.

In order to be valuable for high-power VSD harmonic studies, a 6-pulse harmonic
model has been adapted to a p-pulse model. To enable this modification, a multi-
winding transformer model was discussed in this work. This model enables for an
arbitrary inter-winding phase shift to exist, which makes it suitable to also model
the harmonic mitigation based on the phase shift method. The presented model
is applicable to three- and four-winding transformers. A three-winding model was

implemented in Matlab and proved the model’s value for its intended purpose.

To determine the current spectrum of a p-pulse VSD, it must be verified that
a valid spectrum can be obtained by generating a 6-pulse spectrum for a load
Psvsp = PE’J’DVTS)D and phase shifting it according to the transformer configuration

to finally obtain the spectrum of the p-pulse system.
To address the remaining uncertainties, the following work flow is proposed:
e Implementation of 6-pulse 3-level VSC in Matlab,

e Verification of model properties,

e Verification of the significance of 3-level implementation by comparing the

results to [9],

e Verification of assumptions concerning the p-pulse spectrum by comparing
the obtained spectrum to a measured spectrum, e.g; measurements of Dr.

Walther in Egtved.

If the validity of the harmonic current spectrum has been verified, it can be used to
calculate a harmonic study in combination with the presented network representa-

tion based on the harmonic injection method as described in this thesis.
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Appendix A - Network Data Egtved

T Himn Diatriaion
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Figure 10.1: Detailed network configuration of MV and LV distribution system at

Egtved gas compressor station.
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Table 10.1: Cable parameters

Label L [km] Ref. D [mm?] Ref. Z [ Ref. C [EE]  Ref.

Al 0.02 Fig.10.3 300 Fig.10.3  (774+j*101) Fig.10.3 0.19  [46]

A2 0.04 Fig.10.3 300 Fig.10.3  (774+j*101) Fig.10.3 0.19  [46]

A3 0.08 Fig.10.3 300 Fig.10.3  (774j*101) Fig.10.3 0.19  [46]

A4 0.1 Fig.10.3 300 Fig.10.3  (77+j*101) Fig.10.3 0.19  [46]

A5  0.085 Fig.10.1 70 Fig.10.1 (268+j*129) [46] 0.19  [46]

A6 0.085 Fig.10.1 70 Fig.10.1 (268+j*129) [46] 0.19  [46]
A10 0.2 Fig.10.3 500 Fig.10.3  (47+j%90) 10.3 040 [46]
A20 0.2 Fig.10.3 500 Fig.10.3  (47+j%90) 10.3 040 [46]

Table 10.2: Transformer parameters
Transformer Z [p.u] Vprim [kV] Vsec [kV] S base [MVA] X/R Ref.
MV Transf. 10 63 11 25 26.6 Data sheet TR7301

*. Assump.

Table 10.3: HV system data

SCC [MVA] X/R V base [kV] MVA base [MVA] Reference

423 12* 60 100 Fig.10.1

*. Assumption
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Figure 10.2: Frequency scan of GE harmonic study for EGTVED compressor sta-
tion, copyright GE



BoR
000y

LRUG
RO22% Ohmshan
X001 Ot
et o

l;
:
%

G

UGIER
RO22% Ohmsion
X001 O
X 01352 MR

R
w0000

RKNAa part 1
R 0223 Ohahm
L2

Xel0343 MOhman
200km

Figure 10.3: Network configuration of the feeding power system

150KV grid B

KV BDR
m gy

Sava

€ LG 13076 MVA

Sie 125000 VA
Pt vl 1653000V

150KV AND
TN
e SLG 0616 MVA

Sie 160000 VA
Pt vl 165000 v

08 14 AND

Sy STl 67000 S a0
%Z 122050 % SZ 11930 % SZ117920%
it ik
o
ooy
3037 Meters 3540 Meter 3030 Meter \( 2767 Meters :’);;’n‘nw
e gy To0 A Nonan s N e
5 Gt K 0042 Ot 62 Onmken R0 O R 15 Onmtin ot o
N 108 i Xion 0104 O N 108 i X 0.104 Ok Xon 0110 O ) ‘M’,‘;\Wﬁ
sy o~
NAGKON par 3
e < 150z
(Saciionm fﬁ‘s.,f(,m, (hSiz Somm2 T romon s NAGKON a2 R Nagxopat s 102
QT Nare e 1100 My RO.143 O R0z omn Kool b 2041 M
S sl Xo453 YOt Aty S0
A 95 0 s

Ry 0060 Otk

RO.143 Ok

—_L
00000 v

o1

L EGT
0225 Otk

e 0391 MOk

) Sise 30 mm2
A

100 Mt

Ampai 700 A
R 0052 Ohmskan
pox 0104 Ok

R022
X043 Ohmoan

R 07 Omtim

-
000y

T

R0.125 Otk
5k

Xpon 0,104 Ok
A
w0000

1R
b \m e

ALY
Ampaity 550
Rpn 0101 Ohmst

Xpon 01110 Ohakin

“}Euzk,r,‘,‘.‘,:z -

HAR
00

Y.

Xe1352 MOmaan

w0y

e R parc |
1 s e

Ko 0052 Ot
X 0104 O

o \4 \mhm\\m

Rpon 0,158 Ohmian
o 01129 Ok

o0y

Frovwrmas

R0391 Ok

K031 Ohnskim

KONVAM par 2

compressor station.

