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Abstract

Electric arc furnaces (EAF) are highly dynamic industrial loads that exhibit rapid
variations in active and reactive power draw. These dynamics introduce significant
power quality disturbances at the point of common coupling (PCC). To mitigate
this, a Static Synchronous Compensator (STATCOM) is connected in parallel to
dampen the current variations and therefore the power quality disturbances. To size
the STATCOM well, preliminary studies with accurate EAF and STATCOM models
are vital.

This thesis evaluates if a publicly available STATCOM and EAF model can be
reliably used to study power quality disturbances. This will be done by comparing
the public models with Hitachi’s detailed STATCOM and EAF model based on
current measurements. The public EAF model uses a mathematical formula of an arc
that emulates flicker behavior with random noise and a non-linear V-I relationship.
The public STATCOM has a simple control scheme that works by averaging the
current variations from the EAF model and subtracting the variations from the
average current.

The results indicate that the mathematical EAF model can reproduce the flicker
levels observed in the measurement-based model. However, the flicker originates
from other frequencies and has a different flicker distribution, overemphasizing the
commonly occurring flicker content. Furthermore, the harmonic spectrum of the
mathematical EAF model is inaccurate, the second harmonic is 27.6% lower, while
the third harmonic is 30.0% higher than in the current measurement model. The
public STATCOM model also shows limited accuracy. It only reduced flicker by
an average factor of 3.47 compared with the Hitachi’s model that reduced it by an
average factor of 7.53. In addition, the public STATCOM increases the current total
demand distortion (TDD) by an average of 43.1% compared to a 6.5% decrease for
the Hitachi model, and it lacks power factor (PF) control capability.

To improve the mathematical EAF model further the second harmonic and interharmonic-
group would need to be increased and more apparent power peaks would need to
introduced. The public STATCOM model could be improved by incorporating
d-current flicker control, dedicated power factor control and a current rate limiter.
In its current form the mathematical EAF model is not suitable for estimating
flicker or harmonics. Moreover, due to its poor flicker and harmonic performance the
STATCOM cannot be used. Therefore, STATCOM sizing studies are unsuitable to
do with the public model.



Keywords: EAF, STATCOM, Power Quality, Flicker, Harmonic, Interharmonic,
Negative Sequence, Power Factor.
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1

Introduction

1.1 Background

With an increasing converter based generation and load, present regulations for power
quality face risks of being insufficient in upholding distribution quality standards.
As such, standards might change to account for this growing problem which would
force industries to comply in ensuring that they do not further pollute the grid. One
source of pollution is the (EAF), industrial loads used to melt metal with the use of
high current electrical arcs. These arcs are very hard to model because of changing
load asymmetry, making it a continuous transient system since a steady state is
never reached. For this reason, the active and reactive power also follow the same
transients which work to pollute the power quality, resulting in phenomena such as
voltage flickers and harmonic distortion. To mitigate these effects a STATCOM is
commonly used to counteract variations seen by the grid. The STATCOM use power
electronics to change its reactive power output to stabilize the voltage at the point
of common coupling (PCC), and is better suited for flicker and harmonic mitigation
as opposed to a thyristor based compensator as the switches can be turned off before
the current zero crossing. Because of complexity and high investment costs, accurate
simulation models are important in STATCOM sizing to ensure grid compliance and
overall business operation.

As the EAF has continuous, fast and transient dynamics which dictate the har-
monic and flicker content, full electromagnetic transient (EMT) simulations are
required for accurate representation of the EAF-STATCOM interaction. RMS
simulations are good for steady state studies and slow power flow dynamics, but
misrepresent fast transient behavior by averaging the waveform. This ends up either
misrepresenting the EAF characteristic or manipulating the EAF input data in such
a way that performance results may be misleading.

Many approaches have been used to model EAFs. In [1] and [2] mathematical
models using a random number generator to represent the dynamic behavior of an
EAF were tried. Meanwhile other studies [3], [4] and [5] used recorded data from
real EAFs in their models to capture all behaviors of EAFs. The EAF measurements
were used to feed different source equivalents. Both current and voltage-impedance
equivalents were used. Different simulation software was used for these studies.
PSCAD is commonly used as it is built for EMT simulations.
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In PSCAD, Hitachi has built a virtual emulation of their STATCOM controller
called Modular Advanced Control System for HVDC (MACH or vMACH for the
PSCAD controller), containing virtual representations of the control-cabinets and
communication-schemes [6]. This allows for very accurate simulations of how an
actual STATCOM controller functions and reacts to EAF dynamics. For STATCOM
sizing Hitachi use the vMACH together with an EAF model based on a current
source that inputs recorded EAF current data [6]. Another common tool used to
simulate EAFs and STATCOMs is DIgSILENT PowerFactory (DPF) [6]. DPF is a
software that can perform load flow calculations, RMS and EMT simulations among
others. In DPF a prebuilt model of an EAF based on a stochastic mathematical
model exists together with a simple STATCOM model with flicker control.

1.2 Aim

This thesis aims to evaluate whether publicly available models can be used to reliably
study power quality effects related to EAFs and whether the results are applicable
for STATCOM sizing. To achieve this the DPF model will be used and compared
with the Hitachi model.

1.3 Research Questions

o How accurately does a mathematical EAF model represent the negative power
quality effects induced by an EAF compared with a measurement based model?

o How accurately does a simplified publicly available STATCOM model compen-
sate the negative power quality effects induced by an EAF compared with a
detailed STATCOM model?

« Based on the questions above, to which extent can the public model be used
for STATCOM sizing? How does the software affect these results?

1.4 Limitations

o Only AC EAFs will be simulated.

o This report only evaluates power quality effects related to flicker, harmonics,
interharmonics, negative and zero-sequence.

o The EAF measurement model will be used as reference when evaluating models.
This is done as Hitachi uses this model to size their STATCOMs.

e The vMACH will be used as reference for STATCOM models. This is done
as it is a very accurate representation of a real STATCOM that is used in
industrial applications.

o Because the vVMACH is Hitachi’s intellectual property it cannot be explained
in detail.

o The project does not aim to study any STATCOM control or parameter
optimization in detail.
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Theory

2.1 EAF Types and Operation

There are many types of EAFs, and they are primarily categorized in AC and DC
furnaces. Figure 2.1 shows a very simple schematic of the three phase AC furnace.

H 1
r

Figure 2.1: Simple AC EAF design for bucket charging from [7].

The furnace is fed electricity from three movable electrodes that control the strength
of the arc depending on the altitude and exposure to the scrap material [8]. Before
operation, the top valve is swung to the side for charging of the furnace, the process
by which raw scrap material is added for melting [8]. Afterwards the lid is closed
and the electrodes are lowered to start the melting [8]. The design in Figure 2.1 can
be tipped to pour the melt, but industry applications usually have different methods
as the designs can grow very large [8]. Due to massive current draw and to protect
the furnace shell from radiation both the EAF and cables feeding the electrodes are
water cooled [8].

Figure 2.2 shows a general grid connection for industry application EAF:s. The
industrial connection is made immediately at the 132 kV distribution level which
is connected through a high voltage (HV) 132/33 kV transformer to a 33 kV bus,
called the dirty bus as it needs to be isolated from other industry appliances and
local loads due to the EAF power quality pollution [8]. The transformer is often
configured to DNy to remove zero-sequence current, but other configurations exist
where both sides are directly grounded [6].
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132kV

- D>

33kV dirty bus 33kV clean bus

STATCOM Eé;
Ladle furnace Other industrial loads
EAF

Figure 2.2: Industrial EAF and STATCOM grid connection

Other furnace equipment and compensating devices are also located on this bus, for
example the ladle furnace, shown in Figure 2.2, which is a smaller EAF often used
to refine and finalize the bath. This involves temperature and chemical composition
control and has a gentler operation than the EAF [8]. The furnace connection consists
of an EAF transformer and often a variable reactor for reactive power control. Both
the HV and EAF transformers are equipped with tap changers for voltage control
[9]. To meet transmission system operators (TSO) grid codes for voltage flicker and
other power quality effects produced by the EAF compensating devices are installed
in shunt, usually STATCOMS for their ability to react to rapid changes at the dirty
bus.

The AC EAF is the most common furnace and can be operated using bucket
charging and continuous charging [8]. Bucket charging involves discretizing the
operation in phases of charging and melting whereas continuous charging uses a
conveyor belt style layout, always feeding the furnace during operation [8]. This is
typically called the consteel process. A typical bucket charge operation is shown in
Figure 2.3 [10]. Note that the profile shown is arbitrary and serves to communicate a
general characteristic attributed to the bucket EAF. Profiles vary between producers
and models.
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Bucket EAF Melting Profile
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Figure 2.3: Bucket charge EAF melting power profile with phase defini-
tion and furnace load state.

The process can generally be sorted into charging, boring, melting, superheating
and tapping [11], [8]. The distinction is made as every work cycle often requires the
scrap to be melted from the beginning with different stages in the process requiring
different working conditions. The furnace is controlled with the series reactor and
tap changer to control the voltage and consequently the power factor (PF) of the
EAF [9]. The PF operating point is between 0.7-0.9 and is shown in Figure 2.4 with
different operating points for an EAF maintaining 300 MVA [6].

85 9
12 [kA]

Figure 2.4: EAF operating point diagram
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The work cycle begins with charging of the EAF, where the furnace lid is moved to
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unload the scrap bucket [8]. It is common for the furnace to contain leftover melt
from the previous operation, or for portions of the scrap material to be otherwise
preheated to accelerate the process [11], [8]. This is often the case when using a
double-furnace design where the electrode arm can be moved between the two buckets,
increasing operation up-time. Here the preheating is done by transporting hot fumes
from one furnace to the other between operations [8]. A similar strategy is used in
continuous charging, where the fumes are transferred from the operational furnace
along the conveyor belt to preheat the scrap [8]. For the DC furnace pre-heating
is required [11]. When the lid is closed the boring phase begins. This is the most
demanding part of the operation, with rapidly varying power draw and asymmetry.
Here, a lower PF is required to keep the arc ignited [11]. After a while the active
power draw reaches its max as the operation enters the melting phase and lastly
superheating phase when the scrap material is sufficiently melted [11], [6]. The PF
is increased as the arc can be sustained and the substance is refined and heated
to reach the desired temperature [11]. Afterwards the furnace is tipped and the
melt is let out, known as tapping [11]. The work cycle takes around one hour with
interruptions mid-session, typically one or two, for re-charging as the melted scrap
material frees up space for additional material [8]. This is also shown in Figure 2.3.

Continuous charging instead has a longer operating phase where raw material is
continuously added [8]. The benefit of the continuous charging EAF is that the
melted material keeps a more even temperature throughout the operation, in turn
managing a more even impedance profile that leads to less voltage fluctuations [8].
A single melting session can be performed over an entire week, thus lessening the
impact on the grid [8].

The industrial DC EAF was introduced in the late 80’s[8]. The principal oper-
ation and grid connection is the same as for the AC EAF, though the design uses a
single movable electrode fed through a three phase rectifier connecting the arc to
an electrode placed at the base of the furnace [8]. However, the controller in the
rectifier changes the current draw based on current grid conditions more than an
AC EAF. In Figure 2.5 a schematic of a DC EAF is displayed [8]. Dual electrode
designs without bottom electrode also exist [8]. In Figure 2.6 the principal diagram
of a twelve pulse fed DC-EAF is displayed.
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From DC d 33 kV dirty bus
Rectifiar

EAF transformer

Cathode
Electrode

Rectifiers ﬁ 7(

To DC
Rectifigr s
DC EAF
Figure 2.5: Simple DC .
EAF adapted from Fig. 1 Figure 2.6: 12-pulse DC EAF
in [12] principal operation

The DC furnace offers better performance with regards to voltage flicker and noise
during operation [11]. Drawbacks are investment and operational costs from the
rectifiers and continuous maintenance of the bottom electrode [11].

Both AC and DC EAF will experience movements in the mechanical structure
due to the large electromagnetic forces [13]. These movements are called secondary
system oscillation and usually have an oscillating frequency between 2-5 Hz [13].
The mechanical oscillation will move the electrodes witch in turn will change the arc
length and therefor introduce the same oscillation in the phase current [13].

2.1.1 Different EAF Modeling Approaches

EAFs have been modeled in different ways. In [1] the authors modeled the EAF
like a random resistance R(t) according to (2.1) where w; and wy are random
frequencies with concentration around 8 and 30 Hz respectively. a; and ay are
randomly generated magnitudes ranging from 0 to 50 and 0 to 10 respectively [1].
wr, wy,ar, and ay values are updated every zero crossing and the phase angels 6,
and 6y are calculated to ensure continues waveforms [1]. Ry is a constant resistance,
t is time. [1].

