Multilevel harmonic elimination methods for
HVDC

Master of Science Thesis in Electric Power Engineering

Mebtu Bihonegn Beza

Department of Energy and Environment

Division of Electric Power Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
Goteborg, Sweden, 2009




THESIS FOR THE DEGREE OF MASTER OF SCIENCE

Multilevel harmonic elimination methods
for HVDC

Mebtu Bihonegn Beza

Performed at: ABB Corporate Research
Visteras, Sweden

Supervisor: Dr. Staffan Norrga
ABB Corporate Research
Visteras, Sweden

Examiner: Dr. Massimo Bongiorno
Department of Energy and Environment
Division of Electric Power Engineering
Chalmers University of Technology

Department of Energy and Environment
Division of Electric Power Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
Goteborg, Sweden, 2009



Abstract

In HVDC system the modulation scheme used is an important factor in achieving a
desired harmonic performance and allowable semiconductor losses. PWM patterns
with lower pulse numbers reduce semiconductor losses but make the filter design
complex and vice versa. Two-level Harmonic Elimination PWM (HEPWM) method
has been successfully applied in Voltage Source Converter based HVDC (VSC-
HVDC so called HVDC Light in ABB) projects recently and achieved a good trade-
off between the switching frequency and filtering demands.

In this thesis, therefore, the potential of using three-level HEPWM in HVDC
application to achieve lower semiconductor losses and better harmonic performance
without further increase in the filtering requirement will be investigated.

To do so, different three-level HEPWM patterns are analyzed and a suitable solution
with smallest pulse number based on the filtering requirement is chosen. The final
solution will then be compared with the two-level counterpart based on
semiconductor losses, harmonic performance and semiconductor rating requirement
and a conclusion will be made based on the results. Some drawbacks and suggested
solutions to the studied three-level topology will also be discussed.

Finally a PSCAD simulation using the developed steady state model for the new
topology will be done to verify some of the MATLAB calculation results.

Key words: harmonic elimination, HEPWM, two-level converter, NPC converter
three-level converter
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Chapter 1
Introduction

This chapter gives a brief introduction of the background concerning the field of the
thesis. After that, the objectives and the outline of the whole work will be described.

1.1 Background

HVDC technology based on Voltage Source Converters (VSC-HVDC) is the
successful and environmentally-friendly way to design a power transmission system
for a submarine cable, an underground cable, using over head lines or as a back-to-
back transmission. Combined with extruded DC cables, overhead lines or back-to-
back, power ratings from a few tenths of megawatts up to over 1,000 MW are
available. VSC-HVDC is based on Insulated Gate Bipolar Transistors (IGBT) and
operate with high frequency pulse width modulation in order to achieve high speed
and, as a consequence, small filters and independent control of both active and
reactive power and they offer several advantages compared to earlier HVDC classic
technology based on Current Source Converters (CSC-HVDC) using thyristors [4].

To get optimum solution in terms of grid voltage distortion, current disturbances and
semiconductor losses in VSC-HVDC applications, there is a high requirement on the
type of modulation used. Two-level HEPWM methods have successfully been applied
in previous projects recently and proven to be very useful in achieving a good trade-
off between switching frequency and filtering demands. Further improvement in
terms of losses and harmonic performance could be possible by using multilevel
HEPWM methods. This is an attractive area to research on and will be the main topic
of this thesis work.

Since the pilot installation of VSC-HVDC in 1997, different modulation methods
have been used and a substantial reduction in losses is achieved. The latest state of the
art technology uses two-level HEPWM with a pulse number of 23 that cancels all
active harmonics until and including the 29™ harmonics and the 15" zero sequence
harmonics and is characterized by very good controllability, low complexity and low
losses [24].

1.2 Objectives

The primary objective of this thesis is to evaluate the commercial potential of using
three-level HEPWM modulation in HVDC applications. Comparison between two-
level and three-level HEPWM based on semiconductor losses, harmonic performance
and semiconductor rating requirements will be made. As reference case, an M9 VSC-
HVDC converter station (Ug = £320kV , S =1.192GVA) is used for comparison.

The steps of this thesis work are given in detail as follows:

1. Calculation of OPWM angles for different pulse numbers and identifying
suitable HEPWM solutions.



2. Filter design for harmonic compliance. The filters will be designed based on
the harmonic content of the chosen HEPWM solution. During this phase, the
lowest possible pulse number will be found.

3. Evaluation of semiconductor losses, semiconductor rating requirement and
harmonic performance for the lowest pulse number found in step 2. This
involves comparison with the two-level case and a conclusion will be made
based on the performance.

4. Analysis on drawbacks of studied system and possible solutions.
5. PSCAD simulation of the three-level topology to verify the final solution

MATLAB based softwares such as PELAB and VSC toolbox and PSCAD are used
for Analysis. New elements are also developed in MATLAB and PSCAD for
calculation.

1.3 Outline of the thesis

Chapter 1
Background on VSC-HVDC technology and state of the art technology is described
briefly here. The objectives and contents of the thesis are also described.

Chapter 2

In this chapter, topology of the studied system, Standards for distortion and
interference requirement and system preconditions for the design will be described.

Chapter 3
The different HEPWM solutions and choice of suitable solutions for both two-level
and three-level converter will be dealt here.

Chapter 4

The filter design for the suitable solutions found in chapter 3 will be made here.
Finally the smallest possible pulse number solution will be found to be used for
evaluation in chapter 5.

Chapter 5

Comparison of the final two-level and three-level solutions based on semiconductor
losses, harmonic performance and rating requirement will be done in this chapter.

Chapter 6

In this chapter, some drawbacks of the studied system will be described and possible
solutions will be suggested.

Chapter 7

This chapter summarizes the work in this thesis and gives suggestions for future work.



Chapter 2
Preconditions for the Design

This chapter describes the operating principle of the studied system from the topology
point of view and the preconditions for the converter design.

2.1 Topology of the Studied System

The figures below show the conventional two-level converter and the envisaged three-
level NPC converter topologies as used in VSC-based HVDC system.
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Fig. 2.1: Conventional two-level converter
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Fig. 2.2: Envisaged three-level NPC converter

The semiconductor devices will be connected in series to have the required voltage
rating. In the two level converter, an output voltage of {+Ug, - Uy } is reached
respectively through the upper and lower IGBT/Diode pairs depending on the
direction of current for each phase and commutation takes place between one
IGBT/diode from the upper group and one diode/IGBT from the lower group and vice
versa. In the three-level NPC topology, besides the upper and lower IGBT/Diode pairs
providing path respectively for {+Ug, - Uq }, a third zero (neutral) state is reached
through the clamping diodes (hence the name NPC) and a three-level operation is
made possible. The voltage changes between +Uy/-U4 and neutral state which results
in the current to commutate from the outer IGBT/diode pairs (Txi/Dx; or Txa/Dx4) to
the clamping diodes (Dys/Dye) via the inner IGBTs (Tx,/Tx3) and vice versa.

In the two-level converter, Ty, is pulse width modulated and a complementary signal
is used for Tx,. For three-level NPC converter, Tyx; and Tx4 are modulated by PWM
patterns while Ty, and Tys; are driven complementary to Tyxs and Ty; respectively so
that each output terminal is clamped to the neutral potential in the off periods of the
PWM control. The control signals for one particular case are shown in chapter 5
where a comparison between the final two-level and three-level solutions is made.



2.2 Distortion and Interference Requirements

The modulation type together with the filters determines the amount of grid voltage
distortion and electromagnetic interference the converter will produce. The filters
should therefore be designed to achieve allowed level of harmonic distortion and
interference as described in international standards. Besides the international
standards, there is a project dependent requirement on the performance of filters. For
the evaluation of the studied system the international standards and the requirements
used in the internal technical specification of the HVDC Light Version 1 [5, 8] are
used. These requirements are restated here for reference.

2.2.1 AC side requirements
A. Voltage harmonics

Table 2.1. Requirement used in the ITS of HVDC Light Version 1 [8]

Definition Max. limit
Individual harmonic D - U, <1%
distortion, h<15 "Tu
Individual harmonic D - U, <0.5%
distortion, 16<h b U,
Total harmonic 0 (U, <1.5%
distortion THD = Z[U—j
Telephone influence <40 %
factor TIF = Z(wJ

h=2 1

where: Uy, is the h™ harmonic (phase to ground) voltage,
U, is the nominal fundamental frequency (phase to ground) voltage.
TIF} is the weighting factor for the h™ harmonic according to EEI publication
60-68 (1996)

AC filter performance shall be calculated for expected steady state operating
conditions in any operating point in the performance range.

Individual harmonic distortion Dy, shall be calculated using the worst-case value
within the system harmonic impedance loci defined in table 2.2 for each individual
harmonic.