00000V

vy
() Sie 300
€U Ve

o007 Ol
Nox 116 O

viv

VIVBAEK new

S LS i
" vt =ik
L
iy oo frovit
Lo -

PO TREFOR 104,

1000y

e
2100000

ound

POCTREFOR 10KV-R
00y

kL

@ Size 500 mm2
U1 Wire

Ampacity 1457

Ko 008 Onm
N 0% Onmeen

rreny
@ Size 500 mm2
U1

200 Meere

Ampacity 1457 A
Ry 0047 Ohrmvkn
pox 01090 Ok

ncgine 10KV-L
100V

c
i

o

Ay s

R0 Onmsien
X 0101 Ohinsn

STl 100D
P
b

Conmprse »
i “

si0n
m,m 077 Obmtn
0101 Ohmukan

Sdert
S el ol 10000V
P D

See Wae.Ground
z0din

NR 10

Compress
o0 o

freaiifsrel

o5 degrR
S el ol 10000V
P e

Comprssr ¥
o o

Enegine (0KVR

paity
e 5 Onmtn
X 0.101 Ohnskan

Stk
S el ol 10000V
P D

Se Mo
200

XR 10

of the Egtved



106

RITZ Instrument Transformers

TEST-CERTIFICATE TRANSFORMER

N

<RITZ>

v

Instrument Transformers

Customer: [Converteam Berlin Order-Nr.:
Project: |[EGTVED Calc.Sht:
Serial-Nr.: 10788277 Sheet 1 of 6
Three Phase Cast Resin Transformer E2-C2-F1
Type: DTR108000 | Weigth: 18000 kg Insul.cl.: F/F
Year: 2012 Capacity: 7700 kVA IL: [LI75AC28/LI60AC20
Serial-Nr.: 10788277 Duty: Continuous
Protection IP 00 Frequency: 50Hz Standard: IEC 60076
Cooling: AN Vector group: Dd(-20°)0 DdO Dd(+20°)0
Ambient: 40 °C Impedance voltages: 7,61% 7,30% 7,35%
HV Voltage Current Lv Voltage Current Capacity:
V) ®) v) ®) (kvA)
10660
1U-1V-1W 10400 4275 2U-2V-2W 2250 658,6 2567
10140 3U-3V-3W 2250 658,6 2567
9880 4U-4V-4W 2250 658,6 2567
9620
Power Frequency Test
HV 28 kV to LV1+LV2+LV3+Core Frequency: 50Hz; t: 1min.
LVv1 20 kV to LV2+LV3+Core Frequency: 50Hz; t: 1min.
Lv2 20 kV to LV1+LV3+Core Frequency: 50Hz; t: 1min.
LV3 20 kV to LV1+LV2+Core Frequency: 50Hz; t: 1min.
Inter -Turn - Test
1U-1V-1W  energ. with 20,8 kV Frequency: 200 Hz t: 1min.
Measurement of Turns-Ratio 2U-2V-2W
from to rated meas. U meas. V meas. W Phase shift:
10660 V 2250 V 4,738 4,757 4,757 4,757 -20,36°
10400 V 2250 V 4,622 4,646 4,645 4,645 -20,36°
10140 V 2250 V 4,507 4,534 4,533 4,534 -20,36°
9880 V 2250 V 4,391 4,422 4,422 4,422 -20,36°
9620 V 2250 V 4,276 4,288 4,288 4,288 -20,36°
3U-3V-3W
from to rated meas. U meas. V meas. W Phase shift:
10660 V 2250 V 4,738 4,734 4,734 4,734 0°
10400 V 2250 V 4,622 4,623 4,623 4,623 0°
10140 V 2250 V 4,507 4,512 4,512 4,512 0°
9880 V 2250 V 4,391 4,400 4,401 4,401 0°
9620 V 2250 V 4,276 4,269 4,269 4,269 0°
4U-4V-4W
from to rated meas. U meas. V meas. W Phase shift:
10660 V 2250 V 4,738 4,757 4,757 4,757 +20,36°
10400 V 2250 V 4,622 4,645 4,645 4,645 +20,36°
10140 V 2250 V 4,507 4,534 4,534 4,533 +20,36°
9880 V 2250 V 4,391 4,422 4,422 4,422 +20,36°
9620 V 2250 V 4,276 4,288 4,288 4,288 +20,36°
Date: Tester: [Florjanski




RITZ Instrument Transformers

TEST-CERTIFICATE TRANSFORMER

Customer:
Project:
Serial-Nr.:

Converteam Berlin

EGTVED

10788277

Vector-Group and Polarity Check

Dd(-20°)0
System top

Order-Nr.: 10435969.030

Calc.Sht: 56689
Sheet 2 of 6
DdO

System middle

Dd(+20°)0

Vector group checked with TETTEX Transformer Turns Ratio Meter TTR2795

Result:

Phase shifting

see measurment of turns ratio
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N

<RITZ>

v

Instrument Transformers

System bottum

Measurement of Winding Resistance T (°C)|20,9
10660 V HV-Tap 10400 V. HV-Tap
1U-1V 71,437 mOhm 1U-1V 69,604 mOhm
1U-1W 71,514  mOhm 1U-1W 69,663 mOhm
1V-1W 71,395  mOhm 1V-1W 69,549 mOhm
10140 V. HV-Tap 9880 V. HV-Tap
1U-1V 67,760  mOhm 1U-1V 65,909 mOhm
1U-1W 67,813  mOhm 1U-1W 65,959 mOhm
1V-1W 67,697  mOhm 1V-1W 65,842 mOhm
9620 V. HV-Tap HV coil numbers

1U-1V 63,707 mOhm U 10788277/1

1U-1W 63,748  mOhm \ 10788277/2

1V-1W 63,628  mOhm W 10788277/3

LV Dd(-20°)0 top LV Dd 0 middle
2U-2V 8,410 mOhm 3U-3V 6,292 mOhm
2U-2W 8,379 mOhm 3U-3W 6,293 mOhm
2V-2W 8,407 mOhm 3V-3W 6,286 mOhm
LV Dd(+20°)0 bottum

4U-4V 8,364 mOhm

4U-4W 8,322 mOhm

4V-4W 8,347 mOhm

Date: 16.Mai 12 Tester: Florjanski
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RITZ Instrument Transformers

