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ABSTRACT

Addis Ababa Light Rail Transit (AALRT) is an electrified railway traction system with large
amount of harmonic currents being generated due to the nonlinear characteristics of rectifiers and
inverters devices and inject the harmonics back into the grid. This has caused serious impact on
the power supply network and resulted in power quality problems within the traction substation
that has led to multifunction of some system components. For the overall quality of railway
service, there should be reliable, efficient and safe power distribution systems by improving the
power quality. The power quality enhancement has been proposed by using hybrid active power
filter harmonic current compensation technique. This study presents theoretical and practical
aspects in improving the power quality of Minilik Square NS27 railway traction substation
network by reducing 11" and 13" harmonic currents using hybrid active power filter (HAPF).
Simulation studies of the Minilik Square NS27 railway traction substation network is carried out
using MATLAB Simulink in a discrete mode, variable step size with ode45 (Dormand-Prince)

solver.

The simulation results show that 11" order current harmonics is reduced from 26.99% to
3.75% while 13" order current harmonics is reduced from 11.05% to 4.38% at the point of
common coupling (PCC). Consequently, the total harmonic distortion (THD) of currents at PCC
is reduced from 88.19% to 80.55%. It is further noted that at primary side of the transformer 11%"
order current harmonics is reduced from 17.99% to 1.55% while 13" order current harmonics is
reduced from 13.43% to 0.89%. Thus, the overall total harmonic distortion (THD) of currents is

reduced from 26.46% to 6.88% on the primary side of the transformer.

Furthermore, it is observed that the distortion power factor is also improved from 0.955 to
0.995 due to the reduction of 11" and 13" order harmonic currents. Therefore, the effective value
of fundamental current has been improved due to the reduction of 11" and 13" order harmonic
currents and consequently the corresponding active power in the traction network is also

improved.

Thus, the simulation results demonstrate the effectiveness of the proposed HAPF technique
for selective harmonic currents reduction and thereby power quality enhancement of Minilik

Square NS27 railway traction substation network of AALRT.

Key words: Hybrid active power filter, harmonic currents, electric

traction, twelve pulse rectifier, six pulse rectifier.
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Hybrid Active Power Filter Technique to Enhance Power Quality of Electric
Railway Traction Substation

Chapter One

Introduction
1.1 Background

Electrified railway traction networks are one of the modern transportation
systems with the advantage of environment friendly nature and cheap running cost. At
present, in Ethiopia there are electrified traction networks which are in use for
passenger and goods transportation. Addis Ababa Light Railway Transit (AALRT) is
one of the electrified traction networks and it is dedicated for passenger
transportation. AALRT network consists of four GIS substation each with 2x25MVA
capacities which are located at the four ends of North to South and East to West
railway routes to deliver electric power to all AIS traction substation. All traction
substations are built of identical electrical systems which have the same design ratings
and system installation. The main traction network electrical components are dry type
rectifier tertiary winding transformer of D10/Dyll, 2MVA, 15kV/590V/590V, 3
phase, 50Hz, twelve pulse diode rectifier circuit rectifying 3 Phase 590VAC to
750VDC, DC power transmission system which is rated for 750VDC with ranges of
voltage variation from 500VDC to 900VDC, the locomotive system consisting of
traction converter box dedicated to convert dc voltage into three phase ac voltage with
variable voltage and variable frequency and the traction motor with rated power of
130kW three phase 500VAC to 510VAC squirrel cage asynchronous (induction)
motor. The traction substation under the case study is located around Minilik Square
which is identified by the code name NS27 [1].

Even though electrified traction networks are in practical use for their advantages
mentioned above, these networks are the main cause to power quality issues due to
harmonics within the system. Harmonics are generated from the changing load nature
and nonlinear characteristics of the power electronic components of the traction
system. These generated harmonics creates serious problems within the network and
are injected back to the grid causing huge impact on the power distribution network.
To reduce the negative effect of harmonics, power quality engineers have proposed
numerous techniques and methods to mitigate the harmonics. Hybrid active power
filter is one of the harmonic mitigation methods which is selected for its combined

feature of passive filter and active power filter.

1
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It is mainly selected for its combined feature which makes the individual
components capable to compensate the limitation of each of them. Passive filters are
one of the conventional mitigation techniques which are effective under constant load
conditions and are used commonly for its low cost, higher efficiency and easy to
implement. But they have various limitations with drawbacks which reduce the
performance of harmonic mitigation. The drawbacks are: they are not suitable for
changing load conditions, they provide resonance affecting the stability of the power
distribution systems, its performance is limited to low order harmonics but are
inefficient in the application of higher order harmonics, and their filtering
characteristics is affected by frequency variation of the power distribution system and

tolerances in components values.

Due to the weak performance of passive filters, active power filters are
developed to compensate some of the drawbacks of the passive filters. Active power
filters are good solution over the passive filters but they are more expensive than the
passive filters and their cost will be higher for high rating of active filters. The
development of signal processing and power converters permits the use of active
power filters (APFs) to enhance the electrical power quality. Hybrid filter topology is
developed to improve the performance of the passive filters. Hybrid topologies
composed of passive filters connected in series to an active power filter to improve
the compensation characteristics of passive filters, and allow the use of active power
filters in high power applications at a relatively low cost. The series interconnection
of active power filters with passive filters improves most of the technical drawbacks

of passive filters.

In this paper, twelve pulse (two six pulses) traction network is discussed based
on the actual field measurement against the standard limits and the hybrid active
power filter solution is designed using MATLAB/Simulink software. Based on the

simulation results discussion and analysis is provided.
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1.2 Problem statement

The nonlinear components of the traction network in AALRT system are
generating large amount of current harmonics much more beyond the standard

harmonic limit requirement. The predominant current harmonic orders in any
electrical power supply systems with twelve pulse rectifiers are 11" and 13™ current

harmonic orders. Because of continuous traction network failure and malfunction of
some of the traction network components, Addis Ababa Light Rail Transit technical
teams were unable to identify whether the failures are from the network component
equipment quality or due to the harmonic currents developed in Minilik Square NS27

railway traction substation network.

This thesis investigates the effects of 11" and 13" current harmonic orders on

the performance of Minilik Square NS27 railway traction substation network. The
design and MATLAB/Simulink model based implementation of HAPF for Minilik

Square NS27 railway traction substation network is investigated to mitigate the

problems caused by 11" and 13" order current harmonics.

1.3 Objectives

General Objective: The general objective of the thesis is to enhance the power
quality of railway traction substations supply system by mitigating the current

harmonics using hybrid active power filter.

Specific Objectives: The specific objectives of this thesis are as follows:

(@) To collect the values of parameters of Minilik Square NS27 railway traction
substation network

(b) To measure and analyze the current and voltage harmonics of Minilik Square
NS27 railway traction substation network

(c) To identify the existing problems in the railway traction substation network

(d) To design hybrid active power filter for mitigation of 11" and 13" order
current harmonics in order to enhance the power quality of the railway traction
substation supply system

(e) To develop model of Minilik Square NS27 railway traction substation network

with and without hybrid active power filter using MATLAB/Simulink software
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(F) To carry out simulation studies using MATLAB/Simulink models of the railway
traction substation network with and without hybrid active power filter

(9) To analyze the simulation results and draw conclusions

(h) To make recommendations to AALRT for mitigation of problems caused by 11"
and 13" order current harmonics and enhancement of power quality of Minilik

Square NS27 railway traction substation supply system

1.4 Literature review

The authors demonstrated and concluded that the hybrid topology of passive filters &
active power filters is capable to improve the compensation characteristics of both of
passive filters and active filters. This has created the possibility to use the active

power filters in high power applications at a relatively low cost [2].

Hybrid combination of passive filters and active power filters improved the filtering
characteristics by improving the passive filter limitations. The hybrid combination
performs the compensation strategy without depending on the system impedance and

resonance problem [3].

Based on the conclusion drawn from the authors, active power filter improves the

compensation characteristics of the passive filter in parallel connection [4].

In reference [5], it is stated that the objective of hybrid active power filter is to
improve the filtering performance of high order harmonics which is the limitation of
passive filters while providing low order harmonic mitigation with cost effective

technique.

Hybrid filters are the combination of passive filters and active power filters in which
the presence of passive filters in the hybrid topology significantly reduce the rating of

active power filter [6].

The authors in reference [7] together concluded that hybrid active power filter
provides the efficacious combination of active filter and passive filter by combining
the advantages of both filters and by eliminating the limitations of each of the filters.
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1.5 Methodology

Hybrid active power filter is implemented with a three phase pulse width
modulation voltage source inverter and connected in series with passive filter. The
active power filter acts as a controlled voltage source and enables the line currents to
become sinusoidal and in phase with respective phase voltage by injecting all or some
selected current harmonics to circulate through the hybrid scheme. In other words, the
active power filter is connected in series to passive filter, improving most of the
technical drawbacks of passive filter compensation characteristic independently of the
variation in the selected resonant frequency of filter parameters.

Voltage and current measurements are taken from source and load side of ac
network. These measurements are processed to generate reference current signal
through harmonic current detection. This reference current signal is fed to voltage
source inverter signal triggering gate making capable to generate the corresponding
compensating signal to the power system through hybrid active power filter. The
traction system with hybrid scheme is simulated for different load conditions for one
traction motor, three traction motors and six traction motors load. One and three
traction motors load scenarios are selected arbitrary for evaluation of

MATLAB/Simulink model which is designed for six traction motors.

SOURCE SIDE HYBRID ACTIVE LOAD SIDE
CURRENT & , POWERFILTER | ., CURBRENT &
VOLTAGE - COMPENSATION VOLTAGE

MEASUBEMENT CURERENT S5YSTEM }'[EASI.T_I'{EB-IE?\T

N TR N
||— J .I'—v-'-'—' — l__:-r:j:'-{ i r—l.\ M J
2/ ) N
. o Tract
e T e raction
15EV/S90V/590V | Inverter Motor
Transformer Circuit -
SOURCE SIDE HYBRID ACTIVE LOAD SIDE
CURBENT & L POWER FILTER CUREENT &
VOLTAGE COMPENSATION VOLTAGE
MEASUREMENT CURRENT SYSTEM MEASUREMENT

Figure 1.1: Block diagram representation of proposed methodology
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1.6 Thesis organization
Chapter 1 provides brief background description about Addis Ababa Light Rail
Transit electrified traction network. This chapter also includes problem statement,

objectives, literature reviews and methodology.

Chapter 2 presents power quality description and analysis based on traction network
data measurement. This chapter also discusses power quality analyses with respect to
IEEE standard.

Chapter 3 presents modeling of traction network with and without hybrid active
power filter including its detail parameters obtained from measurement and collected
information. Designing and modeling of three phase three wire hybrid active power
filter and harmonic current compensation procedures based on p-q theory are also

included.

Chapter 4 mainly provides simulation results, discussions and analyses of modeled
traction network for six traction motors at motor terminal, at PCC and at primary side

of the rectifier transformer.

Chapter 5 presents conclusions, recommendations and suggestions for future work.
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Chapter Two

Traction network data measurement and analysis

2.1 Introduction

The dry type three winding transformer is the main coupling device between
15kV power provider and AALRT network. The field data measurement is taken at

secondary delta and wye outputs of the transformer as indicated on the picture.
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Figure 2.1: Circuit diagram of three winding transformer & twelve pulse rectifier

The lines L1, L2 and L3 are wye connected secondary which are found on the top part
of the transformer and the lines L4, L5 and L6 are delta connected secondary on the

bottom part of the transformer. The transformer has no neutral line (Appendix B).
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The railway traction network diagram is shown below with its components included.
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Figure 2.2: Block diagram representation of railway traction network

2.2 Data measuring device and data collection

Field data measuring device is Fluke 435 series Il power quality and energy
analyzer. This device is designed to work for low voltage system rated up to
1000VAC and a maximum current capacity of 6500A per phase.

The device is made to take measurements for four consecutive days from
10/17/2019 12:53:52 AM or midnight 6:53:52 local time to 10/20/2019 5:33:52PM or
evening 11:33:52 local time from delta secondary output and from wye connected
secondary output for four consecutive days from 10/20/2019 6:38:24PM or evening
12:38:24 local time to 10/24/2019 2:08:24PM afternoon 8:08:24 local time. The Fluke
provides minimum, average and maximum values for each electrical quantity within

10 minute duration of measurement.

Electrical quantities measured at the point of common coupling are: frequency
of the system, RMS values of current, RMS values of voltage, voltage THD up to 50"
harmonic order, current THD up to 50" harmonic order, peak values of voltage, peak
values of current, fundamental voltage, fundamental current, voltage crest factor,
current crest factor, power factor, active power, apparent power, reactive power and

harmonic power.
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The Power Log 430-11 software is used to extract measurement from Fluke 435 series
Il power quality and energy analyzer in spreadsheet of table and spectrums. The
maximum measured values of system parameters at PCC is given in the Table 2.1
which is selected for its higher current measurement at PCC at the indicated time from

all other values in the data spreadsheet.