Total harmonic distortion and telephone influence factor, THD and TIF, shall be
calculated using the worst case value within the system harmonic impedance loci
defined in table 2.2 for two individual harmonics that contribute the most to these
factors. For all other harmonics the system should be considered as an open circuit.

H Z i Zax /) ix

24 JZZmin s.C. thax&c. 010 80°
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impedance loci [§]

where Zpmin s.c. aNd Zmax sc. 1s the minimum and maximum fundamental frequency
expected short circuit impedances.

Table 2.3. Requirements according to IEEE std. 519-1992 [4]

Bus Voltage at PCC Individual voltage Total harmonic distortion
distortion THD
161kV and above 1% 1.5 %

For unusual conditions these limits can be exceeded by 50 %.

Table 2.4. ‘Target compatibility levels’ from IEC norm 63000-3-6 [4]

0Odd harmonics

Odd harmonics

Even harmonics

Non multiple of 3 Multiple of 3

Order Harmonic Order Harmonic Order Harmonic
voltage (%) voltage (%) voltage (%)

5 2.0 3 2.0 2 1.5

7 2.0 9 1.0 4 1.0

11 1.5 15 0.3 6 0.5

13 1.5 21 0.2 8 0.4

17 1.0 >21 0.2 10 0.4

19 1.0 12 0.2

23 0.7 >12 0.2

25 0.7

> 25 0.2 +25/2h

B. Current harmonic

In the calculation of injected current harmonics, a grid impedance at harmonics order
h (Z,1) as formulated in equation 2.1 is used. It is a parallel connection of half of the




characteristic impedance of a feeder (Z¢/2) and an inductive reactance corresponding
to the minimum short-circuit reactance of the grid (jhZin s.c)-

z
Z,, =221 jhZ,, @.1)

n, mins.c.

Zy is set to 285Q which is the characteristic impedance of a 345 kV feeder and half of
this value is used is to account for systems where several feeders are connected to the
HVDC station [4].

Table 2.5. IEEE std. 519-1992 odd harmonics distortion (%) [4]

I/, | h<ll|11<h<17 [ 17<h<23 [23<h<35 [35<h | THD

<50 2.0 1.0 0.75 0.3 0.15 2.5

>50 |3.0 1.5 1.15 0.45 0.22 3.75

Even harmonics are limited to 25% of the odd harmonic limits above.

To characterize the tendency for disturbance of nearby telecom networks, the
equivalent psophometric current I, Residual equivalent psophometric current I, and
IT product should be limited to the following values [4].

o= [Slm ) < 22

WG%ZMMWM @)
h

1.T ~ 400007 ,, <10kA4 (2.4)

where: Py is the psophometric weighting factor at harmonic order h [6]
I}, is the balanced current at harmonic current h
I; 1 1s the residual current ( sum of the zero phase-sequence components) at
harmonic h

The formula for I, can be adjusted to account for grid imbalances at higher
frequencies [4].

2.2.2 DC side requirements

The DC cable or DC overhead line is internal to the HVDC link unlike the AC grid
which is shared by other sources and loads. For this reason the need and rationale for
controlling the voltage and current harmonics present in it by means of standards is
not as high as in the case of the AC side. Instead DC side harmonics limits are fixed
for each project depending on the location of the DC cable [6].

:L IZ(pf]f)z (2.5)

where:
1.4 1s the psophometrically weighted, 800 Hz equivalent disturbing current
Iy is the vector sum of harmonic currents in cable pair conductors and screens at



frequency f
fis the frequency, < 2500 Hz
Pris the Psophometric weight at frequency f.
In the ITS for HVDC Light Version 1 a limit of /., <200 mA i1s specified for the case
where the DC cable is located in an urban area.

2.3 General System Preconditions

The following system parameters are used for evaluation of the different concepts [4]
AC system voltage 400 kV (line to line RMS)
AC system frequency 50 Hz
AC system short circuit capacity:
Sce min 4400 MVA
Sce max 12000 MVA
DC voltage 320 kV
Apparent power S 1192MVA
The DC link capacitor per pole C is calculated assuming a time constant of T = 4 ms
which is assumed to be sufficient to handle disturbances on the AC side [4].

S 4-107-1192-10° _

U/ (320-10°) HE 2.6)

AC steady state network voltage deviations

Performance: + 0.2%

Rating: £ 1.0%

Temporary: 30 s: -5.75% to +3.5%
AC steady state network frequency deviations

Performance: -1.20% to +1.25%.

Steady state rating: = 2.00%

30 second rating: -6.70% to + 4.55%
Modulation index (M) range

Performance: 0.76 <M < 0.89

System rating: 0.69 <M < 0.92
Operating points for rating evaluation
In order to be able to test the prospective filter solutions a number of fundamental
frequency operating points have been chosen according to Table 2.6. All operating
points are with in the P-Q capability curve of the studied system and case #2
represents the nominal operating point. For all of the operating points the nominal AC
side voltage U,. = 400 kV is assumed.

Table 2.6. Operating point cases

Case # Pac Qac
(MW) (MVAr)

1 941 -500

2 941 0

3 941 400

4 0 -500

5 0 0

6 0 400

7 -999 -500




8 -999 0
9 -999 400

Chapter 3
Converter Modulation

Mathematical derivation of HEPWM solutions for both two-level and three-level
converter and identification of the suitable solutions will be made in this chapter.

3.1 General Modulation Issues

3.1.1 HEPWM patterns

HEPWM is a PWM modulation type where the firing angles of the valves are
computed off-line (no carrier and reference) in such a way that a certain desired
harmonic content is achieved. In this thesis two-level and three-level HEPWM
methods to completely eliminate all harmonics except the fundamental up to the
maximum possible number given by the pulse number are used. As can be seen in
figure 3.1, voltage changes occur at angles a1, a2 etc. The angles are defined for the
first quarter of the cycle. They are then duplicated and mirrored to achieve half-wave
symmetry (only odd harmonic will appear in the resulting spectrum) and quarter-wave
symmetry (all harmonics will have the same phase displacement). This gives good
harmonic performance.

To work with higher modulation index and get feasible solutions, the PWM pattern
should go high at wt =z /2. This implies we can have two cases for two-level
depending on the number of angles. If the number of angles is even/odd, the PWM
pattern has to go to the high/low level respectively at the beginning of the cycle as
shown in figure 3.1 (a) and (b). Unlike the two-level case, the PWM patterns change
state from high/low to zero and vice versa and to have half-wave symmetry the PWM
pattern should start with zero in the beginning of the cycle. This implies the PWM
pattern will go high (solutions exist at higher M values) for odd number of angles and
zero for even number of angles (no solutions exist at higher M). These results are
shown in section 3.3.

It can be easily observed that the pulse number which shows the effective switching
frequency is given by

p=2N+1 for two-level (3.1)
p=2N for three-level (3.2)

Where N is the number of angles during a quarter cycle.
The figures below show the HEPWM patterns for two-level and three-level with half-
wave and quarter-wave symmetry during one fundamental cycle.
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Fig. 3.1: HEPWM waveforms (a) two-level N even (b) two-level N odd
(c) three-level N even (d) three-level N odd

3.1.2 Modulation Index

For any PWM pattern in the linear range, the modulation index m, is defined as:

m, = Y (3.3)
Ud

where (}1 is the fundamental peak voltage and U, is the dc-link voltage per pole. The

maximum value of m, with no third harmonic injection is 1. This limit will be passed
if third harmonic injection is used which is the case in all HEPWM solutions (the
third harmonic is not eliminated) to be discussed later. The maximum possible value
is 4/t when the PWM pattern is a single square wave. So a new modulation index M

is defined by scaling m, to have a maximum value of 1.

Mzﬁ.mazﬁ.ﬂ (3.4)
4 4 U,

10



=> For no 3™ harmonic injection, My = 1*% = (.785. With 1/6p.u. 3™ harmonic

injection, it could go as high as %* % =0.907.
3.2 Mathematical Derivation of HEPWM Solutions

The firing angles as indicated in figure 3.1 above are determined so as to obtain
desired harmonics magnitude. In this case undesired harmonics will be completely
eliminated and the fundamental is set to a certain value. This involves solving
equations 3.11 and 3.13 respectively for two-level and three-level for angles a’s by
setting the right hand side of the above equations to zero and the fundamental to
required value. N angles will provide N equations to be solved simultaneously which
implies that we will have N degrees of freedom to control the fundamental and N-1
other harmonics.

The equations to be solved to find the switching angles are nonlinear and several
solutions may exist depending on modulation index used to set the fundamental. The
nonlinear equations could be solved iteratively in MATLAB using Optimization
toolbox facility.

