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ABSTRACT

Harmonic is commonly known power quality problem which caused by
non-linear load. Nevertheless, harmonic was also found at the synchronous
generator instead of at the load. The effect of the triplen harmonic to the
generator neutral is high current which lead to high temperature of the
component at the generator neutral. Recent researches had identified the major
component of the triplen harmonic is third harmonic which initiated by the
synchronous generator itself. There are numerous techniques to reduce the effect
of harmonic in power system network. By installing harmonic filter is one of the
techniques to mitigate the harmonic current. A study about installing harmonic
filter at the generator neutral had been introduced to counter this arising issue.
The objectives of this study are to study the various harmonic filters used in
mitigating the third harmonic current and to design harmonic filter that can
reduced the third harmonic current at generator neutral and validate the
modelling with experimental values. This method had been tested using the
Matlab Simulink simulation to show how the filter mitigates the high third
harmonic current at the generator neutral. Before running the simulation, the
fundamental and third harmonic current modelling is constructed and validates
the modelling using the experimental values. Series passive filter and active filter

can reduce the high current at the generator neutral.
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CHAPTER 1

INTRODUCTION

1.1. Background Of Study

Power quality problem is an unwanted phenomenon in electrical power system
such as harmonic, surge, transient etc. Harmonic in the electrical system is

commonly caused by the non-linear load.

In recent research at Universiti Teknologi Petronas (UTP), it was found that
triplen harmonic current circulating at generator neutral that originated from the
synchronous generator itself. Third harmonic is the major component of this
triplen harmonic current. Salient pole synchronous generator is one of harmonic
sources and its third harmonic depends on winding design in terms of pitch

factor, distribution factor and slot skew.

There are many methods to minimize third harmonic currents from synchronous
generator such as using 2/3 pitch winding generator, zigzag connection
alternator, resonance shunts on the generator, third harmonic current trap,
Petersen Coil and harmonic filter. Filter in electric power system is designed to
mitigate the harmonic problem. Harmonic filters in general can be categorized as

passive or active filters.

1.2. Problem Statement

Third harmonic current continuously flow from synchronous generator and return
to its neutral during steady state condition via neutral/ground path has caused the
neutral grounding resistor to experience high temperature at UTP Gas District
Cooling (GDC) plant. Therefore, it is very important to mitigate this high third

harmonic current using suitable harmonic filter.



1.3. Objective And Scope Of Study

The objectives of this project:

e To study the various harmonic filters used in mitigating the third
harmonic current.
e To design the harmonic filter that effectively reduced the third harmonic

current at generator neutral and validate with experimental value.

The scope of study is to design the harmonic filter to mitigate the high third
harmonic current originated from salient pole synchronous generator that return
to its neutral. The configuration is such that salient pole synchronous generator is

directly connected to the load whether at medium or low voltage system.



CHAPTER 2
LITERATURE REVIEW AND THEORY

2.1 Power Quality

In electrical power system, there is a parameter to measure the quality of the
power in order to enhance or to maintain the respective electrical devices. This
parameter is called power quality. There are a few definitions for power quality
according to different sources. For example, according to [1], power quality is the
characteristics of the voltages during the standard operation. In the other hand,
power quality is defined as the suitability of the grounding and powering with the
other connected devices in standard operation [2]. Figure 1 shows a few
examples of power quality problems.

Power quality is divided into three groups which are voltage stability, power
supply continuity and voltage waveform. First level is normal quality, second
level is high quality and third level is premium quality. The purpose of these
levels is to classify the level of the power quality. In the event of harmonic
voltage, the power quality level is premium level where it can be compensated
occasionally. While harmonic current level of power quality is also premium
quality except the event is fully compensated [3]. These three levels of power
quality depend on the demand characteristics of the customers [4].

Power quality problem would arise when there is harmonic in voltage and
current on the electrical power system. Harmonic in electrical power system is a
norm and mostly is caused by the non-linear load such as rectifiers and variable

frequency drives.
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FIGURE 1 Example of power quality problems [5]

2.2. Harmonic

Harmonic is distorted current or voltage waveforms causes by short pulses
when flow back to the other part of power system. There are three groups of
harmonic which include positive, negative and zero sequence harmonic.
Positive sequence harmonic consist of 1%, 4™ 7™ 10™ etc order of harmonic.
These harmonic develop current that rotate in same direction with the
fundamental frequency. For negative sequence harmonic, it is the vice versa
of the positive sequence where it includes 2™ 5" 8" 11" etc order of
harmonic. There is one more group of harmonic which is zero sequence
harmonic. The current does not rotate in any direction and it flows in the
neutral wire which leads to additional losses in the power system. Triplen
harmonic (3", 6" 9" etc) are a part of zero sequence harmonic [6].
However, it is rarely to find even numbered triplen harmonic in AC system.
This is because even harmonic will cancel each other. According to [7], the
third harmonic model is achieved by connecting the synchronous generator
third harmonic sequence network to the zero-sequence network of the power
system. Figure 2 shows the third harmonic propagation model. The third
harmonic model parameters for synchronous generator are determined from

the open circuit and short circuit tests.
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2.3. Neutral Earthing Impedance

Generator equipped with Neutral Earthing Resistor (NER) for the purpose to
reduce earth fault current. NER in generator is designed to reduce the physical
damage during earth fault current event by dispersing the over voltage that pass
through the neutral point up to the safe value.

The study carried by [8] had proved that besides non-linear load as the source
of harmonic, there is one other source which causes the harmonic. The source is
the synchronous generator. The effects of the harmonic is the generator NER

become hot especially during its parallel operation with the utility grid.

2.4. Filters

The function of filter in power system is to provide low impedance path to
trap the harmonic at the respective place where the filter is tuned. Logically, the
filter absorbs the harmonic by having a zero impedance at the tuning

frequency [9].

2.4.1. Active filter

Active filter is made up of complex power electronics converter. Its

working principle is by injecting the harmonic current into the power

11



system. The filter is placed before the non-linear load. There are two
types of existing active filter which are voltage sourced active power

filter and current sourced active power filter.