R(t) = Ry + ay cos(wrt + 01) + ay cos(wgt + 05)[Q] (2.1)

In [2] the authors used a mathematical function combining both a hyperbolic (2.2)
and an exponential (2.3) equation to make the best possible representation where
the hyperbolic function was used to represent the low order currents and the high
order by the exponential part (2.4) [2]. Unyp(%), Veom (i) and ve,,(7) all denotes the arc
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voltage, i the arc current, C'is the arc power, while D is the arc current constant [2].
V. denotes the voltage threshold that the arc voltage approaches as the arc current
increases. [j is the maximum current [2]. The function O(7) (2.5) is a transition
function that depends on the arc current i and controls the weighting between the
two models [2]. The parameter [, denotes the transition current that defines the
current level at which the model transitions between the exponential and hyperbolic
behaviors [2].

vhyp(i)zvat+( c ) (2.2)

D+i
Veap(i) = Vi (1 — ei/IO) (2.3)
Veom() = [1 = O(0)] - veay + O) - gy 2.4)

0(i) = e<_’?> (2.5)

In [3] the authors used real voltage and current data from an EAF, rescaled to values
a converter could manage to build a power-electronic-based emulation (PEBE). The
converter that emulated the EAF in the lab was controlled by a generalized predictive
power control (GPPC) to emulate the waveforms seen in the data and therefor no
mathematical model of the EAF was needed [3].

In [4] the authors described two classical ways of modeling an EAF when measured
data is available. The first one is called harmonic current injection model (HCIM) and
it works by injecting the measured current from the EAF into the EAFs secondary
side of the transformer [4]. The second one is called harmonic voltage source model
(HVSM) it works by modeling the EAF as a voltage source behind the secondary side
impedance [4]. The measured voltage is at the secondary of the EAF transformer.
The calculation and circuit is displayed in equations (2.6),(2.7) and Figure 2.7 [4].

‘/cable(t) = Iarc<t> X Zecable (26)
Varc(t) == Vmeasured(t) - ‘/;able(t) (27)
EAF ‘ ‘/measu'red anble ‘ Vm“c(t)
Transformer Y YYD | — .

secondary ‘

side

+ Veable - = @ WV

i

Figure 2.7: Arc voltage impedance model
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2.1.2 PowerFactory Random Noise Model

In DPF there exists a prebuilt project featuring an AC EAF compensated by a
STATCOM. Figure 2.8 shows the grid equivalent and Table 2.1 the system parameters.

230 kV

11—

ZT HV
20 kV

STATCOM

Figure 2.8: DPF original grid connection with random noise model EAF
and STATCOM.
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Parameter Value Unit

Grid

Serid 1300  |[MVA]
X/R 25.12

Tirv 230/20  [kV]
Sthv 200 [MVA]
Lt nv 0.14 [pul]
RT,HV 0.005 [pu]
Tiv 21/0.9  [kV]
StV 120  [MVA]
LT,LV 0.0796 [pu]
RT,L\/ 0.0025 [pu]
EAF

Spar 137 [MVA]
STATCOM

Irated 968.74 [A]

Table 2.1: Original Random noise model parameters.

The grid is by default supplied by 2 synchronous generators and has some other
load connections. The STATCOM is implemented as a current source with an
implemented control model that is given in detail in section 2.3.3. The current
source is grounded by default. Both transformers are directly grounded and use
YNyn configurations. The EAF is implemented as a voltage source ugar behind an
impedance Zg4p. This is also grounded by default.

The furnace model is based on [14] which uses a piecewise-linear V-1 character-
istic that models the voltage based on the time variation of the arc-length based on
a random noise input. Beginning with the single phase arc voltage

upar = Upar(igar) (2.8)

it is described as having a non-linear current-relationship by

C
D +igar
where C' and D are constants used to relate the slope of the current to the increasing

and decreasing parts of the V-I characteristic and ugap,; is the base threshold value
the voltage reaches when switching polarity [14]. It is calculated as

UpAF = UpAF: + (2.9)

uEAF,t:A+B'l

where [ is the arc length in cm and A is a constant accounting for the voltage drops
across the anode and cathode [14]. B is the voltage drop per unit arc length [14].

10
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Without any noise this model is in steady state, so to attribute the model with
typical EAF characteristics such as flicker and voltage fluctuations it needs to be
time-varying [14]. By changing (2.8) to

upar = k- ugaro(ipar) (2.10)
where k is used to determine the actual arc voltage V, with arc length [ from the base
arc voltage ugaro corresponding to ly, which is the maximum arc length suitable for
continuous conduction[14]. By rearranging (2.10) k& can be found

A+ B-l

= ——— 2.11
A+ B -l (2.11)

For varying [, white noise is introduced with reference to the base model as
I(t) =1y —r(t) (2.12)

which, together with (2.11) give the time varying relationship of (2.13) [14].

A+ B- B -

_ATBUD r(t) (2.13)

H=2 """\ 4 =\
*) A+ B-10 A+ B-l

The white noise is generated based on a number, called a seed, given to a random
number generator. The DPF implementation of the random noise model calculates
the phase voltages as per equations (2.9) and (2.13) with the phase currents as input.
The calculation block diagram in Figure 2.9 illustrates this and the parameter values
are found in Table 2.2 [14].

. N 1 . Slope
EAR 1+sT Detector Band Pass
rnd ——— ) — k(1)
Jv Filter
C A —‘@\O l
N
» N /D _,( >—>B—> UEAF
CB S D T A
Y ‘/at
DA O\O
—
Dp o I
» abs()
> sign()

Figure 2.9: Single line voltage calculation block diagram.

The currents are first put through a lag filter and then fed to three different blocks,
one of these being a slope detector that compares the last two values of igap to
determine the slope of the current as described in equation (2.14).

11
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Parameter Value Unit
Ca 190000 (W]
Cp 39000 (W]
Dy 5000 [A]
Dg 5000 [A]
Vit 200 [V]
A 40] V]
B 10 [V/cm]
lo 10 [cm]

Table 2.2: Random noise model parameters

£(t) = { L dgap > Z:EE:%F N ligap — z:z,;:%ﬂ > 0.0001 (2.14)
0, toap <igap AN |ihap —igar| > 0.0001
It outputs 1 for a positive slope on the condition that the absolute value of the
slope exceeds 0.0001. The condition works as a dead-band. Conversely it outputs 0
on the negative slope given the same condition, otherwise the last output is kept.
The logical values control the switch states C and D that outputs the different V-I
relation values C'y, C'g, D or Dp.

At the last step the random noise is injected to the voltage. The noise works
by generating a uniformly distributed value rnd between -1 and 1 with a frequency of
100 Hz. In DPF there are three methods for generating random noise. The Mersenne
Twister, Linear Congruential and Additive Lagged Fibonacci method. By default,
the Mersenne Twister method is used. The signal rnd is then passed through a
second order band pass filter on the form shown in equations (2.15)-(2.17)

_ HO-w s
T Q w%—l—%s%—ﬁ

wo = 271/ fiow * Jhigh (2.16)
g = VJrion Jiow (2.17)

N fhigh - flow
with parameters Hy=10, frigh=4Hz, fhign=14Hz. The filtered noise is then passed
through equation (2.13) which is at last used to scale the output voltage ugar. The

entire process is performed for each phase with different random noise seeds. This
makes the model inherently unbalanced.

H(s)

(2.15)
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10° : : : : 10°
10* ¢ 10}
—10%} — 10%}
2. .
> 107} > 102!
10"} ‘ ‘ ‘ ‘ 10"}
10° 100 L .
0 200 400 600 800 1000 0 200 400 600 800 1000
f [Hz] f [Hz]
(a) Constant arc length (b) Varying arc length

Figure 2.10: Harmonic analysis of the voltage at the dirty bus

The model resulted in the harmonic distribution shown in Figure 2.10. Only the odd
harmonics originates from the arc model and the even come from the variations with
the random arc length modulation [14].

2.2 Power Quality

2.2.1 Flicker

Flicker is the variation in the voltage magnitude below 50 Hz. An instant flicker
value P, is defined in the standard IEC61000-4-15 and has a value one when 50%
of the population notices the flicker in a 20 watt lamp [15]. The value of short term
flicker severity P, is equal to one when 50 % of the population would be irritated
by flicker in the lamp and is calculated for a 10 minute period of weighted Pj,
according to equation (2.18) [15]. The percentiles Py, Py, Ps, Pip and Psy are the
flicker levels exceeded for 0,1; 1; 3; 10 and 50% of the time during the observation
period [15]. The suffix “s” in the formula indicates that smoothed values should be
used and are calculated according to equations (2.19)-(2.22) [15]

Py = 1/0.0314 Py + 0.0525 Py + 0.0657 Py, + 0.28 Pio + 0.08 Pygs (2.18)

Psy + P + Py

Psos = 3 (2.19)
P+ Py + P P, P,
Pros — 6+ s+ 150 + 3+ 17 (2.20)
Py — Poo+ P+ Py (2.21)
3
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Long term flicker severity P is a cubic summation of the P values, calculated
according to equation (2.23). For example, an N = 12 reflects a 2 hour P value
given 12 P values based on 10 minute intervals [15].

NP3,
Py = Z]i[t (2.23)

To calculate the different flicker values a block chain that is described in TEC61000-
4-15 is displayed in Figure 2.11 [15]. A tool that uses this process to evaluate flicker
is usually referred to as a flicker meter [15]. In the figure the second and third block
represents the lamp-eye-brain model [15]. Because humans are more sensitive in the
8-12 Hz range these frequencies are more heavily weighted [15]. The flicker meters
minimum necessary outputs are Pj,s, Py and Py [15].

-

Vin Demodulator
— > {eileeeiderey with Squaring Multiplier

Weighting Filter

:Pst; Py Statistic.al Evaluation <Pm3t St 8 Sivesilin
of Flicker Level

\ J &

Figure 2.11: Block diagram of flicker measurement chain

2.2.1.1 Flickermeter Test Specifications

In accordance with TEC61000-4-15 all flicker meters must be checked for sinusoidal and
rectangular voltage changes [15]. The standard states that certain combinations of
voltage fluctuations AU/U and amplitude modulation frequencies f should generate
a maximum instantaneous flicker value Pj,st ma. that equals 1 with no more than 8%
deviation at the output of block 4 in Figure 2.11 [15]. For testing, mandatory tests
are shown in Table 2.3 and Table 2.4 for the case of 230 V, 50 Hz [15].
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f[He] 7 [%]
0.5 0.509
3.5 0.342
8.8 0.196
18.0 0.446
21.5 0.592
25.0 0.764
28.0 0.915
30.5 0.847
33.3 1.671

Table 2.3: Fluctuation frequency and voltage fluctuation for P st maz = 1.
Rectangular voltage fluctuations.

f[He] 57 [%]
0.5 2.325
1.5 1.067
8.8 0.250
20.0 0.704
25.0 1.037
33.3 2.128

Table 2.4: Fluctuation frequency and voltage fluctuation for Pis¢ maz = 1.
Sinusoidal voltage fluctuations.

2.2.2 Harmonics, interharmonics and sequence components

Harmonics are oscillations that are multiples of the fundamental frequency. In a
50 Hz system the second, third and fourth harmonics have a frequency of 100, 150,
200 Hz and so on. Harmonics appear in the power system due to non-linear loads.
Interharmonics is the rest of the frequency spectrum that is not a integer value of h.

Different standards exist to estimate harmonics. In the standard TEC61000-3-6
harmonics are calculated by first defining all current and voltage sources and then
all elements in the circuit with frequency dependent behavior [16]. Then each har-
monic is injected and the harmonic current and voltage at any node can be calculated.

In the standard IEC61000-4-7 signals from EMT simulations are analyzed [17].
An fast Fourier transform (FFT) is calculated from a moving 200 ms window which is
used to calculate the frequency spectrum. Due to the fact that the FFT is performed
over a 200 ms moving window on a moving signal the energy of a harmonic will
spread out over adjacent frequencies. To ensure a more accurate representation of
each harmonic they are calculated in harmonic subgroups. Each harmonic subgroup
is 10 Hz large. For example, the first harmonic subgroup is between 45 < f < 55
Hz. Interharmonics are also calculated in subgroups. Therefore, the interharmonic
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will be a 45 Hz large window. For example, the first interharmonic will be between
55 < f < 95 Hz.

2.2.3 Symmetrical components

When a three phase system is unbalanced a one phase equivalent can no longer be
used to analyze it [13]. Symmetrical components can instead be used to analysis
the unbalanced three-phase systems [13]. In equation (2.24), a three phase voltage
can be transformed into 3 symmetrical components that are uncoupled from each
other using the Fortescue matrix where a is a 120° counterclockwise rotation [13].
The three components are the positive V;, negative V5 and zero V component [13].
The positive component rotates counterclockwise, the negative clockwise and the
zero-sequence is a stationary component as displayed in Figure 2.12 [13]. Similarly,
currents can be transformed according to equation (2.25) [13]. The impedance matrix
can be derived according to equation (2.26) where A is the Fortescue matrix [13].

Bl 1]
Vil==11 a a&*| |V, (2.24)
A I F - B
L] 1 1L
LI|==|1 a a&*| | (2.25)
I ] 3 11 a? al |1

Vave = Zapelave
AVi2 = ZapcAlp1o
Voo = A7 Zyp Al
= Zoo=A"Zuy A

(2.26)

Figure 2.12: Symmetrical components of a three phase system. From
[18].
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As the zero-sequence current needs a ground connection to flow deliberate grounding
can force the current to stay in a certain part of a three phase system [13]. With a
two winding transformer Dy connection a zero-sequence current will only flow on the
y side if the neutral is grounded as displayed in Table 2.5 [13]. With a Dd connection
a ground connection is never established and therefore a zero-sequence can never
flow [13]. With a Yy connection a zero-sequence current can only flow through if
both sides are grounded [13]. If one side is ungrounded the zero-sequence current
will see an open circuit [13].