To set up the equations to be solved as they appear in equations 3.11 and 3.13, a

Fourier series expansion can be used for two-level or three-level waveform
f(wt)where w=27f is the angular frequency.

3.2.1 Fourier Series Expansion

In general, any periodic waveform f(wt)with angular frequency w can be expressed
in Fourier series as:

f(wt)=F, + i £, (wt) = %ao + i {a, cos(nwt) + b, sin(nwr) } (3.5)

where:  Fjis the average value

£, (wt) is the n™ harmonics

a,,b, are Fourier coefficients to be calculated as:
1 2

a, =— [ £ (wt)cos(mwt)d (wt) n=01..0  (3.6)
4 0

and

1 2

b, =— [ f(wi)sin(mwe)d (we) n=12,..0 (3.7)
T 0

With the symmetry as described in section 3.1.1, a, will be zero for all n and the
Fourier series expansion will consist only of sine terms.

11



= f(wr)= b, sin(awr) (3.8)

Moreover, b, which now represents the amplitude of the n™ harmonics becomes zero

for even n and will be reduced to the following expression for odd n:
/2

b, _4 j F(wt)sin(nwt)d (wt) for odd n (3.9)
Z 0
3.2.2 Two-level Solutions

The two-level solutions have a waveform of the type in figure 3.1 (a) or (b) multiplied
by Ug. After simplification, the general expression for b, becomes:

v 4U,
nrx

b, =(-1) {142) (D) cos(na,) | (3.10)

If the controlled harmonics are n = n;(fundamental=1), ny, ns,...,Np.m, the equation to
be solved for oy s will have the form,

i{ 1+2ZN:(—1)" cos(na,) }
m A v )
un2 :(—l)N% n—z{ l+2;(—1) cos(na,) } (3.11)
u, 1

{ 1+ 2%:(—1)" cos(na,) }

L " “harm

where u, = b,/Ujq is the n™ harmonics magnitude per unit of Ug.

The oy solutions so obtained by setting u; to m, and all other harmonics to 0 represent
the two-level HEPWM pattern for that particular modulation index m,. By solving the
equation for different modulation index range, complete set of switching angles can
be found.

3.2.3 Three-level Solutions

The three-level solutions have a waveform of the type in figure 3.1 (c) or (d)
multiplied by Uy. After simplification, the general expression for b, becomes:

4U,

i (D" cos(ney,) (3.12)

k=1

b, =

If the controlled harmonics are n = n;(fundamental=1), ny, n3,...,Nhm, the equation to
be solved for oy s will have the form,
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Lﬁ:(—l)k+l cos(na,)

uVll I’ll k=1
u 4 1 Y k+1
mo|_4 —Z(—l) cos(na,) (3.13)
: |l Tk _ :
u,, 1

zzzzzzz

i:(—l)"+1 cos(na,)

L "harm k=1

where u, = b,/Uy is the n™ harmonics magnitude per unit of Ug.

The oy solutions so obtained by setting u; to m, and all other harmonics to 0 represent
the three-level HEPWM pattern for that particular modulation index m,. By solving
the equation for different modulation index range, complete set of switching angles
can be found.

3.3 Choice of Suitable HEPWM Solutions

In this section some of the HEPWM results for different pulse numbers will be
discussed. The feasible solutions will be identified based on the criteria mentioned
below. The final solution will be made by considering the smallest pulse number
solution (for lower switching loss) where filter design is possible for harmonic
compliance.

The chosen solutions should

e avoid switching transition near current peak. This implies for a load power
factor near unity, the last switching angle should be far from n/2 to reduce
switching 1oss. .y in the range of 60°is a good solution.

¢ have a solution for modulation index in the performance range (0.69<M<0.89
considered in this case). To achieve a modulation index M > 0.8 the 3™
harmonics should therefore not be eliminated.

e have low active and zero sequence harmonics for simpler filter design and
lower loss due to current ripple.

o fulfill the requirement of minimum on-time of 10 us and a blanking time of
4.6 us. This means the difference between two consucative angles should be
greater than 2*t* f5* (tonmint2 *tom).

3.3.1 Two-level Solutions

Two-level harmonic elimination solutions have been analyzed previously and it is
found that the smallest feasible pulse number found is 23 as currently used in HVDC
Light version 1 project. So there is no point to go through the solutions at different
pulse numbers here. p21unt29 eliminates same active harmonics as p23unt29z15 and
hence have similar harmonic performance. But no zero sequence is eliminated in the
first case and the filter bus voltage is much higher. So only the solutions of
p23unt29z15 will be described here for reference and the solutions for p21unt29 are
found in the appendix.
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p23unt29z15: 4 of the 5 unique solutions found that are most relevant are given
below. Sol3 is the preferred solution for the HVDC Light version 1 project with a

maximum firing angle o, of 61° in the performance range.
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Fig. 3.3: Active sequence harmonics as a function of M
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Sol. 1, zem sequence harmanics Sol. 2, zero sequence harmonics
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Fig. 3.4: Zero sequence harmonics as a function of M
3.3.2 Three-level Solutions

Three-level harmonic elimination solutions have been analyzed for different pulse
numbers and the results are described below. Pulse numbers with odd number of
angles are given here while those with even number of angles are described in
appendix 1. The solutions for p18unt23z3 is also described in appendix 1 to show that
it is not possible to reach higher modulation index with elimination of 3™ harmonics.

p22unt29z15: 4 of the 10 unique solutions found that are most relevant are given

below. Sol2 is the preferred solution with a maximum firing angle omax of 62°1in the
performance range.
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Fig. 3.5: Firing angles as a function of M
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Sol 1, active sequence harmonics Sol. 2, active sequence harmonics
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Fig. 3.7: Zero sequence harmonics as a function of M

p18unt25: 4 of the 11 unique solutions found that are most relevant are given below.

Soll is the preferred solution with a maximum firing angle om.x of 61° in the
performance range.
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Fig. 3.8: Firing angles as a function of M
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Fig. 3.10: Zero sequence harmonics as a function of M
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pl8unt23z15: 4 of the 6 unique solutions found that are most relevant are given

below. Sol3 is the preferred solution with a maximum firing angle o, of 61°1n the
performance range.
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Fig. 3.11: Firing angles as a function of M
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Fig. 3.12: Active sequence harmonics as a function of M
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Sal. 1, zero sequence harmonics Sol 2, zera sequence harmanics
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Fig. 3.13: Zero sequence harmonics as a function of M
p18unt23z9: 4 of the 8 unique solutions found that are most relevant are given below.

Sol2 is the preferred solution with a maximum firing angle o, of 64° in the
performance range.
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Fig. 3.14: Firing angles as a function of M
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Sol 1, active sequence harmonics Sol. 2, active sequence harmonics
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Fig. 3.15: Active sequence harmonics as a function of M
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Fig. 3.16: Zero sequence harmonics as a function of M

pl4untl9: 4 of the 7 unique solutions found that are most relevant are given below.

Sol4 is the preferred solution with a maximum firing angle om.x of 60° in the
performance range.
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pl4untl7z15: 4 of the 6 unique solutions found that are most relevant are given

below. Soll is the preferred solution with a maximum firing angle ou.x of 59° in the
performance range.
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Fig. 3.21: Active sequence harmonics as a function of M
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Sal. 1, zero sequence harmonics Sol 2, zera sequence harmanics

0% - osr — ]
3nd b 4
03 § 1 o7 9th
o 133 et g
025 T2t 1 z —znsh
N ———27th S5 J
5 02 - 1 3 — 33
| d 2 04p 36th 4
s 015 9t i =l ]
g 5
01 1 a2l |
o5 \} 1 ol |
of, = C e o o =
0% 06 0665 07 075 08 08 09 05 08 06 08 07 075 08 08 09
rnodulation index [-] modulation index |-
Sol. 3, zero sequence harmonics Sol. 4, zero sequence hamanics
—3d 4 3rd
05 L J
9th 0b ot
21st —21st
0.4 g 0sr 1
- * 27t = Tt
2. — 33 ES | A
o ] Py
4 3oth | % 39th
E 2 p3f J
= =
502 | % 0ol J
| \ 1 01t 4
-———/ -\\ =
ol L . . ey . . [ . e el . N . L L
05 0% 08 085 07 075 08 04 042 D44 048 048 05 052 056 056 05 08

modulation index [-] modulation index [-]

Fig. 3.22: Zero sequence harmonics as a function of M
pl4untl7z9: 4 of the 4 unique solutions found that are most relevant are given below.
Sol3 is the preferred solution with a maximum firing angle om.x of 63° in the
performance range.
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Chapter 4
Filter design for harmonic compliance

This chapter gives a general description of design of passive filters to be used for the
studied system. The performance of the designed filters for the HEPWM patterns
chosen in the previous chapter with respect to harmonics will then be used to finally
choose the smallest possible pulse number to be used for the envisaged system.

