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The practice of operating reactive power compensation systems involving passive
multiple filter circuits (FC) configured by single—tuned filters has shown, that it’s ener-
gizing can cause damage of the filter components. Impact of feasible FC configurations,
including FC with a C—type filter, on switching overvoltages and overcurrents under the
harmonic filters energizing were analyzed. Influence of the filters tuning on transient
behavior has been shown. The transient analysis has been carried out by simulating of
the FC within Matlab/Simulink software.
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1. Introduction

Industrial loads have become more complex. Most of them have nonlinear
voltage—current characteristics, especially e¢lectric arc furnaces (EAF), arc
welders, rolling mills, adjustable speed motor drives (ASD) have stochastically
varying loads with significant reactive power consumption and have harmonic
generation which includes unbalanced even and odd harmonics during normal
operation. Moreover these loads also significantly increase the total power factor
of power systems, which may result a penalties for exceeding reactive power
consumption.

Nowadays, there are some advanced techniques such as: magnetic flux com-
pensation, series shunt active filters, harmonic current injection to reduce har-
monic distortion and reactive power compensation problems in industrial sys-
tems [1]. However, these techniques are complex and cost too much, so they
could not compete with currently passive harmonic filters applications.

In practise the most commonly used are single—tuned harmonic filters and
C—type filters. In several cases, capacitor and reactors used in these filter circuit
arrangements have subsequently experienced insulation failures during switch-
ing operations. The main reason of that phenomenon are dynamic overvoltages
and overcurrents generated due to a number of switching cycles whose ampli-
tude significantly exceed the rated parameters of operated compensation unit.
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The purpose of this paper is to study the transient overvoltages and overcur-
rents which occurred on the various filter banks during single filter or several
filter energization within multiple filter circuit bank in a typical arc—furnace
supplying power system. The comparative transient analysis has been carried out
for the supply system whose filter circuit is equipped with: 1) three solely pas-
sive single tuned filters and 2) two single—tuned and 2™ harmonic C—type filters.
To analyze this phenomenon the Matlab/ Simulink software has been chosen
because of there are known limitations in the field testing with respect to the cir-
cuit conditions and the number of times that the test can be carried out.

2. Switching surges phenomena in multiple filter branches

The common practise in filter design is to select a reactor and capacitor combi-
nation that limits the harmonic distortion to a specified level and delivers the
proper reactive power output. It is achieved by appropriate component ratings for
the series resonance and required harmonic frequencies which have to be filtered.
It is assumed that proper filtering harmonic current spectrum at the bus in multiple
filter branches is carried out from low to high order and to achieve a harmonic
distortion level that will meet standardized requirements [1, 2, 3]. Moreover, to
ensure the properly operation of each branches in multiple filter installations and
provide required impedance characteristics of power system, each of filter circuits
is properly design to adequate resonant frequency [2, 4].

In industrial applications the most popular harmonic circuits still represent
single—tuned filters and broadband units. However power systems which supply
nonlinear or disturbing loads (arc furnaces, traction loads etc.) are equipped with
C-type filter with damping resistance but in several cases, there are possibilities
to adopt other solutions, that may be favourable in terms of economic and tech-
nical indices. That applications is increasingly required a multiple FC which
based on several single—branches passive filters tuned at different frequencies
in order to achieve a harmonic distortion level that will meet the end customer’s
requirement [2, 5, 6, 7]. Moreover, a multiple filter circuits comprising C—type
filter have good suppression at tuned frequencies and more efficient damping the
resonance that may occur.

An important point in complex filter units is a valid sequence of switching
operation of single—tuned branches installed at power system. The proper se-
quence is carried out from low to high order harmonic filter and their incorrect
switching events can cause transient overvoltages and severe stress on compo-
nent insulation FC installations and fault system equipments.

Energizing a normal shunt capacitor bank and units cooperated with other ca-
pacitors under voltage can result in maximum transient crest voltage of twice the
power frequency voltage per unit. Damping of the power system which in typi-
cally cases is a range 5 to 20 causes the transient to decay rapidly.
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In application involving multiple single—tuned filters are observed a different
character of transient and the values of current and voltages peaks. Energizing
a single—tuned harmonic unit in multiple FC will also result in a voltage twice
the voltage, which normally appears across the capacitor. Although, the nominal
voltage across a filter capacitor, without harmonic being considered is greater
than the bus voltage by the factor k:

hZ
h -1
where 4, is the resonant frequency to which the filter unit is tuned. Therefore,
the effect of the filter switching is to increase the amplitude of transient voltage
on filter capacitor even twice than nominal at power system.