Case Transformer Zero-sequence connection
No Connection type © au onne
Zy Zr,
1 C )\ Ho M °L
No
Zy Zr,
2 A % Y «MT oL
Ny
Zy Zr,
3 /\ H AN °L
ZnH 3ZnH
No
Zy Zy,
4 é é He M °L
No
Zn Zr,
5 )\ )\ Ho o AAN——AAN— oL
No
Zy 7y,
6 % % oo AAN—— AN L.
No
3Z71H + ZH 3ZnL + ZL
7 Ho——"\/\/\V——VV\—>—L
ZnH ZnL
Ny

Table 2.5: Comparison of zero-sequences for different types of trans-
former winding connections.
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2.2.4 TSO Power Quality Requirements

The Swedish TSO Svenska kraftnat (SVK) uses the standards IEC61000-3-6 [16]
and TEC61000-3-7 [19] for the planning levels of voltage harmonics and flicker [20].
Planning levels are what a TSO wants the future maximum power quality disturbance
to be at the connection points to the high voltage (HV) grid [20]. The planning
level must always have margins for future connections and changes, therefore the
allowed disturbance level for a new installation is usually much lower as displayed in
Figure 2.13 [20]. The grid operators such as Vattenfall Eldistribution AB also limit
the amount of reactive power that can be exchanged with the grid by adding a cost
to each kVAr [21]. The price increase linearly with the amount of reactive power
exchanged with the gird [21].

Margin
Margin for future
connections and future
changes in

the network

Margin —

Contribution to disturbance level
from the new installation

Disturbance level
Compatibility level

Planning level

Existing disturbance level

Level after connection

Figure 2.13: Overview of the relationship between compatibility level,
planning level, existing disturbance level, and the contribution to the
disturbance level from a newly connected disturbing installation.

In [16] the recommendations for voltage harmonic planning levels for a HV and extra
high voltage (EHV) grid are displayed in Table 2.6.

Table 2.6: Indicative planning levels for harmonic voltages (in percent
of the fundamental voltage) in HV and EHV power systems

Odd harmonics Odd harmonics Even harmonics
non-multiple of 3 multiple of 3

h HV-EHV (%) h HV-EHV (%) h HV-EHV (%)

5 2 3 2 2 1.4

7 2 9 1 4 0.8

11 1.5 15 0.3 6 0.4

13 1.5 21 0.2 8 0.4
17<h <49 1.2-1h7 21 < h <45 0.2 10§h§500.19-1}?+0.16

[EC61000-3-6 also states that a good conservative planning level for voltage interhar-
monics should be less or equal to 0.1% of the fundamental voltage [16].

18



2. Theory

The recommended planning level for voltage flicker Py 959 is set to 0.8 and Py 959
at 0.6. This means that the P,; and P shall not exceed that limit for 95% of the
time [19]. Moreover the Py ggand Py 999 should not exceed 1.5 of the 95% value [19].

SvK states that the planning level during each one-week period, 99% of the 10-minute
values of the three-phase voltage unbalance shall be less than or equal to 1% [20].

In [16] its stated that the minimum emission limit allowed for flicker requirements
is Py 5% at 0.35 and Py 5% at 0.25 for a single installation. For harmonics, inter-
harmonics, and unbalances no minimum emission level is set. However, recently
the emission limit that SvK sets for new installations has decreased for harmonics,
interharmonics and flicker [6].

2.3 STATCOM

Historically, Static Var Compensators (SVC) have been used as compensating devices
for EAFs, SVCs manage its current output with thyristor controlled reactors and
capacitors (TCRs and TSCs) [9]. However, due to the characteristics of the SVC it
is not optimal for EAF flicker and harmonic compensation[9]. As the response of
the SVC is limited by the thyristor ignition it has problems reacting and accurately
mitigating the fast dynamics [5]. An SVC typically reduce the flicker content by a
factor of 2, meaning the system can expect to receive half the flicker [9].

Today, STATCOMSs are the most common applications for EAF compensation
[9]. The STATCOM is a shunt compensator, like the SVC, but instead uses a voltage
source converter (VSC) equipped with IGBT based converters or similar [9]. This
technology allows the device to switch without delay, greatly improving response time
[5]. In Figure 2.14 a delta configured STATCOM is shown together with each phase
leg. Full bridge converters consisting of four transistors and a DC-link capacitor
constitutes the cell, which is capable of generating an output voltage +Up¢, 0 or
—Upc which is dependent on the switching pattern [9]. As the cells are modular the
output sinusoidal voltage can be refined in incremental steps by increasing the amount
of cells [9]. Delta connected STATCOMs are commonly deployed for their ability to
provide reactive power for negative-sequence and harmonic current mitigation but
also small amounts of active power [9]. This is possible as the DC voltage of each
cell can be regulated by the control around a preselected level, allowing small active
power compensations that converges to zero across the operation [9].
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Figure 2.14: Example schematic of delta configured STATCOM.

The dynamic range is also better compared with that of a similarly rated SVC
as shown in Figure 2.15. Additionally, a STATCOM can often mitigate low-order
harmonics, removing the need for passive filters [9]. This reduces the required size
and operational costs of the STATCOM, and if appropriately dimensioned can reduce
the flicker values up to 5 times [9)].

SVC

STATCOM

Figure 2.15: Dynamic example performance of SVC and STATCOM.

2.3.1 STATCOM control in EAF application

In a transmission application, the main functional objective of the controller is to
manage the bus voltage from disturbances caused by other loads, improving system
stability. For the industry EAF application, the objective is instead to manage
the disturbances generated by a specific load, in this case the EAF, reducing the
variations and flicker seen by the grid [9]. As such, the EAF STATCOM controller
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uses a dedicated flicker control and PF control with no voltage regulation as shown
in Figure 2.16 , usually letting the main step-down transformer manage the dirty
bus voltage level if equipped with a tap changer [9].

PCC 132 kV
/[:n,cl,
3V [ +
T
Ubys
Cos(yp)

—| (PF control)

U (2)—|staTcom
EAF & Flicker

control

Figure 2.16: Example industry application STATCOM control with
dedicated flicker and PF control.

2.3.2 Flicker and Power Factor Control

The flicker controller aims to mitigate all the currents absorbed by the EAF except
for the active fundamental component [9]. To achieve this the controller measures
the EAF three phase currents igsr and transforms it to the rotating reference
frame using the Clarke (o) and Park (dg0) transformations, where d and ¢ are the
respective active and reactive current contributions. A basic representation of this
process is illustrated in Figure 2.17.

1
ny/2

n1—1
—1 > Z?’leo COS(SCn) > Z-%‘licker

Y

d
tEAF

s 9
—1 > UFlicker

Y

-q
LpAF

Figure 2.17: Flicker current control block diagram
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The flicker controller is designed as an open loop controller as it needs to act fast.
i% 4 and %, are the EAF active and reactive dq current quantities. As can be
seen, i 4 only passes through a negative gain block straight to the current con-
troller. 7%, also passes through a 2"¢ order harmonic filter which removes the
DC-component. Everything else is sent to the current controller with reversed polar-
ity. The harmonic performance of the controller is highly dependent on the d-current
filter used, though a flicker controller can generally provide some harmonic support
[10]. More complex filters featuring dedicated harmonic compensation functions
require larger converter ratings which in practice means more cells and higher costs [6].

The power factor controller measures the dirty bus voltage uy,s and current i, to
keep the power factor at a desired value, usually unity, by compensating the reactive
power downstream the dirty bus [10]. Tt is a closed loop controller, deliberately set
to be slow compared with the flicker control to not interfere [10].

Due to measurement errors and inherent delays, the response current will natu-
rally not be able to fully mitigate all the variations and flicker. Some effects are
also not considered in the model shown in Figure 2.17, such as dq cross coupling
associated with transients. The Hitachi vMACH controller has filters that consider
this, but these cannot be disclosed [6].

2.3.3 Cigré Control

Cigré gives many examples of a STATCOM control in [22]. One of the simpler ones
is displayed in figure 2.18. It works by transforming the EAF phase currents to dq
currents. To achieve this the voltage phase angle is extracted using a phase locked
loop (PLL). Then it averages the dq currents from the EAF over 0.5 seconds to
estimate the steady state demands of the furnace. The controller then subtracts the
steady state current from the instantaneous current. The magnitude of the difference
is then limited to the maximum of the STATCOM current. Finally, the current is
transformed to phase current and then input to the dirty bus by the STATCOM to
cancel the variation in q and d current by the EAF [22].

ipar = abc/af = «af/dqg = Moving Average

A
~
S |2
S <
]D — ]Dref SD
0 >+ —
Vius = PLL l'mag Y
Ip X Igres | dq to polar > limiter = polar to dq
_—

Y

Liey < af/abe (+— dgq/af

A

Figure 2.18: Cigré STATCOM controll model.
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2.3.4 STATCOM sizing

Figure 2.19 shows an example reactive power response of an EAF compensating
STATCOM. The dynamic current capability of the VSC is decisive in the flicker
performance of the STATCOM [10]. Apart from maintaining the constant compensa-
tion required for the EAF, transformer and other furnaces connected on the bus the
VSC needs to have capacity for mitigating the large dynamic current surges drawn
by the EAF, even though these may be far in between and short in duration [10].
This is because the Py 959 and Py 959 values are weighted towards higher P, values
[15]. Because of this it is crucial to capture the large dynamic current draw over the
entire EAF operation in any models used for STATCOM sizing to be certain that the
STATCOM has the right amount of reactive power capability to meet requirements.
That is, to allow the right amount of reactive power to fall outside the dynamic
operating range. For this aim the bucket EAF is harder to model.

T T | ——— T T 100

=
Dynamic out of range 1am . -~ Dynamic out of range
! STATCOM Dynamic range ’

0.000 MVA1 36.200 MVAr
/ -75

-850

Cumulative Occurence
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Y

)
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a
| | I il ||||||“
0

o ‘ 5 a0
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Control signal Mvar (Based on 3-phase)

Figure 2.19: STATCOM dynamic range and reactive power injections.

2.4 Step function

A step function is not periodic, so it does not have harmonics in the discrete Fourier
series sense [23]. A square wave with a finite rise time will have its continuous
harmonic spectra distributed along its DC quantity and cutoff-frequency, as shown
in Figure 2.20, determined by the inverse risetime [23]

1

fcutoff =

trise
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Ui(f)

—— S~/

_fcutoff fcutoff

Figure 2.20: Amplitude over frequency of the step function
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Method

3.1 EAF modeling

The different EAF models considered can be found in Table 3.1. Two flicker models
are considered, the EAF measurement and random noise model both mentioned in
section 2.1.1. These change how the EAF characteristics are generated. For the
random noise model only a voltage-impedance (V/Z) model is considered whereas
the EAF measurement model uses a V/Z and current source model. The V/Z model
is created to make the EAF measurement model electrically similar to the random
noise model to investigate the impact of the source equivalent. Two different EAF
measurement files are used with recordings from a bucket charge and consteel EAF.
This is done to show the different power quality effects for comparison. The random
noise model is tuned to generate similar flicker as the bucket charge EAF. The
comparison is made as the bucket charge EAF is more dynamic than the consteel. As
such it is more important to compare whether the random model manages to emulate
all power quality phenomena of the bucket EAF, should it be used for STATCOM
sizing. Lastly, as the thesis aims to compare the detailed vVMACH STATCOM
controller built in PSCAD with the Cigré controller used in the DPF model all EAF
models found in Table 3.1 are implemented in both software to compare STATCOMs
and potential software differences. A grid frequency of 50 Hz is used.

Flicker model EAF Measurement Random Noise
Source model V/Z I V/Z
EAF type Bucket ‘ Consteel | Bucket | Consteel N/A

Table 3.1: All model permutations visualized.

3.1.1 EAF Measurement models

With EAF measurement models, the EAF is represented by an equivalent source
that sets the power draw based on measurements from actual EAF operations.
This is convenient since the model accurately portrays EAF dynamics without any
need for complicated models. The data used is recorded at the primary side of the
EAF transformer connecting the EAF to the dirty bus. Because of this the EAF
transformer is omitted.
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3.1.1.1 Current Source Model

The current source model works by inserting a file with measured phase currents
from the EAF. The current in phases A and B is tracked using a PLL. The PLL
then reassigns a new time base to lock the signal to a constant 50 Hz, preventing any
frequency deviation. The current is then scaled to the right amplitude based on the
EAF rated power Sgar and bus voltage. The C phase is generated by subtracting
the A and B phases. This step ensures a load without zero-sequence. The EAF
is connected to the 33 kV dirty bus through a transformer that is connected to a
4000 MVA grid on the 132 kV side. The grid is displayed in Figure 3.1 and model
parameters and ratings are found in Table 3.2. The transformer is grounded on the
y side with a 50(2 resistance.

132 kV

EAF equivalent

Figure 3.1: Single line diagram of current source model. Without
STATCOM.

