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ABSTRACT 
Distribution networks are essential components of modern power systems, catering to diverse 
consumer needs. However, the escalating demand for electricity has amplified concerns 
regarding harmonics stemming from non-linear loads. These harmonics pose significant threats 
to power quality and equipment integrity. This paper conducts a thorough examination of 
harmonic analysis and mitigation strategies within distribution networks, with a specific focus 
on three distinct load scenarios: low power factor, residential areas, and university campus. By 
evaluating harmonic levels, frequency components, and voltage distortions across these 
scenarios, it provides insights into their unique challenges. Moreover, the research explores 
mitigation techniques to address identified harmonic issues effectively. The findings not only 
enhance the understanding of harmonic problems in distribution networks but also offer 
practical solutions to enhance power quality and network reliability. This paper serves as a 
valuable resource for power system engineers, utility companies, and researchers involved in 
distribution network management. 

KEYWORDS 
Distribution network, Power factor, Harmonic analysis, Mitigation of power quality factors, 
Power quality. 

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 
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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 distribution networks as well as 
the continuous supply of power, there is a need to constantly monitor and maintain the 
networks’ power quality parameters under the desired levels in accordance to the relevant 
electrical standards [1].  

The authors in [2] proposed a methodology to investigate power quality problems of a 
power distribution network and rank different load sites’ performance in order of mitigation 
measure requirement. A University campus grid of a school campus was modelled in 
MATLAB for power quality analysis using NP EN 50160; IES 61000-2-3 and IEEE Std 
1159-2019 standards [3]. In [4], an energy audit was conducted for a university campus, it was 
discovered that Energy consumption was higher than normal due to voltage imbalance and low 
power factor. A modified IEEE 14 bus model was developed to simulate grid connected 
photovoltaic in a low voltage region of Liang, it was found that PV integration leads to positive 
impact on voltage distribution and reduced line losses to certain limit of PV integration [5]. 
Furthermore, the effect of decreasing power factor on electricity losses of rural low-voltage 
networks. It was discovered that as power factor decreases from 0.97 to 0.77 electricity losses 
increased tremendously [6]. 

The performance of different topologies of passive filters were evaluated for harmonic 
compensation, where double-tuned filter was identified as the suitable type for reduction of 5th 
and 7th harmonics [7]. In contrary, single-tuned passive filters proved efficient to mitigate 
individual harmonics and total harmonic distortion in distribution networks [8], as well as in a 
soap manufacturing industry that uses variable speed drives [9]. In [10], MATLAB was used 
to evaluate two fixed shunt capacitor banks (SCB) at a 33 kV busbar in a distribution substation 
for power factor correction, which showed substantial improvement on the bus.  

Moreover, an optimization model was developed to analyze voltage quality improvement, 
several planning projects were ranked in certain area based on voltage improvement and results 
were promising [11]. In [12], a configuration method coordinated by series voltage regulator 
and reactive power compensation capacitor based on network admittance matrix was proposed 
for low voltage control of a rural distribution network.  

In addition, 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 17th 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].  
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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 
maintained within the standard with STATCOM giving a comparatively better performance 
[19]. In [20], a study presented the results of a comprehensive power quality analysis of an 
open-pit mine's electrical network utilizing the Electrical Transient Analyzer Program (ETAP), 
the findings indicated the presence of various power quality issues, including harmonic 
distortion, a power quality improvement plan was proposed. 

POSSIBLE CAUSES OF POOR POWER QUALITY IN THREE NETWORK LOAD 
SCENARIOS   
Power quality issues on Network 1 

Possible causes of harmonics in the University campus’ power network which has Solar PV 
plant of 100 kW include solar inverters, computers, welding machines and aircons. Just like 
any other electronic equipment, photovoltaic inverters inject harmonics into the electrical 
installation which leads to overheating. Moreover, personal computers draw non-sinusoidal 
current causing considerable distortion in voltage and current in the network. Distortion causes 
variation in voltages which might go beyond acceptable limits of ±10%, resulting in reduction 
in equipment lifespan and hence malfunctioning. These effects were noticed at the campus that 
necessitated further investigation.  

Power quality issues on Network 2 
Top priority of Utility companies is to ensure that power supplied to consumer is of good 

quality, but Northern Regions Distribution Company (NORED), a distribution company in 
northern Namibia, has been experiencing a low power factor (PF) averaging 0.2 lagging on its 
Okangwati distribution network. This falls below minimum acceptable limit of 0.85 Power 
factor lagging as set by the Electricity Control Board (ECB) of Namibia. Table 1 shows the PF 
data obtained from the Okangwati Auto-Recloser. 

Table 1. Auto-recloser electrical data on Okangwati network 

 
Preliminary investigations showed that- the network was lightly loaded with only 15%, 

resulting reactive power generation by shunt capacitance thus lowering the line’s efficiency. 
This also leads to higher receiving end voltage compared to sending end voltage a condition 
known as Ferranti effect. 