Table 2.1: Maximum & average measured values of delta line

10/17/2019 8:03:52AM, (07/02/2012 EC 2:03:52 LT morning)

Phase A Phase B Phase C Phase

Function Aver Max Aver Max Aver Max Aver Max
Vrms Ph-Ph 569.68 | 574.92 || 545.34 | 567.12 | 539.08 | 567.48 | 551.37 | 569.84
Current Arms 75.6 478.6 74.4 482.3 72.8 472.6 74.27 | 477.83
THD V (%) 18.17 23 18.26 | 23.09 | 23.99 35.69 20.14 | 27.26
THD A (%) 94.17 | 166.55 || 100.7 | 177.03 | 95.33 159.04 96.73 | 167.54
Peak Voltage 809.6 | 882.9 | 808.2 | 8735 720 807 779.27 | 854.47
Peak Current 101.2 | 909.8 99.6 9204 97 888.6 99.27 | 906.27
Fundamental Voltage 328.9 | 333.7 | 327.6 333 290.1 325.9 | 315.53 | 330.87
Fundamental Current 58.2 423.4 574 426.8 56.2 4174 57.27 | 422.53
Active Power (kW) 11.24 | 142.08 || 10.82 | 130.74 | 8.62 88.04 30.68 | 360.86
Reactive Power (kvar) 1.76 27.7 2.08 27.98 0.94 17.12 4.78 72.80
Harmonic Power (kVA) 211 | 196.88 || 20.34 | 198.2 15.9 131.84 || 57.34 | 526.92
Apparent Power (kVA) 24 240.02 || 23.12 | 241.66 18.2 159.2 65.32 | 640.88
Power Factor (PF) 0.42 0.86 0.40 0.83 0.42 0.83 0.41 0.84

2.3 IEEE standard and data analysis
The international standard which is IEEE STD 519-2018 is used for measured

data analysis and for selection of point of common coupling.

Based on IEEE STD 519-2018 voltage distortion limits
Table 2.2: IEEE STD 519-2018 voltage distortion limits

Bus voltage V Individual Total Harmonic

at PCC Harmonic (%) | Distortion (%)
V<1.0kV 5 8
1kV<V<69kV 3 5
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Based on IEEE STD 519-2018 current distortion limits for systems rated from 120V

through 69kV

Table 2.3: IEEE STD 519-2018 current distortion limits

Maximum Harmonic Order Distortion in percent
Individual Harmonic Order (odd harmonic) = H, = h

Isc/l,; | 3<h<I1]|11<h<17]| 17<h<23 | 23<h<35 | 35<h<50 | THD
<20 4.0 2.0 1.5 0.6 0.3 5.0
20<50 7.0 3.5 2.5 1.0 0.5 8.0
50<100 10.0 4.5 4.0 1.5 0.7 12.0
100<1000 12.0 55 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0

where Ig¢ /1y is the ratio of short-circuit current available at the Point of Common
Coupling (PCC) to the maximum fundamental load current. Even harmonics are

limited to 25% of the odd harmonic limits above.

The IEE 519 for maximum current harmonic distortion is given based on the ratio of
short circuit current (Isc) to the maximum fundamental load current (I;,) under normal

load operating condition.

The measurements are taken on both secondary output of the transformer. The
maximum fundamental current at PCC given in Table 2.1 for delta connected I =
422 .53A. The capacity of the transformer is 2MVA. Assuming that the two secondary
outputs of the transformer shares equally the system load at the PCC, each line has a
maximum loading capacity of 1IMVA. At PCC the voltage level is 590VAC.

Therefore, the short circuit currents can be calculated as following.

_ 1,000,000 _

IFL Delta — W = 978.56A and
1,000,000 _

lrLwye = “590v3 = 978.56A,

where Igy, is a full load current at PCC
Considering the base impedance of the system is the impedance of rectifier
transformer at secondary side. The value of base impedance is 7.75% = 0.0775pu
which is taken from the name plate of the transformer. Therefore, the short circuit

current at PCC of the secondary terminal of the transformer is given as (Appendix C):

978.56

=———— = 12,626.58A
0.0775

Isc

10
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12,626.58
The value of Isc/I;, = 42253 = 29.88,

The current harmonic limits in Table 2.3 are taken from IEEE 519 standard and the
harmonic distortion reference values are selected based on the calculated result of
Isc/1y,. Calculated value of Is¢/I;, is 29.88 which is between 20 and 50 located on the

second row of Table 2.3.

Point of Common Coupling (PCC) is defined as following based on the

internationally accepted standards.

IEEE STD 519-1992 — Page 75

The recommendation described in this document attempts to reduce the harmonic
effects at any point in the entire system by establishing limits on certain harmonic
indices (currents and voltages) at the point of common coupling (PCC), a point of
metering, or any point as long as both the utility and the consumer can either access
the point for direct measurement of the harmonic indices meaning to both or can
estimate the harmonic indices at point of interference through mutually agreeable
methods. Within an industrial plant, the pinot of common coupling is the point

between the nonlinear load and other loads.

IEEE STD 519-2014 — Page 2

The limits in this recommended practice are intended for application at a point
of common coupling between the system owner or operator and a user, where the
PCC is usually taken as the point of in the power system closest to the user where the
system owner or operator could offer service to another user.
IEEE STD 519-2014 — Page 3

Point of a public power supply system, electrically nearest to a particular load, at
which other loads are, or could be connected. The PCC is a point located upstream of
the considered installation.
IEEE STD 3002.8 - 2018

Point of a public power supply system, electrically nearest to a particular load,
at which other loads are, or could be connected. The PCC is a point located upstream
of the considered installation. This definition is in agreement with the earlier
definition for PCC.

11
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Based on the above definitions for PCC and considering the actual existing conditions
in our specific project of study, the PCC is selected at the secondary side of
transformer which is low voltage side of the three winding transformer as shown
above in Figure 2.2 for the following reasons.

(@) The available Fluke device maximum limit voltage is 1000VAC.

(b) Installing harmonic compensating devices on the low voltage side is preferred
over installing on the medium voltage side as compared to the physical size and
the cost of medium voltage harmonic compensating devices.

(c) Installing harmonic compensating devices on the low voltage side reduces the
amount of some harmonics that would flow through the rectifier transformer
which would cause heating effect on the transformer windings.

(d) In addition, DC link capacitor voltage (15kV) should also be higher than the
system PCC voltage for the active filter to inject compensation current to the
network.

(e) The concern of utility provider is to control the power quality towards its
upstream on the 15kV primary side of the transformer, thus if power quality of
the low voltage side is in the acceptable harmonic range, the power quality will

also be improved on the primary side of the transformer.

12
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2.4 Power quality analysis in traction system
The Power Log 430-11 software histogram representation for each phase
individual current harmonic spectrums up to 50" harmonic orders are shown and the

corresponding harmonic spectrum values are also tabulated.
2.4.1 Measured current harmonic spectrums of traction substation

Measured individual current harmonic spectrums of the traction substation NS27 is

given below in Figure 2.3 & Figure 2.4.
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Figure 2.3: Individual current harmonic spectrums of wye line
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Figure 2.4: Individual current harmonic spectrums of delta line
2.4.2 Measured individual current harmonic values of traction substation
The measured percentage values of individual current harmonics of delta and

wye lines of traction substation NS27 are given below in Table 2.4 & Table 2.5.
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Table 2.4: Values of individual current harmonics for delta line

Railway Traction Substation

Phase A Phase B Phase C

H, Min Aver Max Min Aver Max Min Aver Max
2 4.12 10.08 22.99 3.91 9.17 23.87 3.87 12.17 34.09
3 3.03 8.93 22.65 4.66 17.69 42.43 3.99 13.84 33.79
4 212 4.59 11.68 2.39 5.38 14.66 2.23 4.4 10.15
5 10.49 58.41 78.26 22.34 | 67.92 85.79 6.06 59.55 80.41
6 2.02 4.22 13.79 2.03 5.76 25.16 1.93 3.76 11.86
7 9.28 47.06 71.54 21.34 | 52.27 79.22 4.03 47.05 76.2
8 0 0 0.00 0 0 0.00 0 0 0

9 1.46 6.07 17.28 2.25 8.47 18.98 1.94 8.23 15.1
10 0.76 2.12 7.01 0.99 2.92 12.27 0.88 2.73 11.07
11 8.78 18.6 59.18 13.86 | 27.38 65.39 3.14 20.65 58.47
12 0.75 2.59 12.06 0.89 4.12 21.80 0.68 1.87 9.49
13 4.89 13.25 49.39 4.38 18.86 62.47 2.44 12.99 54.11
14 0.57 1.72 7.02 0.69 2.77 11.43 0.58 2.48 11.29
15 1.06 4.17 14.79 1.6 5.74 18.58 1.55 3.92 12.6
16 0.75 1.87 5.88 0.8 2.44 10.01 0.72 2.18 8.38
17 8.21 16.14 36.35 12.77 22.05 54.75 1.97 14.87 37.9
18 0.96 2.51 10.74 0.82 3.37 16.37 0.83 1.9 7.58
19 8.06 14.6 32.47 9.22 18.1 54.43 2.13 16.18 33.7
20 0.63 1.61 6.45 0.67 2.35 9.83 0.74 2.17 9.14
21 0.79 3.4 11.82 1.21 4.57 17.35 1.22 3.75 10.4
22 0.41 1.27 5.55 0.54 1.9 8.05 0.46 1.64 7.06
23 2.27 7.36 27.96 3.09 11.67 41.79 1.96 8.26 29.66
24 0.5 1.72 8.10 0.54 2.51 12.69 0.4 1.24 5.07
25 1.57 5.87 23.77 1.3 9.59 46.06 1.16 6.41 26.08
26 0.36 1.13 5.07 0.43 1.73 8.48 0.34 1.48 7.4
27 0.77 2.52 9.25 0.86 3.49 15.68 0.85 2.23 8.42
28 0.48 1.16 4.81 0.54 1.68 6.52 0.42 1.31 5.84
29 4.2 7.78 21.99 4.78 10.82 31.86 1.59 7.03 23.3
30 0.66 1.55 6.76 0.52 1.96 10.33 0.53 1.29 4.55
31 3.9 6.88 17.77 3.43 9.06 36.86 1.69 8.05 21.48
32 0.44 1.08 4.09 0.46 1.41 6.62 0.5 1.34 5.53
33 0.54 1.79 6.56 0.95 3.01 13.64 0.84 2.44 7.9
34 0.27 0.85 4.01 0.38 1.34 5.20 0.33 1.05 4.67
35 0.77 3.87 16.67 1.27 6.02 25.28 1.15 4.30 18.68
36 0.38 1.08 5.32 0.41 1.52 7.91 0.26 0.93 4.07
37 1.00 3.23 12.34 0.78 5.21 28.64 0.66 3.77 16.64
38 0.28 0.84 3.17 0.34 1.09 4.74 0.25 0.92 4.39
39 0.58 1.65 5.36 0.74 2.31 11.47 0.59 1.47 7.15
40 0.36 0.89 3.83 0.42 1.24 4.59 0.29 0.88 3.74
41 2.11 4.09 11.86 2.66 5.56 18.82 1.27 3.49 14.54
42 0.52 1.06 3.81 0.39 1.29 5.84 0.39 0.94 3.39
43 1.02 3.44 8.61 1.45 4.30 21.64 1.43 4.42 12.11
44 0.37 0.86 2.82 0.37 1.01 4.06 0.40 0.91 3.18
45 0.44 1.27 4.69 0.79 2.01 8.80 0.79 1.79 6.02
46 0.21 0.65 3.29 0.32 1.01 4.13 0.28 0.75 2.94
47 0.47 1.95 8.40 0.74 2.83 13.49 0.66 2.14 10.54
48 0.33 0.79 2.72 0.36 1.13 4.74 0.2 0.67 2.62
49 0.69 1.64 5.92 0.48 2.46 15.60 0.41 2.02 8.72
50 0.19 0.61 2.37 0.25 0.74 3.39 0.16 0.54 2.98

where H,, is harmonic orders forn =2,3,4,5, ..., 50
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Table 2.5: Values of individual current harmonics for wye line

Phase A Phase B Phase C

H, Min Aver Max Min Aver Max Min Aver Max
2 3.15 7.81 19.01 2.93 6.89 15.75 2.76 8.19 20.83
3 3.46 15.62 32.61 3.82 14.03 27.54 2.49 8.7 18.82
4 1.91 5.43 18.43 1.78 4.55 14.14 1.7 3.64 8.43
5 11.16 61.62 77.06 26.16 67.31 81.14 17.86 64.67 80.91
6 1.9 3.79 14.63 1.55 5.06 25.94 1.67 3.56 10.66
7 13.44 50.68 70.66 25.85 53.42 71.73 18.98 49.44 70.46
8 1.2 3.52 14.13 1.13 3.28 13.5 1.14 2.47 8.11
9 1.65 7.04 15.51 1.72 5.87 21.16 1.08 5.99 13.7
10 0.74 2.7 12.92 0.71 2.52 12.12 0.73 1.95 8.22
11 11.44 21.52 52.34 13.61 26.35 60.21 13.94 25.36 53.9
12 0.7 2.14 12.39 0.67 3.41 22.7 0.69 2.1 9.43
13 6.63 17.11 51.26 7.06 19.69 56.07 6.56 17.32 48.65
14 0.58 2.29 11.75 0.58 2.34 11.67 0.55 1.62 7.58
15 1.16 4.19 8.84 1.38 4.05 17.67 0.87 3.56 8.73
16 0.7 2.29 11.02 0.7 2.09 9.9 0.66 1.61 6.68
17 9.55 17.34 40.03 13.53 21.84 50.06 11.93 19.13 41.78
18 0.88 2.06 10.26 0.72 2.81 18.11 0.7 1.86 7.99
19 11.15 17.64 39.59 9.69 17.49 47.57 9.25 16.26 37.6
20 0.62 1.99 9.76 0.52 1.91 9.81 0.52 1.39 5.64
21 0.7 2.87 6.39 0.96 2.72 14.09 0.94 2.56 6.87
22 0.4 15 8.48 0.41 1.37 7.34 0.44 1.13 5.17
23 2.26 8.26 33.08 2.58 10.33 38.58 3.15 9.69 32.77
24 0.41 1.24 7.33 0.38 1.89 13.55 0.39 1.22 6.03
25 1.19 7.37 29.41 1.59 8.4 38.19 1.15 7.06 29.22
26 0.36 1.351 7.01 0.36 1.462 7.55 0.33 0.971 4.15
27 0.69 2.176 5.07 0.72 2.205 10.71 0.61 1.773 6.25
28 0.44 1.331 6.24 0.5 1.23 5.03 0.4 0.965 3.94
29 3.7 7.97 25.62 5.39 10.41 28.6 3.94 8.56 24.69
30 0.6 1.285 5 0.5 1.64 9.46 0.43 1.091 4.57
31 4.69 8.59 22.12 3.45 8.05 28.44 3.68 7.62 21.21
32 0.44 1.217 4.94 0.36 1.265 5.73 0.33 0.81 2.81
33 0.52 1.822 4.58 0.7 1.587 7.61 0.72 1.532 5.41
34 0.25 0.961 4.62 0.26 0.843 3.55 0.27 0.745 3.02
35 0.6 4.189 18.42 0.95 5.235 20.19 14 4.688 16.91
36 0.28 0.802 3.4 0.24 1.178 6.43 0.25 0.764 3.6

