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Abstract

This paper presents a harmonic analysis and the design and
selection of harmonic filters for a hybrid cooling tower at a
refinery plant. This study can be extended to any industrial plant
with numerous variable speed drives (VSD). In this industrial
complex, variable speed drives constitute the total load of power
transformers. The harmonic analysis of the system shows that
harmonic elimination with passive filters is possible only for
certain current and power ranges. The studies also indicate that
ferro-resonance occurs under light load conditions. This
phenomenon creates over-voltages in the network and damages
the equipment. The purpose of this paper is to highlight important
points in the design or selection of voltage harmonic filters in
industrial networks with large non-linear loads.

Index Terms

Industrial plants Harmonic Analysis,
Industrial plants harmonic filter design,
Passive harmonic filter limitations,
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Passive Filters Resonance,
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NOMENCLATURE
VSD Variable Speed Drive S0 'I;gtal I-_|arm0n|c
istortion

EMC Electro-_l\/l_agnetic Zn The_total impeda}nce

Compatibility of’single tuned filter
Rsc Ratio Between

EMI Electro-Magnetic Short Circuit

Interference Current and Load
Current

AHF  Active Harmonic Filter

PHF Passive’Harmonic Filter

PLL Phase Locked,Loop.

I. INTRODUCTION

VSD is an electronic device that controls key parameters

like speed, torque and position of an AC motor by varying

the frequency and voltage of the power supplied to the motor
based on its load needs [1].

These days, VSDs have a significant load share due to

electric machine requirements, power grid limitations, and

energy-saving considerations. Consequently, VSDs have seen
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extensive use in industrial applications(such as, pumps, fans,
cranes, conveyors, and more [1].

VSDs have many advantages;however, due to the full-
bridge diode rectifier at their input and two-levelvoltage source
inverters at their output, they ‘can generate low and high
frequency harmonics with significant.amplitude, polluting the
power systems. These harmonics flow through the power
system, causing various issues such as supply voltage
distortion, overloading of electrical equipment, reduction in
system efficiency, increased equipment temperature and losses,
capacitor #bankifailures “and problems in protection relay
performance [4].

Many methods| have been employed to resolve VSD
harmonies problems, such as using special power transformers,
activeor passive harmonic filters, and active front-end inverters
[2].

Among this equipment, passive harmonic filters are
commonly used in industries due to their simple structure,
reliable operation, and lower installation and maintenance costs
[3].

In the presence of system capacitance, certain transformer
and reactor combinations can give rise to ferro-resonance
phenomena, due to the nonlinearity and saturation of the
reactance [4]. Resonance can occur over a wide range of
Xc/Xm. Ref. [5] and [6] specify the range as: 0.1 < Xc/Xm <
40.

Low-voltage plants commonly use high-capacitive cables in
industrial areas. When industrial plants have non-linear loads
like VSDs taking a major share of the transformer load, many
passive filters are often used. These situations can cause ferro-
resonance due to several factors: capacitance of cables,
capacitance of passive harmonic filters, saturable inductance of
passive harmonic filters, and the range of harmonic orders.

There are several solutions for preventing ferro-resonance
and resonance phenomena. Some of these methods include [7]:

- Adding secondary resistive loads up to 4 percent of the
transformer’s nameplate rating.

- Increasing the circuit losses during ferro-resonance
without significantly increasing them during normal
operation.

- Adding damping resistors.

The methods mentioned above have some disadvantages,
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such as increasing total system losses and incurring additional
costs.

For plants with many VSDs, the design phase should
consider using the lowest possible number of passive filters to
decrease the chance of resonance and ferroresonance.

Typically, passive filters are designed and tuned to filter one
of the harmonic orders and are installed in parallel with the
VSDs [8]. They work by creating an alternative low-resistance
path for the flow of harmonic currents, effectively reducing the
amount of harmonic distortion in the system [9].

