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ABSTRACT

Distribution networks are essenti
catering to diverse consume r, the escalating demand for
electricity has amplified cquc harmonics stemming from non-
linear loads. These harng@hics e si@gnificant threats to power quality and
equipment integrity. Tdai ts a thorough examination of harmonic
analysis and mitigat thin distribution networks, with a specific
focus on three di
university cam

eng of modern power systems,

KE S

Distribution Network, Power Factor, Harmonic Analysis, Mitigation of Power Quality
Factors, Power Quality

* Corresponding author


mailto:twanjekeche@unam.na
mailto:simeonjosephat@gmail.com
mailto:nghuumbwav@gmail.com
mailto:ndapukant@gmail.com
https://doi.org/10.13044/j.sdewes.d12.0532

INTRODUCTION

Distribution networks are a critical component of the modern electrical grid, responsible
for delivering electricity to end-users efficiently and reliably. However, the proliferation of
non-linear loads, such as power electronic devices and adjustable-speed drives, has led to an
increasing concern about harmonic distortion in distribution networks. Harmonic distortion is
characterized by non-sinusoidal waveforms in the electrical system, which can adversely affect
power quality and lead to operational and reliability challenges. This literature review explores
the existing body of knowledge related to harmonic analysis and mitigation approaches in
distribution networks, providing a foundation for the comparative study of the distinct network
load scenarios. A study was conducted on a Namibian distribution network focusing,on three
scenarios.

Previous Power Quality Analysis on Distribution Networks

To ensure reliable, efficient, and cost-effective operation of distributjg
as the continuous supply of power, there is a need to constantly moni
networks’ power quality parameters under the desired levels in g
electrical standards [1].

The authors in [2] proposed a methodology to investiga
power distribution network and rank different load sites’ 0
measure requirement. A University campus grid of ; pus was modelled in
MATLAB for power quality analysis using NP EN 50160; 0Q-2-3 and IEEE Std 1159-
2019 standards [3]. In [4], an energy audit was g8

power factor. A modified IEEE 14 bus
photovoltaic in a low voltage region of Li
impact on voltage distribution and red

loped to simulate grid connected
at PV integration leads to positive
o certain limit of PV integration [5].

Furthermore, the effect of decreasin@p tor on electricity losses of rural low-voltage
networks. It was discovered that er fagtor ecreases from 0.97 to 0.77 Electricity losses
increased tremendously [6].

The performance of di ologics of passive filters were evaluated for harmonic

Wsihgle-tuned passive filters proved efficient to mitigate
onic distortion in distribution networks [8], as well as in a
1% uses variable speed drives [9]. In [10], MATLAB was used
gpacitor banks (SCB) at a 33kV busbar in a distribution substation

ition, a cost-effective algorithm was implemented to optimize the modulation
parameters and minimize the total harmonics in an industrial power network [13]. A Novel
model was developed in [14] to reduce the number of N switching angles required to mitigate
N-1 harmonics, and achieve both harmonic elimination and mitigation objectives. In addition,
another model to overcome the poor accuracy and generality of traditional methods was also
developed and tested [14]. In [15] further results were presented to improve estimation of the
harmonic admittance.

In [16], Authors used selective harmonic elimination technique was used to eliminate
completely N number of harmonics with (N+1) number of switchings per quarter, harmonics
up to 17 ™ harmonic were mitigated with two switchings per quarter. In addition, a smart,



efficient, and accurate techniques were developed to estimate harmonics on a distribution
network, artificial intelligence was developed and its performance compared with traditional
harmonic estimation techniques [17].

Moreover, countermeasure methods; revised JIS C 61000-3-2 (based on IEC 61000-3-2
standard) to suppress the harmonic current outflow of AHPs and installation of LC filters was
designed and developed, it was revealed that both can effectively suppress the voltage
distortion [18].