4.1 General Filter Design Issues

The figure below shows the block diagram of the studied VSC system with various
filter elements.

Fuola moda  ground made DG Conwarar
reachar raachar capaskar
Least Nl
_— Tranafomer
- Phasse reactor Xr=12 3%
Hr=16.3%
™

Shurt filters
Ofhet=15%

Fig. 4.1: AC & DC side filters for the studied system

4.1.1 AC side filters

The AC side filtering (approximate per unit values shown above) consists of the phase
reactors, a bank of tuned filters and the transformer. The objective of these filters is to
limit harmonic interaction between the converter and the AC grid to levels within the
specifications and norms. To do so the filters should be optimized to have [4]:

e Minimum size, cost and losses

e Minimum current harmonics (to reduce loss on valves and reactor) and
minimum peak phase current (to reduce valve rating for SSOA requirement)
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e Minimum voltage harmonics and peak filter bus voltage (to reduce insulation
cost and stress on transformer and simplify insulation coordination)

Shunt Filter Banks

A bank of series LCR shunt filters connected after the phase reactors provides an
efficient way of achieving sufficient harmonic filtering as used in previous HVDC
Light projects [4]. The shunt filters can be either grounded or ungrounded. When they
are ungrounded, they are used to filter only active sequence harmonics and act as
open circuit for zero sequence. On the other hand, they act as a filter for all harmonics
(active or zero sequence) when they are grounded. The grounding has an effect only
for the zero sequence harmonics. Therefore, it is possible to tune the grounded filters
to any zero sequence frequency by grounding one or combination of shunt filters
either directly or through an inductor.

A link is typically defined by the apparent power of the capacitive part Q. (the link is
capacitive at fundamental frequency), the normalized resonance frequency N where
the shunt filter is tuned and the quality factor Q.

In per unit terms, the impedances at fundamental frequency of the inductance and the
capacitance of a link are related to the above quantities as:

2
x=t o1 @.1)
9. 4.
X
X, = ch (4.2)

where small letters represent per unit values
The resistances for damping can be computed from the Q-value of the link as:
For a link where the resistance is in parallel to the reactor: Filter Type 1 (FT1)

r=x,0ON 4.3)
For a link where the resistance is in series with the reactor: Filter Type 2 (FT2)

x,N
0

In this case r inherent to the reactor is generally used.

4.4

=
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Fig. 4.2: Impedance and transfer function of two different notch filter types

The transformer with ungrounded winding in the converter side provides zero
sequence harmonic filtering and the main purpose of the zero sequence filter design is
to avoid high voltage on the transformer due to zero sequence harmonic voltages. To
do so one or more shunt filters are usually grounded. Direct grounding filters zero
sequence harmonics at the same frequency where the link is tuned. To tune the link to
a different frequency N, the filter/filters will be grounded via a series inductor and
the value of the reactance of the additional inductor is computed as [4]:

1 x.
X, 25( ‘2 —le 4.5)

when a single filter is grounded and

4
XXy = N XXy = X4 X,,

NS N
zs( zsx12 _‘xc2 + zs‘xll _xcl)

s

2 2
— l st'xllxd + NZ;

(4.6)

when two filters are grounded

Phase Reactor

The phase reactor together with the shunt filters help to reduce the amplitude of the
voltage harmonics at the filter bus to a low level. Besides this, together with the
transformer leakage inductance it helps to limit the surge current flowing through the
diodes in time of dc-link faults. For this purpose a value of 16.3% in per unit as used
in version 1 HVDC Light Project will be considered for all the designs to follow.
Another use of the phase reactor is to limit the magnitude of the common mode
currents injected into the dc-link due to grounded shunt filters. But it could also form
resonance with grounded filters and may amplify the voltage gain from the converter
to the filter bus. Therefore, this lower frequency resonance should be kept away from
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the frequency where the converter may produce any harmonics in the zero sequence
filter design.

Transformer

Besides the main function of the transformer in voltage transformation, a transformer
with ungrounded whye-connected winding towards the converter side as shown in
figure 4.1 provides filtering by decoupling the converter from the grid with respect to
zero sequence harmonics where the capacitive coupling between primary and
secondary winding is insignificant (this is usually the case). The leakage reactance of
the transformer helps also to reduce current harmonics injected into the grid but it
may also increase the worst case voltage harmonics due to resonance interaction with
the grid. Detailed analysis of this is given in [4]. For this thesis work a value of 12.3%
in per unit as used in version 1 HVDC Light Project will be considered.

4.1.2 DC side filters

Due to grounded filters on the AC side, there is a current path for the zero sequence
harmonic currents between AC side and DC side via the ground point. This may
affect the filtering also on the DC side since the zero sequence harmonics will appear
as ground mode harmonics on this side. Since the PWM pattern generally contains
zero sequence harmonics (to reach high modulation index), some way of handling the
interaction between AC and DC side has to be used. For higher order harmonics, the
zero sequence current path will be dominated by the phase reactor and the zero
sequence harmonics circulating current will be very limited. This is not the case for
the third harmonics due to the lower frequency. But for a transformer based system
like the case in this study, higher order grounded filters are used and the
corresponding circulating currents are effectively limited by the phase reactors. For
the studied system, therefore, the dc capacitor together with dc-side series reactors can
help to limit injected harmonic currents.

DC Capacitor

The DC capacitor besides provides filtering properties, it acts as an energy storage
and also forms part of the VSC commutation circuit. The value calculated in chapter 2
C =47 uF per pole in an energy storage consideration will be used for all the designs

to follow.

Series reactors

A ground mode reactor is a magnetic device with high impedance for ground mode
currents and low impedance for pole mode currents. It thus fulfills a similar task as an
AC side zero sequence reactor. For a system with transformer, the zero sequence
harmonic interaction between AC and DC side is not very strong and a low ground
mode reactor can be used to limit the ground mode harmonic currents injected into the
DC cable. The main concern in terms of telephone disturbance generally comes from
the ground mode harmonics. But a certain pole mode reactor (the coils of each pole
are not coupled) that mainly acts on pole mode harmonics can also be used.

4.2 Filter Design for Two-level HEPWM Patterns

28



In addition to the preconditions defined in chapter 2, it is set that the total shunt filter
reactive power should not exceed 15% in per unit terms. For the voltage harmonics
the worst case impedance from the impedance sector defined in table 2.2 is used
whereas for current harmonics a grid impedance as in equation 2.1 is used.

Besides the phase reactor and transformer described in figure 4.1, the following shunt
filters are used for the two-level HEPWM pattern p23unt29z15s0l3 as used in the
version 1 HVDC Light Project. The first two active harmonics the 31% and 35"
harmonics are filtered by shunt filters tuned to those frequencies. A third filter tuned
at the 60™ harmonic together with the previous filters help reduce the magnitude of
higher order harmonics.

As to the zero sequence filters, the 3" filter is directly grounded. Because the 15"
harmonic is cancelled the resonance with the phase reactor is placed around the 12
harmonic.

SHUNT FILTER BANKS:
Qc N Q Xe C X1 L r R
[pu] [-] (-] [pul  [uF] [pul  [mH] [pul [Q]
1 FT2 0.0534 31.00 100.00 18.73 1.2663 0.0195 8.33 0.01 1
2 FT1 0.0534 35.00 38.00 18.73 1.2663 0.0153 6.53 20.33 2729
3 FT1 0.0449 60.00 7.00 22.27 1.0648 0.0062 2.64 2.60 349

The figures below show the transfer function and over all harmonic handling for the
base case of the station impedance as defined in chapter 2. For a system with
transformer, the current harmonics requirement is satisfied if the voltage harmonics is
kept with in limits. So only the voltage harmonics figures are shown for the time
being.

voltage transfer function to PCC, active sequence
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Fig. 4.3: Voltage transfer function for active and zero sequence
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The performance of the pattern p21unt29sol4 is tried with similar filter solution and
the performance with respect to active harmonics is good but the peak filter bus
voltage is high (Vgea=447kV as compared to Viea=389kV in the previous case) as
no zero sequence harmonics is eliminated.

As figure 4.4 show the filtering solutions for p23unt29z15s0l3 don’t strictly satisfy all
the requirements. This solution is then used as a reference for evaluating the
performance of filters to be used in the three-level HEPWM patterns to be analyzed in
the next section. The peak filter bus voltage in this case is Vi,ea=389kV and the peak
phase reactor current is Iipeak=2753A.
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Fig. 4.4: Different voltage harmonics figures for p23unt29z15sol3

4.3 Filter Design for Three-level HEPWM Patterns

The AC side shunt filter solutions for the chosen three-level HEPWM patterns in
chapter three will be described here. Based on the harmonic performance, the final
solution will be made in the next subsection.

p22unt29z15s0l2: This pattern contains the same type of harmonics as the
p23unt29z15 two level counterpart. The designed filter bank consists of 4 filters tuned
at the 31%, 35" 37" and 60™ harmonic. With respect to the zero sequence harmonics,
the 4™ filter is directly grounded and resonance with the phase reactor occurs around
the 14™ harmonic.