37 0.6 3.938 15.46 0.73 4.296 19.12 0.6 3.559 14.98
38 0.28 0.878 3.49 0.29 1.012 419 0.23 0.566 2.27
39 0.66 1.564 3.96 0.65 1.613 5.19 0.51 1.212 418
40 0.32 0.953 3.52 0.41 0.895 2.94 0.29 0.572 2.23
41 1.73 3.969 11.82 2.94 5.238 14.44 2.07 4.035 10.67
42 0.47 0.952 3.6 0.41 1.194 4.79 0.32 0.717 2.82
43 2.53 4.306 10.55 1.46 3.614 13.59 1.78 3.61 9.8

44 0.35 0.887 2.88 0.3 0.9 3.35 0.25 0.534 1.7

45 0.46 1.31 3.19 0.41 1.149 431 0.58 1.142 3.39
46 0.21 0.729 2.71 0.21 0.674 2.71 0.21 0.532 1.74
47 0.4 1.862 7.5 0.49 2.048 11.01 0.83 2.012 6.9

48 0.23 0.61 2.17 0.18 0.84 3.82 0.2 0.51 2.13
49 0.31 1.45 7.04 0.39 1.65 10.92 0.31 1.41 6.24
50 0.17 0.57 2.08 0.22 0.66 2.66 0.15 0.32 1.02

where H,, is harmonic orders forn=2,3,4,5, ..., 50
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The average and maximum values of individual current harmonics for phase A, phase
B & phase C are presented below in Table 2.6 & Table 2.7.

Table 2.6: Values of maximum individual current harmonics for delta line

Prjise Phése Phgse Phase Phase A | Phase B | Phase C Phase
H, | Max Max | Max | Average | H_ Max Max Max Average
2 2299 | 23.87 | 34.09 26.98 27 9.25 15.68 8.42 11.12
3 22.65 | 4243 | 33.79 32.96 28 4.81 6.52 5.84 5.72
4 11.68 | 14.66 | 10.15 12.16 29 21.99 31.86 23.30 25.72
5 78.26 | 85.79 | 80.41 81.49 30 6.76 10.33 4.55 7.21
6 1379 | 25.16 | 11.86 16.94 31 17.77 36.86 21.48 25.37
7 7154 | 79.22 76.2 75.65 32 4.09 6.62 5.53 5.41
8 0.00 0.00 0.00 0.00 33 6.56 13.64 7.90 9.37
9 17.28 | 18.98 | 15.10 17.12 34 4.01 5.20 4.67 4.63
10 7.01 12.27 | 11.07 10.12 35 16.67 25.28 18.68 20.21
11 || 59.18 | 65.39 | 58.47 61.01 36 5.32 7.91 4.07 5.77
12 || 12.06 | 21.80 9.49 14.45 37 12.34 28.64 16.64 19.21
13 || 49.39 | 6247 | 54.11 55.32 38 3.17 4,74 4.39 4.10
14 7.02 11.43 11.29 9.91 39 5.36 11.47 7.15 7.99
15 || 14.79 | 1858 | 12.60 15.32 40 3.83 4.59 3.74 4.05
16 5.88 10.01 8.38 8.09 41 11.86 18.82 14.54 15.07
17 || 36.35 | 54.75 | 37.90 43.00 42 3.81 5.84 3.39 4.35
18 10.74 16.37 7.58 11.56 43 8.61 21.64 12.11 14.12
19 || 32.47 | 54.43 | 33.70 40.20 44 2.82 4.06 3.18 3.35
20 6.45 9.83 9.14 8.47 45 4.69 8.80 6.02 6.50
21 || 11.82 | 17.35 | 10.40 13.19 46 3.29 4.13 2.94 3.45
22 5.55 8.05 7.06 6.89 47 8.40 13.49 10.54 10.81
23 || 27.96 | 41.79 | 29.66 33.14 48 2.72 4.74 2.62 3.36
24 8.10 12.69 5.07 8.62 49 5.92 15.60 8.72 10.08
25 || 23.77 | 46.06 | 26.08 31.97 50 2.37 3.39 2.98 2.91
26 5.07 8.48 7.40 6.98 THD || 142.15 | 169.92 | 147.03 153.03

Individual current harmonic values exceeds IEEE 519 standard as given in Table 2.4.
For the delta connected secondary output current total harmonic distortion
THD minimum = 53.33%, THD,yerage = 98.73%, and THD aximum = 153.03% which

is by far beyound the standard minimum THD limit.
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Table 2.7: Values of maximum individual current harmonics for wye line

Phase | Phase | Phase Phase Phase | Phase | Phase Phase
A B C A B C

H, | Max | Max | Max | Average | H, Max Max | Max | Average
2 | 19.01 | 15.75 | 20.83 | 1853 | 27 507 | 10.71 | 6.28 7.35
3 | 3261 | 2754 | 18.82 | 26.32 | 28 6.24 503 | 3.94 5.07
4 11843 | 1414 | 843 | 13.67 | 29 | 25.62 | 28.60 | 24.69 | 26.30
5| 77.06 | 81.14 | 80.91 | 79.70 | 30 5.00 946 | 457 6.34
6 | 14.63 | 2594 | 10.66 | 17.08 | 31 | 2212 | 2844 | 21.21 | 23.92
7 | 70.66 | 71.73 | 70.46 | 70.95 | 32 4.94 573 | 281 4.49
8 | 1413 | 135 | 811 | 1191 | 33 4.58 761 | 541 5.87
9 | 1551 | 21.16 | 13.7 16.79 34 4.62 3.55 3.02 3.73
10 | 12.92 | 12.12 | 822 | 11.09 | 35 | 1842 | 20.19 | 1691 | 1851
11 | 52.34 |1 60.21 | 53.9 | 5548 | 36 3.40 6.43 | 3.60 4.48
121 12.39 | 22.7 | 943 | 1484 | 37 | 1546 | 19.12 | 1498 | 16.52
13 || 51.26 | 56.07 | 48.65 | 51.99 | 38 3.49 419 | 2.27 3.32
14 1 11.75 | 1167 | 758 | 10.33 | 39 3.96 519 | 4.18 4.44
15| 884 |17.67 | 873 | 1175 | 40 3.52 294 | 2.23 2.90
16 | 11.02 | 99 | 6.68 9.20 41 | 11.82 | 1444 | 10.67 | 1231
17 | 40.03 | 50.06 | 41.78 | 43.96 | 42 3.60 479 | 2.82 3.74
18 | 10.26 | 18.11 | 7.99 | 1212 | 43 | 1055 | 1359 | 9.80 | 11.31
19 | 39.59 | 47.57 | 37.6 41.59 44 2.88 3.35 1.70 2.64
20 9.76 | 9.81 | 5.64 8.40 45 3.19 431 | 3.39 3.63
21| 6.39 | 14.09 | 6.87 9.12 46 2.71 271 | 174 2.39
22| 848 | 7.34 | 517 7.00 47 7.50 11.01 | 6.90 8.47
23 | 33.08 | 38.58 | 32.77 | 34.81 | 48 2.71 382 | 213 2.89
24| 7.33 | 1355 6.03 8.97 49 7.04 |1092 | 6.24 8.07
25| 29.41 | 38.19 | 29.22 | 32.27 | 50 2.08 266 | 1.02 1.92
26| 7.01 | 755 | 4.15 6.24 | THD | 138.55 | 155.52 | 136.88 | 143.65

Individual current harmonic values exceeds IEEE 519 standard as given in Table 2.5.
For wye connected secondary output current total harmonic distortion THD pinimum =
60.00%, THDg,yerage = 101.65%, and THDpaximum = 143.58% which is by far

beyound the standard minimum THD limit.
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2.4.3 Measured individual voltage harmonic spectrums of traction substation
Measured individual voltage harmonic spectrums of traction substation NS27 is given

below in Figure 2.5 & Figure 2.6.
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Figure 2.5: Individual voltage harmonic spectrums of wye line
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Figure 2.6: Individual voltage harmonic spectrums of delta line
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2.4.4 Measured voltage harmonic values of traction substation

The measured percentage values of individual voltage harmonics of delta line of the
traction substation given below in Table 2.8 & Table 2.9.

Table 2.8: Values of individual voltage harmonic for delta line

Phase A Phase B Phase C
H, Min Aver Max Min Aver Max Min Aver Max
2 0.39 1.96 3 0.4 1.95 3.02 0.41 2.34 17.68
3 1152 | 17.09 | 19.56 | 11.69 17.2 19.67 | 11.69 | 17.32 23.4
4 0.15 1.64 2.46 0.15 1.65 2.47 0.15 1.88 12.29
5 0.27 0.72 1.25 0.27 0.69 1.42 0.29 0.7 4,52
6 0.09 0.73 1.09 0.09 0.72 1.1 0.09 0.8 3.53
7 0.45 0.736 1.24 0.43 0.733 15 0.11 0.635 2.91
8 0.04 1.251 2.04 0.05 1.257 2.05 0.04 1.288 3.37

9 0.52 1.33 1.78 052 | 1.343 1.8 053 | 1326 | 2.04
10 0.04 | 1004 | 163 0.05 | 1013 | 1.65 0.04 | 1054 | 277
11 0.06 | 0.313 | 0.97 0.24 | 0413 | 0.64 0.12 | 0395 | 1.37
12 0.12 | 0.313 | 0.77 0.12 | 0311 | 0.78 0.12 | 0.347 | 1.48
13 0.05 | 0.275 | 0.56 0.13 | 0.326 | 0.47 009 | 0331 | 101
14 0.05 0.67 1.12 0.05 | 0.671 | 1.13 0.05 | 0.689 | 1.62
15 0.11 0.45 0.75 0.09 | 0.467 | 0.78 0.12 0.48 1.52
16 0 0 0 0 0 0 0 0 0

17 0.05 | 0.293 0.5 0.08 | 0.348 | 0.57 0.1 0.38 1.39
18 0.05 0.31 0.82 0.04 | 0319 | 0.83 0.05 | 0357 | 135
19 0.05 | 0.341 | 0.77 0.07 | 0.363 | 0.86 0.08 | 0.469 | 1.17
20 0.04 | 0.323 0.6 0.04 | 0.322 0.6 0.04 | 033 | 0.97
21 0.05 | 0.211 | 0.33 0.08 | 0.237 | 0.38 0.06 | 0.241 | 0.81
22 0.05 | 0.272 | 0.46 0.04 | 0.274 | 047 0.04 | 0.292 | 0.98
23 0.04 | 0.199 0.2 0.05 | 0.215 | 0.37 0.04 | 0.199 | 0.82
24 0.08 | 0.164 | 0.22 0.09 | 0.163 | 047 0.08 | 0.176 | 0.79
25 0.03 | 0.127 | 0.37 0.03 0.13 0.21 0.04 | 0.131 0.7
26 0.02 | 0.205 | 0.35 0.02 | 0.209 | 0.36 0.02 | 0.214 | 0.75
27 0.03 | 0.138 | 0.22 0.03 | 0.131 0.2 0.03 | 0.146 | 0.77
28 0.03 | 0.192 | 0.37 0.02 0.2 0.38 0.02 | 0.207 | 0.81
29 0.02 | 0.136 | 0.22 0.02 | 0.168 | 0.29 0.02 | 0.112 | 0.75
30 0.02 | 0126 | 0.21 0.03 | 0.143 | 0.24 0.03 | 0.157 | 0.77
31 001 | 0131 | 0.21 0.02 | 0.899 | 0.36 0.02 0.16 0.79
32 0.01 | 0.149 | 0.27 0.01 | 0.158 | 0.18 0.01 | 0.157 | 0.75
33 0.04 | 0.08 | 0.13 0.03 0.08 0.29 0.03 | 0.113 | 0.72
34 001 | 0.127 | 0.26 0.01 | 0.133 | 0.12 0.01 | 0.142 | 0.76
35 0.01 | 0.092 | 0.15 0.01 | 0.097 | 0.28 0.01 0.1 0.73
36 0.02 | 0.078 | 0.14 0.02 | 0.081 | 0.17 0.02 | 0.086 | 0.76
37 0.01 | 0076 | 0.13 0.01 | 0.079 | 0.13 0.02 | 0.078 | 0.71
38 0.01 0.13 0.22 001 | 0.136 | 0.12 001 | 0.134 | 0.74
39 0.03 | 0.085 0.1 0.03 | 0.078 | 0.23 0.03 | 0.073 0.7
40 0.01 | 0.086 | 0.19 0.01 | 0.089 0.2 0.01 | 0.099 | 0.72

41-50 0 0 0 0 0 0 0 0 0
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From table 2.8, except the 3 voltage harmonic, all individual voltage harmonic
orders are less than 5% which satisfy the IEEE 519 standard. Because of the 3™
voltage harmonic order, the voltage THD exceeds the IEEE 519 standard for voltage

total

2.5 Traction system load parameter and harmonic analysis

In this section, basics of system load parameters such as voltage, current, power

and frequency analysis is done based on the result of measurement.