By using high-order passive filters connected in parallel with
loads, it is possible to filter two harmonic orders or high-
frequency harmonic orders. Although it is possible to use a
series of passive filters based on the filter's nominal current, the
cost of the filter will increase. Typically, single-tuned first-
order shunt passive filters are widely used, while other types of
passive filters are rarely employed.

To ensure high power quality in the electrical grid,
manufacturers should meet electromagnetic compatibility
(EMC) standards for the frequency ranges of 0 ~ 2kHz and
150kHz ~ 30MHz [10]. Consequently, inductors are
conventionally located at either the DC or AC sides of the drive
system to align with the EMC standards below 2 kHz [11],
while electromagnetic interference (EMI) filters are
implemented to comply with standards above 150 kHz [17].

Therefore, several standardization committees, including
NASI, IEC SC 77 A, CISPR, and CIGRE, have recently.
engaged in defining emission limits for frequencies below, 150
kHz [22].

In some cases, the inductance and capacitance characteristics
of equipment such as cables, transformers, chokesi"andfilters,
when combined with VVSDs harmonics, can cause over-voltage
problems due to resonance and ferro-resonance.

Based on the insulation voltage limits of low-voltage
equipment, over-voltages due to ferroresonance can be very
costly and can cause damage and failtre of many devices.

The importance of this researchiarea is that, inrmany refere
nces, the focus for harmonic filter design andselection is prim
arily on Total Harmonic Distortion (THD) and filter characteri
stics. In other words, the impact of the filters on each other an
d on other network ¢components, which is addressed in this res
earch, is often ignored. This oversight can lead to faults and a
decrease in reliability.

This condition becomesm:more critical when many non-linear
loads exdst at'the output,of a single power transformer, a factor
often not Clearlyaddressed in references.

The primary focus of this paper is the analysis of the impact
of various passive filter components on voltage waveform.
Typically,this issue is not cited or considered. Additionally, a
step-by-step comprehensive algorithm is presented for selecting
harmonic filters.

The novelty of this paper lies in considering voltage nominal
limits during the process of designing and selecting PHFs. This
goal is in addition to the main objective of improving power
quality using PHFs.

In reference [36], a passive filter solution was used for a
practical solar power plant. This reference mentions that the

chance of resonance occurring is high in plants, and in the event
of harmonic resonance, even a small harmonic source can cause
serious harmonic voltage/current distortion. This reference used
the Inductive Power Filtering Method (IPFM) to resolve the
harmonic resonance problem by adding a specific winding to
the power transformer, with the passive filter connected to this
winding. The disadvantage of this solution is the extra cost due
to the special design of power transformers and the requirement
for more expensive cables because of the high THD value in the
plant.

In reference [37], the selection of passive harmonie.filters is
presented, and a block diagram for the stepswef this,process is
shown. This reference considers resonance in the selection of
passive harmonic filters, but it is_simulated and practically
tested for only one filter. The interaction ofymultiple filters is
not considered in this reference.

In reference [38], activesharmonic filters are suggested as a
solution for avoiding ,passive filter“resonance, and detailed
information about aetive filterstisyprovided. This solution is
technically the best, but) it isialso the most expensive. In a
practical design withjeconomic concerns, more economical
solutions sheuld be analyzed first, and only if they are not
sufficient'should'more expensive solutions be considered.

The paper is organized as follows: In part two, the total
electrical system of an industrial plant is reviewed, reasons for
harmonic pollution from VSDs are presented, and both AHFs
and PHEs are briefly introduced. In part three, a library of VSD
harmonic »Characteristics is created and a plant harmonic
analysis is conducted. This section also includes a block
diagram for harmonic analysis. Finally, based on the result of
simulations under different conditions, appropriate filters are
selected.

Il. INTRODUCTION THE STUDIED SYSTEM

A. Industrial Complex Total System Description

This section discusses the electrical system of an industrial
complex. The system consists of 24 fans powered by 200 kW
motors. These motors are controlled by VSDs based on control
system commands.

In this network, there are 24 VVSDs supplied by four power
transformers, each with a rating of 3.3 MW. Two transformers
are considered spares, while the remaining two supply the
VSDs continuously.