2.4.1.1. Voltage Sourced Active Power Filter

For voltage sourced active power filter, it injects AC voltage at the
output where the filter is an inductor as shown in Figure 3. The
voltage sourced is lighter and cost effective [10]. Shunt active filter
IS more suitable to be used as static var generator to improve and
stabilize the voltage profile. One of the methods in active filter is
by constructing a controllable filter made up of LC circuit and an
electronics switch. The filter will produce same amplitude of

harmonic current with the existing harmonic current at the load.
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FIGURE 3 Voltage Sourced Active power filter [11]

2.4.1.2.  Current Sourced Active Power Filter

In the other hand, current sourced active power filter as shown in
Figure 4 injects AC current at its output and the filter is a shunt
capacitor. It is connected in series before the load through a
coupling transformer to remove the harmonic voltage and balance
the supply voltage. The function of coupling transformer is to
isolate the PWM inverters from the source and to match the supply
voltage rating with the PWM inverters. The drawback of this filter
is the parallel capacitor filters should be higher [10].

12
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2.4.2. Passive filter

Capacitor, resistor and inductor are examples of passive components
which are used for passive filter. The passive filter functions by
adjusting the frequency of resonance to eliminate the desired
harmonic. Figure 5 shows the connection of passive filter from the
source to the load. The classification of the filters is based on the type
of harmonic generation components source present in the system.

Passive filters are classified as passive series filter and shunt filter.

: |
- Passive | | Nonlinear
i Components | Load
|
I e— ]
| |
; lnm%m":l.up ‘
e |
|
|

Passive Power Filter (PPF)

FIGURE 5 Passive power filter [12]

2.4.2.1. Passive series filter

The components of the passive series filter are connected in
series with the load as shows in Figure 6 where the

13



components arrangement as shows in Figure 7. Normally, the
series filter is to block a single harmonic current such as third
harmonic current since it only works in single frequency. This
is because it is limited in blocking multiple harmonic currents
[13]. The disadvantage of the passive series filter is the
components need to be designed according to the rated load
current [14].

: P L"Pf
. _E\I\P'.:
! ' Core *

R
E Crs

ixtzkl

3 phase, 415V Cor 6 pulse Rectifier
Hz Passtve Sertes filfer

FIGURE 6 Example of Application of Passive Series Filter [15]

FIGURE 7 Passive series filter configuration [14]

2.4.2.2. Passive shunt filter

Passive shunt filter is connected in parallel as shown in the
Figure 8. The components are connected in series as shown in
Figure 9. The designed passive shunt filter will provide very

low impedance path for harmonic current equivalent to its

14



tuned frequency. There are two types of passive shunt filter,
which are:

A. Single tuned filter

B. High pass filter

Ly

ek 4.

™~

T

=
-

)

Iphase, 415V p i 4 Passive 6 pulse Rectifier
50Hz T s shunt
Lpg filter

FIGURE 8 Example of Application of Passive Shunt Filter [15]

FIGURE 9 Passive shunt filter configuration [14]

A. Single tuned passive filter

Figure 10 is one of the non-complex shunt passive filter
which consist of designable inductor and capacitor to
provide the lowest impedance path by increasing the
frequency order. The components of passive filter are
simple hence it also cost effective compared to complex

active filter. According to [16], calculation can be done to

15



get the designed parameters. All the steps to calculate the

parameters are given by (1) to (5).

FIGURE 10 Single tuned passive filter [17]

Reactive power, kKVAR
kVAR = kVA x sin(cos™1(PF)) (1)
Filter reactance, Xs

2
kVZ(1000) 0

Xiil = VAR 2)

Capacitive Reactance, Xcap

. 2
Xcap = h2-1 Q (3)

Inductive Reactance, X,

Xca

XL: he

FQ (4)
Harmonic frequency, fj,
1
fn= v 12 ®)

Where,

h = Harmonic order
L = Inductance (H)

C = Capacitance (F)

16



B. High pass filter

High pass filter provides a filter with a corner frequency to
which it is tuned and also to frequencies above this corner
frequency. This filter passes the higher frequencies well but
reduces the amplitude of lower frequencies lower than the
filter cutoff frequency [18]. The configuration of high pass

shunt filter is shown in Figure 11.

i Car
Res % Lir

FIGURE 11 High Pass shunt filter configuration[18]

2.4.3. Hybrid power filter

The combination of shunt passive filter and shunt active filter is called
hybrid power filter. It includes both components that exist at passive
filter and active filter. The examples of the components are electronics
switching device, capacitors, inductors etc. The function of shunt active
power filter is to filter low order harmonics while shunt passive filter
function is to filter the higher order harmonics [19]. Figure 12 shows the

configuration of hybrid power filter [17].

17
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CHAPTER 3

METHODOLOGY
3.1. Research Methodology

Literature review

A 4

Third harmonic modelling
for synchronous generator

A 4

Modelling for third
harmonic filter current

»
»

\ 4
Simulation with
filter

A\ 4
Output
verification

Results

l iYes E

Full report
completion

FIGURE 13 Flowchart
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Based on the flow chart in Figure 13, the project starts with the literature review.
The author reads through the research paper, journals, books and other resources
related to the project title to get the overall understanding. The information about
types of filter is gathered in order to design the filter.

After the completion of literature review, the author starts with the modelling the
third harmonic of synchronous generator and harmonic filter using the Matlab
Simulink. Once the modelling is complete, the simulation for the filter is carried out.
The output of the simulation is verified. If the result shows the third harmonic is
successfully removed then the objectives of the project are achieved. If not, the
simulation will continue with different design of filter until the desired result is

achieved.

20



3.2. Project Gantt Chart

The purpose of a Gantt chart is to show the time scale of the tasks for the final
year project. The Gantt chart in Table 1 is to ensure the author to keep on track
to ensure the project timeline of the key milestone is followed accordingly.

TABLE 1 Project Gantt chart

Week

.| Tasks

i1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Literature
Review

Familirizing
with the
simulation tools

Modelling third
harmonic for
generator

Model various
type of filter

Simulation with
the
experimental
data

Verifying the
output of the
simulation

3.3. Key Milestone

A key milestone is developed to keep on track on the project timeline in order to
complete the project within the time frame. The key milestone is as shown in
Table 2.

21




TABLE 2 Key milestones

Week 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
No. [Tasks

Literature
1 [review
completion

Third harmonic
2 [filter model
achieved

Simulation with
3 [filter is carried
out

Output
verification

Result
achieved

6 Full report
completion

3.4 System Modelling

Before running the simulation, the author first needs to design the fundamental
model and third harmonic model for synchronous generator by using Matlab
Simulink. The author implements the respective parameters in the modelling. The

result of simulation from the modelling is compared with the experimental value.