The effect of Ferranti on distribution lines (80 km < l > 250 km) and can be explained in 
detail using the π (pi) model as represented in Figure 1 and eqs. (1-5) [21], [22]. In this paper, 
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an investigation was carried out to determine the optimal loading of the line as will be 
discussed in IV. Using the pi model, the sending end voltage is determined using 
eqs. (1-5) [22]: 

 

𝑉𝑉s = �1 +
𝑍𝑍𝑍𝑍
2
� 𝑉𝑉r + 𝑍𝑍𝑍𝑍r 

(1) 

 

 
Figure 1. Pi model presentation of Ferranti effect 

 
Eq. (1) shows the simplified KVL, however, at no load or lightly loaded, Ir is equivalent to 

zero reducing the equation to eq. (2): 
 

𝑉𝑉s = �1 +
𝑍𝑍𝑍𝑍
2
� 𝑉𝑉r 

(2) 

 

𝑉𝑉s − 𝑉𝑉r  = �1 +
𝑍𝑍𝑍𝑍
2
� 𝑉𝑉r − 𝑉𝑉r 

(3) 

 

𝑉𝑉s − 𝑉𝑉r  = �1 +
𝑍𝑍𝑍𝑍
2
− 1� 𝑉𝑉r 

(4) 

 

𝑉𝑉s − 𝑉𝑉r  = �
𝑍𝑍𝑍𝑍
2
� 𝑉𝑉r 

(5) 

 
where 𝑍𝑍 = (𝑟𝑟 + 𝑗𝑗𝑗𝑗𝑗𝑗) 𝑆𝑆 and 𝑌𝑌 =  𝑗𝑗𝑗𝑗𝑗𝑗. 

 
Resistance is neglected when modelling the Ferranti effect in medium and long 

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

𝑉𝑉s − 𝑉𝑉r  = −
1
2

(𝑤𝑤2𝑆𝑆2)𝑙𝑙𝑙𝑙𝑉𝑉r 
(6) 

 
Eq. (6) is further sampled to: 

𝑉𝑉s − 𝑉𝑉r  = −
1
2

(𝑤𝑤2𝑆𝑆2) �
1

(3 × 108)2
� 𝑉𝑉r (7) 

Since, 𝜔𝜔 = 2π𝑓𝑓 hence eq. (7) is simplified to: 
 

𝑉𝑉s − 𝑉𝑉r  = −�
4𝜋𝜋
18

 × 10−16� (𝑓𝑓2𝑆𝑆2𝑉𝑉r )     (8) 

Eq. (8) confirms Ferranti effect, where sending end voltage is higher that receiving 
end voltage.  
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Power quality issues on Network 3 
NORED is also grappling with elevated levels of power quality issues within its Eheke 

residential bulk supply network. In a network incorporating hammer mills with power ratings 
ranging from 15 to 40 kW equipped with variable speed drives (VSDs) and star/delta starters, 
several power quality challenges may emerge. The utilization of VSDs introduces harmonics 
into the electrical 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. 

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 2 for a more 
detailed analysis of power quality factors. The simulation results on bus 6 connecting Solar PV 
inverter to the grid is given in Figure 3. The waveform is distorted with high percentage of 
harmonics. 

 

Figure 2. The single line diagram for the Engineering campus 
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Figure 3. Output voltage waveform at bus 6 before mitigation measures 

With further analysis of the system in ETAP and using NRS 048-2:2 017 analyser, it was 
discovered 5th harmonics and over voltages in the network as shown in Table 2 were the main 
cause of power quality problems. 5th harmonics failed the test by overshooting to 0.46%. This 
is validated in Figure 4 where is clearly illustrated that 5th harmonic order is the highest 
contributor to the harmonic content.  

 
Figure 4. Voltage harmonics for the Campus 

Further analysis was on 3 harmonics. In Figure 5 it can be observed that all the recorded 3rd 
harmonics were within the compatibility limits of 5% for the 3rd week. Figure 6 clearly shows 
that all the recorded 4th harmonics order data are within the compatibility limits of 1% for the 
4th week. From Figure 7 it can be observed that for some of the days, the recorded 5th harmonic 
data have violated the compatibility limits of 6%, and thus failed the compatibility test. 
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Figure 5. Voltage harmonics for the 3rd week 

Table 2. Individual voltage harmonics 

# Compatibility 
level [%] Max [%] 95% highest 

[%] Compliance 

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 7.19 6.46 Failed (0.4%) 
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 

Compatibility level
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5

Voltage harmonic 3 (weekly values updated every day)

Unipower PQSecure   

%
 U
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n
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Figure 6. Voltage harmonics for the 4th week 

 