The performance of different methods was evaluated for harmonic mitigation, these
included Active Power Filter (APF) and Static Synchronous Compensator (STATCOM) with
different models of nonlinear loads. It was shown that all higher-order harmonics have been

open-pit mine's electrical network utilizing the Electrical Transient Analyzer Py?
the findings indicated the presence of various power quality issues, incl
distortion, a power quality improvement plan was proposed.

POSSIBLE CAUSES OF POOR POWER QUALITY IN THR
SCENARIOS

Power Quality Issues on Network 1

pr Mgtwork which has Solar PV

plant of 100 kW include solar inverters, computers, weldig@machifies and aircons. Just like
any other electronic equipment, photovoltaic i inj armonics into the electrical
installation which leads to overheating. Mor: 1 computers draw non-sinusoidal
current causing considerable distortion in v in the network. Distortion causes

variation in voltages which might go be its of +£10%, resulting in reduction
in equipment lifespan and hence malfigagti . effects were noticed at the campus that
necessitated further investigation.

Top priority of Utility
quality, but Northern B
northern Namibia, ha rienCing a low power factor (PF) averaging 0.2 lagging on its
Okangwati distrijgmt@nNg@t™Wagk *This falls below minimum acceptable limit of 0.85 Power

AOkangwati Auto-Recloser.

ons showed that- the network was lightly loaded with only 15%,
er generation by shunt capacitance thus lowering the line’s efficiency.
cher receiving end voltage compared to sending end voltage a condition
1 effect.

of Ferranti on distribution lines (80km < 1 > 250km) and can be explained in
the © (pi) model as represented in Figure 2. And equations 1-5[21], [22]. In this
paper, an investigation was carried out to determine the optimal loading of the line as will be
discussed in I'V. Using the pi model, the sending end voltage is determined using equations 1-
51[22]:

_ zY (1)
V=(1+=)v +ZzI

Equation (1) shows the simplified KVL, however, at no load or lightly loaded, I is
equivalent to zero reducing the equation to equation (2).
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Vv, = (1 + —) v, @)
2
ZY
=y = (145 %= ¥

V.-V, |4
Where Z = (r + jwL) Sand Y = jwC %

OKANGWATI 10121 30 3015 1245 0.235 1280.99
OKANGWATI 10121 100 298.5 1243.5 0.233 1278.83
OKANGWATI 10121 130 292.5 1249.5 0.228 1283.28
OKANGWATI 10121 200 283.5 1255.5 0.220 1287.11
OKANGWATI 10121 230 276 1258.5 0.214 1288.41
OKANGWATI 10121 300 264 1248 0.207 1275.62
OKANGWATI 10121 330 259.5 1248 0.204 1274.69
OKANGWATI 10121 400 256.5 1246.5 0.202 1272.62
OKANGWATI 10121 430 258 1237.5 0.204 1264.11
OKANGWATI 10121 500 2535 1248 0.199 1273.49
OKANGWATI 10121 530 252 1258.5 0.196 1283.48
OKANGWATI 10121 600 250.5 1261.5 0.195 1286.13
OKANGWATI 10121 630 262.5 1245 0.206 1272.37
OKANGWATI 10121 700 246 1252.5 0.193 1276.43
OKANGWATI 10121 730 2235 1261.5 0.174 1281.15
OKANGWATI 10121 800 2415 12525 0.189 1275.57

A .

Figure 1. Auto-Recloser Electrical data on Okangwati network
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Figure 2. Pi model presentation of Ferranti Effect

Resistance 1s neglected when modelling the Ferranti effect in ng

transmission lines, hence equation is simplified as in equation (6).

1
Vo=V = =5 WisHlek % (©6)

Equation (6), is further sampled to:

1
=V = =5 WSO NG ) @
Since, w = 2mf hence equat \s simplified to:
10—16) (fZSZVr ) (8)
Equation ( ti effect, where sending end voltage is higher that receiving

end voltage

et quality challenges may emerge. The utilization of VSDs introduces harmonics
ctrical system due to their nonlinear characteristics, potentially causing increased
heating in components and efficiency reduction.