TEST-CERTIFICATE TRANSFORMER

Customer: |Converteam Berlin
Project: EGTVED
Serial-Nr.: 10788277

Measurement of No-Load-Losses

Frequency 50 H

Y4

Order-Nr.: 10435969.030
Calc.Sht: 56689

Sheet 3 of 6

Mp=Measuring Neutralpoint

N

<RITZ>

v

Instrument Transformers

Energ. Voltage(V) Current(A) Losses(W) corr(W) Losses(W)
3U - Mp 1299,6 2,694 3060 22
3V - Mp 1298,0 2,763 2195 24
3W - Mp 1300,8 3,638 3668 10
Average 1299,5 3,032
Sum 8923 56 8867
Measurement of Short-Circuit-Losses
2U-2V-2W 3U-3V-3W  4U-4V-4W short circuited
Frequency 50 Hz Mp=Measuring Neutralpoit T(°C) 20,9
Energ. Voltage(V) Current(A) Losses(W) corr(W) Losses(W)
1U - Mp 248,75 214,29 2910
1V - Mp 251,45 214,30 3380
1W - Mp 250,58 214,58 3140
Average 250,26 214,39
Sum 9430 0 9430
Calculations for Impedance and Short-Circuit-Losses
measured calculated for rated power 7700 kVA
T(°C) 20,9 20,9 75 120 20
U sc (V) 433,46 864,26
Isc (A) 214,39 427,46
P sc (W) 9430 37488 44092 49724 37381
I"2*R (W) 34064 41266 47256 33945
P ad (W) 3424 2826 2468 3436
Ur (%) 0,49 0,57 0,65 0,49
U x (%) 8,30
U sc (%) 8,31 8,32 8,32 8,31
Measurement of Short-Circuit-Losses
2U-2V-2W  short circuited -20°
Frequency 50 Hz Mp=Measuring Neutralpoit T(°C) 20,9
Energ. Voltage(V) [Current(A)| Losses(W) corr(W) Losses(W)
1U - Mp 230,01 72,40 1221
1V - Mp 232,76 72,25 1263
1W - Mp 233,77 72,63 1151
Average 232,18 72,43
Sum 3635 0 3635
Calculations for Impedance and Short-Circuit-Losses:
measured calculated for rated power 2567 kVA |Winding resistance
T (°C) 20,9 20,9 75 120 20 HV upper system
U sc (V) 402,15 791,16 Tap R(mOhm)
Isc (A) 72,43 142,49 1U-1V 208,70
P sc (W) 3635 14069 16175 18018 14035 1U-1W 208,76
I"2*R (W) 11820 14319 16397 11778 1V-1W 208,61
P ad (W) 2249 1856 1621 2257
Ur (%) 0,55 0,63 0,70 0,55
U x (%) 7,59
U sc (%) 7,61 7,61 7,62 7,61
Date: 16. Mai 12 Tester:  Florjanski




RITZ Instrument Transformers

TEST-CERTIFICATE TRANSFORMER

Customer: |Converteam Berlin

Order-Nr.: 10435969.030

N

<RITZ>

v

Instrument Transformers

Project: |EGTVED Calc.Sht:
Serial-Nr.: 10788277 Sheet 4 of 6
Measurement of Short-Circuit-Losses
3U-3V-3W  short circuited 0°
Frequency 50 Hz Mp=Measuring Neutralpoit T(°C) 20,9
Energ. Voltage(V) |Current(A)| Losses(W) corr(W) Losses(W)
1U - Mp 220,93 72,82 966
1V - Mp 225,49 72,82 1128
1W - Mp 225,32 72,81 977
Average 223,91 72,82
Sum 3071 0 3071
Calculations for Impedance and Short-Circuit-Losses
measured calculated for rated power 2567 kVA |Winding resistance
T(°C) 20,9 20,9 75 120 20 HV middle system
U sc (V) 387,83 758,90 Tap R(mOhm)
Isc (A) 72,82 142,49 1U-1V 208,94
P sc (W) 3071 11759 13742 15445 11727 1U-1W 209,21
I"2*R (W) 10456 12667 14506 10420 1V-1W 208,74
P ad (W) 1303 1075 939 1307
Ur (%) 0,46 0,54 0,60 0,46
U x (%) 7,28
U sc (%) 7,30 7,30 7,31 7,30
Measurement of Short-Circuit-Losses
4U-4V-4W  short circuited +20°
Frequency 50 Hz Mp=Measuring Neutralpoit T(°C) 20,9
Energ. Voltage(V) [Current(A)| Losses(W) corr(W) Losses(W)
1U - Mp 221,90 72,76 1074
1V - Mp 227,02 72,64 1256
1W - Mp 225,55 72,66 1140
Average 224,82 72,69
Sum 3470 0 3470
Calculations for Impedance and Short-Circuit-Losses
measured calculated for rated power 2567 kVA |Winding resistance
T(°C) 20,9 20,9 75 120 20 HV bottom system
U sc (V) 389,41 763,35 Tap R(mOhm)
Isc (A) 72,69 142,49 1U-1V 208,42
P sc (W) 3470 13334 15552 17460 13298 1U-1W 208,64
1"2*R (W) 11777 14267 16338 11736 1V-1W 208,26
P ad (W) 1557 1285 1123 1563
Ur (%) 0,52 0,61 0,68 0,52
U x (%) 7,32
U sc (%) 7,34 7,35 7,35 7,34
Date: 16. Mai 12 Tester: Florjanski
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RITZ Instrument Transformers