3.4.1 Fundamental Model

Each of the blocks shown in Figure 14 has its own parameters as stated in
Table 3. The circuit was modelled based on diagram in Figure 2 with
fundamental frequency which is 50 Hz. The circuit is analysed at the output
of three phase VI measurement where it measure the current and voltage from
the source. The simulation is carried out by varying the voltage and the load
impedance simultaneously. The RMS value of the current is displayed at the

display block.

3.4.1.1 Resistive Load

The modelling for the fundamental model with resistive load is as in Figure

14. Table 3 shows the parameters for the simulation of fundamental model.

22
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FIGURE 14 Fundamental Model with Resistive Load

TABLE 3 Parameters for Fundamental Model with Resistive Load

Parameters Values

Source resistance | 48

(Q)

Source Inductance | 1.53

(H)

Frequency 50

(Hz)

(N\f)"oad Voltage | 30304 | 202.16 | 266.67 | 256.89 | 249.06
'(-g‘;;‘d Impedance | cae 09 | 800.00 | 1200.00 | 1600.00 | 2400.00

3.4.1.2 Inductive Load

Figure 15 is the modelling for fundamental with inductive load. The

parameters for the model are in Table 4.
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FIGURE 15 Fundamental Model with Inductive Load

TABLE 4 Parameters for Fundamental Model with Inductive Load

Parameters Values

Source 48

resistance (Q)

Source 1.53

Inductance (H)

Frequency 50

(Hz)

'(r‘\‘;;tvo'tage 37460 |338.06 |31544 |289.62 |265.93
Load Impedance | 2.546479 | 3.819719 | 5.092958 | 7.639437 | 15.278875
(H)

3.4.1.3 RL Load

The model in Figure 16 is the fundamental model with RL load. The

parameters for the fundamental model with RL load is stated in Table 5.
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FIGURE 16 Fundamental Model with RL load
TABLE 5 Parameters for Fundamental Model with RL load
Parameters Values
SOl_Jrce 48
resistance (
Q)
Source
Inductance 1.53
(H)
Frequency 50
(Hz)
E'\’/F;”Wo'tage 244.29386 | 236.480826 | 236.877646 | 238.307222 | 238.246143
FS;St'Ve load | 96000 | 160000 | 240000 | 3600.00 | 4800.00
Inductive
load 2.101 3.80062004 | 5.09932438 | 7.60124008 | 11.398677
(H)
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3.4.2 Third Harmonic Model

The circuit for third harmonic was modelled based on diagram in Figure 2 with
frequency 150 Hz. The third harmonic model uses three separate sources to
achieve the zero sequence where the voltages are in the same phase. Since the
voltage sources do not have the source impedance, external RL branch is added
to be the source impedance. The circuit is analysed at the output of three phase
VI measurement where it measure the current and voltage from the source.
Besides, the neutral current is also measured in order to compare its values
before and after the filter is added. The simulation is carried out by varying the
voltage and the load impedance simultaneously. The RMS value of the current is

displayed at the display block.

3.4.2.1 Resistive Load

The model in Figure 17 is the third harmonic model with resistive load. Table
6 showed the parameters for third harmonic model with resistive load.
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FIGURE 17 Third Harmonic Model with Resistive Load
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TABLE 6 Third Harmonic Model with Resistive Load Parameters

Parameters Values

SOL_Jrce 392

resistance

Q)

Source 0.041656

Inductance

(H)

Frequency 150

(Hz)

Inout A 5.08 5.50 7.07 8.13 9.20

Vf)’ltage B | 525 5.62 7.27 8.28 9.86

V) C 5.97 6.97 8.96 10.21 11.38

Phase A 74.06 57.35 27.19 14.31 2.85

Angle B 85.82 71.10 39.53 25.92 12.77

(°) C 67.79 55.25 28.53 16.66 5.29
Load 691.21 Q | 764.72 Q- | 1127.74 Q | 1663.75 2582.34

impedance 0.03385 0.00245 -0.02387 Q- Q -
Q) H H H 0.07770H | 0.07808H

3.4.2.2 Inductive Load

Figure 18 is the modelling for third harmonic with inductive load. The

parameters for the model are in Table 7.

FIGURE 18 Third Harmonic Model with Inductive Load
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TABLE 7 Parameters for Third Harmonic Model with Inductive Load

Parameters Values
Source 3.92
resistance
Q)
Source 0.041656
Inductance
(H)
Frequency 150
(Hz)
A 14.73 13.66 13.27 12.97 12.48

Input | 5 15.01 14.02 13.65 13.60 12.97
Voltage 15.11 14.20 14.07 14.02 13.78
V) C
Phase |A | -20.71 2251 -21.74 -21.18 -21.63
Angle |B -17.21 -18.09 -17.77 -15.75 -15.41
©) C -20.40 -21.65 -20.25 -20.15 -18.95

Load 145.79Q | 299.90Q | 44556Q | 270.75Q | 1907.36Q
'mpfg‘;‘”ce 1.28142H | 1.68539H | 2.56431H | 4.03679H | 7.69842H

3.4.2.3 RL Load

The configuration in Figure 19 is the third harmonic model with RL load.

The parameters for the fundamental model with RL load is stated in Table 8.
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FIGURE 19 Third Harmonic Model with RL Load
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TABLE 8 Parameters for Third Harmonic Model with RL Load

Parameters Values
Source 3.92
resistance
Q)
ISO‘”CE 0.041656
nductance
(H)
Frequency 150
(Hz)
nout A 10.62 11.02 11.20 11.49 11.52
\;‘pl‘: B | 11.26 11.68 11.78 12.04 12.10
oltage 12.14 12.82 12.72 12.92 12.94
V) C

A ) -

B 10.69 -1.83 -6.06 10,58 14.12
Phase 14.54 3.93 0.19 481 7.72
Angle 10.12 -0.81 -4.13 -8.40 -
(°) C ' 12.05

Load 1864.40Q | 3776.65Q | 5146.09Q | 5686.03Q | 10742.96Q

impfgince 1.55098H | 3.04459H | 5.29564H | 8.32488H | 9.76574H
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3.4.3 Comparison Analysis using Fundamental Model and Third Harmonic
Model with Experimental Values

The complete results for the simulation of fundamental model and
third harmonic model with resistive load, inductive load and RL load can be
referred at Appendices section and summary of the percentage error is in
Table 9. The percentage error is the percentage difference between the the

value of current experimental and simulation.