In addition, star/delta starters, employed for motor starting, can lead to current peaks during
transition phases, impacting electrical components and possibly inducing voltage sags.
Furthermore, the variable speed drives may cause abrupt load changes, resulting in voltage
fluctuations that could affect the performance of sensitive equipment. These power quality
issues may collectively contribute to mechanical stress on the hammer mills, potentially
reducing equipment lifespan leading to consistent failures. The nature of power quality issues
caused by hammer mills on Eheke residential supply network and mitigation measures are
discussed in IV.

Journal of Sustainable Development of Energy, Water and Environment Systems 5



POWER QUALITY MONITORING AND MITIGATION MEASURES

Power monitoring and Results Analysis on Network 1

For further analysis on university campus network, power quality analyzer was installed,
where electric parameters such as power frequency, THD, individual harmonics, supply
voltage limits, voltage unbalance, flicker severity, supply voltage compatibility, and instances
of sags, swells, and interruptions were captured. Preliminary investigation was to determine if
those parameters fell within acceptable ranges. Additionally, the university campus distribution
system was modelled using the ETAP software as shown in Figure 3 for a more detailed
analysis of power quality factors. The simulation results on bus 6 connecting Solar PV inverter

to the grid is as given in Figure 4. The waveform is distorted with high percentage of onics.
Lird
0545 hviss
11k T . T
T L = )
ENE 315 A 21
BusZ
04 kv
- Fuso?
12
PuAT Baxs
PYAS
Fusel
Busq
O kY
o
0552 VA

Figure 3. The single line diagram for engineering campus
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B - Waveform X

Bus6 - Waveform

Woltage (35)
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Time (Cycke)

analyser, it was
discovered 5™ harmonics and over voltages in the network ) in @it 1 were the main
poting to 0.46%. This
Mnic order is the highest
contributor to the harmonic content.

Further analysis was on 3 harmonics. In Fi : dbserved that all the recorded
3" harmonics were within the compatibilit i
shows that all the recorded 4™ harmonics thin the compatibility limits of 1%
for the 4™ week. From Figure 8 it can b0 or some of the days, the recorded 5™
harmonic data have violated the confpattbilityNgmitSof 6%, and thus failed the compatibility

test. » L

Voltage harmonics
[ 95% [ Wax

I -1 f [ f I I
20 il ] 3 40 4 50

Hamanic nr
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Figure 5. Voltage harmonics for the Campus
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Table 1. Individual Voltage harmonics

[h)
# Syl Max higghseg‘)[ Compliance
level [%] [%] %]

2 2.00 0.46 0.28 Passed

3 5.00 1.19 0.95 Passed

4 1.00 0.44 0.36 Passed

5 6.00| 719/ 646 Failed

(04%)

6 0.50 0.24 0.16 Passed

7 5.00 2.94 2.67 Passed

8 0.50 0.11 0.06 Passed

9 1.50 0.37 0.20 Passed
10 0.50 0.09 0.00 Passed
11 3.50 0.56 0.46 Passed
12 0.46 0.01 0.00 Passed
13 3.00 0.70 0.58 Passed
14 0.43 0.01 0.00 Passed
15 0.50 0.10 0.07 Passed
16 0.41 0.01 0.00 Passed
17 2.00 0.30 0.27 Passed
18 0.39 0.00 0.00 Passed
19 1.76 0.21 0.19 Passed
20 0.38 0.00 0.00 Passed
21 1.57 0.05 0.00 Passed
22 0.36 0.00 0.00 Passed
23 1.41 0.19 0.17 Passed
24 0.35 0.00 0.00 Passed
25 1.27 0.13 0.12 Passed
26 0.35 0.00 0.00 Passed
27 1.16 0.02 0.00 Passed
28 0.34 0.00 0.00 Passed
29 1.06 0.09 0.08 Passed
30 0.33 0.00 0.00 Passed
31 0.97 0.07 0.00 Passed
32 0.33 0.00 0.00 Passed
33 0.90 0.02 0.00 Passed
34 0.32 0.00 0.00 Passed
35 0.83 0.03 0.00 Passed
36 0.32 0.00 0.00 Passed
37 0.77 0.03 0.00 Passed
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Table 2 shows summary of power quality assessment from power analyzer, while Table 3
shows a sustained overvoltage for more than 3 seconds on the specified days. Most severe one
was in August 16, and recorded an overvoltage of 209%, for 363,058 seconds on phase 1 and
2 upstream direction. A sustained overvoltage of 209% for 363.058 seconds can have severe
and potentially catastrophic consequences on electrical equipment and systems. The prolonged
exposure to a voltage twice the designed or rated level may lead to extensive damage to
electronic components, therefore their causes should always be identified and appropriate
measures taken to mitigate these kind of network problems.