SHUNT FILTER BANKS:

Qe N 0 Xe C X1 L r R
[pu] [-] (-] [pul  [uF] [pul [mH] [pul  [Q]
1 FT2 0.0450 31.00 200.00 22.22 1.0671 0.0231 9.88 0.00 0
2 FT1 0.0400 35.00 200.00 25.00 0.9486 0.0204 8.72 142.86 19175
3 FT1 0.0350 37.00 50.00 28.57 0.8300 0.0209 8.92 38.61 5183
4 FT1 0.0300 60.00 20.00 33.33 0.7114 0.0093 3.96 11.11 1491
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The peak filter bus voltage in this case is Vieak=374kV and the peak phase reactor
current 18 Iipea=2630A.

As the figure below shows, the harmonic performance of the three-level case is much
improved than the two-level case. So lower pulse numbers will be tried next.
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Fig. 4.5: Different voltage harmonics figures for p22unt29z15sol2

p18unt25so0l1: The designed filter bank consists of 5 filters tuned at the 29™, 31%,
35™ 37" and 52" harmonic. With respect to the zero sequence harmonics, the 2™
filter is grounded through an inductor of 17.47mH to tune it to the 21* harmonics and
resonance with the phase reactor occurs around the 12" harmonic. As no zero
sequence harmonics is cancelled the peak filter bus voltage will be a little higher.

SHUNT FILTER BANKS:

Qc N Q Xe C X1 L r R
[pu] (-] (-] [pu] [uF] [pu] [mH] [pu] [Q]
1 FT1 0.0400 29.00 500.00 25.00 0.9486 0.0297 12.70 431.03 57857
2 FT1 0.0300 31.00 500.00 33.33 0.7114 0.0347 14.82 537.63 72166
3 FT1 0.0300 35.00 200.00 33.33 0.7114 0.0272 11.63 190.48 25567
4 FT1 0.0300 37.00 50.00 33.33 0.7114 0.0243 10.40 45.05 6046
5 FT1 0.0200 52.00 10.00 50.00 0.4743 0.0185 7.90 9.62 1291

The peak filter bus voltage in this case is Vipeak=399kV and the peak phase reactor
current i Iipea=2545A.
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pl8unt23z15s013: The designed filter bank consists of 5 filters tuned at the 25th, 29th,
31%, 35™ and 49" harmonic. With respect to the zero sequence harmonics, the 4™ filter
is grounded directly and resonance with the phase reactor occurs around the 15™

harmonic.

SHUNT FILTER BANKS:

Qc N

[pu] (-]
1 FT1 0.0475 25.
2 FT1 0.0325 29.
3 FT1 0.0250 31.
4 FT1 0.0250 35.
5 FT1 0.0200 49.
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The peak filter bus voltage in this case is Vieak=372kV and the peak phase reactor

current 1S [ipeax=2632A.

08
o7
06

Amplitude [%]
o o o o o
S E R R

0.0195

[Nt 1) SETTRRPRRI .

Level [-]

oms

0.0175

OD1B5 F e bbbt

Individual harmonic distortion

[ [
% IECE3000-36
+ vertits

s

|

! (LA

80 100 120 140 160 180 200
harmonic order [-]

THD

082 034
modulation index

0s

Amplitude [pu]

Owerall TIF

SR I
o0&z 084 0.86
modulation indesx

Ma indvidual harmonic

i
034

i
082
modulation indesx

0.86

Fig. 4.7: Different voltage harmonics figures for p18unt23z15sol3

32



pl8unt23z9s0l2: The designed filter bank consists of 5 filters tuned at the 25th, 29th,
31, 35" and 47™ harmonic. With respect to the zero sequence harmonics, the 1% filter
is grounded directly and resonance with the phase reactor occurs around the 10
harmonic.

SHUNT FILTER BANKS:

Qc N Q Xc cC X3 L r R
(pu] (-] (-] [pu] [uF] [pu] [mH] [pu] [Q]
1 FT1 0.0500 25.00 500.00 20.00 1.1857 0.0320 13.67 400.00 53691
2 FT1 0.0350 29.00 500.00 28.57 0.8300 0.0340 14.52 492.61 66122
3 FT1 0.0250 31.00 200.00 40.00 0.5929 0.0416 17.78 258.06 34640
4 FT1 0.0300 35.00 100.00 33.33 0.7114 0.0272 11.63 95.24 12784
5 FT1 0.0100 47.00 50.00 100.00 0.2371 0.0453 19.34 106.38 14280

The peak filter bus voltage in this case is Vieak=372kV and the peak phase reactor
current iS Iipeax=2728A.
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pl4untl9sol4d: The designed filter bank consists of 6 filters tuned at the 23rd, 25th,
29™ 31%, 35™ and 43" harmonic.

SHUNT FILTER BANKS:

Qe N 0 Xe C X1 L r R
[pu] (-] [-] [pu] [uF] [pul [mH] [pul [Q]
1 FT1 0.0400 23.00 500.00 25.00 0.9486 0.0473 20.19 543.48 72950
2 FT1 0.0350 25.00 500.00 28.57 0.8300 0.0457 19.53 571.43 76702
3 FT1 0.0250 29.00 200.00 40.00 0.5929 0.0476 20.32 275.86 37028
4 FT1 0.0200 31.00 100.00 50.00 0.4743 0.0520 22.23 161.29 21650
5 FT1 0.0200 35.00 50.00 50.00 0.4743 0.0408 17.44 71.43 958
6 FT1 0.0100 43.00 20.00 100.00 0.2371 0.0541 23.11 46.51 6243
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Fig. 4.9: Different voltage harmonics figures for pl4unt19sol4

As can be seen in the graph, the harmonic performance is much worse now with
higher individual harmonics, TIF and THD. Moreover, high filter bus voltage is
inevitable as no zero-sequence harmonics is cancelled.

The other two cases for a pulse number of 14, p14unt17z15soll and P14unt17z9sol3
cancel less active harmonics than pl4untl9sol4 and therefore the harmonic
performance of a filter designed will be worse. Therefore, there is no need to describe
the harmonic performance of the designed filter for these cases.

4.4 Final Choice of the HEPWM Pattern

The final choice of the two-level HEPWM pattern as indicated previously is
p23unt29z15 solution. To choose the best solution among the three-level HEPWM
patterns described in section 4.3, the harmonic performance based on designed filters,
the peak filter bus voltage and phase current are summarized in table 4.1. Only the
voltage harmonic figures are used as all the solutions satisfy the current harmonics
requirement.

Table 4.1. Summary of performance of different filtering solutions

Name Pulse | TIF THD IEC Vipeak | lrpeak
(three-level) no. range range (%) | 6300-3-6 (kV) | (A)
p22unt29z15s012 22 20-50 1.12-1.26 Very Good | 374 2630
pl8unt25soll 18 35-65 1.35-1.65 Good 399 | 2545
pl8unt23z15s0l3 18 46-62 1.75-1.95 Good 372 2632
pl8unt23z9sol2 18 54-68 2.00-2.25 Bad 372 2728
pl4untl9sol4 14 70-100 2.05-2.45 Bad - -

For reference, summary of performance of the two-level final solution is given in the

table below.

Table 4.2. Summary of performance of two-level filtering solution

| Name

| Pulse |

TIF

| THD

| IEC

‘ preak | Irpeak
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(two-level) no. range range (%) | 6300-3-6 (kV) | (A)

p23unt29z15so0l3 23 50-70 1.95-2.15 Good 389 2753

It can be understood from table 4.1 that the smallest pulse number possible for the
three-level HEPWM solution is 18 with a good harmonic performance. From the three
solutions with pulse number 18, the pattern pl8unt25soll where no zero-sequence
harmonics is cancelled has a superior harmonic performance with lower peak phase
reactor current that will enable lower semiconductor loss. The only problem with this
solution is a little higher peak filter bus voltage. But still it is with in the range of the
value we have for the two-level final solution.

The three-level HEPWM final solution which will be used for comparison with the
two-level counterpart in later chapters is therefore p18unt25sol1.

Chapter 5
Comparison of the two systems

This chapter gives a comparison of the two final solutions two-level p23unt29z15sol3
and three-level p18unt25soll based on harmonic performance, semiconductor loss
and semiconductor rating requirements.