2.5.1 Power analysis at PCC

The total apparent power for a system with harmonic (distortion) power is expressed

as following S2=P2 +Q? + D?

where S = Apparent power of the system, P = Active Power of the system
Q = Reactive Power of the system, D = Distortion Power (Harmonic Power)
The maximum power measured at PCC which is selected from the data spreadsheet is

given below in Table 2.9.

Table 2.9: Maximum power measured at PCC for delta line

Phase A Phase B Phase C
Function Max Max Max Total
Active Power (kW) 142.08 130.74 88.04 360.86
Reactive Power (kvar) 27.7 27.98 17.12 72.80
Harmonic Power (kVA) 196.88 198.2 131.84 526.92
Apparent Power (kVA) 240.02 241.66 159.2 640.88
Power Factor (PF) 0.86 0.83 0.83 0.84

The motor load can be determined by transforming the maximum power measured at

PCC towards the motor terminal is given below in Table 2.10.

Table 2.10: Traction induction motor load

Phase A | Phase B | Phase C | Phase

Function Max Max Max Max

Active Power (kW) 284.16 | 261.48 176.08 | 721.72
Reactive Power (kvar) 55.4 55.96 34.24 145.60
Harmonic Power (KVA) | 393.76 396.4 263.68 | 1053.84
Apparent Power (kVA) 480.04 | 483.32 318.4 | 1281.76
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The rated active power of one locomotive induction motor is 130kW. The maximum
active power of the system measured is 721.72kW. The number of locomotives in the
network during the field data measuring process for that specific time is six and
determined as following.

721.72

Number of locomotives = = 5.55 = 6, (six single locomotives were in the

network during the time of data collection.
2.5.2 Supply frequency analysis at PCC

The variation of power supply frequency is in the allowable standard range from
49.271Hz to 50.455Hz as the standard is 50+1Hz.

2.5.3 Voltage analysis at PCC

From Table 2.8 individual voltage harmonics, except the value of 3™ harmonic
voltage, all voltage harmonic values are below the standard limit requirement of IEEE
519. Thus, voltage harmonics don’t contribute significant power quality problems as

compared to current harmonics within the traction network.
2.5.4 Current analysis at PCC

From data presented in Table 2.4 and Table 2.5, the values of individual current
harmonics at PCC exceeds the IEEE 519 minimum standard limit for each harmonic
orders. All current harmonics are present in the system at PCC, except delta
connected line where 8" harmonic order is found zero measured value. Therefore,
current harmonics contribute significant power quality issues within the traction

network.

For comparison purpose measured values of individual current harmonics and IEEE
519 standard harmonic minimum requirements for each harmonic orders are presented
below in Table 2.11.

21



Hybrid Active Power Filter Technique to Enhance Power Quality of Electric
Railway Traction Substation

Table 2.11: Individual current harmonic measured values and theoretical IEEE 519

standard
Selta ) Theoretically Theoretitc?jlly
. elta line per phase expecte
" Wye line per phase (%) (%F; P VZTESSCtigr vaISes for
six pulse 12 pulse
rectifier rectifier
Min | Aver Max || Min | Aver | Max
2 2.95 7.63 18.53 [ 3.97 | 10.47 | 26.98 0.0 0.0
3 3.26 | 12.78 | 26.32 || 3.89 | 13.49 | 32.96 0.0 0.0
4 1.80 454 13.67 || 2.25 | 4.79 | 12.16 0.0 0.0
5 18.39 | 64.53 | 79.70 | 12.96 | 61.96 | 81.49 X 0.0
6 1.71 414 17.08 | 1.99 | 458 | 16.94 0.0 0.0
7 19.42 | 51.18 | 70.95 [ 11.55 | 48.79 | 75.65 X 0.0
8 1.16 3.09 1191 | 0.00 | 0.00 0.00 0.0 0.0
9 1.48 6.30 16.79 | 1.88 | 7.59 | 17.12 0.0 0.0
10 0.73 2.39 11.09 | 0.88 | 259 | 10.12 0.0 0.0
11 13.00 | 24.41 | 55.48 || 8.59 | 22.21 | 61.01 X X
12 0.69 2.55 14.84 | 0.77 | 2.86 | 14.45 0.0 0.0
13 6.75 18.04 | 51.99 | 3.90 | 15.03 | 55.32 X X
14 0.57 2.08 10.33 || 0.61 | 2.32 9.91 0.0 0.0
15 1.14 3.93 11.75 || 1.40 | 461 | 15.32 0.0 0.0
16 0.69 2.00 9.20 0.76 | 2.16 8.09 0.0 0.0
17 11.67 | 19.44 | 43.96 || 7.65 | 17.69 | 43.00 X 0.0
18 0.77 2.24 12.12 | 0.87 | 2.59 | 11.56 0.0 0.0
19 10.03 | 17.13 | 41.59 || 6.47 | 16.29 | 40.20 X 0.0
20 0.55 1.76 8.40 0.68 | 2.04 8.47 0.0 0.0
21 0.87 2.72 9.12 1.07 | 3.91 | 13.19 0.0 0.0
22 0.42 1.33 7.00 0.47 | 1.60 6.89 0.0 0.0
23 2.66 9.43 3481 || 244 | 9.10 | 33.14 X X
24 0.39 1.45 8.97 048 | 1.82 8.62 0.0 0.0
25 1.31 7.61 3227 || 1.34 | 7.29 | 31.97 X X
29 4.34 8.98 26.30 | 3.52 | 854 | 25.72 X 0.0
31 3.94 8.09 23.92 || 3.01 | 8.00 | 25.37 X 0.0
48 0.20 0.65 2.71 0.30 | 0.86 3.36 0.0 0.0
49 0.34 1.50 8.07 0.53 | 2.04 | 10.08 X X
50 0.18 0.52 1.92 0.20 | 0.63 291 0.0 0.0

where x denotes the existence of indicated harmonic orders in the six and twelve pulse

diode rectifiers.
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Theoretically, major current harmonic orders which are expected to exist in six pulse
rectifier system are 51, 71, 11t 13" 17 19t 231 25" 29t 315t 351 37 475t
43 47" and 49™. And also theoretically expected current harmonic orders to exist
in 12 pulse rectifier system are 11", 13™, 231 25M 35 37" 47" & 49" and shown
below in Table 2.12.

Table 2.12: Major current harmonic values and theoretical IEEE 519 standard

Wye line per phase Delta line per phase | Theoretically | Theoretically
expected expected
values for six values for 12
H, [ Min | Aver | Max | Min | Aver | Max | pulse rectifier | pulse rectifier
5 | 18.39 | 64.53 | 79.70 || 12.96 | 61.96 | 81.49 X 0.0
7 | 19.42 | 51.18 | 70.95 | 11.55 | 48.79 | 75.65 X 0.0
11 | 13.00 | 24.41 | 55.48 | 859 | 22.21 | 61.01 X
13 | 6.75 | 18.04 | 51.99 | 3.90 | 15.03 | 55.32 X
17 || 11.67 | 19.44 | 43.96 | 7.65 | 17.69 | 43.00 X 0.0
19 | 10.03 | 17.13 | 4159 | 6.47 | 16.29 | 40.20 X 0.0
23 | 2.66 | 9.43 | 34.81| 2.44 | 9.10 | 33.14 X
25 | 1.31 | 7.61 | 3227 | 1.34 | 7.29 | 31.97 X
29 | 434 | 898 | 2630 | 352 | 854 | 25.72 X 0.0
31 | 3.94 | 8.09 | 2392 3.01 | 800 | 2537 X 0.0
35 | 098 | 470 | 1851 | 1.06 | 4.73 | 20.21 X
37 | 064 | 393 | 1652 | 0.81 | 4.07 | 19.21 X
41 | 225 | 441 | 1231 | 2.01 | 4.38 | 15.07 X 0.0
43 || 192 | 384 | 11.31 | 1.30 | 4.05 | 14.12 X 0.0
47 || 057 | 197 | 847 | 0.62 | 2.31 | 10.81 X
49 || 034 | 150 | 8.07 | 053 | 2.04 | 10.08 X
Total number of harmonic orders exist 16 8

where x denotes the existence of indicated harmonic orders in the rectifiers

As it can be seen from Table 2.12, current harmonic orders 5", 7t 17t 29"
31%, 41", and 43" cancel out or their amount would get reduced at the primary side of

the rectifier transformer in case of twelve pulse rectifier.

The importance of this study is to show that the possibility to reduce or to
remove 11" and 13" current harmonic orders that account the main percentage of
current total harmonic distortion. The harmonic amount of 11" orders ranges from
minimum value of 8.59% to maximum value of 61.01% and the harmonic amount of

13" order ranges from minimum value of 3.9% to maximum value of 55.32%.
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By using the following procedures, the amperage values of 11" and 13" harmonic
current value can be determined from individual harmonic distortion (IHD)

formulation.

I
IHD, (%) =ﬁ F 10090 .o, )

where IHDy is current individual harmonic distortion
THD; is current total harmonic distortion
I, is the fundamental current
I, = 1, I3, 14, ... L4g, 149 and g, are individual current harmonics

The maximum load measured in the network is taken into consideration to design
hybrid active power filter parameters. Three load scenarios are selected arbitrary from
the spreadsheet table. The three load scenarios are load measurement equivalent to
one traction motor, load measurement equivalent to three traction motors and load
measurement equivalent to six traction motors. These three load scenarios are given
below in Table 2.13.

Table 2.13: Selected three load scenarios

One Three Six
System Parameters traction traction traction
motor motors motors
Vrms Ph-Ph 567.81 568.42 569.84
Current Arms 94.3 255.57 477.83
THD V (%) 21.65 21.75 27.26
THD A (%) 180.8 197.03 167.54
Peak Voltage 877.9 870.13 854.47
Peak Current 197.6 516.07 906.27
Fundamental Voltage 328.67 330.03 330.87
Fundamental Current 68.93 202.6 422.53
Active Power (kW) =P 66.62 194.32 368.58
Active Power Fundamental (kW) = P, 66.42 192.10 353.32
Reactive Power (kvar) = Q 10.72 42.18 72.80
Harmonic Power (kVA) =D 127.24 330.86 526.92
Apparent Power (kVA) = S 143.94 384.88 640.88
Apparent Power Fundamental (KVA) = S, 67.26 196.66 367.40
Power Factor 0.85 0.85 0.84
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It is imperative to determine the values of 11" and 13" current harmonic
distortion in ampere for each selected three load scenarios. Table 2.14 presents that
the total harmonic distortion for that specific load category. Therefore, it is necessary
to consider the percentage contribution of 11" and 13" current harmonics to the total

harmonic distortion of the system as shown in Table 2.4.

- _ I
Percentage contribution of 11" harmonic = 4 *100%

0.6101
8.7142

Percentage contribution of 11" harmonic = *100% = 7%

- _ I
Percentage contribution of 13" harmonic = 3 *100%

0.5532
8.7142

Percentage contribution of 13" harmonic = *100% = 6.35%

In other words, 11" and 13" orders contribute 7% and 6.35% of harmonics in
the systems’ current total harmonic distortion respectively. The ampere value of 11%"
and 13" current harmonic can be calculated using the individual harmonic distortion
equation expressed in equation (1). The overall individual harmonic distortion values
of 11" and 13™ harmonic orders for the railway traction substation are 61.01% and

55.32% respectively.

By using equation (1), the amount 11" and 13" harmonic current value can be

determined from individual harmonic distortion (IHD).
S CT _liz &
1 1

a) For six traction motors,

= 290 - 492 53%0.6101 = 257.79A
100%

s = 21309 = 495 53%0,5532 = 233.74A

100%

b) For three traction motors,

=1 O _ 502 6%0.6101 = 123.61A

11 100%

1,5 = 20289 — 505 g% 5532 = 112.08A

100%

c) For one traction motor,

=10 _ 68 93%0,6101 = 42.05A

11 100%
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I, =213 00 - 5 93%() 5532 = 38.13A
100%

Table 2.14: Percentage and ampere values of 11" and 13" current harmonic

One Three Six
System parameters traction | traction | traction
motor motors | motors
THD A (%) 180.8 197.03 | 167.54
Fundamental Current (A) 68.93 202.6 422.53
11" Current Harmonic (A) = 1,4 4205 | 12360 | 257.79
13" Current Harmonic (A) = 1,5 38.13 112.08 | 233.74
(11" +13") Current Harmonic (A) = 1,,,43 | 56.76 | 166.85 | 347.98

In similar procedure by using the percentage contribution of 11" and 13" harmonic

orders, 11" and 13" harmonic powers are calculated and presented in the following

Table 2.15.