Parameter Value Unit

Grid

Serid 4000 [MVA]
X/R 10

Tirv 132/33  [kV]
StHV 250  [MVA]
LT,HV 0.12 [pu]
RT,HV 0.0025 [pu]
EAF

SEAr 120  [MVA]

Table 3.2: Current source model parameters.

3.1.1.2 Voltage-Impedance Source Model

The V/Z model is created by replacing the current source with an equivalent voltage
source behind an impedance, ugar and Zg4p, as shown in Figure 3.2.
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EAF equivalent

Figure 3.2: Single line diagram of V/Z source model. Without STAT-
COM.

Upys 18 the dirty bus phase voltage. With the EAF current measurements, the
background phase voltage ugsr can be calculated as

UBAF = Ubys — ZEAF " LEAF

given an arbitrary impedance Zg pr. The impedance is expanded on the form

L

Zpar = Rpar + sLpar = Rpar(1+ s 0)

Rpar

which is implemented as a lead-lag filter used to emulate the voltage drop across

Zpar based on the recorded current measurements igar.

1+8T1
]_+ST2

Here, T1 = Lgar/Rpar and G = Rpap. Ts is used for noise filtering.

The phase voltage is finally calculated as shown in equation (3.1.1.2).

1+ 8T .

1+ sT5 LEAF
As with the current source model, phase A and B are calculated from the measure-
ments and phase C is generated by subtracting A and B. This ensures a load without
zero-sequence current.

URAF = Ubus — G

An Xgpap/Rpar ratio of 10 and short circuit capacity SCC of 2 p.u is assumed.
Rpar and Lpar can then be calculated as

b
SS cc

pu
ZEAF -
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2
7 o Ubus
base g
EAF
DU
pu ZEAF
EAF 1+ (XEAF )2
Rpar

- ﬁ . ppu
EAF (UR EAF
ZEAr = (R%ZF_I_SL%ZF)ZI)GSE = Rgar + SLgar (31)

where w is the grid angle-frequency. Model parameters and ratings are found in
Table 3.3.

Parameter Value Unit

Grid

Serid 4000  [MVA]
X/R 10

Tav 132/33 kV]
ST HV 250 [MVA]
Ltnv 0.12 [pu]
RT,HV 0.0025 [pu]
EAF

SEAF 120 [MVA]
Rgar 0.451 Q]
G 0.451 Q]
T 31.831 [ms]
T, 0.250 [ms|

Table 3.3: V/Z model parameters.

3.1.2 Random Noise model

For accurate comparisons of the random noise model with the other models, grid
conditions were changed to match the current source model. The 275 kV HV busbar
was changed to 132 kV, and the 21 kV busbar was changed to 33 kV, as shown in
Figure 3.3.
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A Z
:l: T,HV

EAF equivalent

Figure 3.3: Single line diagram of random noise model. Without
STATCOM.

The HV transformer was reconfiguration to match the transformer used in the current
and V/Z source models. The EAF transformer grounding was lifted. The EAF
impedance Zgap was also changed to make the EAF rated power 120 MVA and
power factor ~0.75 upstream of the EAF transformer. This is done as the EAF
measurement files are measured at this point. It was calculated by measuring average
power and PF over 1 minute simulation runs. The point of common coupling (PCC)
at the 132 kV busbar is connected to a grid with a SCC of 4000 MVA. All parameters
are found in Table 3.4.
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Parameter Value Unit

Grid

Serid 4000 [MVA]
X/R 10

Tirv 132/33  [kV]
Sthv 250  [MVA]
Lt nv 0.12 [pul]
RT,HV 0.0025 [pu]
Tiv 33/0.9  [kV]
StV 120  [MVA]
LT,LV 0.0796 [pu]
RT,L\/ 0.0025 [pu]
EAF

SEAF 120  [MVA]

Table 3.4: Random noise model parameters.

To compare the random noise model with the EAF measurement bucket models in
terms of flicker levels the white noise is increased by a factor 18 as shown in equation
(3.2).

B -r(t)
A+ B -l
This is done to meaningfully consider the case with a compensating STATCOM.
A factor 18 is chosen as it creates flicker levels comparable with the bucket EAF
measurements models. To avoid the current and voltage having different signs due
to the large random value a slight modification was done to the original model as
displayed in Figure 3.4. To clarify, a few different permutations of the random noise
model is evaluated in the results. The original model shown in subsection 2.1.2, the
unscaled model without the noise increase, and the scaled random noise model with
the noise increase.

k() =1—18- (3.2)
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Figure 3.4: Single line modified voltage calculation block diagram. The
last two block where added to ensure the correct sign of the voltage.

3.1.3 Implementation in Power Factory

The models described in sections 3.1.1.1 and 3.1.1.2 were implemented similarly in
DPF. Electrically the only difference is that the current and voltage sources are
grounded in DPF. For the EAF measurement models this is not a problem as they do
not have a zero sequence by design. For the random noise model this is mitigated by
impedance grounding the transformers therefore removing the zero-sequence current
path.

Another difference is that DPF has no PLL to sync the simulated dirty bus voltage
with the recorded dirty bus voltage. Because DPF always start the simulated dirty
bus voltage at the same phase angle, synchronization could be achieved by delaying
the start of the simulation. This is done manually to ensure no phase shift in the
dirty buses for the current source model. For the V/Z the phase shift was set to
84.29° to account for the impedances with a X/R ratio of 10.

3.2 STATCOM

All model permutations in Table 3.1 are implemented twice. Once in PSCAD and
once in DPF to compare STATCOM models and software. No STATCOM is equipped
with energy storage.

3.2.1 PSCAD - vMACH STATCOM

The vMACH is equipped with a power factor control and dedicated flicker control as
described in section 2.3.1. The filter used does not feature any dedicated harmonic
compensation function, which is done to make the STATCOM control simpler for
a better comparison with the Cigré STATCOM. However to show the effect of
a dedicated harmonic compensation control a comparison was made on the EAF
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measurement current source model. Figure 3.5 shows the PSCAD STATCOM
connection.

132 kV

- >

33 kV

:
I [ vse

EAF equivalent

Figure 3.5: PSCAD grid connection with vMACH STATCOM.

The STATCOM is modeled as a delta configured VSC that sets its output current
based on the dirty bus voltage and current and EAF current. The STATCOM
connection and HV transformer is consistent across PSCAD models, but the EAF

equivalent is changed depending on EAF model. The STATCOM is rated at 2200 A
and 33 kV.

3.2.2 PowerFactory - Cigré STATCOM

The Cigré STATCOM in DPF is implemented as described in section 2.1.2 but
without d current compensation. This was done as tests showed that the average
active power produced by the STATCOM did not equal 0. The STATCOM grounding
could not be removed as its modeled on a current source block. Figure 3.6 shows the
general DPF STATCOM connection.
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132 kV

- D>

33 kV

STATCOM

EAF equivalent

Figure 3.6: DPF grid connection with Cigré STATCOM.

The STATCOM connection and HV transformer is consistent across DPF models,
but the EAF equivalent is changed depending on EAF model. The STATCOM is
rated at 2200 A and 33 kV.

3.2.3 Step response

To evaluate the different STATCOM model dynamics the step responses are studied.
This is done by changing the EAF measurement file with a file containing negative-
sequence, active and reactive power steps as shown in Figure 3.7 and Figure 3.8.

T T T T T T
—— Ppar

QEar
100

50

MW /Mvar

1.7 1.8 1.9 2 2.1 2.2
Time (s)

Figure 3.7: Negative-sequence, active and reactive power steps. Shown
in that same order. Step length 0.1 s.
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T T T T T T
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1 1 1 1 1 1
5 6 7 8 9 10
Time (s)

Figure 3.8: Negative-sequence, active and reactive power steps. Shown
in that same order. Step length 1 s.

Two different files with different step lengths were used. This was done as some
effects of the Cigré STATCOM were not apparent on smaller time scales. Most
notably as the controller works by compensating all g-current except the 0.5 s moving
average, longer reactive power variations are not mitigated by the STATCOM which
was only apparent in the 1 s reactive power step.

3.3 Flicker meter

In DPF a flicker meter is included according to the calculations in [15]. In the settings
the flicker meter the user can change sampling rate, initiation time, calculation time
for Py, and number of samples per P, value among other settings. The outputs from
the flicker meter are Py, and P values but not P, values. In the tests performed
in this paper the initiation time was set to 10 seconds, and the sampling frequency
is the same as the simulation step, 4000 Hz.

In PSCAD an implementation of [15] was built and validated by Hitachi. In the
settings the initiation time of the filter is split into two parameters and the nominal
voltage frequency of the signal is set. The first initiation time parameter TREL1 sets
the time for the rms filter to use nominal voltage as the rms voltage. The second
initiation time parameter TREL2 sets the time the rms filter should increase its rms
filter speed to reach a steady state value faster. The P, values is the only output
but the P, and Py values can be calculated in an external script according to the
standard [15].

To compare the different flicker meters simulations were made with the unscaled
random noise model in DPF with measurements on the 132 and 33 kV phase A
voltages. These voltages were then used to evaluate the short time flicker Py across
different simulation lengths in DPF. The voltage measurements were also exported
to PSCAD for flicker calculation. Results in section 4.1 show that Py, values change
with simulation time when calculated in DPF but remain constant when calculated
with PSCAD. Because of this all flicker related results were calculated with the
PSCAD tool. The PSCAD flickermeter was then tested as described in section
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2.2.1.1 on square and sinusoidal voltage signals. The signal was created according to
equation (3.3) for the square case and equation (3.4) for the sinusoidal case where A
is the voltage fluctuation amplitude and f the voltage fluctuation frequency.

230 - V2(1 + A - sgn(sin(2n f - t)))sin(2750 - £) (3.3)

230 - V2(1 4+ A - sin(2nf - t))sin(2750 - ) (3.4)

3.4 Harmonics and Interharmonics measurement

DPF features a built in harmonic tool according on TEC61000-3-6 [16]. This standard
does not allow for time domain analysis but only frequency analysis. Therefore, it
cannot analyze the signal generated by the EAF models tested in this thesis. DPF
has no built in feature to calculate interharmonics.

In PSCAD an implementation of IEC61000-4-7:2002 was built and validated by

Hitachi [17]. This allows harmonic and interharmonics to be calculated from any sig-
nal. Therefore this tool will be used for all harmonic and interharmonic calculations.
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Results and Analysis

4.1 Flicker meter

The flicker meters were compared to evaluate their accuracy. As only one P, value
per simulation was calculated, P 100% Will be used instead of Py 5. Table 4.1
shows resulting Py 100% values evaluated in PSCAD (P£5¢4P) and DPF (P2FF)
from simulating 1, 5 and 10 minutes in DPF using the unscaled random noise model.
Flicker values are based on 132 and 33 kV bus phase A voltages. This was done by
exporting the voltage waveforms from DPF and running them as file input to the
flicker calculation blocks. For all other results the PSCAD flicker meter was used.

Run time [min] PS50 PYSs0”  Polsw Pl
1 0323 0.983 0320  0.981
5 0323 0983 0322 0975
10 0.323  0.983 0322 0972

Table 4.1: Py 100% evaluated in DPF and PSCAD on 132 and 33 kV bus
for different simulation lengths.

As can be seen the flicker values in DPF decrease on the 33 kV side with simulation
length while the 132 kV side increases. As the Random Noise model is used, the
flicker should be relatively stable over time considering the model is time independent.
Coupled with the lack of insight and control over the flicker meter settings, a decision
was made to only use the PSCAD flicker meter.

To make sure the flicker meter was properly tuned all mandatory flicker meter
verification tests specified in section 2.2.1.1 were performed. The resulting Pjst max
values are shown in Table 4.2 and Table 4.3. Sufficient delay was considered before
any measurements to avoid initial transient influence.
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f [Hz] TU (%] Pinstmaz Deviation [%]

0.5 0.509 1 0
3.5 0.342 1 0
8.8 0.196 1 0
18 0.446 1 0
21.5 0.592 1 0
25 0.764 1 0
28 0.915 1 0
30.5 0.847 1 0
33.3 0.671 1 0

Table 4.2: Input frequency and voltage fluctuation together with
recorded Py, values. Rectangular voltage fluctuations.

f [Hz] TU (%] Pinst.mar Deviation [%]

0.5 2.325 1 0
1.5 1.067 1 0
8.8 0.250 1 0
20.0 0.704 1 0
25.0 1.037 1 0
33.3 2.128 1 0

Table 4.3: Input frequency and voltage fluctuation together with
recorded P, values. Sinusoidal voltage fluctuations.

4.2 Random noise model

As the random noise model is different from the EAF measurement models with
regards to the equivalent circuit and EAF characteristic implementation some tests
were specifically done to evaluate factors impacting the flicker. All results are based
on 1 minute simulation runs with phase A voltage as input.