Table 2. Power Quality Parameter Status for Engineering campus

Power Quality parameters

Power frequency

Unbalance

Supply voltage limit

Supply voltage compatibility

Status
Passed
Passed Q

Flicker severity

THD

Individual harmonics

Number of sags

Number of swells

Number of interruptions

Table 3. Thﬁren ated@ries of voltage dips

Residual
Time Duration [s] Category | Phases Direction
voltage [%]
2021-08-13 Over
1445.492 195.7 1,2 Upstream *
16:09:38.027 Voltage
2021-08-14 Over
61680.957 121.1 2 Upstream *
\ 16:36:55.035 Voltage
2021-08-15 Over
31658.328 121.0 2 Upstream *
09:44:56.273 Voltage
2021-08-16 Over
363.058 209.0 1,2 Upstream *
18:32:35.991 Voltage
2021-08-17 84102.0 Over
122.9 2 Upstream *
18:39:58.045 94 Voltage
2021-08-18 Over
36776.875 122.6 2 Upstream *
07:47:10.852 Voltage
2021-08-19
74651.703 121.9 | Over Voltage 2 Upstream *
13:37:56.510
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Proposed Quality Mitigation measures for Network 1. For mitigating power quality
disturbances caused by harmonics, a single tuned filter was designed and installed at bus 6 as
shown Figure 9.

. T

11

T L =
315 kv s ESLRECY
Bus?
.8 ko
Puaz
PuAT Buss
L
HFL
Single Tuned
Busa
0.4 kW 1

Lumpl
0552 o,

Figure 9. A single line diagram with agfént ed Ma tuned harmonic filter at busbar 6

Design of filter component values

A single tuned filter consists of mporgntstonnected in series. To determine the values
for these RLC components, eqétion o (&) were utilized, while also adhering to the IEEE
519-1992 harmonic standarg ¢ compliance with the permissible limits [23]. The design
nic which was dominant.

alculated using Equation (9). The power factor of the

quality assessme Rduct®d at the JEDS Campus in Ongwediva, Namibia. The lowest

recorded po % s 85. It is assumed that the power factor (pfn) can be improved
from 0.85 t@0.95 uSigg the filter.

(tan (cos — 1(Pf1) — tan (cos — 1(pf2)) €)

is used in calculating capacitive reactance (Xc):

Xc=VX2XQc (10)

Using equation (10) capacitance of the capacitor(C) is determined as givenin  (11):

C=onxe (11)

At resonance, the quality factor of the single tuned Passive filter is expected to be 100
according to the ETAP modelling tools. The inductance value was determined at resonance, as

Journal of Sustainable Development of Energy, Water and Environment Systems 11
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well as resistance of the filter as given in (12). The values of the RLC filter components used
are listed in Table 4. A fine-tuned sinusoidal waveform Figure 10, shows that harmonics were
significantly reduced.