According to the result in Appendices, the percentage error for
between the experimental values and simulation values for fundamental
model is in range 0% to 2%. On the other hand, third harmonic model had the
zero percentage error. During the experiment, it is found that the values of the
measured load impedance are different with the theoretical values. In order to
model the circuit respective to the experiment, the author used the measured
values of the load impedance instead of the rated values. Thus, the percentage

error of circuit modelled is zero.

The author managed to achieve the circuit modelling according to the
experiment based on the experimental values in her modelling. All
components like power source, impedance, VI measurement and loads can be
obtained from Simulink Library Browser. The type of the filters used for the
simulation circuits are also modelled using Matlab which will be discussed in

the next part.

TABLE 9 Summary of Percentage Error

Range of percentage error

Type of modellin Type of load
yp g yp (%)

Resistive Load

Fundamental Inductive Load

D N DN

RL Load

Third Harmonic Inductive Load

0-—

0-—

1-—
Resistive Load 0

0

0

RL Load
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3.4.4 Third Harmonic Model with Filters

The third harmonic models are added with the filter to observe the behaviour of the
third harmonic in the system. There are a few important things that must be
considered when doing the analysis which are the neutral current, voltage and current
at different nodes. Hence, there are three points of measurements to identify if there
are any changes with the system once the filter is connected. Point A is where the
neutral current is measured, point B is current between the source and the filter is
measured and last but not least point C is current measured at the load. The phase
current considered is only in phase A because the other two phases have the same
pattern and values are not much different with phase A.

3.4.4.1 Shunt Passive Filter

Figure 20 shows the example of third harmonic circuit modelled with shunt
passive filter.

FOINT D

FOINT €

FIGURE 20 Third Harmonic Model with Shunt Passive Filter

There are three types of passive filters available in Matlab Simulink which
includes single tuned filter, high pass filter and c type high pass filter. The

values of the parameters were referring to the experimental values.

3.4.4.2 Series Passive Filters
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Another method in mitigating the high current in neutral current is by
connecting the passive filter in series. Figure 21 shows the example of third

harmonic circuit modelled with shunt passive filter.

DDDDDDDDD

Discrate
RMS value
(Neutral Current)

FIGURE 21 Third Harmonic Model with Series Passive Filter

There are also three types of passive filters connected which are single tuned
filter refer Figure 22, high pass filter refer Figure 23 and C type high pass
filter refer Figure 24. Since the connection is in series, so each of the phase is
connected with passive filter. The subsystem components are representing the
passive filter. The parameters for each of the components for the filter can be
found in the Appendix VII.

FIGURE 22 Single Tuned Passive Filter
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FIGURE 23 High Pass Passive Filter
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FIGURE 24 C type High Pass Passive Filter

3.4.4.3 Active Filters

Active filter is one of the methods to reduce harmonic current. Figure 25
shows the design of third harmonic model with shunt active filter.
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FIGURE 25 Third Harmonic Model with Active Filter
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The active filter configuration is shown in Figure 26. In order to make the

circuit uncomplicated, the subsystem is used to represent the active filter.
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FIGURE 26 Active Filter Configurations
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3.4.4.4 Hybrid Filters

Hybrid filter is the combination of shunt active filter and shunt passive filter
Figure 27 shows the design of hybrid filter.
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FIGURE 27 Third Harmonic Model with Hybrid Filter
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Shunt Passive Filters at the R load, L load and RL load

Figure 28 and Figure 29 shows that the current is higher after the single tuned
filter is connected to the R load system. While Figure 30 shows the phase current
at the load is less after the shunt single tuned filter is connected. This proves that
by connecting the shunt single tuned filter, the third harmonic current at the load
is reduced. Nevertheless, the current at other points of measurement especially at
the neutral is very high after the filter is connected. Therefore, the single tuned
filter in the circuit modelled is not the solution to mitigate the high current at the

neutral as proven with the simulation result.
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Results for the high pass filter and results for C type high pass filter in Appendix
IX show that the same pattern of current with single tuned filter which is current
is higher after the filter is connected to the system. The current at the load is less
after the filter is connected. This proves that the by connecting only the shunt
passive filter, the third harmonic current at the load is reduced. Nonetheless, the
current at other points of measurement especially at the neutral is very high after
the passive filter is connected in parallel. Even with L load and RL load
connected, the pattern of the results are the same. Therefore, the shunt passive
filter in the circuit modelled for R load, L load and RL load are not the solution
to mitigate the high current at the neutral as proven with the simulation result.

0.6

0.5

0.4 —

0.3 —

M Before

0.2 — After

Neutral Current

0.1 —

0 1 . || . T s
691.21 764.72 1127.74 1663.75 2582.34
R Load

FIGURE 28 Comparison of Neutral Current (Point A) with and without Third
harmonic Shunt Single Tuned Filter for R load
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FIGURE 29 Comparison of Current at Point B with and without Third
harmonic Shunt Single Tuned Filter for R load
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FIGURE 30 Comparison of Current at Point C with and without Third
harmonic Shunt Single Tuned Filter for R load
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The neutral current and phase current at the source and filter are higher than with
shunt passive filter connected. In the other hand, the current at load have
significantly reduced after the shunt filter connected based on the simulation
result. Table 10 shows the summary for the neutral current and phase current
from the shunt passive filters. From the table, it shows that percentage difference
of current at the load is highest when C type High Pass filter is connected. This
is because C type high pass filter filter the most third harmonic current at the
load compared to other filters. As a result, C type High Pass filter is the most
suitable filter to filter the third harmonic current at the load which has average
percentage difference -76% at the R load, -98% at the L load and -100% at the
RL load but not feasible to filter the third harmonic current at the generator
neutral. The graph of average percentage difference for R load can be referred at
Figure 31, Figure 32 for L load and Figure 33 for RL load.