TEST-CERTIFICATE TRANSFORMER

Customer: |Converteam Berlin

Order-Nr.: 10435969.030

Project: |EGTVED Calc.Sht:
Serial-Nr.: 10788277 Sheet 5 of 6
Measurement of Short-Circuit-Losses
2U-2V-2W  short circuited
Frequency 50 Hz Mp=Measuring Neutralpoit T(°C) 20,9
Energ. Voltage(V) |Current(A)| Losses(W) corr(W) Losses(W)
3U - Mp 77,75 335,85 2067
3V - Mp 76,95 335,06 2192
3W - Mp 77,64 335,04 1934
Average 77,45 335,32
Sum 6193 0 6193
Calculations for Impedance and Short-Circuit-Losses
measured calculated for rated power 2567 kVA
T(°C) 20,9 20,9 75 120 20
U sc (V) 134,14 263,47
Isc (A) 335,32 658,61
P sc (W) 6193 23892 23410 23591 23908
I"2*R (W) 9557 11578 13258 9524
P ad (W) 14334 11833 10333 14385
Ur (%) 0,93 0,91 0,92 0,93
U x (%) 11,67
U sc (%) 11,71 11,71 11,71 11,71
Measurement of Short-Circuit-Losses
2U-2V-2W  short circuited
Frequency 50 Hz Mp=Measuring Neutralpoit T(°C) 20,9
Energ. Voltage(V) [Current(A)| Losses(W) corr(W) Losses(W)
4U - Mp 93,51 335,83 2374
4V - Mp 93,18 335,51 2656
4W - Mp 93,97 335,30 2240
Average 93,55 335,55
Sum 7270 0 7270
Calculations for Impedance and Short-Circuit-Losses
measured calculated for rated power 2567 kVA
T(°C) 20,9 20,9 75 120 20
U sc (V) 162,04 318,05
Isc (A) 335,55 658,61
P sc (W) 7270 28008 27324 27449 28030
1"2*R (W) 10894 13197 15113 10856
P ad (W) 17114 14127 12337 17175
Ur (%) 1,09 1,06 1,07 1,09
U x (%) 14,09
U sc (%) 14,14 14,13 14,13 14,14
Date: 16.Mai 12 Tester: Florjanski
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RITZ Instrument Transformers @
TEST-CERTIFICATE TRANSFORMER N
- Instrument Transformers
Customer: [Converteam Berlin Order-Nr.:
Project: [EGTVED Calc.Sht:
Serial-Nr.: |10788277 Sheet 6 of 6
Measurement of Short-Circuit-Losses
4U-4V-4W  short circuited
Frequency 50 Hz Mp=Measuring Neutralpoit T(°C) 20,9
Energ. Voltage(V) Current(A) Losses(W) corr(W) Losses(W)
3U - Mp 74,19 335,91 1889
3V - Mp 73,63 335,03 2023
3W - Mp 73,46 335,22 1764
Average 73,76 335,39
Sum 5676 0 5676
Calculations for Impedance and Short-Circuit-Losses
measured calculated for rated power 2567 kVA
T(°C) 20,9 20,9 75 120 20
U sc (V) 127,76 250,88
Isc (A) 335,39 658,61
P sc (W) 5676 21888 21743 22123 21898
I"2*R (W) 9522 11535 13209 9489
P ad (W) 12366 10208 8914 12410
Ur (%) 0,85 0,85 0,86 0,85
U x (%) 11,12
U sc (%) 11,15 11,15 11,15 11,15
Partial Discharge Test
1U-1V-1W energ. for 30sec with 18720 V
HV Voltage(V) t (min) Start Value End Value Remarks
1U-1V 13520 V 3 <3pC <3pC
1V-1W 13520 V 3 <3pC <3pC
1W-1U 13520 V 3 <3pC <3pC
Check of temperature control circuits
Sensor Function Ohm
PTC 160 Warning 245
PTC 180 Tripping 221
Sensor Set place Ohm
PT100 Winding U 108,6
PT100 Winding V 108,8
PT100 Winding W 109,1
PT100 Core 109
Guaranted and measured Values
guaranted Tol. [%] measured Diff. [%]
No Load -Losses 10750 W 15 8867 W -17,5
Short-Circuit-Losses 44000 W at75°C 15 44092 W 0,2
Short-Circuit-Losses 50750 W at 120°C 15 49724 W -2,0
Impedance % at 75°C +/- 10 8,32%
Impedance Dd(-20°)0 8 % at 75°C +/-10 7,61% -4,8
Impedance Dd0 8 % at75°C +/-10 7,30% -8,7
Impedance Dd(+20°)0 8 % at75°C +/-10 7,35% -8,2

Date: 16. Mai 12 Tester: Florjanski

Figure 10.4: Test protocol of transformer of VSD1 (copyright Ritz Instruments

Transformer), data sheet for other VSD transformers also available
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Appendix B - Matlab Code

clcj;clear all; close all;
WITSTSTS Harmonic definitions WOSITISITSSIITSSIIITS

hmax=49; % Harmonics of interest

step=0.1; %Suggested step size for frequency vector in harmonic

modeling: 2Hz \cite{DasFilterEvaluation} 0.005 / 0.1001
h=[1l:step:50];% linspace (1, hmax,nb)

WITSTIITTISystem  Dat S ITIIITIIIIIIIS,

XR=12; %Assumption

SCC=423; %[MVA] %Reference: 26—441-EC—7001_1A-SCC inc LF
£=50:%| Hz]

%Power base value

S b=100; %[MVA]

9HV side base values

Ub_HV=60; %%[kV] %Reference: 26—441-EC—7001_1A-SCC inc LF

5/{Ib. HV=S b/(sqrt (3)*Ub_HV)=*1000; %[A]

Zb_HV=Ub_HV/(Ib_HV=xsqrt (3))«1000;%[Ohm]

%LV side base values

Ub_LV=10; %[kV] %Reference: 26—441-EC—-7001_1A-SCC inc LF
Ib_LV=S_b/(sqrt (3)*Ub_LV)*1000; %[A]

Zb LV=Ub_LV/(Ib_LV#sqrt (3))#*1000; %][Ohm]

%Short—circuit currents

% [x,y]=pol2cart (atan (XR) ,SCC/(sqrt (3)*Ub HV));

% 13p=conj ((x+i*y)*1000/Ib_HV) ;

% 11p=I3p x0.9; %Assumption

5|%System impedances

% Zp=1/13p;

% Z0=3/11p —2*Zp;

% Zsys=|[(real (Zp)+i*imag(Zp).xh)|; %h=3sn+—-1;h=3,6,9,...
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phi=atan (XR)

Zsys=S b/(SCC) *(cos (phi)+j.xhxsin (phi))
Ysys=1./Zsys;

%60kV Transformer, Data sheet TR—73—01
S_t=25; %[MVA]

Ut HV=63; %[kV]

5| Ut_LV=11; %[kV]

Zt=0.1;%[pu]

XRt=26.6;%

Rt=Zt/sqrt (XRt™2);

Xt=Rt*XRt;

Zt_p=Rt+j*Xt;

Zt_p=Zt_p*S_b/S_tx(Ut_HV/Ub_HV) "2

Zt_0=Zt_p;%Y-Y, both directly grounded —> Z0=Z, with Rg: Zt_0=Zt_p+3*Rg
/Zb_LV;

Zt=[(real (Zt_p)+iximag(Zt_p).xh)]; %h=3*n+-1; h=3,6,9,...