 
Figure 7. Voltage harmonics for the 5th week 

Table 3 shows summary of power quality assessment from power analyzer, while Table 4 
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 3. Power quality parameter status for the Engineering campus 
Power quality parameters    Status  
Power frequency Passed   
Unbalance  Passed  
Supply voltage limit Passed  
Supply voltage compatibility  Passed  
Flicker severity Passed  
THD Passed  
Individual harmonics Failed  
Number of sags 0 
Number of swells 7 
Number of interruptions  2 
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Table 4. The different categories of voltage dips 

Time Duration [s] 
Residual 

voltage [%] 
Category Phases Direction 

2021-08-13   

16:09:38.027 
1445.492 195.7 Over Voltage 1,2 Upstream * 

2021-08-14   

16:36:55.035 
61680.957 121.1 Over Voltage 2 Upstream * 

2021-08-15   

09:44:56.273 
31658.328 121.0 Over Voltage 2 Upstream * 

2021-08-16   

18:32:35.991 
363.058 209.0 Over Voltage 1,2 Upstream * 

2021-08-17 

18:39:58.045 
84102.094 122.9 Over Voltage 2 Upstream * 

2021-08-18   

07:47:10.852 
36776.875 122.6 Over Voltage 2 Upstream * 

2021-08-19   

13:37:56.510 
74651.703 121.9 Over Voltage 2 Upstream * 

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 8.  
 

 
 

Figure 8. A single line diagram with an embedded single tuned harmonic filter at busbar 6 
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Design of filter component values 
A single tuned filter consists of RLC components connected in series. To determine the values 
for these RLC components, eqs. (1)) - (4) were utilized, while also adhering to the IEEE 
519-1992 harmonic standard to ensure compliance with the permissible limits [23]. The design 
of the filter was limited to 5th order harmonic which was dominant. 

Reactive power of the capacitor is calculated using eq. (9). The power factor of the network 
varies between 0.85 and 0.95 due to load changes over an 11-month period. A power quality 
assessment was conducted at the JEDS Campus in Ongwediva, Namibia. The lowest recorded 
power factor was 0.85. It is assumed that the power factor (pfn) can be improved from 0.85 to 
0.95 using the filter: 
 

𝑸𝑸𝐜𝐜 = 𝒑𝒑𝒑𝒑𝒑𝒑(𝐭𝐭𝐭𝐭𝐭𝐭 (𝐜𝐜𝐜𝐜𝐜𝐜 − 𝟏𝟏(𝒑𝒑𝒑𝒑𝟏𝟏) − 𝐭𝐭𝐭𝐭𝐭𝐭 (𝐜𝐜𝐜𝐜𝐜𝐜 − 𝟏𝟏(𝒑𝒑𝒑𝒑𝒑𝒑))   (9) 

 
Eq. (10) is used in calculating capacitive reactance (Xc): 
 

𝑿𝑿𝐜𝐜 = 𝑽𝑽 ×  𝟐𝟐 ×  𝑸𝑸𝐜𝐜 (10) 

 
 
Using eq. (10) capacitance of the capacitor (C) is determined as given in eq. (11): 

𝑪𝑪 =
𝟏𝟏

𝟐𝟐𝟐𝟐𝑸𝑸𝐜𝐜
 

      
(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 
well as resistance of the filter as given in eq. (12). The values of the RLC filter components 
used are listed in Table 5. A fine-tuned sinusoidal waveform, Figure 9, shows that harmonics 
were significantly reduced. 

 
𝑹𝑹 = 𝑿𝑿𝑿𝑿 (12) 

 

Table 5. Filter component values 

Filter component  Value 
Resistance 0.0052 Ω 
Inductance  0.319 mH 
Capacitance 1029.7 µF 

 
 

 
Figure 9. Output voltage waveform at bus 6 after mitigation measures 
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Power monitoring and results analysis on Network 2. To investigate the cause of low power 
factor on Okangwati distribution system, a simulation model was built in ETAP including all 
relevant components such as generators, transformers, motors, and any reactive power 
compensation system. Load flow analysis was performed for each scenario to determine the 
loading percentage that gave the lowest power factor. This was compared with actual power 
factor from the distribution company. The voltages, reactive power, real power, and percentage 
power factor outcomes for all the four cases obtained from the ETAP were used in the analysis. 

The maximum feeder requirements were obtained from NORED and also used in the model 
development. During the simulation, the known maximum demand value of the bulk supply 
point is maintained and the load of the remaining transformer supply points is scaled according 
to the configured scenario parameters. Load scaling was used to adjust all unknown 
transformer loads to the set percentage load value of 15%, 30%, 70%, and 100%, defined as 
scenario D-A respectively. 