An important difference between energizing a shunt capacitor and a harmonic
filter is frequency and duration of transient. The filter inductance is a large por-
tion of the total circuit inductance in a low order FC. Therefore, the switching
operations are characterized by lower transient frequency than switching tran-
sients in shunt capacitor bank. The phenomenon is as a result in difference be-
tween filter and system quality level. The X/ R ratio for FC is typically in a
range of 100 — 150 compared to ratios of 5 to 20 for the power system as a
whole. Therefore, the overall damping of the circuit is significantly reduced and
the transient oscillations have shorter duration. Although it should be empha-
sized, that longer duration and lower frequency of transients can mean generate
higher overvoltages and hence serious stress upon filter capacitor and reactor. As
general analysis shows [8], that the parameters calculated for steady state are not
sufficient to ensure faultless operations of filter circuit involving multiple sin-
gle—branch filters in the industrial power supply systems.

k

3. Modeling the supply system

The examined industrial power system is shown in Figure 1. This arrange-
ment is supply from 110 kV and is reasonable for a medium size arc furnace in-
stallation or other harmonic producing loads. The system involves a 20 kV in-
dustrial bus with a moderately strong source. The short circuit of the bus is 290
MVA. The step—down transformer TS supplying the bus is rated power from 80
to 160 MVA, wye—delta connected unit with the primary neutral solidly
grounded. A 50 MVA arc transformer TP is connected to the 20 kV bus. Three
single—tuned filters which represents the multiple Filter Circuit (FC) and Thyris-
tor Controlled Reactor unit (TCR) are also connected the MV bus through a ap-
propriate single air blast circuit breakers. The filters are tuned to the: 2™, 3™ and
5™ harmonics and provide a total capacitive reactive power to the bus of
42 MVAR. A TCR unit consists of thyristor veristack made of anti—parallel and
series connected thyristors with snubber circuits and provide fast reactive power
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and voltage regulation support. The snubber circuit is used for overvoltage pro-
tection of thyristors and to supply auxiliary power to thyristor electronic card.
Transients analysis during filter branches switching on, based on two power
FC systems and is carried out for TS unit ratings from: 80 to 160 MVA.
System A — which involved all single—tuned passive harmonic filter, Fig. la.
System B — which based on 2™ C—-type filter unit and 3™ and 5™ single—tuned
passive filters, Fig. 1b.
During energizing FC units, the TCR is running and provide the properly
balance of reactive power on medium voltage bus.

a) b)
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Fig. 1. Topology of AC-EAF industrial power supply system with TCR unit:
a) system A, b) system B

The individual filters are tuned to supply: 1.86, 2.79 and 4.65 MVAR for the
second, third and fifth harmonic filters respectively. In the Table 1 and 2 are
shown the FC harmonic filters parameters in consideration of their variations,
for single branch passive filters and 2™ C—type filter respectively.

Table 1. Parameters of the single—tuned harmonic filters

Filter Tuning fre- | Capacitance, | Inductance, | Resistance, Loom,

quency uF mH Q A
F-2 1.86 28.30 103.59 0.27 144
F-3 2.79 152.01 8.57 0.07 632
F-5 4.65 113.90 4.12 0.04 433
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Table 2. Parameters of the 2™ C—type harmonic filter

Filter Tuning Capacitance | Capacitance | Inductance | Resistance Tooms
frequency Ci, WF C,, WF L., mH R, Q A
F-2 1.86 39.79 97.86 103.59 107.53 144

4. Switching surges on filter elements

The main purpose of simulation is determine the peaks of transient overcur-
rents and overvoltages in filter circuits which are operated in a different FC
configuration and power supply systems. In analysis there are examined the
influence of: configuration of single—tuned filters, short circuit of power supply
systems and harmonic filter tuning frequency for variations of voltages and cur-
rents in FC.

In the examined arc supply system there are different topologies of the
TCR-FC circuit. In order to verify the impact of the examined filter circuit con-
figurations and tuning frequency on transients magnitude of voltages and cur-
rents, each of single-branch of FC circuits, during industrial harmonic filter or
multiple filter branches switching the simulations has been considered. The stud-
ies have been carried out for connections of designed filter installation shown in
Table 3.