The selected VVSDs are of the normal-duty type, featuring a
four-quadrant sensorless vector control with a two-level
inverter at their output and a two-quadrant three-phase full-
bridge rectifier at their inputs.

The cable length between the transformers and VSDs, and
between the VSDs and motors, are approximately 300 and 400
meters, respectively.

For VSDs input and output, symmetrical shielded cables
with three phase conductors, a shield, conductive armor, and a
separate PE conductor were selected based on plant site
standards. These cables have significant capacitance values
between phase conductors and between the phase conductors
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and shield conductors.

B. Electrical System Single-Line Diagram

According to control system commands, fan motors can
operate in both directions at speeds ranging from 0 to their rated
value. In other words, a VSD can supply a motor with any
voltage and current below the nominal values.

The control system can shed some of the fans, resulting in
the total load of the transformers being less than the no-load
current of the 24 motors. In other words, transformer currents
can range from 10% to 25%.

Appendix 1 illustrates the VSDs and the arrangement of the
plant’s electrical system. This appendix includes the PCC
incoming panel arrangements and transformers for two
packages of VSDs, and it provides an overview of the entire
electrical system of the plant.

I1l. VARIABLE SPEED DRIVES AND HARMONIC SOLUTIONS

A. Variable Speed Drives Harmonic Current Injection

VSDs are highly effective devices for the complete control
and protection of electrical machines. Typically, VSDs consist
of three stages [23]:

1- Input rectifier
2- DC link capacitor bank and choke
3-  Output inverter

Low voltage VSDs have a three-phase fullbridge diode
rectifier at their inputs and two-level voltage source inverters at
their outputs. The classic full-bridge diode.rectifier’is a source
of current harmonics for the power grid,

The VSD structure is shown in Figure\1.

In practice, THD value for industrial,VVSBs with DC chokes
is around 30% to 45%. However, if harmanic reduction criteria
are not considered in the_selection of the DC choke and
capacitor bank, THD valde can,exceed,70%.
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Figure 1-Conventional type VSD structure [23]

B. Passive Harmonic Filters

It’s possible to eliminate or reducexharmonic components
using shunt or series filters. Shunt filters.create low impedance
against harmonic orders, sWhile, series filters create high
impedance against harmonic orders to blaek harmonic currents
[24].

The most comm@n method-te,reduce harmonics is through
the use of shuntdfilters, which are frequently utilized in various
industries.

In manyieases, it\is possible to meet standards related to
harmonics, such as TEEE519-2014, by using passive shunt
filters. Howeyver,for some plants, this may not be feasible.

The, total circuit of passive filters is illustrated in Figure 2.
Typically, shunt passive filters are installed to ground the
harmonic content produced by VVSDs [25].

When these filters are installed near VVSDs, the resonance
frequency of the filter is typically set around the 5™ and 71"
harmonic orders [26].

In Figure 2, common passive filter configurations are
illustrated:

(@) single-tuned filter,
(b) first-order high-pass filter,
(c) second-order high-pass filter, and

(d) third-order high-pass filter [27]

Among the above items, the single-tuned filter is the most
well-known and widely used in industries. In this paper, the
single-tuned filter is used for harmonic mitigation.

Sigle-tuned filters consist of a capacitor and an inductor,
which provide a low impedance path against a specific
harmonic order with a certain frequency.

The total impedance of single-tuned filters is given by:

Zn = Rn +j ((DnL —1/ (DnC) (1)
At resonance frequency:
onL =1/ @C @)

The reactance and capacitance of a single-tuned filter at the
tuned frequency are:
1 —

wpC

L

C

Xo=onL = 3)
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Figure 2. Commonly used types of passive filters
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C. Active Harmonic Filters

By injecting harmonic distortion into the system that is equal
to the distortion caused by the nonlinear load, but of opposite
polarity, the waveform can be corrected to a sinusoid [4].