4.2.1 Original Model

The original model was found to have zero-sequence current and low power factor,
see Figure 4.1 and Figure 4.2.
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0.2
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0 10 20 30 40 50 60
Time (s)

Figure 4.1: Zero-sequence currenton primary side of EAF transformer
in the original DPF model

The zero-sequence current appears because the EAF arc voltage and STATCOM
are modeled on voltage and current source blocks that are forcibly grounded and
connected through YNyn configured transformers with zero grounding resistance.
The arc should only pass through the melt between electrodes to protect the furnace
shell from current and heat radiation. Transformers are also in reality properly
configured to remove any zero-sequence connection. The existence of a zero-sequence
in the simulation is then bad because it is unrealistic, but also because the zero-
sequence will carry a portion of the flicker content, decreasing the measured flicker
upstream the EAF.
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Figure 4.2: Active power, Reactive power and PF on the secondary side
of the EAF transformer in the original DPF model.

Figure 4.2 shows that the EAF PF is lower than the operating range of any actual
EAF. Observe that the PF plot in Figure 4.2 is measured downstream of the EAF
transformer while all other PF results gathered in section 4.4 are measured upstream.
As the transformer consumes inductive reactive power the original model has even
lower PF upstream. For context Table 4.4 shows the PF effect on the flicker, compared
by changing the X/R ratio of the EAF. The scaled random noise model is used as
the larger flicker values better shows the effect. Flicker values calculated from phase
A voltage on the dirty bus. As can be seen flicker is increased for decreasing PF
which is not surprising considering voltage is sensitive to reactive current variations.

X/R ratio PF P,

1 0.82  9.347
2 0.7 10.281
3 0.62 10.886

Table 4.4: Power factor effect on flicker.

4.2.2 Transformer grounding

As the EAF and STATCOM grounding could not be lifted in DPF the transformer
grounding were studied to evaluate the zero-sequence effects on the flicker. Tests were
done with the unscaled random noise model in both PSCAD and DPF to evaluate
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differing behaviors. Table 4.5 show the resulting P 100% values from using different
transformer grounding resistances. Ry gy refers to the HV transformer grounding
resistance and R, pap the EAF transformer grounding resistance. Grounding is
always done on both sides of YNyn configuration.

Rynv [ | Rypar [Q] | Software | P izory | Petasev
0 PSCAD 0.281 1.026

0 DPF 0.347 1.329

50 PSCAD 0.256 0.787

DPF 0.323 0.983

0 PSCAD 0.260 4.867

50 DPF 0.326 5.710

50 PSCAD 0.256 0.787

DPF 0.323 0.983

Table 4.5: Short time flicker analysis with varying HV and EAF trans-
former grounding. Py 100% calculated on HV and LV side of HV trans-
former.

Comparing the grounding cases reveals an overall increase in flicker in both software
when enabling a zero-sequence path. Whilst the presence of a zero-sequence path does
not inherently generate flicker it can increase flicker severity by enabling unbalanced
current components to produce additional voltage fluctuations. Particularly when
connected to a highly nonlinear load like the EAF. The most extreme case happens for
Ry rv = 50 and Ry par = 0 because the zero-sequence current is trapped downstream
the HV transformer. The orginal DPF configuration Ry gy = 0 and Ry par = 0 also
increase the flicker. Evidently the EAF transformer grounding decides whether or
not a zero-sequence path exists.

4.2.3 Random Number Generator in DPF

The different random number generators in DPF were tested. Table 4.6 shows
resulting Py 100% values when using the different random number generators. Unscaled
random noise model are used.

Method Pya.av  Psrv
Mersenne twister 0.32 0.98
Linear Congruential 0.39 1.11

Additive Lagged Fibonacci  0.34 1.02
Table 4.6: Short time flicker analysis with varying random number gener-
ation method. Py 190% calculated on HV and LV side of HV transformer.

The three different generators available in DPF all give different flicker values, with
a 12.7% increase in flicker between the lowest and highest. In PSCAD an option is
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not available to choose random number generator method. To make the models as
similar as possible the Mersenne twister method was used.

4.3 STATCOM Step Response

Step tests were performed as described in subsection 3.2.3 to gain insight in the
controller mechanics.

4.3.1 Active and Reactive Power Response

Figure 4.3 and Figure 4.4 show the measured P and () step responses for 0.1 and 1 s
steps.

MW /Mvar

MW /Mvar

1.7 1.8 1.9 2 2.1 2.2

CIGRE STATCOM

MW /Mvar
S
T

Time (s)

Figure 4.3: Measured dirty bus P and () responses to negative-sequence,
active and reactive power steps at the EAF. Without STATCOM, with
vMACH and with Cigré STATCOM. Chronologically in that order. Step
length 0.1 s.
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Figure 4.4: Measured dirty bus P and () responses to negative-sequence,
active and reactive power steps at the EAF. Without STATCOM, with
vMACH and with Cigré STATCOM. Chronologically in that order. Step
length 1 s.

The Cigré STATCOM is limited in its ability to mitigate negative power quality
effects for a few reasons. Firstly, the lack of d-current mitigation is evident in the
negative-sequence compensation. The negative step response shows that the vMACH
outperforms the Cigré controller, which happens because the vVMACH flicker con-
troller compensates any non-DC d-current components. The Cigré controller instead
disregards all d-current components which can be seen in the step response. Since
the reactive power variations is compensated the active power is increased, which
leads to larger oscillations as seen during the negative-sequence step in Figure 4.3.

The lack of PF control is also evident. The reactive power step response shows
that for any longer change in reactive power output the Cigré STATCOM will stop
compensating. This happens because the controller measures the g-current, removes
the 0.5 second average and compensates the rest. Because of this the controller
does not compensate longer constant reactive power offsets. It only compensates the
reactive power variations around the moving average.

Figure 4.5 shows a zoomed window of the STATCOM response transients
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Figure 4.5: Dirty bus P and Q transients during the initial STATCOM
reactive power response (top and middle). Cigré STATCOM output phase
A current (bottom).

The transient is a oscillation with 20 kHz frequency. It has a sawtooth form since the
simulation was done with a 25 pus step size. The initial transient especially affects
the active power. As can be seen the response current is set almost immediately by
the STATCOM which likely happens as the control lacks any rate of change limiter.
As the response is square and has a very short rise time, the harmonic content is very
high. The lack of rate of change limiter probably increases the flicker performance of
the controller. However, it is a bad representation of an actual STATCOM, which
will inherently be limited in its current rate due to the STATCOM reactance.

4.3.2 D-Current Step Response
Figure 4.6 and Figure 4.7 show the d-current response for 0.1 and 1 s steps.
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Figure 4.6: vMACH and Cigré STATCOM d-current step response to
negative-sequence, active and reactive power steps. Chronologically in

that order. Step length 0.1 s.
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Figure 4.7: vMACH and Cigré STATCOM d-current step response to
negative-sequence, active and reactive power steps. Chronologically in

that order. Step length 1 s.

As can be seen in the d-current responses the PLL in the Cigré controller is very
accurate. This in combination with a lack of a rate of change limiter makes the dq
transformation very accurate, allowing it to ignore the d-component entirely.
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4.3.3 Q-Current Step Response
Figure 4.8 and Figure 4.9 show the g-current response for 0.1 and 1 s steps.
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Figure 4.8: vMACH and Cigré STATCOM q-current step response to
negative-sequence, active and reactive power steps. Chronologically in
that order. Step length 0.1 s.
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Figure 4.9: vMACH and Cigré STATCOM d-current step response to
negative-sequence, active and reactive power steps. Chronologically in
that order. Step length 1 s.
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In Figure 4.9 it can be seen how the Cigré controllers moving average filter makes
the STATCOM supply the bus with reactive power even after the step has ended.

4.4 Simulations

To evaluate and compare the power quality characteristics of the EAF and STATCOM
models, 10 minute runs using full waveform EMT simulations were performed in both
PSCAD and DPF. For the bucket charge EAFs the recordings are from the boring
phase. 25us solution time step was used. Simulations were made with STATCOM
(compensated) and without (uncompensated). Scaled random noise model is used.

4.4.1 Flicker - Overview

Flicker measured according to IEC 61000-4-15 as described in section 2.2.1. The
Py 100 values are calculated on a 10 min time interval. Because of this Py 100%
values are the same as Py 100%. 132 kV phase A flicker values are shown in Table 4.7
and 33 kV flicker values in Table 4.8.

Flicker model EAF Measurement Random Noise
Source model V/Z I V/Z
EAF type Bucket Consteel Bucket Consteel N/A
Software DPF PSCAD | DPF PSCAD |DPF PSCAD |DPF PSCAD |DPF PSCAD

Uncompensated Py 100% | 3-15 2.74 1.13 1.01 3.53 3.37 1.26 1.22 4.26 3.45

Compensated Py 1007 | 278 043 | 098 010 |1.13 045 |036 010 |1.09 0.39

Reduction factor 1.30 5.74 1.16 10.10 | 3.12 7.48 3.50 1220 | 3.90 8.90
Table 4.7: Flicker at 132 kV bus, showing Py 1009 for different flicker

models. Showing uncompensated values, compensated values and total
flicker reduction.

Flicker model EAF Measurement Random Noise
Source model V/Z I V/Z
EAF type Bucket Consteel Bucket Consteel N/A
Software DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD

Uncompensated Py 100% | 5.12  8.61 | 1.32  3.50 [10.81 10.54 |4.51  4.34 |1242 10.21

Compensated Py 1005 | 373 1.38 | 141 028 |340 150 |1.03 030 |330 1.28

Reduction factor 1.51 6.24 0.94 1250 | 3.18 7.03 4.38 14.67 | 3.76 8.02
Table 4.8: Flicker at 33 kV bus, showing Pj; 100% for different flicker
models. Showing uncompensated values, compensated values and total
flicker reduction.

For the random noise model and the current source models the DPF simulations
result in slightly higher flicker than in PSCAD. The PSCAD V/Z models result in
lower flicker, which happens because of the equivalent impedance as it was chosen
arbitrarily. It could be modified for more accurate results. The V/Z models in DPF

47



4. Results and Analysis

show strange behavior, with higher 132 kV flicker but lower 33 kV flicker than in
PSCAD. This would be expected of a system with a ground path, as the excess 132
kV flicker is not seen on the 33 kV side. However, as the HV transformer is Dyn
configured there is no ground path to the primary. Unfortunately, the V/Z models in
DPF never got running properly during the project. Because of this V/Z models in
DPF are a potential source of error. The same can be seen when comparing random
and current source models. As measurements on the random noise model show no
zero-sequence current on the dirty bus it is unclear why this happens.

Excluding the DPF V/Z models, DPF gives higher flicker values overall. Results for
current source models are quite similar, but the random noise model differs more.
This is reasonable considering more parameters differ across software for the random
models as compared with other models. For example, results in section 4.2.3 show
that the random number generator affects flicker outcomes.

The Cigré STATCOM managed to decrease the flicker by an average factor of
3.47 on the 33 kV bus for the bucket charge current and random model. This a low
compensation given that a sufficiently sized STATCOM in theory has a reduction
factor around 5. As can be seen the performance is much worse for the V/Z models,
having an average reduction of 1.18. The vMACH decreased the flicker by an average
factor of 7.53 for the bucket charge current and random model and 13.59 for the
consteel models.

4.4.2 Flickerspectra

Figure 4.10 shows the 33 kV bus phase A flicker spectra before and after weighting
filter for the different models. Flicker spectra refer to the frequency range of the
generated flicker. The unweighted spectra are scaled up to match the 8.8 Hz of the
weighted curve. Values based on load and network currents. Note that the y-axis
are different for the models.
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Figure 4.10: Primary bus flicker spectra showing weighted and un-
weighted values. Compensated and uncompensated values.

For all consteel models the unweighted flicker is concentrated below 1 Hz as shown
in Figure 4.11. Magnitudes are similar across consteel models and software. Random
noise model is also shown with same y axis as for bucket charge models.
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Figure 4.11: Showing peak unweighed flicker for consteel model (top)
and weighted flicker for random noise models (middle and bottom).

All EAF measurement models managed to capture their respective furnace weighted
flicker range which is a distribution that peaks around 2 Hz. This is typical of
EAFs due to the mechanical resonance. The random model fails to capture this
behavior and has a squarer shaped flicker with equal intensity from 0.2 to 2 Hz. The
unweighted flicker is much bigger than other models in this range. As can be seen the
V/Z models in DPF also show similar characteristics to their PSCAD counterparts.

Observing at the black compensated lines, it is also clear that the Cigré STAT-
COM performs worse than the vMACH. Even though the random model flicker
spectra is different the STATCOM performance is still comparable and even some-
what overestimated. For the V/Z DPF model compensation is made around 1-6
Hz, but that it is worse for higher frequencies as compared to any of the other DPF
models. Since the flicker is more heavily weighed around 8-12 Hz this affects the
compensation more.

4.4.3 Negative-Sequence

Phase A negative-sequence current from EAF and on STATCOM compensated 33
kV bus side. Measured every 200 ms and shown in p.u on the EAF base = 120 MVA.
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Figure 4.12: Negative-sequence current from EAF and at 33 kV bus.
With STATCOM.

The negative-sequence current drawn by the EAFs matched very well across EAF
measurement models. The dynamic current is also apparent. For the random model
the negative-sequence current peaks are smaller than in the bucket models. It can
be seen in bucket models between 5-6 minutes that the NET negative sequence
current spikes, which happens as the STATCOM lacks reactive power capability for
mitigating this peak. This contributes to the worse STATCOM performance seen in
the bucket models compared with the random model.