Table 3. Topologies of the Filter Circuit Switching

FC topology Switching event

FCI Switch on single harmonic filter — F-2 or F-3 or F-5
FCII Switch on all harmonic filters — F-2 + F-3 + F-5

FC IO Switch on single harmonic filter, under other units are

supply to the bus.
Case 1. Switch on F-2, under F-3 and F-5 are operated
Case 2. Switch on F-3, under F-2 and F-5 are operated
Case 3. Switch on F-5, under F-2 and F-3 are operated

I. Transient overcurrents and overvoltages, system A

Figure 2 shows an example of transient currents and voltages for the most
loaded phase in single-tuned 2™ harmonic filter, under FC energizing through
80 MVA power harmonic transformer in system. The results are shown for two
different filters configurations of the system A.

93




J. Warecki, M. Gajdzica / Transients under energizing multiple power filter ...

FCI FCII
bbbt fri1

N \”MMNM/\ﬂ\\“\ﬂﬂ'fﬂﬁ(\H“\H 500 J‘Li‘ !'l‘ H I ]

z {HM\I h\l““ \\'\H“\H\“\\FU‘HN"‘ ‘\‘;\‘}“IJIJ}:”}HJ \MA l‘, MV‘:‘_ z Ii) ‘\;‘;M“‘ﬁ, M\h‘ ‘H‘w i, \}U /\ M\wfﬂ“ f‘\ L
I B !/H[Mf‘ e
L 1 ‘: Y

AR IO L unuiis

1 LA LA {1}

‘ e a) o o o8 ' = o
el B

i |1 Rl A D S 81 R R AR R

i M”NM dw il J\K\W i1 i H‘Ur‘mA\}\‘}U\‘m}\f"“‘ wrw\“'w\)w‘\m i

e e

[]07 9% o2 1b) o L L ([5107 2 o2 !
\Anllyllﬂyl I p‘ : 4 MI!.‘.'

R WH 1

o U i
W”W WL il i I

<)

Fig. 2. Transient currents (a) and voltages across 2™ harmonic filter capacitor (b) and reactor (c)
tuned to 4, = 1.86, during FC unit switching on, system A

As one can see, the harmonic filter energization causes high voltage and cur-
rent distortion in filter circuit at second harmonic. The effect of that phenome-
non has increased during all filters switching in FC units, where it can be ob-
served the higher amplitude and the longer duration of transient in filters circuit.
The results presented in that case, with high magnitude and damping transients,
causes a significant effect of FC units on the other filters resonance sensitivity
during filter energization. The nature of switching transients are the effect of
filter current variation, but the ratio between capacitor and reactor strictly de-
pends on the value and relative tuning frequency of the filter in application.

Furthermore, transient analysis at 2™ harmonic filter circuit, in the imple-
mented industrial power system supplied by power transformers with power rat-
ings from 80 to 160 MVA does not indicate for a significant changes of imped-
ance frequency characteristic of the filter circuit. Presented situation indicates
low impact of system inductance on occurring transients.
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Table 4 shows the magnitude of the transient overvoltages and overcurrents
obtained during energizing one (FC I) and all (FC II) single—tuned harmonic fil-
ters to power system.

Table 4. Peak transient currents and voltages in FC units comprising single—tuned filters

Design tuning, below resonant frequency

Rating of TS,MVA | 80 | 160 | 80 [ 10 | 80 | 160
Filter Current peak CapZ(?ilt:)arge peak Reactor
o kA 1.26 121 | kv 89.59 81.11 | 69.14 | 66.55
pu. O 6.20 595 | pu® 3.91 3.54 | 1043 10.03
3 kA 339 365 | kv 43 85 4393 | 1647 18.14
pu.® 3.81 410 | pu.® 234 235 6.86 7.55
s kA 1.98 209 | kv 4023 3857 | 6.70 7.59
pu.® 3.24 342 | pu©® 235 225 8.48 9.61
Fine tuning to resonant frequency
Rating of TS,MVA | 80 | 160 | 80 [ 160 | 80 | 160
. Voltage peak
Filter Current peak Capaci torg P Reacior
kA 134 130 [ kv 82.13 8312 | 63.04 | 6539
2 pu® 6.59 639 | pu® 3.58 3.62 9.51 9.86
kA 335 3.68 [ kv 4529 4232 | 1489 | 16.63
3 p.u. O 3.76 413 | pu® 242 226 6.20 6.92
s kA 2.06 224 | kv 40.17 38.85 6.00 6.92
p.u.© 337 3.66 | pu® 234 227 7.59 8.76