5.1 Harmonic Performance

The converter voltage of a three-level converter swings between high/low and zero
unlike a two-level converter and results in lower magnitude harmonics. This is well
shown in the harmonics result plots figures 3.3-3.4 and figures 3.9-3.10. Plots below
gives harmonics performance of the two final solutions after the filter design.

Figure 4.4 and figure 4.6 in the previous chapter gives the voltage harmonics figures
respectively for two-level and the three-level cases and the later shows a better
performance. Therefore there is no need to reproduce those results here and hence
only the AC side current harmonics figures are given below.
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Individual current harmonic distortion
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Fig. 5.1: Individual current harmonic distortion for p23unt29z15sol3
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As the figures above show, both systems satisfy the requirements in terms of current
harmonics.

5.2 Semiconductor Losses

In this subsection the relations used to calculate the semiconductor losses, which are
the same for both cases (two-level and three-level converter), will be formulated and
the loss figures will be calculated at two operating points (operating point 2 and 8 in
table 2.6) using the same semiconductor devices for comparison. The semiconductor
losses depend on temperature on the semiconductor devices. This device temperature
in turn depends on the type of heat sink and cooling system used. Since no exact
model of this is used, a worst temperature of 125% is used in the loss calculations.

The semiconductor loss, besides its influence on efficiency of a converter, is an
essential factor regarding the thermal design and influence the current rating of the
device. This current rating along with the voltage rating determines the power rating,
which is an important indicator of the costs for the semiconductor device.

The semiconductor conduction loss P.ong depends on the on-state voltage drop V..
across the device and the current through it I... The on-state voltage is calculated as in
equation 5.1 where both the threshold voltage V. and the on-state resistance rceo
depend on device temperature.

Vce (t) = VceO + rceO ' Ice (t) (5 1)
1 t=t,+T
chond = ? che (t) ’ Ice(t)dt (52)

t=t,

where T is the fundamental time period
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The semiconductor switching loss Py, consists of the turn-on and turn-off losses.
These are calculated respectively from the turn-on energy E,, and turn-off energy Eo
both of which depends on the temperature, the voltage Vimoniumost and current
Ttumnon/mmotr across the device during switching. Turn-on occurs when a device takes a
current from the off-state and Turn-off occurs when a device goes to off-state from
on-state. The switching loss will therefore occur when turn-on or turn-off occur at non
zero-voltage and non-zero current. The diodes are assumed to turn on very fast and
turn-on loss is assumed zero.

Eon (n) = f(l/turnon b [tumon ) (53)

EO./.‘f (n) = f(Vturmgff ’Iturno__ff) (54)
1 n=N,, l n=N;

PS‘W = Eon (n)+_ ZEoﬁ' (n) (5‘5)
T n=1 T n=1

where Ny, and Ny are the number of turn-on and turn-off events per fundamental
period T.

Before going to the loss calculation results and comparison, the control signals used to
operate the IGBT/diode pairs to get the chosen PWM patterns and the normalized
reactor current for operating point case 2 will be given below as to the definition used
in figure 2.1 and figure 2.2 respectively for two-level and three-level NPC converter.

normalized reactor current and converter voltage
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Fig. 5.5: PWM pattern and control signals for two-level converter
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Fig. 5.6: PWM pattern and control signals for three-level converter

As can be seen in the two figures above, each IGBT in two-level converter switches
as many as the number of pulses (23) per fundamental cycle which leads to a
switching frequency of 1150Hz while those on the three-level case switches half as
many as the pulse number (18) which leads to an effective switching frequency of
450Hz and this significantly improves the semiconductor switching loss.

For two-level converter the losses are symmetrical and the total loss is calculated
from the loss value for one IGBT/diode pair (eg. T.i/D,). But for three-level
converter the loss is not symmetrical among the different devices and there are three
IGBT/diode pairs (outer IGBT/diode pairs, inner IGBT/diode pairs and the clamping
diodes) with different loss magnitudes.

Based on the rating requirement for two semiconductor devices to be discussed on the
next subsection, the semiconductor losses for two-level and three-level NPC converter

will be summarized below.

Cases 1 and 2 correspond to inverter and rectifier operation which are operating
points 2 and 8 respectively defined in table 2.6.

Result 1: Semiconductor device used 5SNA 200045K0301 [21]
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Fig. 5.9: total SC loss two-level vs. three-level

Result 2: Semiconductor device used 5SNA 200025H0004 [22]
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Fig. 5.10: SC loss figures for two-level converter per device
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Table 5.1 Summary of total SC loss results

Result 1 (4.5kV IGBT)

Result 2 (2.5kV IGBT)

Inverter op. Rectifier op. Inverter op. Rectifier op.

21 31 21 31 21 31 21 31
ProtcondMW) [3.32 [3.23 [3.06 |297 5.22 5.08 4.32 4.20
Piotswic(MW) | 848 |3.34 [9.00 |4.37 7.33 2.77 7.74 3.75
P MW) 11.80 | 6.56 | 12.06 | 7.34 12.55 | 7.85 12.06 | 7.95
Ploss/Sbase(%0) | 0.99 | 055 [1.01 |0.62 1.05 0.66 1.01 0.67

As summarized in the figures above and in table 5.1, there is a significant
improvement in the total semiconductor loss resulted from a reduction in the
switching loss by using the envisaged topology. Moreover, the semiconductor loss for
each semiconductor device is lower in three-level case which leads to lower thermal

stress.
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5.3 Semiconductor Rating Requirement

The voltage and current rating of the semiconductor devices (IGBT and diode) will be
described briefly for both two-level and three-level converter.

The rated SSOA (switching safe operating area) voltage Vsso4 combined with the
long-term stability against cosmic radiation defines the IGBT voltage rating. For
improved reliability and to avoid false triggering due to cosmic radiation the
maximum allowed SSOA voltage Vssosma 15 generally lowered by some margin from
the maximum blocking voltage. Table 5.2 shows the voltage ratings of the applied
4.5kV [21] and 2.5kV [22] IGBTs. The number of series-connected IGBTs per VSC
valve (Njggr) depends on the DC link voltage that has to be supported and is
calculated for a two-level converter as [25]:

U, .
N — dclink max 5 . 6
o VSSOA,max —AV ( )

where U represents the maximum total dc-link voltage where a margin of 16%

dclink max
is used above the nominal value and AV is to account for the uneven voltage
distribution in the IGBTs. A value of 11% of the maximum blocking voltage is used
for AV . Finally to account for device failure a redundancy of 3% is used to the figure
found in equation 5.6. For a three-level configuration, N,;,, will be half the value

found for a two-level case (assuming the same maximum total dc-link voltage) as the
valves need to support only half the total dc-link voltage during switching.

The required active silicon area 4;; and the maximum turn-off current density Jsso4
define the current rating /,,, of the semiconductor device:

L = At Jssos (5.7)

The required active silicon area is determined by two factors. It must be sufficient to
meet the thermal stress and the SSOA requirements. For a hard-switching topology,
the semiconductor devices are usually thermally limited which is the case under this
study. The active area meeting the SSOA criteria (A4sso4) 1s calculated from the peak
device current fpeak and the maximum turn-off current density including a safety
margin k£ [19]:

Assoa = (1+ k) Lear | Jsso4 (5.8)

On the other side, the conduction losses P.,.4, the switching losses Pj,, and the rated
loss power density ps determine the silicon area required for thermal design (44):

Ath = (Pcond + Psw) /p5 (59)
For analysis of this task, IGBT modules containing the same number of diodes and
IGBTs are considered which implies that the voltage and current rating of the diodes

are similar to the IGBT rating values. The peak device current fpeak in the worst
operating condition for the two topologies is also given in table 5.2.
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Table 5.2 Summary of Semiconductor device rating

Device 4.5kV device [21] 2.5kV device [22]
characteristic 21 31 21 31
Max. device voltage Veemax 4.5kV 4.5kV 2.5kV 2.5kV
Max. SSOA voltage Vssosmax | 3kV 3kV 1.5kV 1.5kV
Maximum DC current rating | 2000A 2000A 2000A 2000A
Peak device current fpeak 2753A 2545A 2753A 2545A
NiGBT/diode PET Valve 296 148 606 303

For a three-level converter it is possible to use a lower current rating device as the
peak current is lower. In the table above, it is assumed the same voltage rating is used
per valve for both two-level and three-level converter. If the same number of
IGBT/diode were to be used per valve in the three-level converter (at a cost of
doubling the total number of IGBTs/diodes in the converter) as the two-level
converter, the stress on the semiconductor devices will be halved for the same dc-link
voltage or the power capability of the converter can be doubled by doubling the dc-
link voltage for the same stress on the semiconductor devices. The number of
IGBT/diodes used also determines the proportion of conduction and switching losses
in the total semiconductor loss. A larger number favors the switching loss and a

smaller number favors the conduction loss.
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Chapter 6
Challenges of the envisaged system

This chapter describes drawbacks of the envisaged system (three-level NPC
converter) and evaluates the performance of the suggested solutions.