TABLE 10 Summary of Percentage Difference of Neutral Current and Phase
Current Before and After Shunt Passive Filter

Average Percentage Average Percentage Difference
Difference at Neutral at Phase Current at Load (%)
Current (%)
. . CType .
Single High High Single Hich Pass CType
Tuned Pass g Tuned .g High Pass
. . Pass ) Filter .
Filter Filter . Filter Filter
Filter
R Load 2398 2957 2916 -65 -71 -76
7551 7690 7661 -98 -98 -98
L Load
RL 19287 | 19341 | 19330 -99 -99 -100
Load
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FIGURE 31 Percentage Difference between Filters at Different Point of Current
for R Load
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4.2 Series Passive Filters at the R load, L load and RL load

When single tuned filter connected in series for each of the phase from the
source, the result of the neutral current at Figure 34 shows that the current
reduced. At the point B and point C, the current also decreased as shown in
Figure 35 and 36 respectively. According to result of series passive filter for all
types of load in Appendix IX, the current at each point is reduced which means
the third harmonic current circulating at load and the neutral is reduced
significantly. Therefore, the series passive filter in the circuit modelled for R
load, L load and RL load are the the solution to mitigate the high current at the

neutral as proven with the simulation result.
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FIGURE 34 Comparison of Neutral Current (Point A) with and without Third
harmonic Series Single Tuned Series Passive Filter at R Load
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FIGURE 35 Comparison of Phase Current at Point B with and without Third
harmonic Series Single Tuned Series Passive Filter for R load
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FIGURE 36 Comparison of Phase Current at Point C with and without Third
harmonic Series Single Tuned Series Passive Filter for R load
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The neutral current and phase current at every point are decreased with series
passive filter connected. In order to identify which filter can filter the most
current, the percentage difference between the values of current before and after
filter is calculated. Table 11 shows the summary for the neutral current and
phase current from the different type of series passive filters. The higher the
percentage difference means more harmonic current had been filtered. From the
table, it shows that percentage difference of current at the R load is highest
which is -50% when series single tuned filter is connected. While for L load and
RL load, the highest percentage difference is -87% and -82% respectively when
series C type High Pass filter. As a result, series C type High Pass filter is the
most suitable filter for the L load and RL load while series single tuned filter is
suitable for R load to filter the third harmonic current. Figure 37, Figure 38 and
Figure 39 show the graph of percentage difference with different type of filters
and loads respectively.

TABLE 11 Summary of Percentage Difference of Neutral Current and Phase
Current Before and After Series Passive Filter

Average Percentage )
) Average Percentage Difference at
Difference at Neutral
Phase Current at Load (%)
Current (%)
C Type C Type
Single High -yp Single High -yp
High High
Tuned Pass Tuned Pass
) ) Pass ] ) Pass
Filter Filter Filter Filter
Filter Filter
R Load -50 -6 -14 -50 -1 -12
L Load -85 -87 -87 -85 -87 -87
RL 80 80 82 79 62 82
Load
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FIGURE 39 Percentage Difference between Filters at Different Point of Current
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4.3 Shunt Active Filters at the R load, L load and RL load

When shunt active filter is connected, the result of the neutral current at Figure
40 shows that the current is slightly reduced. On the other hand at the point B,
the current is increased as shown in Figure 41 while at point C referred to Figure
42 the current is slightly decreased. According to result of shunt active filter for
all types of load in Appendix IX, the current at each point A and point C is
reduced which means the third harmonic current circulating at load and the

neutral is reduced except at point B.
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FIGURE 40 Comparison of Neutral Current (Point A) with and without Third

harmonic Shunt Active Filter
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FIGURE 41 Comparison of Phase Current at Point B with and without Third
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The neutral current and phase current at the load are decreased with shunt active
filter connected. In order to identify which filter can filter the most current, the
percentage difference between the values of current before and after filter is
calculated. Table 12 shows the summary for the neutral current and phase
current from the shunt active filters. The higher the percentage difference means
more harmonic current had been filtered. As a result, shunt active filter is
suitable filter for the R load, L load and RL load to filter the third harmonic

current with -6% percentage differences.

TABLE 12 Summary of Percentage Difference of Neutral Current and Phase
Current Before and After Shunt Active Filter

Average Percentage Average Percentage Difference
Difference at Neutral at Phase Current at Load (%)
Current (%)
R Load -6 -6
L Load -6 -6
RL 6 6
Load
0% -
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2% -
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e 3%
o
g mR
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£ 6%
g mRL
o 7%
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-8%
-9%
-10%
Type of current

FIGURE 43 Percentage Difference between Filters at Different Point of Current
for all Load

46



4.4 Hybrid Filters at the R load, L load and RL load

The combination of shunt active filter with shunt passive filter is called hybrid
filter. When the filters is connected, the result of the neutral current at Figure 44
shows that the current is considerably reduced. On the other hand at the point B,
the current is increased as shown in Figure 45 while at point C referred to Figure
46 the current is decreased. According to result of shunt active filter for all types
of load in Appendix IX, the current at each point A and point C is reduced which
means the third harmonic current circulating at load and the neutral is reduced

except at point B.
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FIGURE 44 Comparison of Neutral Current (Point A) with and without Third
harmonic Hybrid Filter
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The neutral current and phase current at the load are decreased with shunt active
filter connected. In order to identify which filter can filter the most current, the
percentage difference between the values of current before and after filter is
calculated. Table 13 shows the summary for the neutral current and phase
current from the shunt active filters. The higher the percentage difference means
more harmonic current had been filtered. As a result, shunt active filter is
suitable filter for the R load, L load and RL load to filter the third harmonic
current with percentage difference range in 75% to 100%. The graph for

percentage difference for different load is shown in Figure 47.

TABLE 13 Summary of Percentage Difference of Neutral Current and Phase
Current Before and After Shunt Active Filter

Average Percentage Average Percentage Difference
Difference at Neutral at Phase Current at Load (%)
Current (%)
R Load -100% -15%
L Load -100% -98%
RL
Load -100% -100%
0% -
-20% -
S
§ -40% -
[}
;QE mR
Q -60% -
g mL
(=
5 gon mRL
a
-100% -
-120%
Type of current

FIGURE 47 Percentage Difference between Filters at Different Point of Current
for All Load
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4.5 Practical Implementation and Economic Consideration

According to the simulation result above, the suitable filters to filter the third
harmonic are series passive filter, shunt active filter and hybrid filter. In term of
practical implementation, there are a few criteria need to be considered. One of it is
the economic consideration. Customer usually will choose product which is cheap,

very reliable, low maintenance and economy wise.

Series passive filter can filter out most of the third harmonic current at the generator
neutral compared to other type of filter as referred to the result. However,
implementation of series passive filter to the real system can cause high cost. This is
because the design of series passive filter will need to be attached at the existing
system in series which it may need to interrupt the configuration of the existing
system. With this kind of interruption to the real system, it may cause any
unnecessary side effect to the existing system.