R=Xn (12)

Table 4. Filter Component Values

Filter component Value
Resistance 0.0052Q
Inductance 0.319mH
Capacitance 1029.7uF

Bus6 - Waveform X

Bus6 - Waveform

g 0
3 / B Bus6
-100
Time (Cycle)

Figure 10. Output Voltage wavefo fte itigation measures

Power monitoring and Results Analysis
factor on Okangwati distribution syste

investigate the cause of low power
odel was built in ETAP including all
ers, motors, and any reactive power
formed for each scenario to determine the

loading percentage that gave t
factor from the distribution ages, reactive power, real power, and percentage
power factor outcomes fo s obtained from the ETAP were used in the analysis.

were obtained from NORED and also used in the model

point is maintain@d arfthi g loa Ji the remaining transformer supply points is scaled according
to the confi enari§pdameters. Load scaling was used to adjust all unknown transformer
loads to thef§et perCegtagé load value of 15%, 30%, 70%, and 100%, defined as scenario D-A

e 11 illustrates portions of the network’s Load Flow Analysis (LFA) data

for s s can be seen, power factor falls within the permissible range of at least 0.85
a e buses. However, there is a dominant negative reactive power, resulting in a
lea er factor. In addition, Table 5 shows a voltage drop at the receiving end. The purple

colour used to indicate the continuous voltage drop and also warn that the buses are about
to experience under voltage (< 95%). Power factor is almost unity.

Scenario B. For line loaded at 70% as given in Figure 12, voltage drop is less than in
Scenario A as given in Table 6. This is because for line loaded at 70% voltage drop in a 70%
loaded distribution line is proportional to the square of the current.

Scenario C. Figure 13 for scenario C shows that when the distribution line is 30% loaded,
the power factor is around 56%, which is below limit of 85%., hence Power quality problem.
Table 7 for scenario C shows voltage increase along the buses, indicating that when the
distribution line is loaded at 30%, the voltage at the receiving end keeps increasing and this

Journal of Sustainable Development of Energy, Water and Environment Systems 12
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because of the Ferranti Effect. Voltage profile is however still within the maximum limit of
105%, thus no threats posed on the distribution network.

Load Flow

I A Bfvar Amap *aPF
Bus2 - 33kV OUTGODNG 2525 1.190 24.4 0.5
Bus3 - OEANG RECLOSER 0836 -0.037 15.2 999
™I
Busl - IMCOMIMNG 66k% -2.491 0988 48 8 3.0
Bus2 - 33kV OUTGODNG -0.836 0.037 15.2 -
Bus4 - OEAN RECLOSER 0838 -0.037 15.2 999
oUT
Bus5 - OROTIITOMSBO T-OF 0836 -0.037 15.2 -99.9
F
Bus3 - OK.AMG RECLOSER -0.836 0.037 15.2 =l
i
Bus4 - OE.AN RECLOSER -0.835 oc.030 15.2 -99_9
oUT

Figure 11. Load flow analysis results for -Scg

Table 5. Bus Voltage Profile and Loady

Bus ID Nominal| Voltage kW kVAR
kV Loading Loading
Busl 66 100 477 1190
Bus2 33 1 1025.7
Bus3 33 36.99
Bus4 33 836 36.99
Bus5 33 835.4 60.99
Bus6 78.24 79.14
Bus7 39.12 24.24
39.09 24.22
756.2 43.19
19.51 12.09
Load Flow
I AW Mvrar Amp *oPF
Bus? - 33KV OUTGODNG 1565 0.508 152 5.6
Bus3 - OKANG RECLOSER 0608 -0.217 11.5 941
]IBl.qlsl - INCOMMITNG 68k -1.652 -0.430 305 96.8
Bus? - 33KV OUTGODNE -0.608 0.21°7 11.5 -S4 2
Busd - OEK AN RECLOSEER 0Ls0s -0.217 11.5 -S4 2
ouT
Bus3 - OROTIITOMBO T-OF 0Ls0s -0.217 11.5 -S4 2
;usj - DOEANG RECLOSER -0.608 0.217 11.5 -S4 2
EL  OKAMN RECLOSER -0L507 0.210 11.5  -94.5
ouUT

