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ABSTRACT

Many researchers have proposed the attenuation of injected harmonic magnitudes with
electronic filters as the panacea for resonance problems in electric power distribution networks.
Identifying suitable ratings and locations for the filters is a subject of on-going research, and Genetic
Algorithm has been deployed on certain occasions as meta-heuristic optimization method for the
optimal location of such compensation devices. This paper has proposed a guide based on a non-linear
loop current analysis in time domain, with the total harmonic distortion and current amplification at
several parts of the network employed as parameters for filter location because they portray the danger
or risk level imposed on each section of the network by resonance. The creation of dummy loops is also
introduced to accommodate the connection of capacitor banks, filter branches and cable capacitances
during the network calculations. The developed tool has successfully been applied to a section of Eko
distribution network in Lagos Metropolis which contains induction furnaces at two load centers. A
passive filter was designed and applied in two locations where the highest current amplifications were
attained. Verification of the designed filter has revealed a significant decrease in the magnitude of 5th
order harmonic current and outright elimination of 107th order harmonic current. The proposed
technique will guide the Power Quality Engineer in identifying the resonance conditions at the design
or modification stage of electric power networks as well as undertaking adequate precautionary

measures to minimize resonance events and the associated economic losses.

Keywords — Amplification Factor; Dummy Loop; Distortion Profile; Filter; Resonance.

1. INTRODUCTION

ower Quality Issues refer to problems in the

electric power supply that cause deviation

from the normal values of voltage, current, or
frequency and adversely affect the performance of
electrical equipment. Common power quality issues
are voltage dip, voltage swell, phase unbalance,
voltage flicker while their common causes are non-
linear loads (computers, UPS, drives for instance),
starting of large motors, system faults, switching
operations, lightning and weather conditions etc.

Among other power quality issues facing system
operators, harmonic distortion caused by the
presence of non-linear loads is a major source of
concernbecause of itsinherent hazardous effects on
power transformers, switchgear, power cables,
neutral conductors etc. (Manikandan et. al., 2013).
The most common sources of harmonic distortion
include rectifiers, induction furnaces, arc producing
devices (Bester and Atkinson, 2012). By Fourier
theory, the distortion of electrical current is
analogous to the injection of high order harmonics
into the network, implying that the elimination of high
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order harmonics from the power network will
contribute effectively to system stability and
reliability. Several techniques including the use of
mitigation filters have been devised as the means of
mitigating the effect of harmonic distortion on power
networks (Liberado et. al, 2013). According to
Kalunta et. al. (2016), filters can be installed by
electricity consumers to prevent the internally
generated harmonic currents from being propagated
into the supply network. Typical designs of passive
filters can be found in literature (Pejovic and Kolar,
2008; Kazeem et. al., 2005).

Studies have also shown that harmonic pollution
is a contributor to network resonance (Md Hasan et.
al.,, 2012) by amplifying the network currents to
cause equipment breakdown or unexpected tripping
of protective devices (Acha and Madrigal, 2001). The
use of harmonic filters to dampen the critical
harmonic magnitudes has proved to be an effective
technique for resonance mitigation (Abdel Aleemet
et. al., 2012). However, the optimal location of the
harmonic filter in the power network which can
guarantee effective mitigation is a subject of on-going
research (Mohammed et. al.,, 2014). The use of
distortion profiles obtained from time domain
computation of network currents is proposed in this
paper and illustrated using a section of Eko
distribution network in Lagos as case study.
Parameters like voltage profile, Distortion indices
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and amplification level of network currents at
different locations provide sufficient insight in
identifying the regions that are prone to resonance
event in the power network. These were utilized in
identifying the appropriate locations of filters in the
system under study. The pivotal function model of
rectifier based non-linear loads described in Kalunta
and Okafor (2015) and use of dummy loops to
represent the inclusion of cable shunt capacitance
have been adapted to time domain analysis of power
networks for more accurate determination of the
actual distortion profile of network currents.