Yt=1./Zt;

5% VSD Trafo

%Zvsd=1; %Warte auf Antwort von Ritzl, 0.0735

| %Zvsd=[(real (Zvsd)+imag(Zvsd.xh));(real (Zvsd)+imag(Zvsd.xh))]/Zb_LV;

%Cables, Reference: nexans.de

%A1-3

Z_ al=(0.077+j%0.101)%0.02;% [Ohm] 1=20m

Z_al=[(real (Z_al)+iximag(Z_al.xh))]/Zb_LV; %h=3sn+-1; h=3,6,9,...
7 a2=2%7_al;%l=40m

Z_a3=2+7_a2;%]=80m

C_ al=0.19%0.02;%[uF|

5| C_a2=C_alx2;

C_a3=C_a2x2;

%A5—A6

C a5=0.19%0.085;% uF|

C_a6=C_ab5;
Xc_12345=1/(2xpi*f*(C_al+C_a2+C_a3+C_abs+C_ab)xle—6);
Ze 12345=[—j*Xc_12345./h]/Zb_LV;

%A10, A20

Z_al0=(0.0474+j%0.09) %0.2; %[Ohm] ,1=20m

Z_al0=[(real (Z_al0)+i*imag(Z_al0.xh))]/Zb_LV;

51 Z_a20=7_al0;
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C_al0=0.4%0.2;%[uF]

C_a20=C_alo0;

Xc 1020=1/(2*pixf*(C_al0+C_a20)*le—6);

Zc_1020=[—j*Xc_1020./h]/Zb _LV; %Impedance of cabel capacitance A10,A20

%Impedances. for Impedance scan (triplen are handeled as positive
sequence):Z(1,:), for harmonic distortion calculation (triplen
handeled as zero sequences): Z(2,:)%

Y%Impedance as seen from harmonic source, without filters

Zup2=Zc_1020.x( Zt+Zsys) ./ (Zc_1020+(Zt+Zsys)) ;

Zupl=Z_al0.x7Z_a20./(Z_al0+Z_a20)+Zup2;

5| Zeq=(Zupl.* Zc_12345) ./ (Zupl+Zc_12345);

Yeq=1./Zeq;

%Plot

figure

plot (h,abs(Zeq(1,:))*Zb_LV)

xlabel (’Harmonic order h’)

ylabel (’Impedance [p.u.], S B=100MVA’)

hold on

x1=7;

y1=3.2;

x2=195;

y2=94.2;

xnom=216.4; %=50

ynom=93.8; %=30

x1graph=50/xnom=x1

ylgraph=30/ynomsxy1l

x2graph=>50/xnom=x2

y2graph=30/ynoms=y2

plot ([xlgraph x2graph], [ylgraph y2graph],:)

grid on

legend ( ’Matlab Implementation’,’Harmonic study GE’,’Location’,’
NorthWest )

XLIM ([0 50])

YLIM ([0 30])

saveas (gcf, ’HarmonicImplementationFS__withoutFilter.png’)

src/harmonicimplementation_ withoutFilter.m
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clc;clear all; close all;

WISSIIIS Harmonic definitions WSS SSSSSSISISS S

hmax=49; % Harmonics of interest

step=0.1; %Suggested step size for frequency vector in harmonic
modeling: 2Hz \cite{DasFilterEvaluation} 0.005 / 0.1001

h=[1l:step:50];% linspace (1 ,hmax,nb)

WITTTSITISystem  Dat /S STTTISISSITTTIS S

XR=12; %Assumption

SCC=423; %[MVA] %Reference: 26—441-EC—-7001_1A-SCC inc LF
f=50;%[Hz]

%Power base value

S_b=100; %[MVA]

9%HV side base values

Ub_HV=60; %%[kV] %Reference: 26—441-EC—7001_1A-SCC inc LF
Ib_ HV=S_b/(sqrt (3)+«Ub_HV)x1000; %[A]
7Zb_HV=Ub_HV/(Ib_HVx*sqrt (3))*1000;%[Ohm]

9LV side base values

Ub_LV=10; %[kV] %Reference: 26—441-EC—-7001 1A-SCC inc LF
Ib_LV=S_b/(sqrt (3)*Ub_LV)*1000; %[A]

Zb LV=Ub LV/(Ib_LVssqrt (3))+1000; %|Ohm]

%Short—circuit currents

% [x,y]=pol2cart (atan (XR) ,SCC/(sqrt (3)*Ub_HV));

% 13p=conj ((x+i*y)*1000/Ib_HV);

% I1p=I3p*0.9; %Assumption

%System impedances

% Zp=1/13p;

% 70=3/11p —2xZp;

% Zsys=|[(real (Zp)+i*imag(Zp).xh)]|; %h=3sn+—-1;h=3,6,9,...
phi=atan (XR)

Zsys=S_b/(SCC) *(cos (phi)+j.xhxsin (phi))

Ysys=1./Zsys;

%60kV Transformer, Data sheet TR—73—01

S_t=25; %[MVA]

Ut_HV=63; %[kV]

Ut LV=11; %[kV]

Zt=0.1;%[pu]

XRt=26.6;%
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38| Rt=Zt /sqrt (XRt"2) ;

Xt=Rt*xXRt;

Zt_p=Rt+j*Xt;

Zt_p=Zt_p*S_b/S_t«(Ut_HV/Ub_HV) "2

42| Zt_0=7Zt_p;%Y-=Y, both directly grounded —> Z0=Z, with Rg: Zt_0=Zt_p+3+Rg
/Zb LV

Zt=[(real (Zt_p)+iximag(Zt_p).+xh)]; %h=3*xn+-1; h=3,6,9,...

14\ Yt=1./Zt;

% VSD Trafo

%Zvsd=1; %Warte auf Antwort von Ritzl, 0.0735

%Zvsd=[(real (Zvsd)+imag(Zvsd.xh));(real (Zvsd)+imag(Zvsd.xh))]/Zb_LV;

4(

46

18| %Cables , Reference: nexans.de

%A1-3

50| Z_al=(0.077+j*0.101) x0.02;% [Ohm] 1=20m

Z_al=[(real (Z_al)+iximag(Z_al.xh))]/Zb_LV; %h=3%n+-1; h=3,6.,9,...
52| Z__a2=2%7Z_al ;%] =40m

7. a3=2+7Z_a2;%]=80m

4|C_al=0.19%0.02;%[uF]

C_a2=C_alx2;

56| C_a3=C_a2%2;

%A5—A6

58| C_ab=0.19%0.085;%[ulF]

C_a6=C_ab;

60| Xc_12345=1/(2xpi*f*(C_al+C_a2+C_a3+C_abs+C_ab)xle—06);
Zc 12345=[—j*Xc_12345./h]/Zb LV;

62| %A10, A20

Z al0=(0.0474j*0.09) *0.2; %[Ohm] , 1=20m
64|Z_al0=[(real (Z_al0)+iximag(Z_ al0.xh))]/Zb_LV;
7__a20=7_2alo0;