Figure 12. Load flow analysis results for -Scenario B

Journal of Sustainable Development of Energy, Water and Environment Systems 13
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Table 6. Bus Voltage Profile and Loading for Scenario B

BusID| Nomin| Voltage kW kVAR
al kV Loading |[Loading
Busl 66 100 1665.3] 508.5
Bus2 33 98.05 1652.2] 6474
Bus3 33 98.05 607.5 217
Bus4 33 98.05 607.5 217
Bus5 33 98.01 607.2 209.6
Bus6 33 98.01 57.18 90.19
Bus7 33 98.01 28.58 17.71
Bus8 33 28.57 17.7
Bus9 33 549.5 125.2
Bus10 33 14.27 8.84
A
Load Flow
o MW Mva Anip *aFF
Bus2 - 33V OUTGOING 0.171 -0.558 51 -293
Bus3 - OEANG RECLOSER 0168 -0.578 oz -278
ol
Busl - INCOMING 66kV 0.168 0.578 02 278
Bus? - 33kV OUTGODIG 0.168 0.577 o2 279
Busd - OEAM RECLOSER. 0.168 0577 102 -27.9
OUT
Bus5 - OROTITTOMBO T-OF 0.168 -0.577 02 279
F
Busd - OEAMNG RECLOSER. 0168 0.577 102 =279
|
Busd - O AN RECLOSER. 0 167 0.56%9 101 =252
ouUT
cg. Yow analysis results for -Scenario C

oltage Profile and Loading for Scenario C

Nomina Voltage kW kVAR

1kV Loading Loading

11 100.54 51.55 31.27

11 100.54 19.33 11.8

11 100.54 12.89 7.99

11 100.54 6.44 3.99

11 100.54 32.22 19.75

11 100.54 6.44 3.99

11 100.53 25.77 15.97
Bus49 33 100.98 19.5 2.65
Bus50 33 100.98 6.5 4.03
Bus51 33 100.98 13 8.06
Bus52 33 101.05 64.37 132.7
Bus53 19.1 62 136.3
Bus54 19.1 60.85 120.5
Bus55 19.1 4.27 2.65

Journal of Sustainable Development of Energy, Water and Environment Systems 14
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Scenario D. Figure 14 is for scenario D, where the distribution line is 15% loaded, the power
factor drops below 30%, this is too low compared to allowed limit of 85% and required
mitigation measures. Table 8 for scenario D shows that voltage increases further exceeding
the limit range of 33kV at the receiving end of the distribution line. This was due to lightly
load line (15% loading) that leads to generation excessive reactive power. Ferranti effect that
leads to development of shunt capacitance between the ground and the line comes into play

leading to line losses and low efficient system

Load Flow

m MW hvar Anp WIF
Bu=2 - 33V OUTGOING 0171 -0.558 51 293
Bus3 - ORANG RECLOSER L1es  -0.578 w2z 278
iy |
Busl - DICOMING 66k -0.168 0.578 102 278
Busl - 33kV OUTGODNG 0168 0.377 10.2 -27.9
Bus4 - OEAM RECLOSER 0163 -0.577 102 178
OUT
Bus§ - OROTIITOMBO T-OF 0.168 -0.577 102 278
F
Bus3d - OEANG RECLOSER -0.168 0.577 2 278
™
Busd - OEAM RECLOSER. 167 0.569 10.1 =282
OUT

Figure 14. Load flow a sWor ~Scenario D

oading for Scenario D

Table 8. Bus Voltage Pragile a

Voltage

kW kVAR
Loading Loading
16.99 10.3
3.4 2.11
13.59 8.42
10.24 4.72
3.41 2.12
6.83 4.23
38.83 161.7
35.94 166
35.54 147.8
2.27 1.41
29.41 77.36
13.51 2.51
4.5 2.79
9 1.63
4.5 2.79
4.5 2.79

Journal of Sustainable Development of Energy, Water and Environment Systems
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Proposed Quality Mitigation measures for Network 2. To mitigate the low power factor

problem in network 2, Static Var compensators (SVC) and Shunt reactors (SR) were selected
as possible suitable mitigation methods based on the reviewed literature. The simulation results
for SVC and SC connected to the ETAP model are as shown in

Figure 15 and Figure 16 respectively.