The Investigated Network

The single line diagram in Figure 1 represents a
33kV radial network extracted from the EKO
distribution system in Lagos Metropolis. There are
two load centers with induction furnaces at the
installation stage namely the Unilag Engineering
faculty and Foundry unit of Federal Institute of
Industrial Research Oshodi (FIIRO) Lagos. The
possibility of including an AC arc furnace in future at
the Nigeria Railway Corporation (NRC) substation is
also considered. The numbering of meshes 1 - 10
considered in the process corresponds to those of
the feeders in the installation. The parameters of
overhead lines, underground cables and load
centers were computed in line with existing
analytical procedures for power systems.
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Figure 1: One-line diagram of the investigated 33 kV distribution network belonging to EKO Distribution Company Lagos

3. METHODOLOGY

The time domain computation of network currents
is performed in this paper to determine the level of
current amplification at different sections of the
network and the associated total harmonic distortion
(THD). The amplification factor as well as total
harmonic distortion at any section of the network
indicates the level of risk imposed at that point by
resonance, and therefore provides a guide on the
suitable locations of harmonic filters. Priority is then
accorded to those sections with high current
amplification in the placement of harmonic filters.
The circuit analysis was implemented using matlab
programing tools in accordance with the following
algorithm;

i. Modelling of network components

ii. Computation of network matrices

iii. Network mesh analysis

iv. Determination of distortion profile

Network Modelling

An equivalent circuit of the network is drawn
showing the loop currents, the 132 kV transmission
supply in their Thevenin’s equivalent, and each non-
linear load represented as voltage vector in series
with their respective load resistances. The induction
furnace is represented by the pivotal function model
equations of three-phase controlled rectifier at 45°
firing angle as described in Kalunta et al. (2016). The
phase ‘@’ model equation in a balanced three-phase
controlled rectifier by pivotal function technique is,
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@ _ thyristor firing angle, # = 38.7, Bi _ Load

Resistance, R, _ forward Resistance of thyristor,
V,p and v, represent instantaneous input voltages.
The electric arc furnace model adopted in this study
is the exponential-hyperbolic model (Hooshman et
al., 2008) which adequately represents the arc
voltage v,,. of the EAF in the time domain as shown
below.
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Where 9¢ are the arc voltage and current of the

EAF respectively, Vs is the threshold magnitude to
which voltage approaches as current increases

(which depends on the arc length) and Ly is the
current time constant in kA. The constants D and C
are corresponding to the arc power and current
respectively, and their values vary for increasing and
decreasing states of the arc current. Thus, the
electric arc length is configured to simulate three
stages of loading, melting and the end of the process
which is the refining stage. The lengths are different
in each phase of the system thereby producing an
unbalanced loading.

Computation of Network matrices
The network matrices for resistances R4 ,

vV, + C‘ i, >0 7,>0 inductances L,;4; and inverse capacitances G,,;4 are
Ve = D+, dt (3y  first determined with the exclusion of cable
V. (1—e o) iy <0 i, >0 capacitance. The expanded form of the network
dt matrices are in these forms:
_(Ll + le) _le 0 0
_le (le + LZ + LSZ) _LSZ 0
Lold = 0 _Lsz (Lsz + LZ + Ls3) _Ls3 0 (4)
0 0 —Lg3 5
| : : 0 : (Ls,n—l + L, + Lsn)
[(Ry + Rs1) —Rs1 0 0
—Rs;  (Rgy + Ry + Ry3) —Rs, 0
Rowa = 0 —Rs; (Rsz + Ry + Rs3) —Rg3 0 (5)
0 0 —Rg3 5
: : 0 i (Ryn-1+ Ry +Rspn)
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Where L,;; —n X n loop inductance matrix

R ;4 —n X n loop resistance matrix

G,;q —n X nloop inverse capacitance matrix

R1, R,, R3, ... are the series resistances of power
lines and cables

L4, Ly, Ls, ... are the series inductances of power
lines and cables

Rg1, Rg, Rg3, ... are the shunt resistances at load
centers

L1, Lgy, Lg3, ... are the shunt inductances of at
load centers

Cg1, Cpy, Cp3, ...are the shunt capacitances of
capacitor banks

The cable capacitances are then introduced by
the creation of dummy loops at the nodes where the
shunt capacitances exist such that the total number
of loops becomes (n + m). The dummy loops are
assigned loop numbers n+1,n+2, ... n+m.
Extra rows and columns corresponding to the
number of the created dummy loops are also added
to each of the three network matrices to form
partitioned matrices as shown,

R _ |:Rnld A:|
new AT
0
Lold

|
ot Y]

where U —is an (n X m) zero matrix, Q,H and Z
are (m X m) diagonal matrices.

)

B
H

L

new

(8)

U
Z

Go ld

o (©)

(
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For a dummy loop, p created between two actual
loopsiandj:
App = Api = —Rsp , Ajp = Apj = Rsp , Qpp = Rsp
elsewhere the entries are zero.