The other two types of filters are shunt active filter and hybrid filter (shunt passive
filter and shunt active filter). These two types of filters are connected in parallel with
the existing system which it will not disrupt the existing system. Besides, the cost of

implementation will be less because of the parallel connection.
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CHAPTER 5

CONCLUSION AND RECOMMENDATION

In conclusion, modelling the fundamental and third harmonic current in Matlab
Simulink and compare with the experimental values can show the reliability of the
simulation using the modelling. With the tolerate percentage error between the
simulation values and experimental values proved that the Matlab Simulink
simulation can be used as a model to design the third harmonic current filter.
Therefore, it is easier to simulate the mitigation of high current when the third
harmonic filter had been designed. Hence, it reduced the time consumption to do the

experiment and also can be used as a guideline for real installation.

Shunt passive filter is where passive filter is connected parallel to the system. The
outcomes when shunt passive filter is connected to the system are the third harmonic
current at the three different type of load is reduced while the neutral current

increased.

When passive filter is connected in series for each phase, the third harmonic current
at the system including the neutral current is reduced. Series single tuned filter is the
filter that can reduce the most neutral current at R load while series C type passive

filter is most suitable with L load and RL load.

Shunt active filter and hybrid filter are both filters had the neutral current reduced.
The different between these two filters are the percentage difference of the neutral
current. Hybrid filter had higher percentage difference compared to shunt active
filter.

As recommendation, when the simulation with third harmonic filter design achieved
the objectives, the implementation to the real system should be carry out to test the
functionality with taking into consideration of economy and maintenance aspect of

the filter design towards the existing system such as the generator neutral.

51



REFERENCE

[1]

(2]

3]

[4]

[5]

[6]

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

M. Bollen, “Appendix B: IEEE Standards on Power Quality,” Understanding Power
Quality Problems:Voltage Sags and Interruptions. Wiley-IEEE Press, pp. 481-483,
2000.

“IEEE Recommended Practice for Powering and Grounding Electronic Equipment -
Redline,” IEEE Std 1100-2005 (Revision of IEEE Std 1100-1999) - Redline. pp. 1-
703, 2006.

T. Ise, Y. Hayashi, and K. Tsuji, “Definitions of power quality levels and the simplest
approach for unbundled power quality services,” Harmon. Qual. Power, 2000.
Proceedings. Ninth Int. Conf., vol. 2, pp. 385-390 vol.2, 2000.

T. L. Skvarenina, The Power Electronics Handbook. CRC Press, 2001.

J. B. Dixit and A. Yadav, Electrical Power Quality. Laxmi Publications Pvt Limited,
2010.

M. F. Abdullah, N. H. Hamid, Z. Baharudin, M. F. I. Khamis, and M. H. M. Nasir,
“The Study of Triplen Harmonics Currents Produced by Salient Pole Synchronous
Generator,” no. July, pp. 1-5, 2011.

M. Faris, Z. Baharudin, and N. Hisham, “The Third Harmonic Model for Salient Pole
Synchronous Generator Under Balanced Load,” vol. 29, no. 2, pp. 519-526, 2014.

M. F. Bin Abdullah, N. H. Bin Hamid, Z. Bin Baharudin, M. F. I. Bin Khamis, N. S.
R. B. Hashim, and S. Bin Yusof, “Investigation on high neutral earthing resistor

temperature when islanded generator connected to utility grid,” 2010 9th Int. Power
Energy Conf. IPEC 2010, pp. 642-647, 2010.

G. J. Wakileh, Power Systems Harmonics: Fundamentals, Analysis and Filter
Design. Springer, 2001.

M. H. Rashid, Power Electronics Handbook: Devices, Circuits and Applications.
Elsevier Science, 2010.

M. Routimo, M. Salo, and H. Tuusa, “Comparison of voltage-source and current-
source shunt active power filters,” IEEE Trans. Power Electron., vol. 22, no. 2, pp.
636643, 2007.

C. S. Lam and M. C. Wong, Design and Control of Hybrid Active Power Filters.
Springer Berlin Heidelberg, 2013.

M. H. Bollen, Integration of Distributed Generation in the Power System. John Wiley
& Sons, 2011.

L. L. Grigsby, Power Systems, Third Edition, no. v. 4. Taylor & Francis, 2012.

K. K. Srivastava, S. Shakil, and A. V. Pandey, “Harmonics & Its Mitigation
Technique by Passive Shunt Filter,” Int. J. Soft Comput. Eng., vol. 3, no. 2, pp. 325-
331, 2013.

52



[16]

[17]

[18]

[19]

G. G. Pozzebon, R. Q. Machado, N. R. Gomes, L. N. Canha, and A. Barin, “Wavelet
and PCA to Power Quality Disturbance Classification Applying a RBF Network,”
2009.

S. Parthasarathy, L. J. Sindhujah, and P. G. Scholar, “‘Harmonic Mitigation in a
Rectifier System Using Hybrid Power Filter,” pp. 483-488, 2012.

M. S. ABRAHAM JYOTHIMON, HARMONICS IN BUILDINGS: HARMONIC
BUILDING. UNIVERSITY OF BATH,UK.

P. Electronics, “STUDY OF HYBRID ACTIVE POWER FILTER FOR POWER

QUALITY IMPROVEMENT Master of Technology STUDY OF HYBRID ACTIVE
POWER FILTER FOR POWER QUALITY Master of Technology,” 2014.

53



APPENDICES

Fundamental model and experimental current comparison with varies load

impedance R and no load voltage.

Vnoload, :-n?sg dance. R Experimental Model current, | Percentage
V (V) @ ’ current, lae (A) lam (A) error
5058442 686,00 0.34704 0.3463 0%
29216421 800,00 0.30448 0.2997 2%
2009574 1 1200.00 0.20294 0.1994 2%
2208898 1 1600.00 0.15214 0.1496 2%
2490648 | 2400.00 0.10176 0.09984 2%

Fundamental model and experimental current comparison with varies load

impedance L and no load voltage.

Load Experimental | Model
Vnoload, | Inductance, | . d Percentage
V (V) X, impedance, | current, lae current, lam error

L (H) (A) (A)
374.59558 | j800.000 2.546479 0.28859 0.2923 1%
338.06370 | j1200.000 | 3.819719 0.20154 0.2011 0%
315.44411 | j1600.000 | 5.092958 0.15418 0.1516 2%
289.62288 | j2400.000 | 7.639437 0.10230 0.1005 2%
265.92982 | j4800.000 | 15.278875 | 0.05035 0.05036 0%

Fundamental model and experimental current comparison with varies load

impedance RL and no load voltage.