Figure 15 shows that SVC improved power factor from 0.2 to 0.864, while SR improved it to

Year 2025

Volume 13, Issue 1, 1120532

0.972 in Figure 16 making it the most effective. In addition, Table 9 shows that variation of

voltage was within acceptable limit with SVC, this was improved further with SR as a

mitigation measure as seen in Error! Reference source not found.Table 10.

Load Flow
[ 1R W Mbvar Amg F

Ba=? - 33V OUTGODNG 0156 0091 1.6 =564

Bus3 - OKANG RECLOSER 156 -0.083 32 A58

i)

Baasl - INCOMITNG 66k 0156 0093 3.2 258

Bu:2 - 33V OUTGODNG 0156 0.093 32 860

Basd - OEAN REECLOSER 0156 0093 32 860

oUT

Bus5 - OROTIITOMBO T-OF 0156 0093 3z 560

F

Bas3 - OKANG RECLOSER 0156 0.0%3 32 6.0

I

Bimsd - AN RECLOSER -0L156 0.085 31 avs

ouT

Fighge 1. ow analysis with SVC
A
Load Flow
D MW Muvar Amp “FF

B2 - 33KV OUTGODNG 0179 0043 16 972
Bus3 - QEANG RECLOSER 01 00045 3 570
>
Boz] - INOOMDG 66V 01me (L% T 32 270
Bl - 336V OUTGODNG 0179 0024 3z 9
Busd . OKAN RECLOSER o ol 32 S
oUT
B’ - OROTNTOMED T-OF L <004 32 971
F
Bus3 - OKANG RECLOSER, 0179 LT 32 M
™
Busd - OKAN RECLOSER 0179 0.036 3z 930
oUT

Figure 16. Load flow analysis with SR
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Table 9. Voltage Profile and loading with SVC

Bus ID | Nominal [Voltage Active | Reactive | Current
Voltage (kV) Power Power Loading
(kV) Loading | Loading (A)
(kW) (kVar)

Busl12 33 100.36 3.21 1.99 0.066

Busl13 33 100.24 136.5 97.37 2.927

Bus14 33 100.24 3.2 1.99 0.066

Busl15 33 100.23 1333 102.2

Busl6 33 100.23 6.4 1.68

Busl7 33 100.23 3.2 1.98

Busl18 33 100.23 3.2 1.98

Bus19 33 100.2 126.9 117

Bus20 33 100.2 6.4

Bus21 33 100.2 120.4

Table 10. Voltage Proﬁlﬂdi with SR
Bus ID Nominal Voltage [Voltage (kV) Active Power Reactive
(kV) Loading (kW) [Power Loading
(kVar)

Bus31 33 99.54 106.9 494.8
Bus32 33 99.54 46.17 35.74
Bus33 33 99.54 2.02 1.25
Bus34 33 99.54 44.14 14.68
Bus35 33 99.54 9.47 1.14
Bus36 99.54 3.16 1.96
Bus37 99.54 6.32 3.91
Bus38 99.54 34.67 14.2
Bus39 33 99.54 25.19 14.88
Bus4 99.32 25.15 14.82
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Total harmonic distortion: Compatibility level [4%]

JAN FEB MAR

worst assessment % \

Figure 17. Voltage Total Harmonic disto \ )

Months 2021

= N W B~ U0 N

the hammer mills, ensuring
en configured to record both

Third harmonic order:Compatibility level [2.5%]

o| | ‘ ‘ | ‘ | |
MAR APR M

AY JUN JUL AU
nghest level %

Months 2021
] [9%] FEN W

—

A .