Bip = Bypi = —Lsp , Bj = Bpj = Lsp, Hpp = Lgp,
elsewhere the entries are zero.
U,=U,=0 , U,=U,=0 , and Z,,
elsewhere the entries are zero.

where Rg, is the total resistance in the branch
common to loops j, jand p;

Ly, is the total inductance in the branch common
to loopsi, jand p;

C, ' is the inverse of total shunt capacitance at

p
p-th dummy loop.

— -1
—Cp ,

Network Mesh Analysis

Mesh analysis was performed on the network to
determine the instantaneous bus voltages, mesh
currents using the partitioned matrices in (6) — (8) as
the network model and voltage vectors to represent
the sources and harmonic generating loads. It begins
with simulation of non-linear loads to determine the
instantaneous values of their distorted input current
followed by the assembling of the voltage vector as
the product of current vector and branch load
impedance.

The required loop equationiis,

LnewDZI + Ryew DI + Gyl = DV (10)
where L,eow > Rpew» Grew are the updated loop
inductance, resistance and inverse capacitance

matrices respectively.
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I and V are the loop current and voltage vectors
respectively.

_dzil_
dt?
d?i,
dt?

d?ip

L dt2 -

-dig
dt
di,

DI =| at

dip
L dt .

iy
i
2 (13)
in
_dvsl_
dt
dvsz
dt
dUs3

dt

DV

(14)

dvgy
| dt .

Where vsy, vs,, Us3, ... are the resultant applied
voltages in the various network meshes

Determination of Distortion Profile

Overcurrent situation at each cable session is
determined from the computed root mean square
values, I, Of current at each loop as well as their
amplification factor. The distortion parameters of the
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loop currents are further computed in order to
determine their complete distortion profile as a
result of the presence of the non-linear loads. Firstly,
the current vector is subjected to discrete Fourier
Transform to obtain its harmonic spectrum which
indicates the fundamental and harmonic
components. The root-mean-square current is
calculated thus;

Irms :‘,[12 +Z[}f
h=2

(15)
Irms

(16)
where I _ represents the rms value of the

fundamental current, I, — the h-th harmonic
component of current.

The total harmonic distortion (THD) is calculated
thus,

THD = - > 17
U= (17)

2
THD = [l}iJ —1
Therefore, ! (18)

Amplification Factor (AF) is defined in this study
as ratio of the root mean square value of amplified
loop current to the fundamental component,

I, =I1~1+THD?

rms (‘l 9)
-
! (20)
1
Ay == =1+ THD’
Therefore, Y (21)
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4. RESULTS AND DISCUSSION

The above methodology was applied to the given
network in Figure 1 to determine suitable locations
for the resonance mitigation devices. The computed
network currents, THD values and Current
Amplification were deployed for this purpose. The
steady state values of loop currents, total harmonic
distortion (THD) and overcurrent situation at the
power line sections resulting from the mesh analysis
on the given network are displayed in Tables 1 and 2.
Considering only the induction furnaces as harmonic
producing loads, the computed amplification factors
in Table 1 are not significant enough to warrant any
proposal for mitigation devise on the sample
network.

Table 1: Amplification effect of Series Resonance on mesh
currents of the sample network without Electric Arc Furnace

Meshes Fundamental  Total THD Amplification %
Current (A) Current (A) (%) factor Increase
M1 3.68 433 61.94 1.1763 17.63
M2 12.85 13.02 16.30 1.0132 1.32
M3 60.79 60.83 3.89 1.0008 0.08
M4 117.70 117.73 2.36  1.0003 0.03
M5 166.65 166.68 1.81  1.0002 0.02
M6 45.16 4524 583 1.0017 0.17
M7 104.55 104.57 2.19  1.0002 0.02
M8 178.22 178.23 1.20  1.0001 0.01
M9 34.84 34.90 6.07 1.0018 0.18
M10 4.85 5.20 38.33 1.0709 7.09

The case may be different if another network
were to be used for the investigation or otherwise
when the presence of an electric arc furnace (EAF) is
considered (see Figure 3 and Table 2). The THD
values and current amplification at different parts of
the network are very high but notably in three
particular locations which are in the neighbourhood
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of the three furnaces. Mesh analysis of network,
without the filters in place, indicate that the
percentage amplification of current are more
pronounced at M1, M2, M6 and M10 sections of
sample network with results 112 %, 55 %, 27 % and
298 % respectively. The pronounced influence of arc
furnace on amplification levels presents the worst
resonance scenario, and therefore forms the basis
for deciding on the optimal location of the harmonic
filter.