This procedure is achievable with inverters and active
devices. Due to active switching devices and control
complexities, these devices are more expensive than passive
filters.

Active filters can set the cutting frequency around harmonics
and inter-harmonics frequencies in dynamic or steady-state
conditions, a capability that passive filters lack.

Additionally, the probability of over-voltage problems can
be reduced by replacing passive harmonic filtersswith active
harmonic filters.

Selection of active harmonic filters is much easier.compared
to passive filters, which require detailedsdesign based op'the
plant’s situation and arrangement.

Active harmonic filters select andseperate;like a®black box
that compensates for harmonic currents;

There is a limitation on the.numberof activesharmonic filters
that can be connected in paralleFwith<each other. Typically,
some manufacturers allow,a maximum of 12 or 16 active
harmonic filters (AHF)“to"be connected in parallel. This
limitation on the, number of parallel connected AHFs is due to
the behavior of ‘Phase, Locked Loops (PLLs), as many PLLs
cannot lock properly, withieach other.

IV. SIMULATION RESULTS

Inithis section, the electrical system will be simulated using
ETAP software.
Table 1'shows the values of the main parameters.

Table 1. Network and Transformers Data
Transformer Data

Primary Voltage [V] 33 kV
Secondary Voltage [V] 400 V
Frequency [Hz] 50

Network Sk [MVA] 1150

Transformer Sn [kVA] 3150

Shielded XLPE Copper

Supply Cable Type with Armor and PE
Conductor
Cable Quantity 36
Ejact))rl]inl/rrnnqedance 115
Supply System Data

Cable length [m] 50

Lgc [uH] 10.7

Cyc [MF] 90

Ude [V] 518

Pac [KW] 2100

The simulation results without harmonicfilters are presented
in Table 2. These results.show the THDB-for each VSD in the
previously described.dndustrial plant.

Table 2. Harmonic analysis for each VSD
VSD Network Data

Cos g1 0.989 THDcyrrent 43.1%
Jot."Power Factor 0.908 THDvoitage 1.1%
Harmonic Orders Data
Harmonic f Current 1l Voltage UJU

Order [Hz] [A] mi \Y et
1 50 257.9 100 % 399.8 100 %

5 250 93.2 36.1 % 2.6 0.6 %

7 350 49.7 19.3% 19 0.5%
11 550 21.5 8.3% 13 0.3 %
13 650 14.8 5.7% 11 0.3%
17 850 124 4.8 % 1.2 0.3%
19 950 9.1 35% 1.0 0.2 %
23 1150 8.4 32% 11 0.3%
25 1250 6.5 25% 0.9 0.2%
29 1450 6.1 24 % 1.0 0.2%
31 1550 5.0 19% 0.9 0.2%
85 1750 4.6 1.8% 0.9 0.2%
37 1850 39 15% 0.8 0.2 %
41 2050 815 1.4 % 0.8 0.2%
43 2150 31 12% 0.7 0.2%
47 2350 2.7 11% 0.7 0.2%
49 2450 24 0.9 % 0.7 0.2%

The final results of high-altitude harmonic orders for each
VSD, based on Table 2, are shown in Figure 4.
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Figure 4. Final results for the harmonic library of each VSD

According to the data in Table 2 and Figure 4, the total
harmonic current is approximately 40% for each VSD.

In Figure 3, the block diagram for harmonic filter selection
is presented. The rest of the analysis will be based on this
diagram. The first two steps were previously completed in the
content.

In the third step, load flow analysis is conducted. The plant
is symmetrical, and all transformers and VVSDs are similar. The
only differing component is the power cable length.

For each VSD, load flow data is provided in Table 3. Due to
the differences in cable lengths, electrical parameters slightly
differ for each VSD. However, these differences are negligible
because they are too small.

Table 3. VSDs Load Flow Data

Input Apparent Power 186.5 kVA
Input Voltage 400 V
Input Current 2643 A
Input Power factor 0.98
Sg\}é’e“rt Apparent 2092’ kVA
Output Voltage 400 V.
Output Current 3019 A
Output Power Factor, 0.8738

The load flow analysis ‘results for power transformers are
shown in Table 4.