Table 2.15: Calculated values of 11" and 13" harmonic powers

One Three Six
System parameters traction || traction | traction
motor | motors | motors
Harmonic Power(kVA) = D 127.24 | 330.86 | 526.92
11" Current Harmonic (% contribution) 7.00 7.00 7.00
13" Current Harmonic (% contribution) 6.35 6.35 6.35
11" Harmonic Power (kVA) = Dy, 8.90 23.16 36.88
13" Harmonic Power (kVA) = D, 8.08 21.00 33.65
(11" +13") Harmonic Power (KVA) = Dy;.15 | 16.98 | 44.16 70.53

From Table 2.14 and Table 2.15 hybrid active power filter is designed to inject 11™"
and 13™ order harmonic currents to reduce or if possible to eliminate 11" and 13"
order harmonic powers specified in the table. The capacity of single tuned pass filter
is designed considering the maximum system load for six traction motors in the

network.
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Chapter Three
Modeling of traction network and hybrid active power filter

3.1 Introduction

For modeling existing traction network, electrical parameters for the traction
system components have been identified either from the technical design document or
from the nameplate or from manufacturer catalogue or from manufacturer equipment
test documents. The modeling is done based on the MATLAB/Simulink electrical

block requirements.

The hybrid active power filter (HAPF) topology consists of a three phase three
wire power circuit, nonlinear load based on uncontrolled rectifier, reference current
estimator system based on the p-qg theory, pulse generation system based on hysteresis
current controlled technique, voltage source inverter connected in series with single
tuned passive filters, and dc bus voltage controller system. This chapter presents the
details of MATLAB/Simulink modeling and designing of hybrid active power filter

components.

3.2 Modeling of existing traction network
3.2.1 Modeling of 15kV power source

The traction substation (NS27) is fed from 132/15kV, 2x25MVA GIS substation.
But for our MATLAB/Simulink modeling purpose, 15kV MATLAB power supply
block is used with its standard electrical parameters. The source supply can be
represented as three phase voltage source with source resistance Rs and source

inductance Ls.

oy AN\ IO
15kV Source Rs. Ls.
| Sy
Bl () AN LIRS
15kV Source Rs Ls
(O} .
@ KR

Figure 3.1: Circuit diagram of 15kV power source

The source supply configuration is wye grounded. The rms phase to phase voltage is
15kV at frequency of 50Hz. The value of source impedance Rs is 0.8929Q and source
inducatane Ls is 0.01658H.
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3.2.2 Modeling of 15kV AC power cable

The most commonly used representation for AC power cable is w-Circuit
model. The length of this cable is 120meter. For modeling the power cable the
following RLC paramenters are also obtained from cable manufacturer. The cable is a
single core copper conductor XLPE insulated and PVVC sheathed with a nominal cross
sectional area of 240mmz2 and conductor resistance of R; = 0.0754Q/km, capacitance
of C; = 0.305uF/km and inductance of L; = 0.335mH/km. By considering R;, C;
and L, are positive sequence of 15kV power cable. The zero sequences of the cable
can be calculated by multiple of 3.0 and zero sequence resistance R, = 0.2262 Q/km ,
Co = 0.915 pF/km and Ly = 1.005 mH/km.

Positive sequence of resistance (ohm) = 0.009048Q

I

Zero sequence of resistance (ohm) = 0.027144Q

Positive sequence of inductance (H) = 0.0402mH

o o

Zero sequence of inductance (H) = 0.1206mH
e. Positive sequence of capacitance (F) = 0.0366mH

f. Zero sequence of capacitance (F) =0.1098mH

The n-ciruit models for positive and zero sequences of AC power cable are

represented as shown below in Figure 3.2.

+ R1 L1 *
Vs T 0.5C1 0.5C1 Vr
(@)
. A .
Vs ‘T_ 0.5Co 0.5Co j‘ Ve
T T
- [ [ .
(b)

Figure 3.2: (a) Positive sequence m-ciruit model (b) Zero sequence n-circuit model
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3.2.3 Modeling of dry type rectifier transformer
It is a three winding transformer with vector group D10/Dyll and 2MVA,
15/0.59/0.59kV. The per unit impedance of the transformer taken from its
nameplate, is 7.75%. The representation of dry type recifier transformer is given

below in Figure 3.3.

N SR AVAVAY n
13[ L3 R3 *
I _ Iz
o UYAYAY, O 420D - AAN
+ R1 L1 L2 R2 +
E3

E1 l ! E2
Rm % % L

Figure 3.3: Circuit diagram of three winding transformer

The values of three winding transformer resistance, inductance, magnitization

resistance and magnitization inductance are given as following:-

a. Winding 1 parameters resistance ( R, in ohm) and inductance ( L; in H) = 0.16875
& 0.021486 respectively

b. Winding 2 parameters resistance ( R, in ohm) and inductance ( L, in H) =
0.000299 & 0.0000432 respectively

c. Winding 3 parameters resistance ( R in ohm) and inductance (Ls in H) =
0.0000398 & 0.0000099 respectively

d. Magnetization resistance ( Ry, in ohm) = 42187

e. Magnetization inductance ( L, in H) = 134.29

f. Inductance of Lo zero sequence flux path return (H) = 0.13428

The vector group of the transformer is D10/Dyl11. The primary winding leads the
secondary winding by phase displacement angle of 60° and the secondary delta
connected winding leads the secondary wye connected winding by phase

displacement angle of 30°.

For twelve pulse rectifier system the following mathematical expression obtained
after Fourier series expansion for each of the secodary winding currents with the delta

connected winding leading the wye connected winding by 30°.
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I, =k*[ cos© + %cos(Se) - %cos(76) - ﬁcos(lle) + 1—13cos(136) +1—17cos(176) oden(3)
I; =k*[ cos® - icos(Se) + ;cos(76) - icos(lle) + 1—13cos(139) - %cos(176) ]e(3.2)

where k represents the mathematical constant value found in the process of Fourier
series expression.

I, is the current flowing through wye connected winding 2
I5 is the current flowing through delta connected winding 3

I, is the combined current flowing through primary winding 1 referred to the

secondary side of the transformer.

L1 = Ly L3 oo, (3.3)
1 1
I; = 2k*[ cos 0 - —cos(118) + —cos(130) +...]....oooooiiiii (3.4)

The expression in equations (3.1) and (3.2) works for ideal and balanced system
components and equipment. From equation (3.4), the dominant current harmonics in

twelve pulse rectifier transformer are 11" and 13" order harmonics.

But in practical, as it is found from measurement, all harmonics are found in the

traction network due to the non-ideal behavior of the system components.
3.2.4 Modeling of low voltage ac power cable

The cable is a single core copper conductor XLPE insulated and PVC sheathed
with a nominal cross sectional area of 3x300mm? per phase and conductor resistance
of R; = 0.0601Q/km. The length of this cable is 30meter. The inductive and
capacitive parameters of low voltage cables are negligible and are not considered in
the modeling of the system. Therefore, the low voltage cable is represented by series

resistance element only. The total resistance of this line is 0.001803C.
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3.2.5 Modeling of diode rectifier

The rectifier circuit consists of two six pulse rectifier diode circuits which are
connected in parallel to the system load. The parameter specification of twelve pulse

traction substation rectifier is give below in Table 3.1.

Table 3.1: Parameter specification of twelve pulse diode rectifier

Twelve pulse traction substation rectifier

1 | Rated input current 2x1020A

2 | Input phase 2x3phase

3 | Rated input voltage 590VAC

4 | Rated output voltage 750VDC

5 | Rated output current 2500A

6 | Rated output power 1875kW

7 | Rated frequency 50Hz
From Delta -'lﬂ E ’ L"’—!l ) ! )
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Comected A &~ 3 < < = {;
Secondary i i i o =
Wnding 4 ‘ | J ~
Oty T T 1

Figure 3.4: Circuit diagram of twelve pulse diode rectifier
The output of the rectifier is filtered using the RC filter circuit connected next to the
rectifier to smooth the dc output ripple voltage and also to reduce the pulses along
with the ripple voltage. The values for the capacitor is 6pF/2000V, resistances R1 &
R2 are each 10Q and resistances R3, R4, R5 & R6 are each 3.9kQ taken from the

technical documents.
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3.2.6 Overhead catenary system (OCS)

One of the components of OCS is a copper conductor with a nominal cross
sectional of 400mm? to deliver 750VAC power to the locomotive system through
pantograph. The total length of the copper conductor connected to the traction
substation named NS27 is 1.47km. The resistance of this conductor is 0.047€/km
which is taken from the manufacture documents and the total resistance of the
conductor is 0.06909Q. The copper conductor is represented by a series resistance
element for modeling purpose. Actually, the total effective resistance of this dc cable
varies based on the position of the locomotive in the network. The total resistance
value given above is the maximum value at the entry point of the locomotive towards

NS27 traction substation network.
3.2.7 Traction inverter box

The traction inverter box mainly consists of insulated gate bipolar transistor
IGBT inverter, line contactor, chopper power unit, logic control unit and filter unit.
IGBT inverter is the main component which is important for interconnecting the DC
power network with AC induction motor systems. The role of traction inverter box is
to invert DC voltage to variable voltage variable frequency (VVVF) three phase AC
voltages. The output of the inverter is filtered out through inductor capacitor circuit to

preserve the sinusoidal wave of the output.
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Figure 3.5: Circuit diagram of IGBT/Diode inverter
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The parameter specification of inverter is given below in Table 3.2

Table 3.2: Parameter specification of IGBT inverter

Parameter specification of IGBT Inverter
1 | Rated input voltage 750vDC
2 | Rated output voltage 3x500VAC
3 | Rated output power 130kW
4 | Control System PWM

3.2.8 Pulse width modulation techniques

Pulse width modulation (PWM) technique is used for traction motor
IGBT inverter gate signal control. It is most efficient and used to control the
ON and OFF time of switching devices in predetermined condition. A
designed fixed dc voltage is given to the IGBT inverter input and the power
switches are controlled by the PWM control signal to modulate input dc
voltage to required ac voltage. Since frequency of operation is inversely
dependent upon inverter size, thus reduces the inverter size and increases the
switching frequency. MATLAB/Simulink PWM model and input waveform is

shown in Figure 3.6.
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Figure 3.6: MATLAB/Simulink model representation of pulse width modulation
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3.2.9 Traction motor

The traction motor is three phase squirrel cage induction motor with the following
details.

Table 3.3: Parameter specification of traction motor

Traction motor specification

1 | Rated power 130kW
2 | Number of phases 3
3 | Number of poles 6 (3 pairs)
4 | Rated voltage 3x500VAC
5 | Rated current 215A
6 | Rated frequency 91Hz
7 | Rated rotational speed 1800 r/mim or 188.5 rad per second
8 | Maximum rotational speed 4377 r/min or 458.36 rad per second
9 | Power Factor 0.74

Ri X1 R"2 X"

" =2
@ Vs Xmis | Im

Figure 3.7: Equivalent circuit diagram of induction motor

where R; is stator resistance per phase
X, is leakage reactance per phase
R’; is rotor resistance transferred to the stator side
X', is leakage reactance transferred to the stator side

R’} is the mechanical power production of the motor

where R’y = R, (% -1)
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Induction motor parameters taken from technical documents are given as following.

a) Stator resistance R, = 0.5968Q, Stator Inductance X; = 0.0003495H
b) Rotor resistance R’, = 0.6258Q, Rotor Inductance X', = 0.005473H
¢) Mutual Inductance X, = 0.0354H

d) Inertia J = 0.05J(kg.m?)

e) Friction factor = 0.005879

f) Pole pairs = 3 (It is a six pole induction motor)

For any motor load application, it is imperative to know the torque speed
characteristic of the induction motor. Consider a three phase squirrel cage induction
motor whose stator has three windings displaced in space by 120°. When they are
excited with currents that are displaced in time by 120°, a rotating magnetic field
rotating at a speed called synchronous speed Ns is set up. The synchronous speed, Ns

IS given by

where f is the frequency of the currents (rated frequency of the motor is 91Hz), P is

the number of poles & the synchronous speed is in rpm (revolution per minute)

Thus, Ng = 1206*91 = 1820rpm or 190.59 rad per second.

If the rotor of the induction motor rotates at speed, N, then the slip, s is defined by
Ng—N; _ 190.59-N;
Ng  190.59

S =

The torque (T, ) developed by the induction motor is given by
_ 3x(I2)**Rry _ 3Vs®Riy/s
T ssws ws[(Ry + Rrp/5)*+(Xy +X12)7)

where wg = 2mNg , is the synchronous speed in rad/sec, Vs is the voltage applied to
the stator

_ 3%(I2)%+0.6258 _ 0.2987975xI,xI;
™ "~ 2m(190.59-N;)  190.59—N;

The torque expression in equation (3.8) is a function of rotor speed and rotor current.
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3.2.10 Auxiliary power supply system

Auxiliary power supply system includes auxiliary inverter and batteries.
Auxiliary inverter supplies 380VAC and 24VAC to vehicles and charges the batteries.
When high input voltage of 750VDC is not available (auxiliary inverter not working)
for vehicles, it also supplies vehicles with control power and emergency power
supply. The total auxiliary power requirement is 34kW, 380VAC & 50Hz [35].
Auxiliary inverter mainly consists of line contactor group, IGBT inverter power unit,
3-phase 380VAC (with N line for supplying 220VAC) which will be supplied for
auxiliary equipment of vehicles. Similarly, it will also convert 750VDC into 24VDC

to be supplied as control power supply for vehicle control systems and all equipment.

The complete railway traction network model is presented in three sections for
simplicity of demonstration. A railway traction network consists of the following

sections which are interconnected to each other.

a. Traction substation: This includes 15kV power source, 15kV power cable, dry

type three winding transformer (delta-delta-wye), low voltage power cable,

twelve pulse diode rectifier and others.

Figure 3.8: MATLAB/Simulink model representation of traction substation
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b. Transmission system: The DC overhead conductor or catenary line, the

railway (DC power negative line) and the signal control system.