Figure 18. Peak levels of the third harmonic order observed
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Fifth harmonic order:Compatibility level [3%]
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Figure 19. Peak levels of the fifth harmonic order obsg

were above
en the THD

From THD of individual harmonics, it can be shown that 3™, 4" and
threshold harmonic levels of 4%, 2.5% and 3% respectively, excep )
was 3.900%. This is illustrated in Figure 17, Figure 18 and Ea ctively. It is also
noted that harmonic level was low in January, February and attributed to the
fact that hammer mills are hardly used during this peri ey season and not yet
harvesting season.

Figure 20 clearly indicates that 3™ and 5™ harg
Figure 21 shows output voltage for two phase
power quality issues: phase imbalance and h
result to overload of neutral conductor.
shown in Figure 22. It can be seen that

month. C
5D

B 95% [ Max

are Wge highest contributors to THD.
gber 2021, clearly highlighting two
balance in harmonic content can
¥ showing harmonics content is as
ility level was violated throughout the

[ [ \ \ [
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Harmonic nr

//A

1gure 20. The peak levels of the 1st to 50th harmonic orders observed in October
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Figure 21. Output voltages for two phases K
-_

Voltage THD (%) (weekly values updated every day)
N 95% [ Max

.

£e

e

3

32

0 .
3 6 9 12 15 18 21 24 271 30
Last day
Unipower PQSecure
v
Figure 22. Wor October 2021
Figure 23 shows daily recor a ics. It can be seen that for the whole month, 3™

harmonics violated the powe igst of 2.5% confirming Figure 17 which captures

average values of 3™ ha

recorded are above the gau i
values of 5t harmon
Vo N

Voltage harmonic 3 (weekly values updated every day)
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s. Similarly, in Figure 24, 5 harmonic order levels
at 3%. confirming Figure 18 which captures average
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Figure 23. Daily records of 3rd harmonics for October 2021
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Figure 24. Daily records of 5th harmonics for Octo

Table 11. Eheke power quality para

Power Quality Parameter
Power frequency

Unbalance
Supply voltage limit
Supply voltage compatibild assed
THD Failed
Individual harmo Failed
35
0
0

‘ aon measures for Network 3: No mitigation measures have been
adopted for heke : covered by hammer mills owned by peasant farmers. This is due to

not igation measure as well. Based on the investigations done, this paper
eco S ollowing:
N should consider using optimized harmonic filters to reduce or eliminate
nics in the Eheke distribution network
e Priority and significance must be given to the Electricity supply agreement (ESA)
between the power utility and the customers, which should specify harmonic limits for
smooth harmonic monitoring.
e Tariff restructuring should be considered where penalty factor is imposed on consumers
operating above the stipulated limit, while giving royalties to those operating at higher
power factors. This is missing in current tariff

CONCLUSION

This paper has undertaken a detailed investigation into the critical issue of harmonics in
distribution networks, addressing the challenges posed by diverse load scenarios including low
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power factor, residential areas, and a university campus. The initial phase involved thorough
data collection and analysis, revealing distinct power quality challenges associated with each
scenario. Notably, very low power factor loads were identified as sources of voltage distortion,
residential areas exhibited heightened harmonic content due to hammer mills with star/delta
starts and variable speed drives (VSDs), and the university campus presented a complex mix
of loads, including computers, a Solar PV plant, and air-conditioning units, resulting in time-
varying harmonic profiles.

The comprehensive assessment of harmonic levels and voltage distortions provides a
nuanced understanding of the unique challenges posed by each scenario, establishing a valuable
baseline for future studies. Moreover, the paper delves into a range of mitigation approaches
tailored to counteract the identified harmonic issues, offering practical solutions for gproving

OV ®a rich
resource for power system engineers, utility companies, and researchers en er

0ag Sgenaribs and

proposing effective mitigation strategies, this research advances our knoYledgeNand*practical

capabilities in ensuring the robustness and reliability of distrib chyorks) amidst the
escalating demand for electricity in modern power systems.

er quity and modeling analysis of a

0 202% International Conference on
ET), 2022, pp. 1-6,
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