66| C_al0=0.4%0.2;%[uF]

C_a20=C_alo0;

68| Xc_1020=1/(2xpixf*(C_al0+C_a20)xle—6);
Zc_1020=[—j*Xc_1020./h]/Zb _LV; %Impedance of cabel capacitance A10,A20

%Filterl: STF

72| h1=3; %ftuned

Qcl=8.8; %|MVAr]

741 Q1=380; %Qualitz factor , for STF 30<Q<100




118

Xc_1=Ub_LV~2/Qcl

76| X1_1=Xc_1/h172

Xnl=sqrt (X1_1xXc_1);

78| R1=Xn1/Q1 %[Ohm]

L1=X1_1/(2*pi*{)%[H]
Cl=Xc_1x(2xpixf)) —1%[F]

%Filter2: HP2nd

82| h2=>5; %ftuned

Qc2=18.9; %[MVAr]

11 Q2=23; %Qualitz factor, for STF 30<Q<100
Xc_2=Ub_LV™2/Qc2

26| X1_2=Xc_2/h272

Xn2=sqrt (Xl_2xXc_2);

88| R2=Xn2xQ2 %[Ohm]|

L2=X1_2 /(2% pi*f)%][H]

00| C2=(Xc_2#*(2+pixf)) —1%[F]

%Filter3: HP2nd

92| h3=7; %ftuned

Qc3=13.9; %[MVAr]

94| Q3=9; %Qualitz factor, for STF 30<Q<100
Xc_3=Ub_LV™2/Qc3

96| X1_3=Xc_3/h372

Xn3=sqrt (Xl_3%*Xc_ 3);

98| R3=Xn3*Q3 %[Ohm]

L3=X1_3/(2xpi*{)%[H]

100| C3=(Xc_3* (2 pixf)) " —1%[F]

%Filter impedance

102 Zf 1=(R1+i*(X1_1.+h-Xc_1./h));

Zf 2=1./(1/R2+1./(i+X1 2.%h))—(i*Xc_2./h);
104 Zf_3=1./(1/R3+1./(i*X]_3.xh))—(i*Xc_3./h);
YE 1=1./2f 1;

16| Yf_2=1./Zf 2;

Y 3=1./72f 3;

108| Y=Y 14YE 24Yf 3

Zf=[1./Y{f];

110/% Filter branches plots in Ohm

plot (h,abs(Zf 1))

12| xlim ([1 49])

8(

oo
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saveas (gef, "Zf1l .png’)
figure

plot (h,angle (Zf_1)*180/pi)
xlim ([1 49])

saveas (gcf, ’Zfl_ang.png’)
figure

plot (h,abs(Zf_2))

xlim ([1 49])

saveas (gcf, Zf2 .png’)
figure

plot (h,angle (Zf_2)%180/pi)

24| xlim ([1 49])

saveas (gcf, "Zf2 ang.png’)

5| figure

plot (h,abs(Zf_3))

xlim ([1 49])

saveas (gcf, "Zf3 .png’)
figure

plot (h,angle (Zf_3) %180/ pi)
xlim ([1 49])

saveas (gcf, ’Zf3_ang.png’)
%Filer in total

plot (real (Zf) ,imag(Zf))
xlim ([0 25])

ylim ([—40 40])

saveas (gcf, ’Zf locus.png’)

figure

plot3(real (Zf(1,:)) ,imag(Zf(1,:)) ,h)

grid on

o[ xlim ([0 25])

ylim ([—40 40])

saveas (gcf, ’Zf 3Dlocus.png’)
figure

plot (h,abs(Zf))

xlim ([1 49])

saveas (gcf, Zf.png’)

figure

plot (h,angle (Zf)*180/pi)
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saveas (gcf, ’Zf ang.png’)
%pu conversion

7 =7f/7h LV,

Yi=1./7Zf;

Yf O=zeros(1,length(Yf));

%Impedances. for Impedance scan (triplen are handeled as positive

sequence):Z(1,:), for harmonic distortion calculation

handeled as zero sequences): Z(2,:)%
Y%Impedance as seen from harmonic source, with filters
Zup2=Zc_ 1020 .x( Zt+Zsys) ./ (Zc_1020+(Zt+Zsys)) ;
Zupl=Z_al0.xZ_a20./(Z_al0+Z_a20)+Zup2;
Zeq f=1./(1./Zupl+1./Zc 12345+1./7Zf);
%Impedance scan
plot (h,abs(Zeq_f(1,:))*Zb_LV)
xlabel ( ’Harmonic order h’)
ylabel (’Impedance [p.u.], S B=100MVA’)
grid on

saveas (gcf, ’HarmonicImplementationFS__ withFilter.png’)

(triplen

src/harmonicimplementation_ withFilter.m
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%Multi—Winding Transformers

clc;clear all;close all;

set (0, DefaultAxesLineStyleOrder’ ,{’—7,":7,7— " 7 —=.7 '—7 7—o0 7, T:ix )’

—x'})
set (0, DefaultAxesColorOrder’ ,[0.4,0.4,0.4])

stor=0;
phia=0/180*pi+stor;
phib=-120/180xpi ;
phic=120/180*pi—stor ;
h=[1,5,11,17,23,29,35]

%3 winding transformer —> 12—pulse
shift =25/180xpi:1/180*pi:30/180* pi
shift=—1xshift;

for m=1l:length (shift)

for k=1:length (h)

7| n=h (k) ;

%Phase currents in Cartesian coordinates
%First 6—pulse rectifier with shift delta
[x,y]=pol2cart (( phia+shift (m))*n,1);

I la=x+ixy;

[x,y]=pol2cart (( phib+shift (m))*n,1);

I 1b=x+ixy;

[x,y]=pol2cart (( phic+shift (m))*n,1);

51 I le=x+ix*y;

%Second 6—pulse rectifier without shift
[x,y]=pol2cart (phiaxn,1);

I 2a=x+ixy;

[x,y]=pol2cart (phibxn,1);

I 2b=x+ix*y;

[x,y]=pol2cart (phicxn,l);

I 2c=x+ix*y;

Y%3—phase currents of first and second rectifier

35/ 1_abe_1_1=[I_1la;I_1b;I_1lc];