6.1 Uneven Semiconductor Losses

In two-level converter the semiconductor losses in each IGBT and diode is almost
uniform. This is not the case for three-level NPC converter. A close look at the figures
5.8 and 5.11 shows that the outer IGBTs are more stressed during inverter operation
and the inner IGBTs are more stressed during rectifier operation. As to the diodes, the
outer diodes are stressed more during rectifier operation. Depending on the operating
condition, the more stressed device limits the power capability of the converter. By
distributing the losses among the different devices it is possible to reduce the stress on
the devices and further increase the power capability of the converter. The solution to
the problem is using active switches (IGBTs with diodes as shown in figure 6.1 (b))
so called Active NPC converter instead of simple clamping diodes as in conventional
NPC and controlling how the current flows when the output voltage is in the zero
state [14].

Uy Das | Taz

|||—

DBFS TaB

U | A ZSDa:}
T A
\T Do
@) (b)

Fig. 6.1: One phase leg of three-level (a) NPC converter (b) ANPC converter

Observing figure (b) above, zero voltage can be reached through switches 2 and 5 (i.e.
through D,s/T., when current is positive and through T,s/D,, when current is
negative) or through switches 3 and 6 (i.e. through T,¢/D,3; when current is positive
and through D,¢/Ta3 when current is negative). So by choosing appropriately which
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switch combinations to use, it is possible to distribute the losses. Unlike the active
NPC, the zero state is reached through D,s/T,, when current is positive and through
D.s/Ta3 when current is negative in a conventional NPC.

There are different ways to control the switches in the ANPC converter and how the
loss distribution is obtained is described in detail in [14]. For this task, a simplified
switching concept named 3-1 (naming as to ABB) where the converter zero voltage
will be connected to the phase in two different ways every second time will be
investigated [12].

In the ANPC topology with 3-I control plus is reached through valves 1-2 and minus
is reached through valves 3-4. The neutral state is reached in two ways (valves 2-5 or
valves 3-6). The two neutral states are denoted N1 respectively N2 and are alternated
each second time. A modified switching pattern named 3-Ix (naming as to ABB) is
used to avoid voltage spikes when two valves are given control pulse at the same
time. But as far as the loss calculation is concerned (ignoring the effect of blanking
time), both controls result in a similar result and therefore the 3-1 control will be
described below [12, 13].

Table 6.1 the control pulses of the 4 states

Plus Minus N1 N2

Control pulse 126 345 245 136

There are 4 separate control signals to realize this operation. Valves 1 and 6 are
controlled by one control signal sw16, valves 4 and 5 are controlled by one control
signal sw45 and two separate control signals sw2 and sw3 to control valves 2
respectively 3. swl6 will be in the on state when converter voltage is plus or N2 zero
state is chosen. Likewise, sw45 will be in the on state when converter voltage is
minus or N1 zero state is chosen. Finally sw2/sw3 will be in the on state when the
converter voltage is respectively plus/minus or N1/N2 zero state is chosen. Besides
the loss distribution in this control algorithm, it is possible to obtain uniform voltage
division between valves 3 and 4 by turning on valve 6 while converter voltage is
positive. Similarly, uniform voltage division between valves 1 and 2 will be obtained
by turning on valve 5 while converter voltage is minus. The control signals for one
particular PWM pattern as described above is given in the figures below.
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Fig. 6.2: PWM pattern and converter voltage states
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Fig. 6.3: Control signals

To see the improvements made by using the new topology with the control signals as
described above, semiconductor loss calculation is done using the semiconductor
device SSNA 200045K0301 [21] and results are shown below. Comparison of the
results shows the semiconductor switching loss distribution is affected by using the
new topology and a small improvement in the total semiconductor loss is also
obtained in the rectifier operation. The total result is summarized in the table below.

Table 6.2 Summary of total SC loss results

Inverter op. Rectifier op.

NPC | ANPC | NPC | ANPC
PiotecondMW) | 3.23 | 3.17 297 1291
Piotswic(MW) | 3.34 334 437 |3.54
P MW) 6.56 | 6.51 7.34 | 6.45
Ploss/Shase(%0) | 0.55 | 0.55 0.62 | 0.54

The improvement in the total loss during rectifier operation mainly comes from the
reduction in the switching loss of the clamping diodes as shown in figure 6.5 and this
is due to the fact that switching of the clamping diodes occurs at zero voltage in the
ANPC converter. For example, when the current is positive, the converter voltage will
be minus or zero (rectifier operation). During zero state diode 5 will be conducting
only when N1 is used for positive current and changing the state to minus occurs
while IGBT 5 is still on enabling zero voltage turn off for diode 5. The same process
happens for diode 6 when switching occurs from N2 state to plus.
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6.2 DC-link Voltage ripple

Until this point, we assumed that the dc-link capacitor voltage is assumed to be ripple
free. This assumption is well acceptable for two-level converter (transformer based
system) where the voltage ripple caused by injected current harmonics (due to
grounded filters) into the ground point of the capacitors is negligible. Therefore, it is
not the intention of this section to describe dc-link voltage ripple for two-level
converter. But, a significant amount of low order current harmonics is injected into
the ground point of the capacitors in three-level NPC converter (through the clamping
diodes) that results substantial dc-link voltage ripple. The net result of this is
undesirable converter voltage harmonics that should otherwise have been cancelled.
This is one major drawback with the envisaged topology and the problem can not be
relieved by using ANPC converter as current should anyway flow to the ground point
to get a zero state.
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Fig. 6.7: three-level NPC converter

Analysis of voltage balancing problem in multilevel NPC converter has been done in
the papers [15, 16, 17]. The control mechanisms in these cases work in some way to
control the neutral current I, by controlling the control signals on the IGBTs. But,
none of these solutions could be applied to HEPWM scheme as that will affect the
performance of the chosen harmonic elimination pattern to have the required
harmonics performance. So it is inevitable to have the neutral current I, as long as
HEPWM is used in three-level NPC converter. This neutral current contains
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significant low order harmonics that causes capacitor voltage ripple and high ground
mode current harmonics in the cable Igp(Iacn). To see the effect of the problem due to
the neutral current in the topology in figure 6.7, operating point 2 as defined in table
2.6 is used for analysis and solutions will be suggested later based on the result .
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Fig. 6.8: PWM pattern and control signals for phase leg a

Ly, =ug -1, +uy I, +u, I, (6.1)
l,=1,,+1, (6.2)
1, =u,, -1, +u, I, +u,-I, (6.3)
1, =1,,+1, (6.4)

I, :_{(1_%1 —uy) L, A A —uy —uy)- I, +(—u, _”c4)'lc} (6.5)
=> 1n=—(1a+lb+lc)+ldp+1dn (6.6)
I,=1,+1,+1, (6.8)

Assuming in steady state the two capacitors act like a parallel connection and the
current divides between them equally, we have

1,=1,=05*,-1,)=05%, +1, —1,,—1,,) (6.9)
From equations 6.2, 6.4 and 6.9, it can be shown that,

] :Id _Idn (610)

dcp - I dcn Ip

Equation 6.10 implies the pole mode current harmonics injected into the cable is the
same as the pole mode current harmonics contained in lgp and Igy. On the other hand
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equation 6.9 implies the current harmonics in the capacitors depend on the amount of
ground mode current harmonics in the cable. Due to I, a significant amount of ground
mode current harmonics will exist in the cable and it is almost not possible to work
with out a ground mode reactor for this topology. Therefore, the worst case scenario is
to assume a ground mode reactor to be used to filter all ground mode harmonics in the
cable and all the ground mode current harmonics in Iy, and l4, therefore go to charge
the capacitors. Based on this assumption,

I,=1,=05%1,+1I,) (6.11)

I,=—(,+1,+]1,) (6.12)
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Fig. 6.9: Current waveforms
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Fig. 6.10: harmonic contents of currents

As the harmonics plots in figure 6.10 show, I;i(I.2) contains high low order harmonics
that results in low order capacitor voltage ripple.
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to+t

Ua® =V~ I 1.,(2)dz (6.12)

1 to+t

Ua)=-Us = j I,(z)dr (6.13)

to+t

U, (1) = —Cl [1,@dr (6.14)

where C = 47uF as defined in section 2.3, U, is the initial capacitor voltage which is
assumed to be 320kV at time ty and Ug, is the resulting capacitor voltage ripple
(harmonics other than the dc component). The resulting plots are shown below.
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Fig. 6.11: Capacitor voltage and it harmonics content