Load Load Experimental | Model
Vnoload, |. q imoed Percentage
V (V) impedance, | impedance, | current, current, |

R (Q) L (H) lae (A) lam (A)
319.173 | 960 2.101 0.211 0.209 1%
278.294 | 1600 3.800 0.111 0.118 6%
263.834 | 2400 5.099 0.078 0.0829 | 5%
255.996 | 3600 7.601 0.052 0.0551 | 6%
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251.606

4800

11.39 0.037

0.03978 | 6%

V.

Third harmonic model and experimental current comparison with varies load

impedance R and no load voltage.

Experimental current, lae (A) | Model current, lam (A) | Percentage error (%)
0.007780 0.007780 0
0.007827 0.007827 0
0.006853 0.006853 0
0.005310 0.005310 0
0.003917 0.003917 0

V.

Third harmonic model and experimental current comparison with varies load

impedance L and no load voltage.

Experimental current, lae

(A) Model current, lam (A) Percentage error (%)
0.012284 0.012284 0

0.008630 0.008630 0

0.005558 0.005558 0

0.003545 0.003545 0

0.001741 0.001741 0

VI.  Third harmonic model and experimental current comparison with varies load
impedance RL and no load voltage.

Experimental current, lae (A) | Model current, lam (A) | Percentage error (%)
0.004783836 0.004783836 0

0.002493796 0.002493796 0

0.00165784 0.00165784 0

0.001252955 0.001252955 0

0.000860435 0.000860435 0

VII.  Parameters for Series Passive Filter Design

R load

Resistance, | Inductance, | Impedance, L | Capacitance, | Impedance
R, (Q) XL (H) XC C
3.6954E-
691.208543 | 31.9025032 | 0.033849607 | 287.1225289 06
764.71689 | 2.30618772 | 0.002446941 | 20.75568949 | 5.112E-05
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VIII.

1127.73591 | 22.4942036 | 0.023867091 | 202.4478324 | 5.241E-06
1663.74659 | 73.2337694 | 0.077703443 | 659103025 | O00°%
2582.3356 | 73.5861084 | 0078077286 | 662.274976 | T O)EtE
145.793787 | 1207.71165 | 1.281421856 | 10860.40482 | i
200.897469 | 1588.44444 | 1685391805 | 14295.99995 | 2105

L load 15 563082 | 2416.80138 | 2.564305906 | 21751.21241 | 4.878E-08
270.752933 | 380458018 |  4.0367945 | 3424130265 | 00!~
1007.36223 | 725559426 | 7.608424606 | 653003483 | 02
1864.40014 | 1461.76789 | 1550083809 | 13155.91008 | 00T
3776.64941 | 2869.45047 | 304450106 | 2582513525 | “10°°%

joad | 514509953 | 499102763 | 5295644758 | 44919 24556 23021
5686.02664 | 7846.01307 | 8.324878424 | 70614.11763 | 0200
10742.9600 | 9203.99406 | 9.765741009 | 82835.94657 | 2000

The voltage and current waveform at the load
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IX.

Results for current value of different load for different types of filters at different points

Series Passive Filter

Single Tuned

High Pass

C type high pass

Neutral

691.21 76472

112774 166375 258234

RLoad

691.21 76472 112774 166375 2582.34
Rload

Current 0.028 0.025 0.025
0.02 0.02
.S 0.02 E E
50015 5 0.015 g oo
5] o =]
£ oom M Befors £ oo mesfors £ oo MBsfore
2 0 o0s Afrar 3 0008 W Afer 2 oo0s After
a 0 [
§91.21 76472 112774 1663.75 2582.34
§91.21  TE47r 112774 186375 158234 691.21 76472 112774 166375 2582.34
RLoad RLoad RLoad
wuus
current 0.007
£ 0.006
t th 2 0.005
a € 3 0.004
! Wosfore Before MBefore
0.003 =
H £ mafter
filter ® 0002 s mater
0.001
0 691.21 764.72 1127.74 1663.75 258234
§91.21 76472 112774 186375 2582.34 69121 76472 112774 186375 1582.34 N
RLoad Rload
0.008 0.008 0.008
current 0007 o007 0.007
0.008 0008 0.006
at the 2 0.008 £ 0.005 % 0.005
3 5 S 0.004
5 0.004 S 0.004
.3 MBefore [l MEBefors g 0.003 MEsfore
B 0.003 B 0.003 T Wafrer
Ioad T o002 naAfter T 5002 nAfter 0.002
0.001
0.001 0.001 )

69121 76472 112774 166375 158234
R Load
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Neutral

Current oes
0.035 0035 0.035
E 002
‘E 0.03 g 002 B
£ 0.025 £ 002 5
a 3 2 o002
= 002 Y o0z mBsfors
0.015 W Before E mBsfors o015
5 0 5 0.015 2 001 Aftar
2 oo After 2 1o After 0.005
0.005 0.005
0 o 120771 1588.44 241680 330453 725553
1207.71 1588.44 241680 3804.59 725559 120771 158844 241680 380459 725559 LLoad
LLoad LLoad
t 0.014 0.014 0014
curren 0012 0.012 0012
£ 0.01 £ 001 T 002
z 5
at the g 0.008 5 0008 5 0.008
o o Bef:
% 0.005 MBsfors % 0.006 mesfors § 0.006 MBefore
- B = 0004 After
fl Iter Z 0.004 After T 0.004 Aftar
0.002
0.002 0.002
. [
0 a 1207.71 1588.44 241680 380459 725558
120771 158844 241580 380459 725559 1207.71 1588.44 2416.80 3804.59 7255.59 LLoad
LLoad LLoad
Current 0.014 0014 0.014
0.012 0.012 0.012
£ 0.01 £ 001 £ 0.01
at the E 0.008 5 0.008 5 0.008
8 0.008 Me=fore & 0.008 Miefore § 0.008 HBefore
I Oad o 0.004 After o 0.004 After = 0.004 Aftar
0.002 0.002 0.002
7 0 o

1207.71 158844 2416.80 380459 72155.59
LLoad

1207.71 1588.44 2416.80 3B04.59 725559
Lload

1207.71 158B.44 241680 3804.59 725559
LLoad
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RL