Table 4. Power Transformer Load Flow Data

Input Apparent Power 2296 kVA
Input Voltage 33 kV
Input Current 40.2 A
Input Power factor 0.967
Sé‘\f\fe”rt Apparent 2245 VA
Output Voltage 400 V
Output Current 3156 A
Output Power Factor 0.9793

In the fourth step, the input us shert eircuit/analysis for
VSDs is conducted. The simulation results show that the input
VSD short circuit current, according to IEC-60909, is 24.692
KA.

The simulation results for the;power transformer show that
the output bus short circuit current, according to IEC-60909, is
67.8 kKA.

The IEEE-519 standard defines a ratio between short circuit
current and load eurrent. This standard is referred to this ratio
as Rsc.

Simulations from steps 3 and 4 showed that the Rsc for the
transformer output is equal to 21.48, and the Rsc for the VSDs
inputiis.equalito 93.42.

According to Table 5, the total current harmonic distortion
for,the transformer is 8.0%, and the total current harmonic
distartion for the VSDs input is 12.0%.

Table 5. Harmonic Orders Limitations Based on IEEE-519

Maximum Harmonic Current Distortion in Percent of I

Rsc h<1l 11<h<17 17<h<23  23<h<35 35<h THD,
<20 4.0 2.0 15 0.6 0.3 5.0
20<50 7.0 35 25 1.0 0.5 8.0
50<100 10.0 45 4.0 15 0.7 12.0
100<1000 12.0 55 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 25 1.4 20.0
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Figure/3aBlock diagram for passive filter selection in industrial plants

In the fifth step, plant harmonic simulation for VSDs and Transformer Output Voltage Waveform
transformers is conducted. “Initially, the plant harmonic
simulation is gperformed without any harmonic filters.
Following the selectiomof harmonic filters, the plant harmonic
simulation®and,.analysis will be repeated to validate the
harmonic,filterselection.

After the plant harmonic simulation, the total current
harmaenic distortion for the VSD input was 43.1%, and the total
current“harmonic distortion for the transformer output was
14.9%.

Figure 6 shows the transformer output voltage waveform. Tiem (4
Figure 5. Transformer output voltage waveform without filters

Voltage Amplitude Percent
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V. FINAL FILTER SELECTION

Based on Table 2 and Figure 4, some of the harmonic orders
have significant magnitude.

For this specific plant, harmonic analysis shows that the
following harmonics have the main impact on THD:

e 5" order at 250 Hz with 36.1% amplitude,
e 7™ order at 350 Hz with 19.3% amplitude,
e 11" order at 550 Hz with 8.3% amplitude,
e 13" order at 650 Hz with 5.7% amplitude, and
e 17" order at 850 Hz with 4.8% amplitude.

According to the above data, a single-tuned filter should be
used for the 5™, 7" and 11" order harmonics.

After this step and passive filter tunning, plant harmonic
analysis will be repeated. If the IEEE-519 standard is not
satisfied, a high-pass filter for high-frequency harmonics will
be considered.

After tuning the filters for the 5th, 7th, and 11th orders, the
total current harmonic distortion for the transformer output
decreased from 14.9% to 4.6%. The output transformer

waveform is presented in Figure 6.
Transformer Output Voltage Waveform

Voltage Amplitude Percent

100

15(
Time (s)

Figure 6. Transformer output Voltage Waveform with 5, 7 and
11" Orders Harmonic Filters for 100%]

Table 6 shows the harmonic filters data.after selecting)5™,
7t and 11™-order harmonic filters.