The red lines show the dirty bus negative-sequence values, which are the compensated
values. As can be seen the vMACH decreases the negative-sequence drastically, while
the Cigré STATCOM only moderately lowers the negative-sequence. Explanations
can again be related to the Cigré controllers disregard of the d-current components,
as was seen in section 4.3.

4.4.4 EAF Operation Overview

This section shows the measured EAF current (RMS 20 ms) and the active and
reactive power draw across the operation. Figure 4.13 show the dynamic current
draw and the P-Q diagram of each model together with a least square assumed P-Q
line of each model. This line predicts the short circuit capacity (SSC) of models.
Active and reactive power shown as 1 minute average values. Only the compensated
PSCAD cases are shown.
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Figure 4.13: EAF Current, Active and Reactive Power for all models in
PSCAD (left) together with respective P-Q diagram (right).

Capturing the dynamic current draw is important to accurately capture the flicker
generation. For the bucket EAFs the operation is quite varied with currents ranging
from 0-4 kA during the worst phases whereas the consteel models are more balanced.
As for the negative sequence the random noise model current is generally high and
dynamic though it does not reach the current peak seen in the bucket models around
300-360 s. This results in large flicker contribution for the Pjos and Psgs part of the
instant flicker but low contribution for the Ps,, P;s and Fy 1 as shown in Figure 4.14.
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Figure 4.14: Flicker percentile amplitude (left y-axis) and Py amplitude
(right y axis) in PSCAD. Uncompensated left. Compensated with vMACH
right.

The P-Q diagram shows every operation point throughout the simulation. As can be

52



4. Results and Analysis

seen the operation is much more varied for the bucket charge EAF as opposed to
the consteel EAF. As can be seen the SCC estimation of the random noise model
resembles the current source model, though marginally larger. However the P-Q
operating points do not reach the same high active and reactive power values. This
is because the EAF impedance, which was used to scale the EAF rating and PF
limits the SCC of the grid. The estimated SCC of both V/Z models are decreased
compared to the current source models. Figure 4.15 shows the source equivalent and
STATCOM impact on the P-Q operating conditions.
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Figure 4.15: P-Q diagrams comparing source and STATCOM model
effect on operating conditions.

The abnormality of the DPF V/Z model can be further concluded by its P-Q diagram.
For the PSCAD models, the grid is visibly reinforced by the vMACH. As the reactive
power variations are compensated, voltage levels at the dirty bus increases which
leads to more current and power draw. The Cigré STATCOM has less impact on the
grid. Small reinforcements can be seen on the random noise model and marginally

on the V/Z model. The difference comes down to worse flicker reduction and lack of
PF control.
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4.4.5 Harmonic Current Distortion

Figure 4.16 shows the 33 kV phase A uncompensated harmonic and interharmonic
distortion of all models. Note that the y-axis are different for the models.
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Figure 4.16: 33 kV bus harmonic current distortion in percent of EAF
base 120 MVA. Only showing the uncompensated values.

DPF creates lower harmonics for all EAF measurement models. The V/Z models
in PSCAD also decreased the harmonics. Overall, the EAF measurement models
produced similar harmonics. The random models had a 27.6% lower 2nd and a
30.0% higher 3rd order harmonic compared to the current source bucket models.
The mathematical model inherently only generates odd harmonics with the random
input distorting the frequencies over the interharmonic spectra, however this does
not increase the second harmonic enough.

The interharmonic spectra overall matched well. The main difference is found
when comparing the random model to the current source bucket models, having a

lower 2nd order interharmonic for the same reason as the 2nd harmonic.

Figure 4.17 shows the compensated harmonic distortion of all models.
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Figure 4.17: 33 kV bus harmonic current distortion in percent of base
120 MVA. Only showing the compensated values.

The vMACH STATCOM increased the bucket current source and random models
2nd harmonic by an average of 9.6% and 5th by 52.8% and decreased the 3rd by an
average of 34.4%. For the consteel it decreased the 2nd harmonic by 17.5%, 3rd by
31.3% and increased the 5th by 4.2% and 7th by 86%.

The Cigré STATCOM decreased the bucket current source and random models
2nd harmonic by an average of 14.2%, 5th by 7.6% and increased the 3rd harmonic
by an average of 55.4%. For the consteel it decreased the 2nd harmonic by 31.1%,
5th by 40.6%, 7th by 28.6% and increased the 3rd by 36.1%

Table 4.9 shows the total harmonic distortion relative to the EAF current load.

Flicker model EAF Measurement Random Noise
Source model V/Z I V/Z
EAF type Bucket Consteel Bucket Consteel N/A
Software DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD

TDD uncompensated | 24.61 24.55 |[17.80 21.62 |26.30 28.66 |20.07 23.68 |31.43 29.56
TDD compensated 43.29 29.09 [19.64 23.55 |40.91 30.61 |18.38 25.57 |41.70 23.81
Table 4.9: Uncompensated and compensated harmonic current TDD on

132 kV bus in ampere.

Observe that the numbers are given in ampere and since the vMACH increases dirty
bus voltage the average current in the compensated V/Z models will be slightly
higher. The increase of average current will therefore make the proportional changes
lower then the absolute ampere values show.

95



4. Results and Analysis

The Cigré STATCOM manages to decrease the consteel current TDD while in-
creasing the other models harmonic TDD. This is due to the high levels of 2nd, 5th
and 7th harmonics that it compensates well. Conversely the vMACH increased the
consteel current model TDD while decreasing the other models TDD. This is due
to the high level of 3rd harmonics that the vMACH compensates well. None of the
STATCOM models are supposed to have dedicated harmonic compensation but the
Cigré controller performs worse in most models because of high 3rd harmonic injection.

Table 4.10 shows the total harmonic distortion relative to the EAF current load.

Flicker model EAF Measurement Random Noise
Source model V/Z I V/Z
EAF type Bucket Consteel Bucket Consteel N/A
Software DPF PSCAD |DPF PSCAD | DPF PSCAD |DPF PSCAD | DPF PSCAD

TDD uncompensated | 18.0 19.3 4.5 4.5 18.6 20.7 4.3 4.8 20.6 18.6
TDD compensated 26.4  26.2 5.2 5.0 24.8  27.6 4.6 5.2 21.3 18.3

Table 4.10: Uncompensated and compensated interharmonic current
TDD on 132 kV bus in ampere.

Uncompensated interharmonic TDD is higher for all models in PSCAD, except for
the random noise model. Otherwise TDD matched well. Both the vMACH and
Cigré STATCOM increased the TDD of the interharmonics for almost all models.
The VMACH and Cigré STATCOMSs both increased the TDD by about 16%

4.4.6 Power Factor Overview

Table 4.11 and Table 4.12 shows the average uncompensated and compensated PF
values for different system nodes. This is done as EAFs have typical PF operating
points which are also related to power quality phenomena.

Flicker model EAF Measurement Random Noise

Source model V/Z I V/Z

EAF type Bucket Consteel Bucket Consteel N/A

Software DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD

Load 0.628 0.702 |0.721 0.702 |0.760 0.749 |0.773 0.758 [0.769 0.748

132 kV 0.587 0.676 |0.686 0.671 |0.732 0.722 |0.739 0.721 [0.745 0.722
Table 4.11: Power Factor at different system nodes. Uncompensated
values.

56



4. Results and Analysis

Flicker model EAF Measurement Random Noise

Source model V/Z I V/Z

EAF type Bucket Consteel Bucket Consteel N/A

Software DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD

Load 0.629 0.702 |0.721 0.702 |0.760 0.749 |0.773 0.758 |0.755 0.739

132 kV 0.587 1.000 |{0.686 1.000 |0.730 1.000 |0.737 1.000 |0.730 1.000
Table 4.12: Power Factor at different system nodes. Compensated
values.

A typical EAF has a PF operating point around 0.7-0.9. V/Z DPF models fall outside
the realistic operating range. As the impedance used in V/Z models influences the
PF further efforts could have been made to make the models similar to the current
source models. The uncompensated random noise models have similar PF to the
current source models. Moreover, the load PF decreases with the STATCOM which
happens because of the grid reinforcement as was seen in Figure 4.15. As the voltage
in the EAF measurement V/Z models are calculated based on the current measure-
ments instead of the real time current, the STATCOM does not have the same impact.

As the vMACH features a dedicated PF controller, the PF at the 132 kV is kept at
unity. As the Cigré controller lacks a PF controller it does not have any PF influence.
This is also seen in the step tests performed in section 4.3. For any long-term change
in reactive power the Cigré controller stops compensating.

4.4.7 Cigré STATCOM PQ Compensation

In section 4.4.1 the Cigré STATCOM performance was especially bad for the EAF
measurement V/Z models in DPF. To investigate any differences in the reactive
power compensation, measurements from the primary bus are plotted in Figure 4.18
and Figure 4.19 for 1 minute simulations.
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Figure 4.18: Active and reactive power at 132 kV bus I model in DPF.
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Figure 4.19: Active and reactive power at 132 kV bus V/Z model in
DPF.

The figures show that the reactive compensation is similar between the models,
therefore the bad V/Z model compensation is not because of a lacking reactive power
compensation but more likely due to the flicker spectra generated by the models as
was discussed in subsection 4.4.2.

4.4.8 vMACH Harmonic Compensation

Figure 4.20 show a graphic representation of the STATCOM harmonic performance
at the 33 kV bus for the model: EAF Measurement, I, Bucket, PSCAD. The graphs
show the per harmonic STATCOM compensation in terms of reduction gain. A gain
above one means a reduction in the harmonic. Simple vMACH controller shown to
the left and the controller with harmonic consideration to the right. Average values
of 200 ms above 0.2% of EAF current used.
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Figure 4.20: vMACH STATCOM harmonic compensation performance
with and without harmonic consideration.

It can be seen that the implementation of a more advanced harmonic control model
gives better harmonic performance. However, this harmonic compensation adds to
the size and cost of the STATCOM as more cells are required.
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Discussion

5.1 Evaluation of EAF Measurement Models

An advantage of using the current source model with a measurement file is its ease of
implementation. The EAF can be changed by changing the input file. However, every
EAF is unique and grid conditions, furnace type and other factors will be reflected
in the EAF recording. This needs to be considered when using the recordings from
a particular EAF for the design of another. For example, the dynamics of a larger
EAF cannot be represented by increasing recorded current magnitude. The PF
cannot be changed either. When correctly implemented, behaviors that may be dif-
ficult or forgotten to implement in a mathematical model can be accurately simulated.

The voltage impedance source model gives the user control of the PF by tun-
ing the X/R ratio. The PF should not be changed too much as the recorded data
will reflect the dynamics from the EAF at that given PF. The downside of V/Z
model is that the complexity of the simulation increases. Making the model work
across different software can be difficult as the lead lag block used is dependent on
simulation step-time.

The lack of PLL in DPF models makes the synchronization of the dirty bus difficult.
The method used to synchronize manually worked relatively well for the current
source models as the difference in PF at the load is low between software. However,
for the V/Z model the difference in PF increased as seen in section 4.4.6. Due to the
lack of PLL DPF also needs a perfect 50 Hz file. If the frequency deviates slightly
for a short period of time the phase angle cannot reestablish itself to the right value.
In this thesis a PLL was not implemented in DPF due to time restrictions. However,
if DPF is going to be used on a larger scale a PLL would be good to implement to
avoid manually synchronizing the simulation and to make the simulation more robust.

When building the voltage model in DPF the program did not allow the grid
impedance and arc impedance to be placed inside their respective voltage source as
this led to DPF isolating the two parts of the circuit without power flow. It only
worked when both impedance blocks were placed outside of the voltage sources. This
is weird as both connections are electrically equivalent and could be an underlying
source of error.

DPF gave larger flicker values than on the primary side. Harmonic and inter-
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harmonics were also found to be lower in DPF, except for the random noise model.
This is likely due to some differences in implementation. It is hard to say whether
the synchronization method has any effect on these results.

Moreover, the EAF measurement models can not accurately simulate a DC-EAF.
This is due to the rectifiers that control the DC current to the EAF. Rectifiers control
schemes depend on the dirty bus voltage. When the dirty bus is simulated, it will be
different from the recorded voltage, therefore the current will be inaccurate as the
rectifiers no longer act on the same voltage. As the measurements are done upstream
the rectifiers, a better approach would be to extract the active power from the data.
By modeling the rectifiers and inserting the active power on the DC side, this would
allow the rectifier control to react to the dirty bus voltage and therefore control the
reactive power.

5.2 Evaluation of Random Noise Model

The advantage of the random noise model is that a prerecorded EAF measurement
is not needed. However, it requires insight into EAF dynamics and a clear under-
standing of the type and size of EAF you are trying to emulate. If the random noise
model is used for preliminary studies for STATCOM sizing prerequisite knowledge
of the flicker levels is required to sufficiently tune the model, similar to what was
done in section 4.4. This also requires good knowledge of a specific EAF. Even when
flicker levels are comparable with actual values the dynamics are not the same.