T 1 I 1
“ - =1 — 17| ; | = '
— =] ‘IZI‘
Figure 3.9: MATLAB/Simulink model representation of overhead catenary
with rectifier output and inverter input
c. The train or locomotive systems: This is a moving system that mainly consists

of the IGBT inverter, the three phase squirrel cage induction motor, auxiliary
systems, chopper module, others.
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Figure 3.10: MATLAB/Simulink model representation of traction motor and
traction inverter
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3.3 Designing and modeling of hybrid active power filter

The components of hybrid active power filters are active power and passive filters.

Do | D N [T 1
LTS T,

_ﬁ E% E@ BAliae

|
Figure 3.11: Circuit diagram of three phase hybrid active power filter

L1

| |

The active power filter component is IGBT inverter and it is controlled by PWM
technique as presented in section 3.2.8.

3.3.1 Principle of operation of hybrid active power filter
The main aim of hybrid combination is to reduce the rating requirements of the

active filter component. Lower ratings are achieved by reducing systematically some

components of harmonic voltage and or current in the active element [19].
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Figure 3.12: Block diagram representation of hybrid series active power filter
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The operation principle of the proposed HAPF topology is illustrated in Fig.
3.12. It consists of an active power filter connected in series with passive filters. The
two parallel single tuned passive filters are designed to compensate 11" and 13"
harmonic currents. The active power filter generates compensation current (Ig) equal
to 11" and 13™ harmonic currents but in opposite phase and injects into the point of
common coupling (PCC) through the passive filters. Therefore, source current (Ig) is
desired to be relatively sinusoidal and in phase with the source voltage (Vs) to yield

maximum power factor.

The hybrid active power filter topology presented is implemented with a three
phase pulse width modulation (PWM) voltage source inverter and connected in series
to the passive filter. The active power filter acts as a controlled voltage source for
generating the harmonic currents to flow through the hybrid scheme to achieve the
intended compensation. In other words, because the active power filter is connected in
series to the passive filter, it imposes a voltage signal that forces the circulation of
harmonic currents through the passive filters, improving the most of the draw backs of
passive filter compensation characteristics, independently of the variation in selected
resonant frequency or filter parameters. The compensation of specific current
harmonics leads to power factor improvement which is explained below with the help
of single phase equivalent circuits shown in Figure 3.13.

P(_:fC
|
| "
L£F ]_F ILH
: :
MNonlinear
Zr Load

Figure 3.13: Single phase equivalent circuit diagram of hybrid active power filter
to reduce harmonic currents
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3.3.2 Current harmonic compensation

In Figure 4.2 representing single phase harmonic equivalent circuit of the power
system, the source voltage is modeled by Vs which is in series with the source
impedance (Zg) of the power system, the nonlinear load is connected in parallel with
the hybrid scheme and is modeled as a source for harmonic I; g [9]. The nonlinear
load in this specific study is combination of traction induction motor, diode rectifier
and IGBT inverter with capacitors and inductors connected on the output and input of
the system.

The series active power filter behaves as a damping resistor which can eliminate
resonance between the parallel passive filter and the source impedance. It also
prevents flowing of harmonic currents to the power source by presenting zero
impedance at the selected frequency of passive filters and a high resistance K (also
called the active power filter gain) at the power source or load harmonics. Thus, the
series active power filter can be modeled by the active power filter gain K, and its
output reference voltage [16].

where Igy is the harmonic current flowing towards the power source, K is the active
power filter gain and V, is the harmonic voltage source. At the PCC, the following
equations can be obtained by applying Kirchhoff’s voltage and current law:
Vs-Zs* g+ Zp * T - Vap = 0 coooeeeeiiioiiee e (3.10)
H = TgH F L (3.11)
By solving for Iz from equation 4.3 and substituting in equation 4.2, the harmonic

current of the power source can be expressed as:

Zg Vs

= + —
ISH K+ Zp+Zg ILH ..................................... (3.12)

where Zg is power source equivalent impedance and Zg is passive filter equivalent
impedance.

Based on equation (3.12), when K is large enough greater than Zg and Zg, the power
source harmonic currents will be equal to zero (Isy=0). In this case, the source
impedance (Zs) has no impact on the parallel passive filter characteristic, and the
power source current harmonics will completely be eliminated.

Thus, —3— =~ 0, for K >> Zp & K >>Zg ,
K+Zg+Zg
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And the ratio between the power source harmonic current and the load harmonic
current is:
:—‘:I = #;ZS ......................................................... (3.13)
When the series active power filter is used along with the passive filter, since the
series active power filter behaves as a damping resistor, there is no resonance in the
system. If the power source harmonic current (Igg=0), the ac mains voltage will be
purely sinusoidal, therefore, the ratio of between the harmonic component of the ac
line current (Igy) to the harmonic component of the nonlinear load current (I ) can
be; considered as attenuation factor, y:
y = t—z = #}LZS .................................................. (3.14)

Above equations shows that the attenuation factor defining the filtering characteristic
of the hybrid topology (Isy/ILg), which depends on the value of the passive filter
equivalent impedance Zg, the active power filter gain K, and the source impedance Zg.
To improve the attenuation factor for better compensation performance, K must be
increased because Zr and Zg are constant. Current harmonic compensation is achieved
by reducing the impedance of the hybrid scheme and thus, forcing the current
harmonic to follow the low impedance trajectory instead of circulating through the
power system. To accomplish this task, the hybrid filter must present a wide
bandwidth and very small impedance at the frequency of the harmonics that are being
compensated. The hybrid active power filter bandwidth depends on the passive filter

parameters and on the active power filter gain [16].

Large values of K improve the hybrid scheme filter compensation performance by
reducing the equivalent impedance for different values of frequency, by increasing the
hybrid active power filter bandwidth. Thus, large values of K improve hybrid active

power filter compensation performance.
The total harmonic distortion (THD) of the line current depends on the value of K,
Solving for Igy using equation (3.14),

Zg

k
mrrze FILH (3.15)

Isy =
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,IZN= IZh Zﬁ:z[Z—F* ILn)]?
THD, (%) = 1o * 100% = ‘/ K+TF+ZS ................. (3.16)
s1 S1

From equation (3.15), the total harmonic distortion of the line current decreases if K
increases and better hybrid active power filter compensation is obtained for larger

values of active power filter gain.

3.3.3 Power factor compensation

Power factor is not only affected by the phase displacement between voltage and
current waveforms. The existence of non-fundamental apparent power also affects the
power factor. Power factor will decrease in presence of harmonics or non-
fundamental apparent power also called distortion power. For power systems with
harmonics, power factor is composed of displacement power factor and distortion

power factor.

Active Power P P
Power Factor = T T T (3.17)
Apparent Power S 4

Power Factor = Displacement Power Factor * Distortion Power Factor

P . . S1 . . .
where S is Displacement Power Factor, ?1 is Distortion Power Factor and
1

S,is a fundamental apparent power and S is apparent power

P 1
Power Factor = — *

(]

where THD; is current total harmonic distortion and

THDy, is voltage total harmonic distortion

. P
Thus, Displacement Power Factor = 5
1

1
\/1+THD12) <\/1 +THD? )

The power factor correction is achieved by the harmonic power compensation of

Distortion Power Factor = <

hybrid series active power filter expressed by applying Kirchhoff’s voltage at PCC.
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VAF,AC _ZF*IF-VPCC S0 e (319)
\% -V
= —2EAC B (3.20)
Zp
T = XR = XC F XL oree oo (3.21)

where Vpcc is the source voltage at the point of common coupling PCC
Varac IS the ac output voltage of harmonic source inverter
Xg is the resultant reactance of the passive filter
X is the capacitance of capacitor (C) in the filter
Xy, is the inductance of inductor (L) in the filter

p = Maeac=Vecd® (3.22)
XR

where D is harmonic power corresponding to the selected compensation currents

Tuning frequency for harmonic filter

h? *XR

XC :hZ *XL :h2 *(XR'X(:) = MZ g1 Crrtretreeneeseenesseeees

— 1 ___Xc
C= —— andL = TRl (3.24)

From Table 2.14 and Table 2.15, the maximum load conditions for the 11" and 13™"
current harmonic and harmonic or distortion power are considered. The values of 11%"

& 13" orders are determined and given in Table 3.4.

Table 3.4: Calculated values of 11" & 13" harmonic currents and powers

Six traction

System parameters motors
11" Current Harmonic (A) = I, 257.79
13" Current Harmonic (A) = 1,5 233.74
(11" +13™ ) Current Harmonic (A) = 1,143 347.98
11" Harmonic Power (kVA) = D, 36.88
13" Harmonic Power (KVA) = D, 33.65
(11" +13™ ) Harmonic Power (KVA) = Dy, 43 70.53
Vrms Phase-Phase at PCC (V) = Vpcc 569.84
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The hybrid active power filter can inject compensation harmonic power to the
network at PCC only when Vag oc > Vpcc.

Di1413 = V3 *(VAF,AC — Vpce) *

111+13 .......................................... (325)
— Di1+13  _ 23.51%x1000 _ _
Varac = Vpcc + Blie 569.84 + Eyrrr -l 569.84 + 39.00 = 608.84V

For tuning the frequency of filters, the capacitor and inductor values are calculated

a. Tuning 11" order single tuned passive filter

D;; =X *12, => X = = =0.185Q
117 4R11 11 RIT™ 12 7 257.79+257.79
h? *Xgh 112 *Xg 11 _ 121%0.185
Xch = = =>X = — = = 0.1835Q
Ch™ hziq C11 112 +1 122
1 1
Cyy = . = 17.347TmF
2mwxf*Xc 11 2mx50%0.1835
X 0.1835
Ly, =S - = 4.827pH
117 gmefeh? ~ 2750411511 H
b. Tuning 13" order single tuned passive filter
Di3 _ 11.22%1000
D3 =X *12, => X = = = 0.2054Q
13~ SR13 113 RI3 ™ 12, 7 233.74%233.74

13%2 x XRp 13 _ 13%13%0.2054

X = = =0.2042Q
€13 132 +1 170 0.20
1 1
Cys = = = 15.588mF
2mxf*Xc 13  2mx50%0.2042
_ Xeis 02054 _
Liz= 2msf*132  2m#50%13%13 3.869uH
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3.4 Combined traction network model

MATLAB/Simulink traction model without hybrid active power is done in

section 3.2. Hybrid active power filter design is also done in section 3.3. In this
section, the combined traction network with hybrid active power filter is presented.

For the effective operation of combined traction network system requirement are also

included.

3.4.1 Traction network model with hybrid active power filter

The combined traction network with hybrid active power filter is shown below

in Figure 3.14.
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Figure 3.14: Single phase line diagram representation of railway traction network

with hybrid active power filter
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Three phase circuit diagram of single railway traction network with hybrid active power filter
is given below in Figure 3.15.
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Figure 3.15: Three phase circuit diagram representation of single railway traction
network with hybrid active power filter
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3.4.2 The instantaneous P-Q theory in three phase three wire systems

The instantaneous p-q theory is implemented to generate the compensation
current. It is the communication link between the traction network and the hybrid

active power filter.

The traction substation system under the study is a three phase three wire system
with instantaneous phase voltages V,, V}, and V.. and instantaneous line currents i,, i
and i.. Since zero sequence power in three phase three wire system is always zero,
thus, zero sequence components of reactive and active power will not be included in

the power mathematical equations [20].

The instantaneous active and reactive power p-g theory is based on a set of
instantaneous values of active and reactive powers defined in the time domain. This
theory is very efficient and flexible in designing controllers for power conditioners
based on power electronics devices [18]. The p-q theory consists of an algebraic
transformation (Clarke transformation) of three phase voltages and currents in the a-b-
¢ coordinates. From this coordinates two orthogonal rotating vectors o and 3 are
generated in the a-B-0 coordinates. These rotating vectors enable the calculation of the
p-q instantaneous power components with simper mathematical steps. The p-q theory
compensates the harmonic currents, corrects the power factor, and compensates
dynamically and instantaneously [23]. The p-q theory is also balances the values of
the currents supplied by the source to the load. The procedure for compensator current

calculation is illustrated below in Figure 3.16.
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Current and voltage in a-b-c coordinates
at Point of Common Coupling (PCC)

]

Calculate voltage and current in a-f coordinate using
equation (3.26) & equation (3.27)

Calculate instantaneous real power, p &
reactive power, q
using equation (3.28) - equation (3.30)

] ]

Calculate active power Calculate reactive power
(p.) for compensation (q.) for compensation
using equation (3.33) & using equation (3.33) &
equation (3.34) equation (3.34)

! !

Calculate compensation current
equation (3.35)

Calculate compensation current in a-b-c coordinates
using equation (3.36)

Figure 3.16: Procedure for compensator current calculation
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The relation of the transformation between each component of three phase power
system and orthogonal coordinates are expressed in a-p shown by the following

equations in terms of voltage and current as shown in equation (3.26).

1 1
11w
vV 1 a
[Va]z \E A EVe] e (3.26)
’ 0 5 —Zl

The three phase coordinates a-b-c is mutually orthogonal. As a result, the
conventional power for three phase circuits can be derived by using the above
equations. The instantaneous active power of the three phase circuit, p, can be

calculated as shown in equation (3.27).

ia _ 12 1 _% _E %a
[iﬁ]_ o TR | L R (3.27)

And the instantaneous real and reactive power can be defined as follows.

p= V(x * ia + Vﬁ * 1[; .................................................. (328)

From these equations, the instantaneous power can be rewritten as

[I(’l] - [_V\";ﬁ \\Z’; ] [i;‘] ................................................ (3.30)

The a-P currents will be set as functions of voltages, real and imaginary powers p and

g to explain the physical meaning of the powers defined in the p-q theory.