Table 6. PHFs Characteristics after Tunning

5" Order 7" Order 11" Order
Harmonic Harmonic Harmonic
Filter Filter Filter
kVAR 1448 85.4 72.45
uF 2881 1699 1441
XL 0.0442 0.0382 0.0183
Q Factor. 45 30 30
Current [A] 1010 540 245
Lead [MVA] 2.245 2.245 2.245
Existing PF 0.979 0.984 0.985
Desired PR 0.99 0.99 0.99

At this step, centralized PHFs are considered. In other words,
for every 12 VVSDs connected in parallel, only one filter for the
5™ harmonic order, one filter for the 7" harmonic order, and one
filter for the 11" harmonic order is used.

In a distributed PHF topology, for each VSD one filter for
the 5™ harmonic order, one filter for the 7" harmonic order, and
one filter for the 11™ harmonic order are considered. In total,

for 12 VSDs, 36 PHFs will be needed. In this situation, each
VSD can operate independently.

Figure 6 shows that the final harmonics with passive filters
for each VSD are satisfactory, and the voltage waveform is
close to a pure sine wave.

In the next step, the transformer output waveform is shown
for 30% of the induction motor’s nominal current. Figure 7
indicates that at approximately 30% current, a 17% over-
voltage occurs. In a distributed PHF topology, where the
number of used PHFs increases sharply, the over-voltage
situation worsens.

Transformer Qutput Voltage Waveform
1

Voltage Amplitude Percent

Time (s)
Figure Z«#Transformer output voltage waveform with 51, 7" and
11" Qrders Harmonic Filters for 100%ln

This, permanent’ over-voltage at low currents makes it
impossible ta use passive filters.

Finally, anm active harmonic filter with a capacity of 110
ampere is selected for each VSD.

VI. CONCLUSION

This paper presents methods for creating harmonic libraries
for variable speed drives, conducting harmonic analysis in
industrial plants, and sizing harmonic filter.

After presenting a diagram for passive and active harmonic
filters selection and following the steps of the diagram for a
practical plant, it has been shown that over-voltage makes using
passive filters impossible.

After testing different cases and scenarios, it was found that
in two situations, the chance of over-voltage will increase:

1. A large number of passive filters, chokes, and the

inductance and capacitance of cables

2. Low current operation of devices

According to IEEE-519 related limitations, for some
industrial plants, passive single-tuned harmonic filters can be a
reliable, low-cost, easy-to-use, and resilient choice. However,
other aspects such as resonance, ferro-resonance, and
temporary and transient over-voltages must be checked,
especially for all different load conditions.



Volume 4, Number 1, May 2024

VIl. REFERENCES

[1] F. O. Enemuoh, E. E. Okafor, J. C. Onuegbu, and V. N. Agu.,
"Modelling, simulation and performance analysis of a variable
frequency drive in speed control of induction motor", Int. J. Eng.
Invent., vol. 3, no. 5, p. 3641, 2013.

[2] Anil Baitha, Nitin Gupta, "A Comparative Analysis of Passive Filters
for Power Quality Improvement,” in IEEE International
Conference on Technological Advancements in Power & Energy,
Kollam, 2015.

[3] V.Vermaand B. Singh., "Genetic-algorithm-based design of passive
filters for offshore applications,” IEEE Trans. Ind. Appl., vol. 46,
no. 4, p. 1295-1303, 2010.

[4] J. DAS, in POWER SYSTEM HARMONICS AND PASSIVE FILTER
DESIGNS, John Wiley & Sons Inc., 2015, p. 105~111.

[5] R.H. Hopkinson, "Ferroresonance during single-phase switching of
three-phase distribution transformer banks," IEEE Transactions
on PAS, vol. 84, no. 4, p. 289-293, 1965.

[6] D.R.Smith, S. R. Swanson, and J.D. Borst, "Overvoltages with
remotely switched cable fed grounded wye-wye transformers,"
IEEE Transactions on PAS, vol. 94, no. 5, p. 1843-1853, 1975.

[7]1 S.Hassan, M. Vaziri, S. Vadhva, "Review of ferroresonance in power
distribution grids," in IEEE International Conference on
Information Reuse & Integration, Las Vegas, 2011.