As was seen in the negative sequence and EAF operation figures the random model
does not emulate the large current peaks found in the bucket model, though it
manages to generate similar flicker. This is due to the higher Pjos and Psos values
that the random model generates. This flicker requires less reactive power capability
to compensate compared to the Pss, Py and Py, flicker. To improve this the large
current peaks seen in the bucket charge models would need to be better represented,
as the flicker contained in this current determines the STATCOM rating. This could
be improved by allowing sporadic increases in the apparent power from the EAF or
another method of choosing the EAF rating, such as scaling the voltage, since the
EAF impedance limits the current draw.

As was determined the flicker spectra generated by the random noise model is
different and lacks the 2-5 Hz mechanical resonances. The flicker spectra effects
depend on the noise generation method used, the band-pass filter shaping the voltage
amplitude modulation. With careful tuning these effects could maybe be improved.

The harmonic content included lower 2nd and higher 3rd order harmonics. This
is unrealistic as the 2nd order harmonics are commonly high in EAFs. The 2nd
order interharmonics were also low for the random model. These effects depend on
the arc voltage equation. It only generates odd harmonics, with the random input
spreading the frequencies to the even harmonics, though not enough to be compa-
rable with the measurement model. To improve this an arc model generating even
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harmonics is needed, or another factor that only generates frequencies around 100 Hz.

The DPF random noise model gave higher flicker and harmonic results compared with
the PSCAD model. As discussed, the random number generator method used has a
big effect on flicker. However, it cannot be concluded whether this is the only reason
for the different flicker values. During the project PSCAD simulations with prebuilt
bandpass filters were initially used. When tuned to match the DPF filter these showed
big differences in the resulting flicker values which led to a manual implementation of
the DPF bandpass filter in PSCAD which improved results. As random number gener-
ators are different, the noise formation was likely influenced even with identical filters.

In future studies it would be interesting to test other mathematical EAF mod-
els. A natural next step could be using the model in [2] because they use a similar
hyperbolic function that could be extended with the exponential function. The
problem of not having power variation remains but the exponential function would
probably increase flicker and harmonics without scaling the white noise as was done
for the random noise model. Switching to the random impedance model in [1] would
probably generate similar results to the random noise model as both models were
used to generate accurate flicker value but did not focus on any other power quality
effect.

5.3 Evaluation of Cigré STATCOM

Comparisons of the Cigré STATCOM with the vMACH show that the Cigré STAT-
COM makes a less accurate model because of the low reduction factor and harmonic
injections. Neither STATCOM model has harmonic compensation, but these injec-
tions are still inaccurate as it could be avoided with the vMACH. The lack of PF
control is not considerate of requirements considering reactive power consumption
from the grid and also means that the Cigré STATCOM can not support the dirty
bus voltage like the vMACH.

Admittedly the exclusion of the d-component compensation affects the performance
of the STATCOM. Implementing a function that ensures net zero active power use for
the Cigré STATCOM would allow for a more accurate comparison with the vMACH
STATCOM.

It would be interesting to remove the moving average filter from the reactive power
control in the Cigré STATCOM. This could potentially improve the PF of the system,

but chances are that the undamped response of the STATCOM would lead to a lot
of harmonic injections.

5.4 Public model suitability

The functional objective of any STATCOM sizing is to ensure your facility is grid
compliant. Requirements vary between T'SOs and are often not given as a flat amount
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for any EAF connection but tailored based on circumstances. As was explained
in section 2.2.4 SvK base their flicker requirements on existing disturbance levels,
estimated contributions from the connection and margins for future connections
and changes in the network. Requirements for harmonic and interharmonics are
treated likewise. Estimated contributions then depend on the size, amount and type
of EAFs. As was discussed in section 2.3.4 the large dynamic current variations are
the main contributor to the flicker levels of any operation even though they are short
in duration. For optimal sizing the STATCOM should be equipped with enough
reactive power capability to cover this. It is then important to know the specific
requirements, have a good STATCOM model and a sufficient EAF model capable of
emulating the characteristics of the physical EAF.

The EAF in the original DPF model has two critical errors. The system grounding
that results in a zero-sequence current and a PF that is too low. These factors
are important for their impact on the flicker as shown in section 4.2.1. The flicker
was improved by increasing the white noise generation. However, this required
knowledge of furnace specific flicker levels and as was determined the flicker is more
distributed towards high Psys and Pio, values instead of the high Ps,, P, and Py,
values that an actual bucket EAF is composed of. As Psy, and Pjgs require less
reactive power capability the STATCOM reduction factor is better compared with a
bucket EAF. Using this model then risks under-sizing the STATCOM. Furthermore,
as the harmonics and interharmonics were different the model is unsuited for any
harmonic studies.

The Cigré STATCOM can neither be used for any harmonic studies, and because of
the bad flicker reduction factor it is unsuited for any flicker STATCOM study. The
performance could be improved by enabling the d-component compensation. Though
the d-component control itself should be changed to account for the cell voltage or
have some other function to realistically ensure a net zero active compensation for
model accuracy. Some additional changes involve removing the moving average filter
in the q compensation. This is suggested as the vMACH flicker control compensates
all g components, but also as the change can work to improve the dirty bus voltage
and PF. A current rate limiter would likely be needed to damp the overshooting
current response and to make the response speed more realistic. A dedicated PF
control would also help to maintain the bus voltage, though this controller needs to
be set slow as to not interfere with the flicker control. These changes are suggested
based on the comparison done with the vMACH. It is hard creating accurate model
representations without another detailed model for benchmarking, or otherwise expe-
rience in the field. STATCOM designs and controls also vary between manufacturers.
This needs to be taken into account similarly to how the EAF type affects the study.

5.5 Differences between software
When using PSCAD and DPF, clear differences in their design philosophies become

evident. PSCAD does not provide built-in tools for advanced analyses such as flicker
or harmonic calculations. Instead, it requires the user to implement such functionality
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manually, typically through Fortran code. In contrast, DPF aims to offer a more
integrated solution, allowing users to design circuits and perform load flow, harmonic,
and flicker analyses within a single environment.

Although DPF also supports user-defined implementations through its DIgSILENT
Simulation Language (DSL), it provides a wide range of prebuilt components that
enable users to avoid extensive coding if desired. These prebuilt tools models make
the platform more accessible, particularly for less experienced users. However, this
ease of use comes at the cost of reduced flexibility and control compared to PSCAD.

An illustrative example of this difference is the handling of errors, such as the
presence of multiple synchronization zones in the V/Z model. In PSCAD, such an
issue would likely result in simulation failure or the generation of invalid results.
In contrast, DPF attempts to resolve the inconsistency internally by making as-
sumptions about the user’s intent, thereby producing a result even in the presence
of modeling ambiguities. An experienced DPF user can adapt or reconstruct the
provided built-in tools to better suit their specific needs, thereby achieving a level of
control comparable to that of an experienced PSCAD user.

Ultimately, both software platforms are designed to perform EMT simulations.
Consequently, the primary limitation on the accuracy and reliability of the results is
not the software itself, but rather the level of expertise of the user developing the
models.
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Conclusion

The purpose of this thesis was to evaluate whether a publicly available model could
be used to reliably study power quality effects related to EAFs and if these results
could be used for STATCOM sizing. A mathematical EAF model based on random
noise and a simple STATCOM model created by DIgSILENT was compared with an
EAF measurement model and a detailed STATCOM. This was evaluated in DPF
and PSCAD.

It was shown that the random noise model manages to replicate similar Py; values
(10.21 in PSCAD, 12.42 in DPF) of the bucket EAF (10.54, 10.81) when tuned
accordingly. However, the power quality effects remain misrepresented or lacking
context. The model generates the flicker by overemphasizing the amplitude of the
Ps50s and Py, flicker which happens as the model fails to emulate the large current
variations seen in the bucket charge models. As the Ps,, P;5 and Py flicker requires
more reactive power capability, this results in a better flicker reduction (8.02, 3.76)
than the bucket charge EAF (7.03, 3.18). The flicker spectra was found to be
uncharacteristic of AC EAFs, having a more uniform distribution instead of the
typical 2-5 Hz distribution. The harmonic current most notably contained larger
amounts of 3rd and lower amounts of 2nd order harmonics and interharmonics. This
is due to the arc voltage equation that does not inherently generate even harmonics
but distorts the odd harmonic frequency content with the random noise.

It could be determined that the Cigré model underperforms in its flicker com-
pensation (average 3.47 for bucket EAF) compared with what is generally expected
of an EAF application STATCOM, which was exemplified with the vVMACH (7.53).
The negative-sequence current compensation was also found to be worse than the
vMACH. The main reason behind this is the neglect of any non-DC d-component
compensation. It was also found that the Cigré increased the 3rd harmonic (average
55.4% for the bucket furnace) while the vMACH increased the 2nd and 5th harmonic
(9.6%, 52.8%). However, due to the large 3rd harmonic content in most models the
Cigré increased the TDD of all except the consteel models. The interharmonic TDD
increased by about 16% for both the Cigré and vMACH models

In conclusion a STATCOM sizing is fundamentally driven by site-specific require-
ments that depend on existing disturbance levels, expected EAF contributions, and
future network margins, that involve significant financial stakes contingent on grid
compliance. This requires simultaneous modeling of both flicker and harmonics, as
misrepresentation can translate into costly design errors. The random noise model
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can be tuned to the right flicker value, but the flicker content remains misrepresented.
Moreover, as the harmonics and interharmonics are also poorly represented the
random noise model can not be used for a STATCOM sizing study. Finally as the
Cigré STATCOM performance is much worse than both the theoretical and vMACH
STATCOM reduction factor it is also unsuitable for STATCOM sizing.

The DPF models gave slightly higher flicker values and lower harmonic and in-
terharmonic values compared to the models in PSCAD. This can be due to slight
differences in models and can not with certainty be attributed to the simulation
software. Both DPF and PSCAD are viable simulation tools for simulating EAFs
and STATCOMs.
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Appendix 1

A.1 Simulations

A.1.1 Harmonic and Interharmonic Overview

Voltage and current harmonics and interharmonics according to IEC 61000-3-6 as
described in subsection 2.2.2. The aggregation is performed over a 10 min interval
and shows the 95% phase A values

A.1.1.1 Current Harmonics at 132 kV

Current harmonics in Ampere.

Flicker model EAF Measurement Random Noise
Source model V/Z I V/Z
EAF type Bucket Continuous Bucket Continuous N/A
Software DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD
2 16.20 18.44 2.04 2.16 15.45 19.38 1.88 2.26 8.60 9.67
3 38.74 12.86 |16.05 7.60 |36.40 13.49 |14.37 7.69 |39.44 15.86
4 5.45 9.67 1.20 1.76 5.30 10.11 | 0.97 1.80 3.53 4.67
5 8.11 14.35 8.56 18.54 8.19 15.11 9.60 20.33 8.92 13.19
6 1.95 3.23 0.53 0.75 1.85 3.51 0.46 0.81 1.56 1.75
7 3.45 5.36 7.56  12.61 | 3.53 5.80 7.84 13.67 | 3.79 4.52
8 1.07 1.06 0.30 0.31 0.91 1.22 0.24 0.35 1.14 1.01
9 0.98 0.89 0.71 0.80 0.84 1.05 0.70 0.95 1.43 1.35
TDD 43.29 29.09 |19.64 23.55 [40.91 30.61 |18.38 25.57 |41.70 23.81

Table A.1: Current harmonics 10-min 95%. Compensated values.
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Flicker model EAF Measurement Random Noise
Source model V/Z I V/Z
EAF type Bucket Continuous Bucket Continuous N/A
Software DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD
2 14.83 14.71 | 2.76 2.63 |15.54 16.09 | 2.73 2.74 1248 10.42
3 17.49 17.59 9.73 10.61 |18.85 20.41 |10.56 11.19 |26.95 24.30
4 4.09 3.98 1.00 1.08 4.31 4.97 1.10 1.16 4.74 3.69

5 7.30 731 |14.15 17.71 | 823 10.08 |16.16 19.51 |10.29 11.32
6 1.82 1.77 0.51 0.62 1.96 2.42 0.57 0.69 3.05 2.28

7 2.03 1.98 4.13 6.25 2.32 3.22 4.95 7.34 4.3 4.81

8 1.05 1.09 0.36 0.35 1.12 1.36 0.29 0.39 2.15 1.64

9 0.95 0.98 0.72 1.00 1.06 1.39 0.87 1.25 2.36 2.54
TDD 24.61 2455 |17.80 21.62 |26.30 28.66 |20.07 23.68 |[31.43 29.56

Table A.2: Current harmonics 10-min 95%. Uncompensated values.

A.1.1.2 Current Interharmonics at 132 kV

Current interharmonics in Ampere.