I_abc_2_ 1=[I_2a;I_2b;I_2c];
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%Transformation matrices, alpha
T=1/sqrt (3)=*[1,-1,0;0,1,—1;—-1,0,1];
T e=1/3%[2,-1,-1;-1,2,-1;—-1,—-1,2];
alpha=1/2;

%Refered primary currents

I_ABC_l=alphaxTxI_abc_1_1;

5| 1_ABC_2=alphaxT_ exI_abc_2_1;

%Primary current

I ABC=I ABC 1+ ABC 2;
%Absolut value of T A
I_A_abs(k,m)=abs(I_ABC(1,1))

end

YL A(:,m)=[I_A abs(:,m)]

end

plot (shift /pi*180,I_A_abs, MarkerSize’,3)

legend ("fund.’, 57 {th}/7 {th}’, 117 {th}/137{th}’, 17 {th}/197{th} "’
237{th}/257{th}’,’297{th}/317{th}’,’35"{th}/37 {th} )

ylabel (’Harmonic Amplitude [p.u]’)

xlabel ( 7\ delta\prime [°]’)

7| saveas (gcf, ’12pulsePhaseShift.eps’, ’psc2’);

figure;

clear I_A_ abs;

%4 winding —> 18—pulse DdO0

shift =17/180%pi:0.3/180*pi:20/180x* pi
shift=—1xshift;

for m=1:length (shift)

5| for k=1:length (h)

n=h (k) ;

%Phase currents in Cartesian coordinates

%First 6—pulse rectifier with shift delta, Dd(—20)0
[x,y]=pol2cart (( phia+shift (m))*n,1);

I la=x+ix*y;

[x,y]=pol2cart ((phib+shift (m))*n,1);

I 1b=x+ixy;

[x,y]=pol2cart (( phic+shift (m))*n,1);

I le=x+ixy;
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%Second 6—pulse rectifier without shift DdO
[x,y]=pol2cart (phia*n,1) ;

I 2a=x+ix*y;

[x,y]=pol2cart (phibxn,1);

I 2b=x+ixy;

[x,y]=pol2cart (phicxn,1);

I 2c=x+ix*y;

%Third 6—pulse rectifier with shift delta Dd(+20)0
[x,y]=pol2cart ((phia—shift (m))*n,1);
I_3a=x+ix*y;

[x,y]=pol2cart ((phib—shift (m))*n,1);

I 3b=x+ix*y;

[x,y]=pol2cart ((phic—shift (m))*n,1);

I 3e=x+ixy;

Y%3—phase currents of first , second and third rectifier
I_abc_1=[I_1la;I_1b;I_1c];
I_abc_2=[I_2a;I_2b;I_2c];
I_abc_3=[I_3a;I_3b;I_3c];

%—20°

[x,y]=pol2cart (—20/180%pi ,1)
m20degr=x+ix*y;

%20°

[x,y]=pol2cart (20/180%pi,1)
p20degr=x+i=x*y;

I _abc_1=I_abc_ 1*m20degr
I _abc_3=I abc_3xp20degr

%Transformation matrices, alpha
%r=1/sqrt (3)*[1,—1,0;0,1,—-1;—-1,0,1];
T=1/sqrt(3)*[1,0,—-1;—-1,1,0;0,—-1,1];
T e=1/3%[2,-1,-1;-1,2,-1;-1,-1,2];
alpha=1/3;

%Refered primary currents

123




124

113|T_ABC_l=alphaxT exI_abc_1;
I_ABC_2=alphaxT_exI_abc_2;
115|1_ABC_3=alphaxT_exI_abc_3;

117
%1_ABC_1=I_ABC_1xm20degr

119|%0_ABC_3=I ABC_3%p20degr

191

%Primary current

I_ABC=I_ABC_1+I_ABC_2+I ABC_3;

123| %Absolut value of 1 A

I_A_abs(k,m)=abs(I_ABC(1,1))

125 end

YL A(:,m)=[I_A abs(:,m)]

127| end

plot (shift /pi*180,I_A_abs, MarkerSize’,3)

129| legend ( "fund .’ , 5 {th}/7 {th}’, 117 {th}/137{th} ", 17 {th}/197{th} >’
237 {th}/257{th}’,’297{th}/317{th}’,’357{th}/37 {th} )

ylabel (’Harmonic Amplitude [p.u]’)

131 xlabel ( 7\ delta\prime [°] )

saveas (gcf, 18 pulsePhaseShift.eps’, 'psc2’);

src/multiwindingtransformer_ for.m
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clcj;clear all; close all;

nb=1le5; %number of points

WITSTSI TS System  DatdSTTSSTTSTTISTTISo

hmax=49; %Harmonics of interest

step=0.1; %Suggested step size for frequency vector in harmonic
modeling: 2Hz \cite{DasFilterEvaluation}

h=[1l:step:50];%linspace (1, hmax,nb)

XR=20;

SCC=10000; %[MVA]

f=50;%[Hz]

%Harmonic source

ispec=[100 2.6 1.9 2.7 17.5 4.2 11 3.9 1 1.3 4.5 3.3 2.9 1.7 2.5 1.7
1.5 1]/100;

%Transformer

St=190; %[MVA]

U_HV=400; %[kV]

U_LV=33; %[kV]

Zt=0.3841i%11.995; %[%]

Rg=476.3; %[Ohm]|

%Filters

%Filterl: STF

h1=3; %ftuned

Qcl1=8.9; %[MVAr]

Q1=400; %Qualitz factor, for STF 30<Q<100

Xc_1=U 1LV™2/Qcl;

X1_1=Xc_1/h172;

Xnl=sqrt (X1_1xXc_1);

R1=Xn1/Q1; %[Ohm]

L1=X1_1/(2*pi*f);%[H]

Cl=(Xc_1x#(2xpixf))"—1;%[F]

%Filter2: HP2nd

h2=4.3; %ftuned

Qc2=19.2; %[MVAr]

Q2=22.8; %Qualitz factor, for STF 30<Q<100

Xc 22U IV™2/Qc2;

X1_2=Xc_2/h272;

Xn2=sqrt (Xl_2xXc_ 2);
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R2=Xn2xQ2; %[Ohm]|
L2=X1_2/(2+pixf);%[H]
C2=(Xc_2x*(2xpixf)) " —1;%[F]
%Filter3: HP2nd

h3=6.5; %ftuned

Qc3=14.4; %[MVAr]