[8] C.L.SuandC.J. Hong., "Design of passive harmonic filters to,
enhance power quality and energy efficiency in ship power
systems," in Proc. 49th IEEE/IAS Industrial & Commercial
Power Systems Technical Conference, Stone Mountain, 2013.

[9] Z.Chen, F. Blaabjerg, and J. K. Pedersen., "A study of parallel
operations of active and passive filters," insimProc. 2002 IEEE
33rd Annual IEEE Power Electronics Specialists Conference
(Cat. No. 02CH37289), Cairns, 2002.

[10] A.Boglietti, A. Cavagnino, andM.Lazzari, “Experimental high-
frequency parameter identification,of AC electrical motors,"
IEEE Trans. Ind. Appl.,»vols43, no. 1, p. 23=29, Jan./Feb. 2007.

[11] Amir Ganjavi, Dinesh Kumar, Amin M. Abbosh, Konstanty S.
Bialkowski, PoeyaxDavari, "Mathematical Model of Common-
Mode Sources in Long-Cable-Fed /Adjustable Speed Drives,"
IEEE Trans. lInd. Appl., val.58, NO. 2, p. 2013-2028, 2022.

[12] D. A. Gonzalez and J:C:,Mccall., "Design of filters to reduce harmonic
distortion in industrial’power systems," IEEE Trans. Ind. Appl.,
vol. 3, p. 504=511, 1987.

[13]J(A. Kusko, Power quality in electrical systems, McGraw-Hill
Education, 2007.

[14] 1. Wallace.#*Harmonic mitigation strategies in variable frequency drive
applications,” ASHRAE Trans., vol. 127, no. 1, p. 452-460, 2021.

[15] T. Gonen., Electric power distribution engineering., CRC Press, 2015.

[16] J. DAS, POWER SYSTEM HARMONICS AND PASSIVE FILTER
DESIGNS, John Wiley & Sons, 2015.

[17] T. A. S. S. a. A. B. L. Durantay, "Selection and tests of innovative
variable-speed motor-compressor solutions for a 55-MW full
electric offshore platform maximizing availability and efficiency

with better environmental impact,” IEEE Trans. Ind. Appl., Vols.
vol. 55, no. 6, p.. 6678-6689, Nov./Dec. 2019.

[18] J. E. Rocha and W. D. C. Sanchez., "The energy processing by power
electronics and its impact on power quality,” Int. J. Renew.
Energy Dev., vol. 1, no. 3, p. 99-105, 2012.

[19] H. F. Huang, L. Y. Deng, B. J. Hu, and G. Wei, "Techniques for
improving the high-frequency performance of the planarCMEMI
filter," IEEE Trans. Electromagn. Compat., Vols. vol. 55, no. 5,
p. 901-908, Oct. 2013..

[20] "Study Report on Electromagnetic Interference Between Electrical
Equipment Systems in the Frequency Range Below 150.kHz," T.
R. Irish Standard Recommendation S. R. CLC/TR50627, 2015.

[21] W.J. Lee, Y. Son, and J.-1. Ha, "Single-phase active power filtefing
method using diode-rectifier-fed motor drive," IEEE Trans. Ind.
Appl., vol. 51, no. 3, p. 222772236, May/dun. 2015,

[22] A. Kalair, N. Abas, A. R. Kalair, Z..Saleem, and N. Khan., "Review of
harmonic analysis, modeling and, mitigation techniques," Renew.
Sustain. Energy Rev., vol: 78, p. 1152-1487, 2017.

[23] F.Naseri, E. FarjahgEZSchaltz{ K. Luyand N. Tashakor, "Predictive
control of J@w-cost three-phase four-switch inverter-fed drives for
brushless DC 'maotor applications,” IEEE Trans. Circuits Syst. I:
Reg. Papers, vol. 68, no. 3, p. 1308-1318, Mar. 2021.

[24] J. K«Phipps, J-Py Nelson,and P. K. Sen, "Power quality and harmonic
distortion on'distribution systems," IEEE Trans. Ind. Appl., vol.
305no. 2, p. 476484, 1994.