) pbase value — rated filter current and voltages for capacitors and reactors

Analysis of the transient current peaks presents, that for case with all har-
monic filters in FC unit there are observed the maximum amplitudes after a cer-
tain time from the harmonic filter energization. Furthermore, the damping tran-
sients are longer and slower achievement of steady state values during all sin-
gle—tuned filters are switched. This fact is due to the properties of systems, at the
appropriate frequencies during transients. In the examined power system there
was proved, that relatively higher peaks of transient currents in filter units are
observed at circuits supplied by transformer with lower inductance and for pre-
cise filter tuning, accurate to resonant frequency 4,.

Switching on the filters draws the more lasting transients, than in the case of
transformer energization [6, 7].

Analysis of the transient voltage peaks on filters reactor and capacitor has
shown similar results to the overvoltages generated on filter component during
transformer energization [6, 7]. Switch on single and all harmonic filters tuned
to resonant frequency causes a higher transient voltage peaks than FC’s design
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and tuned below resonant frequency. In the first case, harmonic filters supplied
by power transformer with power ratings 160 MVA, switching transients have
longer duration and frequency variation dies out more slowly.

The examination of switching events within filter system A topologies has
shown, that solely energization of 5™ harmonic filter under operated the rest of
FC units causes higher transient overvoltages and overcurrents, than maximum
peaks of voltages and currents obtained during switching 5™ harmonic filter in
the I and II" FC topology. The magnitudes of transients peaks recorded from
the simulation are shown in Table 5.

Table 5. Peak transient currents and voltages in FC III topology for fine tuned filters,

case 3
Ratingof TS, MVA | 80 | 160 | 80 | 160 | 8 [ 160
. Voltage peak
Filter Current peak Capacitor Reactor
o kA 0.66 0.65 KV | 5192 51.16 20.95 | 29.48
- pu.® 325 320 | pu© | 226 223 4.52 4.44
3 kA 3.14 3.12 KV | 43.56 41.69 1779 | 16.99
B pu.® 3.53 350 | pu® | 233 223 7.40 7.07
s 293 2.99 KV | 4270 41.05 1191 | 12.08
B pu® 4.79 489 | pu® 2.49 240 | 1507 | 1529

© base value — rated filter current and voltages for capacitors and reactors

A special case is energization of 3™ harmonic filter, under the rest FC units is
connected to the bus — Table 3, case 2. The Table shows, that transient overvolt-
ages and overcurrents on filter reactor significantly exceed the surges magnitude
which was calculated for cases FC I and FC II. Moreover, in all presented cases
at FC III configuration, the shorter duration and lower frequency can mean de-
creased stress upon the capacitor and reactor units.

II. Transient overcurrent and overvoltages, system B

Figure 3 shows the comparison of transient voltages and currents for the most
loaded phase in 2™ damped harmonic filter, resulting from simulation, under FC
energizing through 80 MVA power transformer in system. The results are shown
for two different filters configurations FC I and FC II of the system B, compris-
ing C—type filter. Relative tuning frequency of the 2™ damped filter in the ex-
periment has taken to be: 1.86 and 2.0. The analysis of current peaks on FC cir-
cuit components during C-type filter energization has shown, that additional
damping resistance Rr good suppress tuned frequency and more effectively
damps the resonance which occur. Besides, in comparison with system A, in the
case when the switching occurs, the transient faster achieves of steady state
value.
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Fig. 3. Transient currents (a) and voltages across 2™ harmonic C—type filter capacitor C; and C, (b)
and reactor (c) tuned to 4, =1.86, during FC unit switching on, system B

The results of all transient magnitudes of currents and voltages, across the fil-
ters for system B within in FC I and FC II switching topologies, comprising 2™
damped filter are presented in Table 6.