. -1

o= L

o Il A ) (3.31)
Simplified form of equation (3.31) is given below,

i(X _ 1 V(Z _Vﬁ p

[iﬂ]- TR [VB Va“q ...................................... (3.32)
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As stated above, the traction system is a three phase system without neutral wire and
the zero sequence power is zero. Therefore, the compensator has to select the

following powers as a reference to follow the control strategy.

Instantaneous active power supplied by the compensator:

3.4.3 Compensator reference current calculation

The compensator reference currents in a-p domain can be calculated as:

[1 Ca] va+vﬁ [XZ _VZB] [EZ] ..................................... (3.35)

The compensator reference currents are transformed from a-p domain to a-b-c

coordinates as following.

I_|
—.
*a
Q
I—I
I
N | = N R
LNN|§|C>
[ —
[r—1
el Pt
* *
Q o
= Q
]
~~
w
w
(e2)
N

where i*,., , i*., and i* . denotes compensator current for phase A, B and C

respectively

The reference current in equation (3.36) is compared with the current measurement of
hybrid active power filter and then fed into three phase hysteresis controller to

generate signaling pulses as following.

ia ref i ca 1a F
ip ref |= [ eb | =] e (3.37)
ic ref i cc 1c F

where igrer , iprep @Nd iz rep denote reference currents for phase A, B and C

respectively. And where i, g, ip r and i. g denote HAPF current for phase A, B and

C respectively.
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3.4.4 Hysteresis current controller

The hysteresis band current control for hybrid active power filter is used to
generate the switching patterns of the inverter. Hysteresis current control method is
proven to be the best among other current control methods, because of its quick
current controllability, easy implementation, unconditioned stability and fast control
[18].

The actual compensation current is subtracted from its estimated reference
current. The measured inverter phase currents (i, g, ipr icr ) are compared, one by
one, to the reference currents (i*.,, i*cp, i*cc). The resulting error is sent through a
hysteresis controller to determine the appropriate switching pulses. The switching
pulses are generated when actual compensation current reference crosses the upper
and lower tolerance bands. If the actual compensation current reference is within a
tolerance band then no switching pulses are generated. The controlled compensation
current is injected such that the HAPF supply current follows the reference current.
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Figure 3.17: MATLAB/Simulink model representation of hysteresis current controller
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The hysteresis current controller decides the switching patterns of the
devices in the active power filter [24]. The switching logic is formulated as
following.

If i., < (ica” - hysteresis band tolerance) upper switch (S1D) is OFF and lower
switch (S2D) is ON.
If i.; > (ica~ - hysteresis band tolerance) upper switch (S1D) is ON and lower
switch (S2D) is OFF.
If i, < (icp~ - hysteresis band tolerance) upper switch (S3D) is OFF and lower
switch (S4D) is ON.
If i, > (i~ - hysteresis band tolerance) upper switch (S3D) is ON and lower
switch (S4D) is OFF.
If i.. < (i.c" - hysteresis band tolerance) upper switch (S5D) is OFF and lower
switch (S6D) is ON.
If icc > (icc" - hysteresis band tolerance) upper switch (S5D) is ON and lower
switch (S6D) is OFF.

Upper band
Actual Current

Hysteresis

|

Reference
Current

]

Lower band
+0.5Vdc i
0 wt
-05Vdc

Lower switch on

Figure 3.18: Switching signal pattern of hysteresis current controller
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3.4.5 Gating signal generation method

In active power filter applications, the inverter delivers a current which
compensates for harmonics and distortions absorbed by the load. The technique which
is mostly used for the generation of gating pulses is pulsed width modulation and
Hysteresis Current control (HCC) [24]. The generated switching signals are fed to
VSI with a dc link capacitor across it. Based on these switching signals the inverter
generates compensating current in phase opposition to the line current.

Output voltage of the inverter can be modified or controlled by controlling or
modifying switching current, or in case of power switches, by controlling or
modifying gate current. The compensating current is injected back into the power line

at the PCC and thus suppressing the current harmonics present in the line.

Mathematical equations from equation (3.26) up to equation (3.37) for reference
current calculation and gating signal generation are modeled using the MATLAB

/Simulink as given in Figure 3.19.

a-b-cto a-p PQ Calculation

ey 0 — - — /‘\
.‘,5 &l 5 betal) ‘ Vs nm:n'_ f )
IL'iD . IL_alphal) _J\:nn;.. f | /_\ *
|L_I:D ! ‘ ‘ i
Rap—pe L - Bandpass
a-b-c Filter
input o1

Reference Current b

in 0B o-f toa-hc
,
#{"c_alpha

Figure 3.19: MATLAB/Simulink model representation of switching signal generation
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Figure 3.20: MATLAB/Simulink model representation of converting a-b-c axis to

a-p axis
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Figure 3.21: MATLAB/Simulink model representation of PQ calculation using

a-p axis
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Figure 3.22: MATLAB/Simulink model representation of reference current

calculation
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Figure 3.23: MATLAB/Simulink model representation of converting a-f reference
current to a-b-c

55



Hybrid Active Power Filter Technique to Enhance Power Quality of Electric
Railway Traction Substation

3.4.6 Second order band pass filter

Band pass filter is one of the components of control circuit which is used to
filter the harmonic power for the selected band of harmonic power orders. The band

pass filter is designed for filtering 11" and 13" harmonic power based on their

frequency spectrums.
f=11'50 = 590Kz f= 1350 = 650Hz

G 11th hamonic power 13th hamonic power

E Band pass ftter Band pass fitter

L

Y

c

0

:

[

I

| | | | | | | |
0546H2 (.54 0551Hz  08%6Hz  064Hz  064%H: 0651Hz  0656K:

frequency

Figure 3.24: Band pass filter
3.4.7 DC bus voltage controller

It is one of the control circuit schemes of HAPF [25]. The main function of the
DC bus voltage controller is to control power supply to the insulated gate bipolar
transistor converter. This is done to avoid external power supply to the DC link
capacitor. Thus, the charging and discharging phenomenon of capacitor is controlled
by the DC bus voltage controller for maintaining the DC voltage level at constant and
the transient response reached the stability.

Voltage controller of DC bus regulates the voltage of the capacitor on DC side
of the converter and compensates losses of the inverter. The voltage of the capacitor is
measured and then it is compared to constant value. The resultant difference is the fed
into the PI controller. The proportional integral controller is used to develop the
switching losses of the active power inverter through its proportional constant (K, =
1) that determines the dynamic response of the DC link voltage by minimizing the

instantaneous error and through its integration constant (K; = 2.5) that determines the
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settling time by minimizing the steady state error. In this way, hybrid active power

filter regulates and builds up the DC voltage of capacitor without using any external

vea > —
[Vdc] Lp

L PI(s) j

1725 —|—>+

source.

=

B -

Figure 3.25: MATLAB/Simulink model representation of dc bus voltage controller

3.4.8 DC bus capacitor
The DC side capacitor serves to maintain a DC voltage with a less ripple in
steady state and it serves as an energy storage element to supply the power difference
between load and source during the transient period. In steady state, the power
supplied by the source is equal to the required load power demand. In case, any
change in load conditions, the power demand in load side changes. The difference in
power between the source and the load is regulated by using DC capacitor. If DC
capacitor voltage is attained the reference voltage, the power supplied by the source
is equal to the load demand. The DC capacitor selection is based on the principle of
instantaneous power flow on dc and ac side of PWM inverter.
The selection of C4. can be governed by reducing the voltage ripple. As per the
specification of peak to peak voltage ripple Vp_p (max) and rated filter current Iggc,

rated the DC side capacitor Cq4. can be found from:

IRFC
Cde = T T e, )
dc ™ 213 «fx Vp_p (Max) (3-38)

Vp_p (max) = (608.84) — (- 608.84) =1217.68V
Vp_p (max) = 1218V

347.98
Cac = = 1.65mF

T 243 %50%1218)

57



Hybrid Active Power Filter Technique to Enhance Power Quality of Electric
Railway Traction Substation

3.4.9 Reference capacitor voltage Vgc res

The hybrid active power filter can inject compensation harmonic power to the
network at PCC only when Vg > Vpcc. The PWM-VSI is assumed to operate in the

linear modulation mode (0 <m, <1).

where Vm = \/— * VAF
For my, =1, Vge = 2v2 *Vap =2v/2 *608.84= 1722.06V

Therefore, V4. =1722.06V = 1722V
3.4.10 Interfacing inductor

The compensation current waveform generated by the active power filter is
obtained by controlling the switching of the IGBTSs in the voltage source inverter. The
switching ripple of the compensation current is determined by the size of interfacing
inductor, the driving voltage across the interface inductor, and switching frequency. In
the HAPF case the driving voltage is DC bus voltage (V4.). The IGBT DC bus voltage
across the interfacing inductor determines the peak to peak switching ripple current
(Alp_p). The minimum interfacing inductor (L,,;,) is obtained from the following
formula.

L. = Vac
min Z(Alp_p)*fs ..................................................................

W,max

where fg,y max 1S the maximum frequency of switching ripple and Alp_p is the peak to

peak switching ripple of compensation current.

For Vg = 1725V, Alp_p = V2 [347.98 - (-347.98)] = 984.24A, fs\y max = 4kHzZ

1725

= ————— = 219.08uH
2%984.24+4000

Lmin
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Chapter Four

Simulation studies and analysis of result

4.1 Introduction

Simulation results of the traction network without HAPF and with HAPF are
provided in numerical values and waveforms for six traction motors in the traction
substation. Individual current harmonic distortion and total harmonic distortions are
obtained from MATLAB/Simulink Fast Fourier Transform (FFT) analysis with
harmonic spectrums representation and numerical lists. The numerical values for
voltage and current are obtained from MATLAB/Simulink model voltmeters and
ammeters. The current and voltage waveforms are also obtained from

MATLAB/Simulink model oscilloscope (scope).

The simulation of MATLAB/Simulink model for traction network is carried in a
discrete mode simulation type, variable step size solver type with ode45 (Dormand-

Prince) solver which are selected in the parameter configuration panel.

The simulation results are carried out at three points of the traction substation
network, namely at motor terminal, at PCC and at primary side of the transformer.

4.2 MATLAB/Simulink model simulation result without hybrid active power
filter

Simulation results of the traction network without HAPF for voltage, current
and total harmonic distortion at motor terminal, at PCC and at primary side of the

transformer are given in Table 4.1 for comparison purpose.

Table 4.1: Comparison between measured values and simulation results

Six traction . .
- . Six traction motors
Description motors (Design L
. (Simulink model)
Rating/measured)
Voltage at motor terminal (Vi) Vrms 500 — 510 502.30
Current at motor terminal (Ip ) Arms 210 167.60
Voltage at PCC (V) Vrms 590/569.84 590.60
Fundamental VVoltage at PCC (V; ) Vrms 330.87 579.60
Current at PCC (Ip ) Arms 640.83 643.70
Fundamental Current at PCC (I, ) Arms 422.53 400.50
Voltage THD at PCC (%) 27.60 28.52
Current THD at PCC (%) 153.03 88.19
Voltage at 15kV side (Vi) Vrms 15,000 15,040
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The traction network measured values and simulation results for individual current

harmonics is given in Table 4.2. In this table, traction network modeling error

determined using the measured values and simulation results is also presented.

Table 4.2: Traction network modeling error at PCC

Measured | Simulink Measured | Simulink
PCC Current Current Error Current Current Error
Harmonics | Harmonic Harmonic | Harmonic
Hp (%) (%) (%) Hy (%) (%) (%)
2 26.98 10.87 59.71 27 11.12 2.74 75.36
3 32.96 3.05 90.75 28 5.72 2.19 61.71
4 12.16 4.65 61.76 29 25.72 0.62 97.59
5 81.49 65.55 19.56 30 7.21 2.56 64.49
6 16.94 14.45 14.70 31 25.37 0.96 96.22
7 75.65 34.87 53.91 32 5.41 2.78 48.61
8 0 13.88 33 9.37 2.15 77.05
9 17.12 10.27 40.01 34 4.63 2.15 53.56
10 10.12 10.32 -1.98 35 20.21 2.09 89.66
11 61.01 26.99 55.76 36 5.77 1.92 66.72
12 14.45 6.53 54.81 37 19.21 1.88 90.21
13 55.32 11.05 80.03 38 4.1 2.04 50.24
14 9.91 7.17 27.65 39 7.99 1.71 78.60
15 15.32 6.84 55.35 40 4.05 1.89 53.33
16 8.09 9.59 -18.54 41 15.07 1.88 87.52
17 43 9.29 78.40 42 4.35 1.85 57.47
18 11.56 7.05 39.01 43 14.12 2.00 85.84
19 40.2 5.20 87.06 44 3.35 1.50 55.22
20 8.47 6.04 28.69 45 6.5 1.65 74.62
21 13.19 3.45 73.84 46 3.45 1.60 53.62
22 6.89 3.94 42.82 47 10.81 1.45 86.59
23 33.14 3.91 88.20 48 3.36 1.40 58.33
24 8.62 2.77 67.87 49 10.08 1.39 86.21
25 31.97 3.17 90.08 50 2.91 1.33 54.30
26 6.98 2.46 64.76 | THD | 153.03 88.19 42.37
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4.2.1 Current waveforms without hybrid active power filter

The current waveforms from simulation results at motor terminals, at PCC and at
primary side of transformer without hybrid active power filter is shown below in
Figure 4.1, Figure 4.2 and Figure 4.3 respectively.