The converter voltage Uy, for instance can be calculated from the required PWM
pattern as:

U = ual .Ucl +ua4 'UCZ (615)

=> Uva = (ual _ua4) .UcO + (ual +ua4) ‘Uch (616)

The first term in equation 6.16 represents the ideal converter voltage and the second
term represents unwanted harmonics due to the capacitor voltage ripple. Uy, majorily
contains 3™ harmonics and (ua1tu,4) contains all even harmonics which causes all odd
order harmonics to exist in the converter voltage U,, with the 5" and the 7™ harmonics
being the significant low order active harmonics which should otherwise have been
zero in the ideal case. The zero sequence harmonics created due to the ripple also
increase the stress on the transformer. The figure below shows the converter voltage
and resulting harmonics due to the capacitor voltage harmonics. The ac side voltage
harmonics distortions violet our requirement defined in section 2.2.
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Fig. 6.12: Converter voltage harmonics and distortion limits

The solution to the problem is therefore to filter the significant capacitor voltage
harmonics which is the 3" order harmonics by using a series LC filter (tuned at the 31
harmonics) in parallel with each main capacitor. Analysis can be done similarly and
the results are shown below. The capacitor and inductor values are chosen to be C¢=
15.7uF and Ly =71.7mH. As the resulting figures below show the problem is solved
with the suggested solution where distortion magnitudes are improved significantly.
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53



comverter valtage L, kY

20 el

40

a0 B0 70

80

400 T
200
a
20 : :
400 1 1
1) 1 2 3 4 5 B
[u, rad]
converter voltage harmonice due to capacitor voltage ripple, kY
o4 T T T T T
02 B [ P
DT [TTLT'TTHTT? “y[TT?H*YTHTTyTHT$ rlit.. Letieaa titt enn,.
0 10 20 0 40 50 60 70 &0 =i 100
total converter valtage harmanics, kY
oo T T T T T
sof- : ‘ { :
heas Tt ot W'i T[MT¢7.M RN R RINR AR T,
10 20 30 40 &0 60 70 80 a0 100
ac voltage harmanic distorsion after filter, %
T T T T T T I o, dist
P x IEC.req
* o +  verl TS
T 5 x
T S A A N S A I S S S S W A S W A A W WA
5 I L LA T DAL LT AR LR S R M N S P EAPAT PER SRR I ER R T
10

g0 100

Fig. 6.14: Converter voltage harmonics and distortion limits
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Chapter 7
Conclusions and Future Work

This chapter summarizes the work in this thesis and suggests future works in the area.

7.1 Conclusions

The different three-level HEPWM patterns are investigated in detail at different pulse
numbers and it is found that the smallest pulse number that satisfies the criteria in
filtering demand and modulation index range is 18. The solution p/8unt25soll where
only active harmonics are eliminated is used as a final solution for the new topology
due to its better performance figures as described in section 4.4.

Using this final solution a comparison is made with the two-level solution in chapter 5
and several advantages are obtained in terms of semiconductor losses, harmonic
performance and semiconductor rating requirement.

The major advantage of the three-level solution is the semiconductor losses. The
lower pulse number 18 ( 23 in two-level case) together with the operation of the three-
level NPC converter help to reduce the total semiconductor losses by around 37% in
the rectifier and inverter operation as summarized in table 5.1. The individual
semiconductor device losses are also lower which leads to lower thermal stress.

With the same filtering demand, the three-level solution also has better harmonic
performance with lower individual voltage harmonics, lower over all telephone
influence factor (TIF) and lower total harmonic distortion (THD). A lower peak
reactor current in the three-level case also enables to use a lower current rating
semiconductor device. Some drawbacks of the studied system such as uneven
semiconductor loss and dc-link voltage ripple are fully solved by using the suggested
solutions as described in chapter 6.

Overall, the three-level solution achieves its purpose with better performances than
the two-level solution. But it is possible at a cost of higher number of semiconductor
devices (devices in the clamping branch), more complex converter control, extra filter
link in parallel with the main dc-link capacitor and high ground mode reactor in the
DC side. Therefore, the three-level result will be an acceptable solution if the
advantages obtained overweigh the extra expenses mentioned previously.
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7.2 Future Work

The different three-level HEPWM patterns at different pulse numbers are investigated
and only one solution is used for the whole modulation index range. Using
combination of solutions at different modulation index values might result in a better
harmonics performance and hence help to reduce the filter size. This is one area to
investigate and evaluate in future work.

Another important area to work is evaluation of overall losses including transformers
and filters and estimation of the total cost of the studied system. A final cost wise
comparison can then be made with the two-level case and decision can be made.
Finally, using a correct cable model in the PSCAD model of the three-level converter
system and some modifications of the steady state model, investigation of how the
system handles grid faults and evaluation of the dynamic performance of the system
during load changes for example might be an interesting area to investigate.
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Appendix 1

HEPWM Solutions for some pulse numbers

Two-level p21unt29: 4 of the 9 unique solutions found that are most relevant are
given below. Sol4 is the preferred solution with a maximum firing angle omax of 56° in

the performance range.
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given below. No solution is feasible in the performance range.
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Three-level p16unt23: 4 of the 9 unique solutions found that are most relevant are
given below. No solution is feasible in the performance range.
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Three-level p12untl7: 4 of the 7 unique solutions found that are most relevant are
given below. No solution is feasible in the performance range.
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Three-level p18unt23z3: 4 of the 5 unique solutions found that are most relevant are
given below. No solution is feasible in the performance range. As can be seen it is not
possible to go beyond M = 0.8.
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Appendix 2
PSCAD Simulation

The final three-level HEPWM solution obtained from MATLAB calculation is used
to control the converter and the performance of the system will be verified by a steady
state PSCAD model.

Simulation Environment

Main Frame

The main frame of HVDC Light transmission system under PSCAD simulation is
shown in figure A2.1. The colorful square windows on the left are used to control the
grid operating point, set the modulation index, control the power flow direction, and
display the simulation results of main parameters.

PSCAD simulation is based on Fortran language. In the main frame, the icon named
OpwmFir3.f represents such a Fortran file that reads set of OPWM angles and
modulation indexes from which the correct angle sets and modulation index will be
chosen to control the converter depending on the operating point.

On the right is the simulated HVDC transmission system. The system has two AC
grids connected by HVDC line via two stations at each side, where only one grid and
one station are used for this simulation.

Converter Station

Figure A2.2 is a sub-frame which represents the first converter station in the
transmission

system. The station mainly consists of a converter model, the transformer and the
designed shunt filter model.

HVDC Light Converter

Figure A2.3 shows the HVDC Light converter in the station. It represents a three-
level ANPC converter.
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Verification of the complete system

The harmonic performance of the chosen HEPWM pattern (three-level p18unt25soll)
at certain operating points is tried and the individual harmonic distortion limits are
with in the defined limits. The difference with MATLAB calculation is that harmonic
performance is measured at the worst case grid impedance in MATLAB while in
PSCAD an operating point is chosen and the performance is measured at that point in
steady state.

The chosen operating point for this evaluation is shown below.
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Freqg | Porder | Ciarder | foclinde:x | Freeze Hald
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Fig. A2.4: Operating point for evaluation

As described in chapter 6, using a dc-link capacitor without a 3™ harmonic tuned filter
in parallel results in distorted converter voltage due to injected 3™ harmonic current
into the capacitors (see figure A2.5). The resulting converter voltage is shown in
figure A2.6 and the distortion is evident. Using the parallel 3 harmonic tuned filter
solves the problem with the only problem being a higher though insignificant peak
voltage over the capacitor in the filter link (see figure A2.9). The voltage and current
harmonics on the grid side of the converter are plotted to show the performance of the
total system. Result plots from the model such as the capacitor voltage are not
centered on the ideal dc-link voltage which is 320kV as a correct cable model is not
used.
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The result of this distortion is significant harmonics largely 5™ and 7™ harmonics
which otherwise should have been cancelled if there were no dc-link voltage ripple.

As plots below show, the use of a 3™ harmonic tuned filter in parallel with the main
dc-link capacitor gives a good solution to the problem.
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Fig. A2.7: Capacitor voltage with 3" harmonic filter (kV)
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Fig. A2.8: Converter voltage from one leg with 3™ harmonic filter (kV)

The filter solution therefore improves both the converter voltage and grid voltage
harmonics. Together with the ground mode reactance it also improves injected current
harmonics into the dc side. As the results show the harmonics are improved
significantly which somehow verifies the MATLAB solutions.
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Fig. A2.9: Dc side positive and negative pole currents (kA)
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Fig. A2.10: Grid side voltage harmonics distortion from one phase (%0)
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Fig. A2.11: Grid side current harmonics distortion from one phase (%0)
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