[25]'Power electronics systems and equipment—operation conditions and
charagteristics of active infeed converter (AIC) applications
including design recommendations for their emission values
below 150 kHz," IEC TS 62578, 2015.

[26]F. Yang, X. Ruan, Q. Ji, and Z. Ye, "Input differential-mode EMI of
CRM boost PFC converter," IEEE Trans. Power Electron., vol.
28, no. 3, p. 1177-1188, Mar. 2013.

[27] Bin Wu, Mehdi Narimani, HIGH-POWER CONVERTERS AND AC
DRIVES, John Wiley & Sons, 2017.

[28] D. Kumar and F. Zare, "Harmonic analysis of grid-connected power
electronic systems in low voltage distribution networks," IEEE
Trans. Emerg. Sel. Topics Power Electron., vol. 4,no. 1, p. 70—
79, Mar. 2016.

[29] R. Kumar and B. Singh, "Grid interactive solar PV-based water
pumping using BLDC motor drive," IEEE Trans. Ind. Appl., vol.
55, no. 5, p. pp. 5153-5165, Sep./Oct. 2019.

[30] H. Shin, Y. Son, and J.-I. Ha, "Grid current shaping method with DC-
link shunt compensator for three-phase diode rectifier-fed motor
drive system," IEEE Trans. Power Electron., vol. 32, no. 2, p.
1279-1288, Feb. 2017.

[31] D. O. Boillat, F. Krismer, and J.W.Kolar, "EMI filter volume
minimization of a three-phase, three-level T-type PWM converter
system," IEEE Trans. Power Electron., vol. 32, no. 4, p. 2473—
2480, Apr. 2017.

[32] M. Hartmann, H. Ertl, and J. W. Kolar, "EMI filter design for a 1 MHz,
10 kW three-phase/level PWM rectifier," IEEE Trans. Power
Electron., vol. 26, no. 4, p. 1192-1204, Apr. 2011.

[33] D. Heirman, "EMC standards activity,” IEEE Electromagn.
Compact.Mag., vol. 3, no. 4, p. 90-90, Jul.—Sep. 2020.

[34] X. Lyu, Y. Li, and D. Cao, "DC-link RMS current reduction by
increasing paralleled three-phase inverter module number for
segmented traction drive," IEEE J. Emerg. Sel. Topics Power
Electron., vol. 5, no. 1, p. 171-181, Mar. 2017.



Journal of Modeling & Simulation in Electrical & Electronics Engineering (MSEEE)

[35] D. Thomas et al., "Assessment of conducted disturbances above 2 kHz

in MV and LV power systems," Cigre, Tech. Brochures 799, Apr.

2020.

[36] S. Wang, Y. Li, M. Zhang, Y. Peng, Y. Tian, G. Lin, "Harmonic
Resonance Suppression With Inductive Power Filtering Method: Case
Study of Large-Scale Photovoltaic Plant in China," IEEE Trans. Power
Electron., vol. 38, no. 5, p. 6444-6454, 2023.

[37] S. Shakeri, S. Esmaeili, M. H. Rezaeian Koochi, " Passive Harmonic
Filter Design Considering VVoltage Sag Performance - Applicable to
Large Industries," IEEE Trans. Power Delivery, vol. 37, no. 3, p. 1714-
1722, 2022.

[38] M. Pichan, H. Hafezi, H. Basnet, T. Roinila, " Comprehensive Design
and Experimental Verification of Shunt Active Power Filter ", IECON
2022 — 48th Annual Conference of the IEEE Industrial Electronics
Society, Brussels, Oct. 2022.


https://ieeexplore.ieee.org/xpl/conhome/9968313/proceeding
https://ieeexplore.ieee.org/xpl/conhome/9968313/proceeding
https://ieeexplore.ieee.org/xpl/conhome/9968313/proceeding

10 Volume 4, Number 1, May 2024

VIII. APPENDIX
Appendix 1, the single-line diagram of the plant.
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