Neutral

C 0.016
urrent
1
H 0.012
S o001
% 0.008
MBsfore 5 0.008 Mesfore
$ o004
WAfter 0.002 [ Afear msfore
o
2865.46 | 439103 320338 Jg46.01 mafer
3776.65 5686.02 | 10742.96 377665 5686.03 2869.45 | 4981.03 320398
RL Load
AL Load 3776.65 | 5146.09 | 5636.03 |10742.96
RLLoad
current 0.005 0.005 0.005
0004 L 000 L 0004
guuus guuua guuus
at the  0.002 3 % 0002
- MEefore B o.o0z MEsfore B MBefore
T £ T
fl Iter o faer 000 WAfer 000 W Afer
0 o 0
2869.46 | 4991.03 920393 2869.46 | 499103 3203.93 2869.45 | 4991.03 920393
3776.65 3776.65 | 5146.08 | 5636.03 | 10742.36
RL Load AL Load
t 0.008 0.005 0.005
curren 0.004
0.004 0.004
: : :
£ o.003 @ g
3 £ 0.002 £ 0.003
at the Joo oo 3 g
= & 0.002 % 0.002
0.001 aar : MBefore E mBefore
o 0.001 mafter 0.001 WAfer

load

2869.46 | 2991.03 920399

3776.65 | 5146.09 10742.96
RLLoad

2869.46 | 4991.03 9203.39

3776.65 | 5146.09 | 5686.03 | 10742.96
RLLoad

2869.46

377665

4991.03

514603 | 5686.03
RLLoad
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Shunt Passive Filter

Active filter

Hybrid filter

C 06 01 07 0% 0.025
urrent | o oe]
Eos o5 | t Eon 0.0z
Soz £ gos 3
P mesior a0 Jo4 Junts Looms
3 m After FLE] nBsfore = = E
01 % e02 mBefore Bon BBsfar E mBsfore
goz nAfter S02 § 2 o mafer
63121 76472 112774 166375 2582.34 01 3 mAfter J000 1 ter
Rload 0 01 . 0.005
69121 76472 112774 166375 258234 0
Rload £31.21 76472 112774 168375 158234 Bl TN LTI LGN LM 69121 76472 1127.74 166375 2582.34
Rload Rlosd RLoad
current o ‘”5 . w
016 o
014 02 015 0
€ t H t
at the fua- e ;- -
: H g L M| 5| asetors
. g oo miefore | § g1 Bifore | § ot after
filter Hos . £ous siter e
T mAfter T DAfzr - 005 |
004 085 !
il [} B2 AT 10T 186375 2534 o
G121 76472 110774 166375 25234
(] 0 69121 76472 112774 166375 2582.34 Rlosd Rload
69121 76471 110774 166375 255234 G121 ATl LI I863TE 258134 Rload
Rload Rload
0.008 0.008 0.008 o008 T+ 0.008
current o oaur o007 0007
« o008 sats
3 mBefore F mBefore 3 0004 Eooos 0005
at the 2o | $d v I wen | 5000 el B
Py 0.00: = 0002 After o0z mir 5 mBefore
o o0t pyoy 003
O R A S 0 0.002 [Aer
load Rloas Sia eaze e aseass  zsmnas iz teen: imee sssas msansi :
Rross s 00
0
69121 76472 112774 1GE37H 258234
Rlosd
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Current | B .
i A . 0035
. . 5 . 0035
fos g0s £os 0025 002
Dos 3 o8 E on2 E
g mesfore 50 mefore d meetors : oo o025
S04 S04 Soa o015 H
3 after 3 naner 2 maer aas afer S o
0.2 0.2 0z 0005 E mBefore
5 0.015
a 3 Afrer
120771 158844 241580 380453 725559 120771 158544 241680 380453 725559 120771 1588.44 241680 380459 72E5.59 120771 158844 241630 380433 725559 0.01
Lioad LLoad Lioad 0.005
o
120771 155344 241630 380458 725558
Lioad
04 04 035 008 0.25
Current 0.25 035 03 0gs
03
€ 032 H 025 e 02
2o2s foz 3 H
g 3 02 S 0z Eoos
at the 3 02 E o5 mBafors S e - 3 mEstare 015+
B 002
Boss mBefors L 2 after i b [
= g1 After 0.05 T 014 I Afrer 001 3 014 mBefore
H 0.05 0 0.05 namer
filter ; T s e Swoess Tmsss o T TR P o
1207.71 1588.44 2416.80 3804.59 725559 Llozd 1207.71 1588.44 2416.80 380458 725559 Lload
Losd Liosd o
1207.71 1588.4¢ 241650 380453 725559
Lioad
o014 o0ue coie oona 0024
current
£ 001 £ om + oo o0t 0012
£ o00e £ 000s £ Eooos
3 3 £ 001
§ 0.006 mEsfore § 0006 mBefore 3 ooos £ o008 Befor
at the v | — |
0.002 0002 = 0004 afer oo e H
0.002 om0z 3 0.006 mBefore
120771 158844 241680 30453 72558 120771 156844 241650 380453 725559 00s = fter
I Oad 120771 158844 241680 380459 725559 120771 158844 241850 380459 725559
Lioad Lload 0.002
120771 158544 41680 350453 725558
Lioad
mesfore
mBefore e mBsfore
W After mAfer WBefore W Befors
520399 mifter A
3776.65 1072236 3776.65
146177 | 288045 | 439003
186440 | 377655 | 514609 | SGBED3 | 1074295
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Phase
current
at the

- EES
ilter o .
§oas H
5 02 5
3 S
1 mesfore i mBefore mesfers
3 3 e
e maner mBfors
148177 | 288348 | 232103 | 782601 | 220529 mAfer
2869.46 | 499102 | 784601
186440 | 3776585 | 514609 | 368603 | 1074258
2776.65 RLLoad 377665 RLlost
Rl Losd Rl Lozd 2869.46 | 499103
3776.65 | 5146.09
RLLoad
005
current asos
E o003
at the e
mesfre
misfore e miefore oo o
mAer mafter mAfer mesfore
[ mARer

load

2869.45 | 499103 | 784601 | 920399

377665 | 514609 | 568603 | 10742.96
RLLoad

as310
514508

73e01 | sazss

sss03 | 1074256

286946 | 499103 | 784601 | 920399

377665 | 514609 | 568603 | 1074296
RLLoad

285946 | 499103 | 784601

377655 | 514509 | 563603
RLLssd.