Flicker model EAF Measurement Random Noise
Source model V/Z I V/Z
EAF type Bucket Continuous Bucket Continuous N/A
Software DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD
2 20.1 19.0 3.3 2.9 19.1  20.0 3.1 3.0 14.6 12.6
3 15.3 11.9 3.4 2.2 14.0 124 2.9 2.3 13.9 10.3
4 5.6 11.5 14 2.4 5.5 12.1 1.2 2.5 4.3 5.7

) 4.0 5.8 1.2 1.9 3.7 6.2 1.1 2.0 4.0 5.0

6 2.2 3.6 0.5 1.0 2.0 4.0 0.6 1.1 2.0 2.4

7 1.8 1.9 0.6 0.8 1.6 2.2 0.5 0.9 2.3 2.2

8 1.3 1.2 0.4 0.4 1.1 1.5 0.3 0.4 1.6 1.4

9 1.1 0.8 04 0.3 0.9 1.0 0.2 0.3 1.5 1.3
TDD 26.4 26.2 5.2 5.0 24.8 27.6 4.6 5.2 21.3 18.3

Table A.3: Current interharmonics 10-min 95%. Compensated values.
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Flicker model EAF Measurement Random Noise
Source model V/Z V/Z
EAF type Bucket Continuous Bucket Continuous N/A
Software DPF PSCAD |DPF PSCAD |DPF PSCAD |DPF PSCAD |DPF PSCAD
2 142 149 3.2 3.0 14.8  15.8 2.9 3.1 125 11.6
3 8.9 9.7 24 2.6 9.3 10.5 2.6 2.8 12.8  10.8
4 4.5 5.1 1.3 1.3 4.7 5.6 1.2 14 5.5 5.2

5 34 4.0 1.1 1.3 3.4 4.5 1.1 1.5 6.3 5.6

6 2.1 2.5 0.6 0.7 2.0 2.9 0.6 0.8 34 34

7 1.7 2.0 0.7 0.7 1.5 2.3 0.5 0.8 3.6 3.6

8 1.4 1.5 0.5 0.4 1.1 1.7 0.3 0.5 2.2 24

9 1.2 1.3 0.4 0.4 0.9 1.5 0.3 0.5 24 2.5
TDD 18.0  19.3 4.5 4.5 18.6  20.7 4.3 4.8 206  18.6

Table A.4: Current interharmonics 10-min 95%. Uncompensated values.

A.1.1.3 Current Harmonics from EAF

Current harmonics from EAF in % of EAF nominal rating.

Flicker model EAF Measurement Random Noise
Source model V/Z V/Z
EAF type Bucket Continuous Bucket Continuous N/A
Software DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD
2 2.9 2.9 0.6 0.5 3.0 3.1 0.5 0.5 2.0 2.0

3 3.4 3.6 1.9 2.0 3.6 3.9 2.0 2.1 4.8 4.6

4 0.8 0.9 0.2 0.2 0.8 0.9 0.2 0.2 0.7 0.7

5 1.5 1.7 2.7 3.2 1.6 1.9 2.9 3.6 2.0 2.2

6 0.4 0.4 0.1 0.1 0.3 0.5 0.1 0.1 0.4 0.4

7 0.4 0.5 0.8 1.2 0.4 0.6 0.9 1.4 0.8 0.9

8 0.2 0.2 0.1 0.1 0.2 0.3 0.0 0.1 0.3 0.3

9 0.2 0.2 0.1 0.2 0.2 0.3 0.2 0.2 0.4 0.5

Table A.5: Current harmonics 10-min 95%.

A.1.1.4 Current Interharmonics from EAF

Current interharmonics from EAF in % of EAF nominal rating.
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Flicker model EAF Measurement Random Noise
Source model V/Z I V/Z
EAF type Bucket Continuous Bucket Continuous N/A
Software DPF PSCAD | DPF PSCAD |DPF PSCAD | DPF PSCAD | DPF PSCAD
2 2.8 2.8 0.6 0.6 2.8 3.0 0.6 0.6 24 2.2

3 1.7 1.9 0.5 0.5 1.8 2.0 0.5 0.5 2.4 2.1

4 0.9 1.0 0.2 0.2 0.9 1.1 0.2 0.3 1.1 1.0

) 0.7 0.8 0.2 0.3 0.7 0.9 0.2 0.3 1.2 1.1

6 0.4 0.5 0.1 0.1 0.4 0.5 0.1 0.2 0.6 0.6

7 0.3 0.4 0.1 0.1 0.3 0.4 0.1 0.2 0.7 0.7

8 0.3 0.3 0.1 0.1 0.2 0.3 0.1 0.1 0.4 0.5

9 0.2 0.2 0.1 0.1 0.2 0.3 0.0 0.1 0.5 0.5

Table A.6: Current interharmonics 10-min 95%.

A.1.1.5 Voltage Harmonics at 132 kV
Voltage harmonics % of rated voltage.

Flicker model EAF Measurement Random Noise
Source model V/Z V/Z
EAF type Bucket Continuous Bucket Continuous N/A
Software DPF PSCAD | DPF PSCAD |DPF PSCAD |DPF PSCAD | DPF PSCAD
2 0.10 0.24 0.05  0.08 0.19 0.25 0.08  0.09 0.10 0.16
3 0.23 0.22 0.10 0.14 0.62 0.23 0.25 0.14 0.68 0.28
4 0.04 0.22 0.02  0.05 0.13 0.23 0.09 0.06 |0.0.06 0.11
5 0.06 0.40 0.06 0.51 0.24 0.42 0.31 0.56 0.25 0.38
6 0.02 0.11 0.01 0.03 0.13 0.12 0.13  0.03 0.03 0.06
7 0.03 0.21 0.06 0.51 0.20 0.23 0.34  0.55 0.14 0.18
8 0.02 0.05 0.02 0.02 0.19 0.06 0.23 0.02 0.03 0.04
9 0.02  0.04 0.02  0.04 0.22  0.05 0.25  0.05 0.06 0.07
THD 0.26 0.62 0.14 0.73 0.80 0.65 0.64 0.79 0.75 0.55

Table A.7: Voltage harmonics 10-min 95%. Compensated values.
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Flicker model EAF Measurement Random Noise
Source model V/Z V/Z
EAF type Bucket Continuous Bucket Continuous N/A
Software DPF PSCAD |DPF PSCAD |DPF PSCAD |DPF PSCAD |DPF PSCAD
2 0.10 0.18 |0.05 008 |0.18 021 |0.06 0.08 |0.12 0.15
3 0.10 030 |006 020 |032 035 |0.20 021 |043 042
4 0.03 009 |002 004 |010 011 |0.06 0.04 |0.07 0.07
5 0.05 021 |010 050 |0.24 029 |046 055 |0.29 032
6 0.02 005 |001 003 |007 008 |0.08 003 |0.06 0.06
7 0.01 0.07 |003 025 |0.11 012 |0.21 029 |0.15 0.18
8 0.01 003 |001 0.02 |0.09 005 |015 0.02 |0.06 0.05
9 0.01 003 |001 005 |010 006 |0.15 0.06 |0.10 0.12
THD 0.16 042 |0.13 060 |048 053 |0.61 0.66 |0.57 0.60

Table A.8: Voltage harmonics 10-min 95%. Uncompensated values.

A.1.1.6 Voltage Interharmonics at 132 kV

Voltage interharmonics % of rated voltage.

Flicker model EAF Measurement Random Noise
Source model V/Z V/Z
EAF type Bucket Continuous Bucket Continuous N/A
Software DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD
2 0.1 0.3 0.0 0.1 0.3 0.3 0.1 0.01 0.2 0.2

3 0.1 0.3 0.0 0.1 0.3 0.3 0.1 0.1 0.3 0.2

4 0.0 0.3 0.0 0.1 0.1 0.3 0.1 0.1 0.1 0.2

5 0.0 0.2 0.0 0.1 0.1 0.2 0.1 0.1 0.1 0.2

6 0.0 0.1 0.0 0.0 0.1 0.2 0.1 0.0 0.1 0.1

7 0.0 0.1 0.0 0.0 0.1 0.1 0.1 0.0 0.1 0.1

8 0.0 0.1 0.0 0.0 0.2 0.1 0.3 0.0 0.0 0.1

9 0.0 0.0 0.0 0.0 0.1 0.1 0.2 0.0 0.1 0.1

Table A.9: Voltage interharmonics 10-min 95%. Compensated values.
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Flicker model EAF Measurement Random Noise

Source model V/Z V/Z

EAF type Bucket Continuous Bucket Continuous N/A

Software DPF PSCAD | DPF PSCAD |DPF PSCAD |DPF PSCAD |DPF PSCAD

2 0.1 0.3 0.0 0.1 0.2 0.3 0.1 0.1 0.2 0.2

3 0.1 0.2 0.0 0.1 0.2 0.2 0.1 0.1 0.2 0.2

4 0.0 0.1 0.0 0.0 0.1 0.1 0.1 0.0 0.1 0.1

5 0.0 0.1 0.0 0.0 0.1 0.1 0.1 0.0 0.2 0.2

6 0.0 0.1 0.0 0.0 0.1 0.1 0.1 0.0 0.1 0.1

7 0.0 0.1 0.0 0.0 0.1 0.1 0.1 0.0 0.1 0.1

8 0.0 0.1 0.0 0.0 0.1 0.1 0.2 0.0 0.1 0.1

9 0.0 0.1 0.0 0.0 0.1 0.1 0.1 0.0 0.1 0.1
Table A.10: Voltage interharmonics 10-min 95%. Uncompensated
values.

A.1.1.7 Voltage Harmonics at 33 kV

Voltage harmonics % of rated voltage.

Flicker model EAF Measurement Random Noise
Source model V/Z V/Z
EAF type Bucket Continuous Bucket Continuous N/A
Software DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD
2 0.38 0.63 0.07 0.11 0.52 0.66 0.15 0.11 0.25 0.33
3 1.35 0.64 0.50 0.30 1.82 0.67 0.67 0.31 1.97 0.77
4 0.25 0.64 0.08 0.11 0.37 0.67 0.22 0.11 0.18 0.30
5 0.46 1.19 0.46 1.28 0.70 1.26 0.83 1.43 0.72 1.09
6 0.14 032 |0.10 0.07 029 035 |030 0.08 |0.09 0.15
7 0.29 0.62 0.62 1.47 0.51 0.67 0.97 1.58 0.42 0.52
8 0.17 0.13 0.16 0.04 0.41 0.15 0.56 0.04 0.08 0.10
9 0.20 0.12 0.20 0.12 0.47 0.14 0.69 0.14 0.17 0.18
THD 1.56 1.78 0.97 1.98 2.22 1.88 1.74 2.16 2.17 1.53

Table A.11: Voltage harmonics 10-min 95%. Compensated values.
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Flicker model EAF Measurement Random Noise
Source model V/Z V/Z
EAF type Bucket Continuous Bucket Continuous N/A
Software DPF PSCAD |DPF PSCAD |DPF PSCAD |DPF PSCAD |DPF PSCAD
2 034 050 |007 011 |0.51 053 |0.12 011 |0.32 0.30
3 061 094 033 052 094 101 |053 055 |1.24 1.20
4 0.17 028 |004 006 |028 031 |016 0.07 |0.20 0.17
5 042 074 078 138 |0.69 083 |127 152 |0.85 0.93
6 0.09 018 |0.02 005 |021 021 |023 006 |017 0.15
7 014 030 |033 073 030 036 |064 08 |045 0.54
8 0.05 011 |0.02 003 |024 014 |041 0.04 |0.16 0.14
9 0.05 013 |007 015 |0.27 017 |051 0.18 |0.29 034
THD 085 138 |091 166 |140 152 |1.68 1.85 |1.66 1.69

Table A.12: Voltage harmonics 10-min 95%. Uncompensated values.

A.1.1.8 Voltage Interharmonics at 33 kV

Voltage interharmonics % of rated voltage.

Flicker model EAF Measurement Random Noise
Source model V/Z V/Z
EAF type Bucket Continuous Bucket Continuous N/A
Software DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD | DPF PSCAD
2 0.58 077 |012 0.15 |0.80 081 |0.27 015 |0.60 0.52
3 059 069 |0.15 013 |08 0.72 |029 0.14 |0.73 0.57
4 0.28 085 |0.11 019 |047 089 |037 0.19 |0.25 042
5 0.25 051 |014 017 044 055 |039 018 |0.32 042
6 0.19 0.38 0.16 0.11 0.45 0.42 0.48 0.12 0.15 0.24
7 0.22 022 |0.21 0.9 0.52 025 |0.61 0.11 0.20  0.25
8 026 016 |025 0.0 |[0.79 019 |099 0.06 |0.13 0.16
9 029 0.10 |028 004 |068 013 |08 0.05 |0.15 0.17

Table A.13: Voltage interharmonics 10-min 95%. Compensated values.
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Flicker model EAF Measurement Random Noise
Source model V/Z V/Z
EAF type Bucket Continuous Bucket Continuous N/A
Software DPF PSCAD | DPF PSCAD |DPF PSCAD |DPF PSCAD |DPF PSCAD
2 038 059 |008 014 |059 063 |019 014 |0.48 042
3 033 052 |009 014 |053 057 |023 015 |0.70 0.54
4 020 034 |006 009 |035 039 |027 010 |039 031
5 017 032 |006 011 |034 037 |030 012 |0.53 044
6 0.11 022 |003 007 |029 026 |0.36 0.08 |0.32 0.27
7 009 019 |004 008 |031 024 |046 0.09 |0.42 0.37
8 0.06 014 |002 004 |048 022 |0.71 005 |0.27 025
9 0.05 012 |002 005 039 020 |0.64 006 |034 031
Table A.14: Voltage interharmonics 10-min 95%. Uncompensated

values.
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