The experiment shows, that similarly to the cases from FC system A, the
same levels of voltage and current surges on filters insulation components, dur-
ing FC units energization are observed at the supply system equipped with 160
MVA power transformer and harmonic filter circuits tuned to resonance fre-
quency A,.

Changing the nature of transient based on relevant variation of frequency pa-
rameters of supply installation. The result will not be generalized for applica-
tions to other systems, but will only be used to determine the electrical switching
stress on the filter components of that system. In another cases, we can expect
completely different relations. Even so, the dynamic overvoltages and overcur-
rents phenomena exhibited here are common to many others.
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Table 6. Peak transient currents and voltages in FC units comprising 2™ damped filter

Design tuning, below resonant frequency

Rating of TS.MVA [ 80 [ 160 [ 80 | 160 | 80 | 160
. Voltage peak

Filter Current peak Capacitor Reactor

o KA 089 | 085 [kV 60.92 | 5812 [39.91 [ 38.94
pu"’ 438 | 418 [pu™ | 266 253 | 602 | 587

3 KA 342 | 369 [ kv 4532 | 4520 | 1644 | 18.14
pu”’ 3.84 414 [pu® | 242 240 | 684 | 755

s KA 2.03 214 [ kv 41.15 | 3933 [ 672 | 726
pu"’ 3.32 350 [ pu™ | 240 229 | 851 | 9.19

Fine tuning to resonant frequency

Rating of TS.MVA | 80 [ 160 [ 80 | 160 | 80 | 160
. Voltage peak

Filter Current peak Capacitor Reactor

o KA 092 | 087 [kV 6145 | 5875 | 3760 | 37.36
pu"’ 452 | 428 [pu™ | 268 256 | 567 | 563

F 3 kA 338 [ 3.71 [ kv 4162 | 42.66 | 14.80 [ 16.63
pu”) 3.80 417 [pu® | 222 228 | 616 | 6.92

s KA 1.93 197 | kv 4125 | 3979 | 6.03 | 6.70
pu"’ 3.16 322 [pu™ | 241 232 | 763 | 848

) pbase value — rated filter current and voltages for capacitors and reactors

The study on filters from the system B in the FC III switching configuration
has shown, similarly to system A, transients for 5™ harmonic filter under all the
rest filters are connected to the bus (case 3). For all simulated cases of FC, com-
prised 2™ C—type filter, one can observe a shorter duration of transients, than in
the system without damping filter. Table 7 is presented the magnitude of tran-
sient overvoltages and overcurents recorded from the simulation.

Table 7. Peak transient currents and voltages in FC III topology for fine tuned filters,

case 3
Ratingof TS, MVA | 80 | 160 | 80 [ 160 | 80 | 160
. Voltage peak
Filter Current peak Capacitor Reactor
Foo kA 0.48 0.47 kV 38.52 37.89 2224 | 21.18

pu” [ 236 | 231 [pu® ] 168 |1.65 335 | 3.19
KA 263 | 271 | kv 4308 4121 [ 1696 | 1687
pu" | 295 3.0 [pu® ] 230 [220 7.06 | 7.02

F-3

kA 2.80 2.88 kV | 4205 [40.48 14.68 | 14.75

F=5 pu” | 458 | 471 [pu®] 245 [236 | 1858 | 18.67

) pbase value — rated filter current and voltages for capacitors and reactors
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In the considered circuit, the maximum peaks of the transient voltages and
currents on 5™ harmonic filter components are higher magnitude, than values
from cases FC I and FC II during third harmonic filter energization.

5. Conclusions

General analysis of a sample industrial power system comprising multiple fil-
ter circuit has allowed drawing the next finding.

The effect of the all filters switching within multiple filter circuit is to in-
crease the maximum peaks of voltages and currents on filter reactor and capaci-
tor, in all analyzed systems. The transients decay more slowly, comparatively to
separate switching on each filter.

The study on system B comprising C—type filter has shown lower transient
overvoltages on the C—type filter components, operated in all analyzed cases.
The examination confirms, that the damping resistance has no effect on maxi-
mum peaks of overvoltages on the third and filth harmonic filter capacitors. At
the same time, the bypassed resistor effectively damps the transient oscillations
and therefore reduces their duration on the other filters.

Results of the investigation shows, that power system capacity in the point of
filter circuit connection and accuracy of filters tuning, have no significant effect
on the transient overvoltages during energizing single filter or group of filters.
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