Table 2: Amplification effect of Series Resonance on mesh

currents of the sample network considering the inclusion of
Electric Arc Furnace

Meshes Fundamental Total THD Amplification %
Current (A) Current (%) factor Increase
(A)
M1 3.68 7.78 186.31 2.1145 111.45
M2 12.83 19.83 117.81  1.5453 54.53
M3 60.69 64.45 3573  1.0619 6.19
M4 118.80 123.32 27.83  1.0380 3.80
M5 167.31 68.99 1424  1.0101 1.01
M6 43.93 55.56 7746  1.2649 26.49
M7 106.15 112.07 33.87 1.0558 5.58
M8 179.88 182.29 1642 1.0134 134
M9 34.80 39.17 51.65  1.1255 12.55
M10 4.85 19.30 385,58 3.9834 298.34

The current amplification at various meshes is
also represented by the height of stems in Figures 2
and 3 which indicates that significant levels of
current amplification occur at the M1, M2, M6 and
M10 meshes near the locations of the furnaces.
Hence, these sections of the network are more
susceptible to resonance judging from these results,
implying that the line conductors and equipment are
under threat. They therefore constitute the high-risk
areas and possible locations of the harmonic filters.
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However, only one filter is proposed to mitigate the
resonance situation in M1 and M2 sections, while
separate filters need to be placed at M6 and M10
sections. The amplification effect of resonance is
propagated to other network segments as shown.

14
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Figure 2: Overcurrent situation in all the loops of the given
network neglecting the arc furnace
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~N
T
)
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Figure 3: Overcurrent situation in all the loops of the given
network while considering the inclusion of arc furnace.

Three passive filters were designed and
connected at these three locations. The choice of

filter parameters and ratings has been made
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according to the procedure presented in Kalunta et
al. (2016). For the purpose of verifying the filter
design, the mesh analysis was repeated in matlab
environment with the filter connected to the network
at the designated points to ascertain their impact on
the network distortion profile, bus voltage and
current amplification in the face of mitigation. The
impedance of the filter branches are incorporated
into the network by creating dummy loops at the
connection points. The changes introduced by the
application of the designed filters at the input
sections of the furnaces in the first instance are
shown in Figure 4 and 6, while the results of the
second case are shown in Figures 5 and 7. The
resulting magnitude of harmonic components of
network currents at point of filter connection is
shown in Figures 4 and 5. Connection of the designed
filter branches at the designated locations of the
sample network yielded a significant decrease in the
peak magnitude of 5th harmonic current from
21.29% to 2.31% and almost an outright elimination
of the 107th harmonic current. The result indicates
significant reduction in the major harmonic
frequencies implying that they constitute no more
hazards to the network when the filters are applied.
These curves indicate that some of the harmonic
components are not totally eliminated, but the main
harmonic components are drastically reduced and
do not constitute a major contribution to the
harmonic distortion. The mitigation of distortion by
the application of filter branches in the case study at
M1 is also analogous to a significant decrease in the
total harmonic distortion (THD) from 186.31% to
3.12% in Table 3. This denotes a significant reduction
in the harmonic magnitudes as well as firm validation

of the proposed technique.
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Figure 4: Reduction in harmonic content of Figure 5: Reduction in harmonic content of

mesh currents due to the injection of the mesh currents due to the injection of the

proposed filter in the given network with only proposed filter with both the induction furnace

induction furnaces in place and arc furnace in place
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induction furnaces in place and with the position of arc furnace
considered
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Table 3: Summary of analytical results from the application of the filter on the given network (with

the arc furnace in place)

Before Mitigation

After Mitigation

Meshes Mesh Current Fundamental THD (%)  Mesh Current Fundamental THD (%)
(Ampere) Current (Ampere) (Ampere) Current (Ampere)
M1 7.78 3.68 186.31 2.20 2.20 3.12
M6 55.56 43.93 77.46 35.13 35.12 1.26
M10 19.30 4.85 385.58 12.83 12.81 6.34
4. CONCLUSION REFERENCES
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analysis of power networks thereby reducing the
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electric power networks. Appropriate location for the
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economic losses.
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