Current
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Figure 4.1: Current waveform at motor terminal without harmonic active
power filter
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Figure 4.2: Current waveform at PCC without harmonic active power filter
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Figure 4.3: Current waveform at primary side of transformer without
harmonic active power filter
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4.2.2 Voltage waveforms without hybrid active power filter

The voltage waveforms from simulation results at motor terminals, at PCC and at

primary side of transformer without hybrid active power filter is shown below in

Figure 4.4, Figure 4.5 and Figure 4.5 respectively.
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Figure 4.4: VVoltage waveform at each motor terminal without harmonic

active power filter
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Figure 4.5: Voltage waveform at PCC without harmonic active power filter
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Figure 4.6: Voltage waveform at primary side of transformer without
harmonic active power filter
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4.2.3 Current harmonic spectrum without hybrid active power filter

The simulation results of individual current harmonic spectrums from Simulink FFT
analysis at motor terminals, at PCC and at primary side of transformer without hybrid
active power filter is shown below in Figure 4.7, Figure 4.8 and Figure 4.9

respectively.
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Figure 4.7: Individual current harmonic spectrums at motor
terminal without harmonic active power filter
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Figure 4.8: Individual current harmonic spectrums at PCC without hybrid
active power filter
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Figure 4.9: Individual current harmonic spectrums at primary side of
transformer without harmonic active power filter
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4.3 MATLAB/Simulink model simulation of six traction motors with hybrid
active power filter

The result of simulation with hybrid active power filter for voltage, current and total
harmonic distortion at motor terminal, at PCC and at primary side of transformer are

given in Table 4.3.

Table 4.3: Simulation results without and with hybrid active power filter

System parameters values Six tract'ion SIX tractiqn
from Simulink output motors (Without | motors (With
HAPF) HAPF)
Voltage at motor terminal (Vi) Vrms 502.30 503.90
Current at motor terminal (Ip ) Arms 167.60 168.20
Current at PCC (Ip ) Arms 643.70 785.40
Fundamental Current at PCC (I, ) Arms 400.50 549.50
Voltage at PCC (V) Vrms 590.60 597.50
Fundamental VVoltage at PCC (V; ) Arms 579.60 593.10
Voltage THD at PCC (%) 28.52 18.69
Current THD at PCC (%) 88.19 80.55
11" harmonic Current at PCC (%) 26.99 3.75
13" harmonic Current at PCC (%) 11.05 4.38
Voltage at 15kV side (V) Vrms 15,040 15,200
Current at 15kV side (Ip ) Arms 40.01 48.21
Fundamental Current at 15kV (I, ) Arms 34.20 49.27
11" harmonic Current at 15kV (%) 17.99 1.55
13" harmonic Current at 15kV (%) 13.43 0.89
Voltage THD at 15kV (%) 11.99 6.83
Current THD at 15kV (%) 26.46 6.88
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The result of simulation for individual current harmonics at PCC with and without

Railway Traction Substation

hybrid active power filter is given in Table 4.4

Table 4.4: Values of individual current harmonics at PCC

Simulink | Simulink Simulink | Simulink
Current Current Current Current
PCC | Harmonic | Harmonic Harmonic | Harmonic
(Without (With (Without (With
HAPF) HAPF) HAPF) HAPF)
Hp (%) (%) Hy (%) (%)
2 10.87 14.02 27 2.74 1.37
3 3.05 10.97 28 2.19 1.23
4 4.65 13.56 29 0.62 1.31
5 65.55 57.75 30 2.56 1.16
6 14.45 12.69 31 0.96 0.98
7 34.87 47.70 32 2.78 0.98
8 13.88 7.64 33 2.15 0.95
9 10.27 3.24 34 2.15 0.91
10 10.32 0.84 35 2.09 0.88
11 26.99 3.75 36 1.92 0.85
12 6.53 3.70 37 1.88 0.82
13 11.05 4.38 38 2.04 0.77
14 7.17 2.86 39 1.71 0.75
15 6.84 3.41 40 1.89 0.75
16 9.59 3.31 41 1.88 0.56
17 9.29 2.51 42 1.85 0.65
18 7.05 2.37 43 2.00 0.59
19 5.20 2.25 44 1.50 0.55
20 6.04 1.10 45 1.65 0.57
21 3.45 1.67 46 1.60 0.54
22 3.94 1.56 47 1.45 0.54
23 3.91 1.52 48 1.40 0.55
24 2.77 151 49 1.39 0.50
25 3.17 1.46 50 1.33 0.45
26 2.46 1.45 THD 88.19 80.55
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Similarly, the result of simulation for individual current harmonics at primary side of

the transformer with and without hybrid active power filter is given in Table 4.5.

Table 4.5: Values of individual current harmonics at primary side of transformer

Simulink [ Simulink Simulink [ Simulink
Current Current Current Current
15KV | Harmonics | Harmonics Harmonics | Harmonics

(Without (With (Without (With

HAPF) HAPF) HAPF) HAPF)
Hp (%) (%) Hy (%) (%)
2 5.14 2.23 27 0.49 0.26
3 131 0.99 28 0.46 0.24
4 0.34 2.49 29 0.46 0.24
5 0.99 2.29 30 0.38 0.23
6 1.75 2.81 31 0.31 0.22
7 2.42 3.25 32 0.32 0.21
8 2.85 1.30 33 0.31 0.21
9 4.06 1.05 34 0.31 0.20
10 6.59 1.06 35 0.32 0.20
11 17.99 1.55 36 0.38 0.19
12 6.43 0.83 37 0.35 0.18
13 13.43 0.89 38 0.26 0.18
14 4.60 0.46 39 0.28 0.17
15 2.62 0.47 40 0.28 0.17
16 2.24 0.49 41 0.26 0.17
17 1.92 0.36 42 0.25 0.16
18 1.14 0.41 43 0.26 0.16
19 1.15 0.41 44 0.25 0.15
20 1.17 0.33 45 0.25 0.15
21 0.97 0.33 46 0.25 0.14
22 0.93 0.32 47 0.25 0.16
23 0.92 0.32 48 0.22 0.15
24 0.81 0.29 49 0.22 0.15
25 0.56 0.28 50 0.22 0.14
26 0.50 0.28 THD 26.46 6.88
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4.3.1 Current waveforms with hybrid active power filter

The current waveforms from simulation results at motor terminals, at PCC and at
primary side of transformer with hybrid active power filter is shown below in Figure

4.10, Figure 4.11 and Figure 4.12 respectively.
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Figure 4.10: Current waveform at motor terminal with hybrid active

power filter
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Figure 4.11: Current waveform at PCC with hybrid active power filter
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Figure 4.12: Current waveform at primary side of transformer with

hybrid active power filter
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4.3.2 Voltage waveforms with hybrid active power filter

The voltage waveforms from simulation results at motor terminals, at PCC and at

primary side of transformer with hybrid active power filter is shown below in Figure
4.13, Figure 4.14 and Figure 4.15 respectively.
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Figure 4.13: Voltage waveform at motor terminal with hybrid active
power filter
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Figure 4.14: Voltage waveform at PCC with hybrid active power filter
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Figure 4.15: Voltage waveform at primary side of transformer with
hybrid active power filter
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4.3.3 Individual current harmonic spectrum with hybrid active power filter
The simulation results of individual current harmonic spectrums from Simulink FFT
analysis at motor terminals, at PCC and at primary side of transformer with hybrid
active power filter is shown below in Figure 4.16, Figure 4.17 and Figure 4.18

respectively.

FFT analysis

Fundamantal (50Hz) = 301.7 , THD= 39.91%
< - = = —

Current
Mag % of Fundamental)

o

o 5 1 15 20 25 & a5 40 45 =0
Harmonic ordar

Harmonic Order
Figure 4.16: Individual current harmonic spectrums at motor terminal
with harmonic active power filter
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Figure 4.17: Individual current harmonic spectrums at PCC with harmonic
active power filter
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Figure 4.18: Individual current harmonic spectrums at primary side of
transformer with harmonic active power filter
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4.4 Compensator current waveform at PCC for six traction systems

Compensator current waveform generated by hybrid active power filter for six

traction motors is given below in Figure 4.19.

Current

Second

Figure 4.19: Compensator current waveform at PCC for six traction motors
4.5 MATLAB/Simulink results for one traction motor and three traction motors

The same HAPF design and model for six traction motors system is evaluated
for one traction motor and three traction motors systems. The Simulink results of
individual current harmonic values for 11" and 13" harmonic order at PCC and
primary side of transformer are given in Table 4.6 for three traction motors and one

traction motor inside the traction substation.

Table 4.6: Values of harmonics at PCC and primary side of transformer side

System parameters values One traction motor Three traction motors
from Simulink with HAPF with HAPF
Voltage THD at PCC (%) 5.47 11.71
Current THD at PCC (%) 30.51 33.77
11" harmonic Current at PCC (%) 1.27 1.56
13" harmonic Current at PCC (%) 0.67 0.76
Voltage THD at 15kV (%) 1.55 2.66
Current THD at 15kV (%) 5.77 4.55
11" harmonic Current at 15kV (%) 0.77 0.49
13" harmonic Current at 15kV (%) 0.45 0.73
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4.6 Distortion power factor comparison for six traction motors

The distortion power factor for six traction motors is determined by the current
and voltage harmonic distortion results taken from Table 4.3. Distortion power factor

is calculated by using the formula given below.

1

\/1+THD12) <J1 +THD% )

Recalling Table 4.3, for current and voltage harmonic distortion results, the distortion

Distortion Power Factor = <

power factor is calculated at PCC and 15kV side.

4.6.1 Distortion power factor without HAPF at PCC
THD; = 88.19% = 0.8819 THDy, = 28.52% = 0.2852
Distortion Power Factor = 0.72

4.6.2 Distortion power factor with HAPF at PCC
THD; = 80.55% = 0.8055 THDy = 18.69% = 0.1869
Distortion Power Factor = 0.77

4.6.3 Distortion power factor without HAPF at 15kV side
THD; = 26.46% = 0.2646 THDy =11.99% =0.1199

Distortion Power Factor = 0.955

4.6.4 Distortion power factor for the traction network with HAPF at 15kV side

THD; = 6.88% = 0.0688 THDy = 6.83% = 0.0683

Distortion Power Factor = 0.995
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Chapter Five
Conclusions, recommendations and suggestions of future work

5.1 Introduction

Conclusions are drawn based on measured values and improved values obtained

from simulation results at PCC and at primary side of transformer.

Recommendations have been provided for Addis Ababa Light Rail Transit to
include hybrid active power filter into the existing traction network for improved and

safe operation of the network.

Suggestions have been included to improve traction network model for further

study and investigation of the performance of the hybrid active power filter.

5.2 Conclusions

Hybrid active power filter is designed to mitigate 11" and 13" current harmonic
orders. The simulation results of this filter indicates that the amount of 11" and 13"
current harmonics is reduced and as result the distortion power factor is also

improved. Thus, the total harmonic distortion of current is improved.

The simulation result shows that, 11" current harmonic order at PCC is reduced
from 26.99% to 3.75% and 13" current harmonic order at PCC is reduced from
11.05% to 4.38%. The reduction of 11" and 13" current harmonic orders results the
overall total harmonic distortion of current harmonic at PCC to reduce from 88.19%
to 80.55%.

Correspondingly, 11" current harmonic order at the primary side transformer
is reduced from 17.99% to 1.55% and 13™ current harmonic order at the primary side
transformer side is reduced from 13.43% to 0.89%. The reduction of 11" and 13"
current harmonic orders results the overall total harmonic distortion of current
harmonic at the primary side transformer side to reduce from 26.46% to 6.88%. The
distortion power factor is also improved from 0.955 to 0.995. The effective values of
fundamental current and voltage is also improved. The active power in the system is
also improved with the reduced harmonic power due to the reduction of 11" and 13"
harmonic currents. Hybrid active power filter technique is a selective harmonic
mitigation method which is technically efficient to implement for selective harmonic

current reduction.
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5.3 Recommendations

By considering the current harmonic orders up to 50" order, the total number of
current harmonic orders that exist in ideal six pulse rectifier is sixteen. But, for the
practical six pulse rectifier which is made in this case study, it consists of forty nine
current harmonics. Also, the value of individual current harmonics is exceeding the
standard requirements of individual harmonic distortion which make the overall

current harmonic distortion beyond the standard limit.

Therefore, Addis Ababa Light Railway Transit should install hybrid active
power filter for the traction network to function effectively with improved power

quality for safe and reliable operation of the network.

5.4 Suggestions for future work

All data presented in this thesis are measured at the site or taken from the
manufacturer technical documents which could enable others to make further study

and detail analysis.

In this thesis, the effect of 11" and 13" current harmonics have been investigated
and analyzed. The effect of other current harmonics may be investigated and analyzed

with respect to cost of implementation.

The analysis is done for six traction motors in the traction network. For the same
hybrid active power filter considered in this thesis, further analysis of 11" and 13%"
current harmonics for additional traction motors in the traction network may be
studied.

In future, attempt should be made to remove the deficiency in modeling and to
improve the traction network model. Thus, the performance of hybrid active power

filter may be carried out by using improved traction network model.
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Appendix A: Case study location
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Appendix C: Short circuit current calculation

The short circuit current can be calculated from reactance percentage values of
transformer and full load current of the system.

Percentage reactance is defined as:

I*X
%X = A *100%

where | = transformer full load current,
V = transformer phase voltage,
X = transformer reactance in ohms per phase

Short circuit current Ig. in a circuit can be expressed as:

I _V _ Vx
SCTX T V(%X)

*100

\% I
[..=—=—%*100
SCOX %X
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