Q3=8.6; %Qualitz factor, for STF 30<Q<100
Xc_3U IV™2/Qc3;

X1 _3=Xc_3/h372;

Xn3=sqrt (Xl_3%*Xc_3);
R3=Xn3+Q3; %|Ohm]
L3=X1_3/(2xpixf);%[H]
C3=(Xc_3x(2xpixf))"—1;%[F]

WITTTTIIIp .u. conversionIIITITITTITITS
%Power base value

S_b=100; %[MVA]

YHV side base values

Ub HV=U HV; %%[kV]

56| Ib_ HV=S_b/(sqrt (3)«Ub_HV)x1000; %[A]

Zb_HV=Ub_HV/(Ib_HV=xsqrt (3))«1000;%[Ohm]
%LV side base values

Ub_LV=U_LV; %[kV]

Ib_LV=S_b/(sqrt (3)«Ub_LV)*1000; %[A]

Zb LV=Ub LV/(Ib_LVssqrt (3))+1000; %|Olm]

%Short—circuit currents

[x,y]=pol2cart (atan (XR) ,SCC/(sqrt (3)*Ub_HV));
I3p=conj ((x+i*y)*1000/Ib_HV);

I1p=I3p *0.9;

%System impedances
Zp=1/13p;
20=3/11p —2xZp; %Verstehe ich nicht ...

Zsys=[real (Zp)+i*imag(Zp).xh;real (Z0)+iximag(Z0).xh]

-3.,6,9,...
Ysys=Zsys.  —1;

)

Y%h=3*n+—1;h
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%Transformer impedance

Zt_p=7t/100%S_b/St;

7t_n=7t_p;

Zt_0=7Zt_p+3+Rg/Zb_LV;

Zt=[real (Zt_p)+iximag(Zt_p).xh;real (Zt_0)+iximag(Zt_0).xh]; %h=3+n+—1;
h=3,6,9,...

Yt=7Zt.” —1;

%Filter impedance

Zf 1=R1+i*(X1_1.*h—Xc_1./h));

Zf 2=1./(1/R2+1./(i*X1_2.%h))—(i*Xc_2./h);
Zf 3=1./(1/R3+1./(i*X1_3.xh))—(i*Xc_3./h);
Y 1=1./Zf 1;

Y 2=1./7f 2;

Yf 3=1./Zf 3;

Yi=Yf 14+Yf 24Yf 3;

Zf=1./Yf;

%Filter branches plots in Ohm

2| plot (h,abs(Zf_1))

xlim ([1 49])

saveas (gcf, Zfl .png’)
figure

plot (h,angle (Zf _1)%180/pi)
xlim ([1 49])

saveas (gcf, "Zf1_ang.png’)
figure

plot (h,abs(Zf_2))

xlim ([1 49])

saveas (gcf, "Zf2 .png’)
figure

plot (h,angle (Zf_2)*180/pi)
xlim ([1 49])

saveas (gcf, Zf2_ _ang.png’)
figure

plot (h,abs(Zf_3))

xlim ([1 49])

saveas (gcf, Zf3 .png’)
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figure

112 plot (h,angle (Zf_3) 180/ pi)
xlim ([1 49])

114| saveas (gcef , "Zf3_ang.png’)
%Filer in total

116| plot (real (Zf) ,imag(Zf))
xlim ([0 25])

118 ylim ([—40 40])

saveas (gcf, Zf locus.png’)
120 figure

plot3 (real (Zf) ,imag(Zf) ,h)
122| grid on

xlim ([0 25])

124] ylim ([—40 40])

saveas (gcf, ’Zf_3Dlocus.png’)
126| figure

plot (h,abs (Zf))

128) xlim ([1 49])

saveas (gcf,  Zf.png’)

130 figure

plot (h,angle(Zf)*180/pi)
132| saveas (gcf, ’Zf _ang.png’)
%pu conversion

134| Zt=7f/7Zb_1V;

Yfi=1./Zf;

136

138/ %Impedances. for Impedance scan (triplen are handeled as positive
sequence):Z(1,:), for harmonic distortion calculation (triplen
handeled as zero sequences): Z(2,:)%

Y%Impedance from 33kV Bus, series connection of Zsys and Zt

140 Z33=[Zsys (1 ,:)+2Zt (1 ,:) ;Zsys (2 ,:)+2t (2,:) |;

Y33=1./733;

142|%Impedance from harmonic source, parallel connection of Z33 and Zf

Yeq=Y33+[Yf; Y{];

144| Zeq=1./Yeq;

=

146/ SCC33=1/conj (Z33(1,1));
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XR33=tan (angle (SCC33) ) ;

148

50| %Impedance scan

figure

152 plot (h,abs(Zeq(1,:))*Zb LV)
hold on

154| plot (h,abs(Z33(1,:))*Zb_LV)
xlim ([1 19])

156| saveas (gcf, "Z33_scan.png’)

158| %Time domain harmonic current waveform
wt=[0:0.0000001:1];

160| i=zeros (1,length (wt));

for n=1:length (ispec)

162 for k=1:length (wt)
i(k)=sin (2xpixnxwt(k))*ispec(n)+i(k);
164 end
end

166 figure
plot (wt, i)

168 saveas (gcf, ’Currentwaveform.png’)

170 %Harmonic distortion results

ispec=ispec (1,2:end);

172|HD=[transp (ispec) ,zeros (length (ispec) ,1) ,zeros (length (ispec),1),zeros(
length (ispec),1),zeros(length(ispec),1)];

Iconv=1000 %[A] provided from a load flow study

174| ispec=ispecx*Ilconv/Ib_LV;

h=[1:1/step:length(h)];

176 for k=2:length (ispec)

if mod(k,3)==0

178 s=2
else
180 s=1
end
182 HD(k,2:end)=[abs(Zeq(s,h(k)))xispec(k),abs(Y33(s,h(k)))=*abs(Zeq(s,h

(k)))=ispec (k) ,abs(Yf(h(k)))*abs(Zeq(s,h(k)))=*ispec (k) , abs(Zsys
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(s,h(k)))*abs(Yf(h(k)))*abs(Zeq(s,h(k)))=*ispec(k)];
end
184|HD
[h;Zeq]

src/ex10_ 11.m