Scenario A. Table 6 illustrates portions of the network’s Load Flow Analysis (LFA) data 
for scenario A. As can be seen, power factor falls within the permissible range of at least 0.85 at 
most of the buses. However, there is a dominant negative reactive power, resulting in a leading 
power factor. In addition, Table 7 shows a voltage drop at the receiving end. The purple colour 
was 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. 

 
Table 6. Load flow analysis results for scenario A 

Load Flow 
ID MW Mvar Amp %PF 
Bus2-33kV OUTGOING 2.525 1.190 24.2 90.5 
Bus3-OKANG RECLOSER IN 0.836 -0.037 15.2 -99.9 
Bus1-INCOMING 66kV -2.491 -0.988 48.8 93.0 
Bus2-33kV OUTGOING -0.836 0.037 15.2 -99.9 
Bus4-OKAN RECLOSER OUT 0.836 -0.037 15.2 -99.9 
Bus5-OROTJITOMBO T-OFF 0.836 -0.037 15.2 -99.9 
Bus3-OKANG RECLOSER IN -0.836 0.037 15.2 -99.9 
Bus4-OKAN RECLOSER OUT -0.835 0.030 15.2 -99.9 

 
Table 7. Bus voltage profile and loading for scenario A 

Bus ID Nominal  kV Voltage kW Loading kVAR Loading 
Bus1 66 100 2524.7 1190 
Bus2 33 96.02 2491.1 1025.7 
Bus3 33 96.01 836 36.99 
Bus4 33 96.01 836 36.99 
Bus5 33 95.94 835.4 60.99 
Bus6 33 95.94 78.24 79.14 
Bus7 33 95.94 39.12 24.24 
Bus8 33 95.9 39.09 24.22 
Bus9 33 95.83 756.2 43.19 
Bus10 33 95.83 19.51 12.09 

 
Scenario B. For line loaded at 70% as given in Table 8, voltage drop is less than in 

Scenario A as given in Table 9. This is because for line loaded at 70% voltage drop in a 70% 
loaded distribution line is proportional to the square of the current. 
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Table 8. Load flow analysis results for scenario B  
Load Flow 

ID MW Mvar Amp %PF 
Bus2-33kV OUTGOING 1.665 0.508 15.2 95.6 
Bus3-OKANG RECLOSER IN 0.608 -0.217 11.5 -94.1 
Bus1-INCOMING 66kV -1.652 -0.430 30.5 96.8 
Bus2-33kV OUTGOING -0.608 0.217 11.5 -94.2 
Bus4-OKAN RECLOSER OUT 0.608 -0.217 11.5 -94.2 
Bus5-OROTJITOMBO T-OFF 0.608 -0.217 11.5 -94.2 
Bus3-OKANG RECLOSER IN -0.608 0.217 11.5 -94.2 
Bus4-OKAN RECLOSER OUT -0.607 0.210 11.5 -94.5 

 
Table 9. Bus voltage profile and loading for scenario B 

Bus ID Nominal 
kV Voltage kW 

Loading 
kVAR 

Loading 
Bus1 66 100 1665.3 508.5 
Bus2 33 98.05 1652.2 647.4 
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 97.99 28.57 17.7 
Bus9 33 97.95 549.5 125.2 
Bus10 33 97.95 14.27 8.84 

 
Scenario C. Table 10 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 11 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 
because of the Ferranti effect. Voltage profile is however still within the maximum limit of 
105%, thus no threats posed on the distribution network. 

Table 10. Load flow analysis results for scenario C 
Load Flow 

ID MW Mvar Amp %PF 
Bus2-33kV OUTGOING  0.308 -0.449 4.8 -56.6 
Bus3-OKANG RECLOSER IN  0.307 -0.456 9.5 -55.8 
Bus1-INCOMING 66kV -0.307 0.456 9.5 -55.8 
Bus2-33kV OUTGOING -0.307 0.456 9.5 -55.8 
Bus4-OKAN RECLOSER OUT -0.307 0.456 9.5 -55.8 
Bus5-OROTJITOMBO T-OFF  0.307 0.456 9.5 -55.8 
Bus3-OKANG RECLOSER IN  0.307 -0.456 9.5 -55.8 
Bus4-OKAN RECLOSER OUT -0.307 0.456 9.5 -55.8 

 
Scenario D. Table 12 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 13 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 
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to development of shunt capacitance between the ground and the line comes into play leading 
to line losses and low efficient system  
 

Table 11. Bus voltage profile and loading for scenario C 

Bus ID Nominal kV Voltage kW Loading kVAR Loading 
Bus42 11 100.54 51.55 31.27 
Bus43 11 100.54 19.33 11.8 
Bus44 11 100.54 12.89 7.99 
Bus45 11 100.54 6.44 3.99 
Bus46 11 100.54 32.22 19.75 
Bus47 11 100.54 6.44 3.99 
Bus48 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 19.1 102.56 62 136.3 
Bus54 19.1 102.27 60.85 120.5 
Bus55 19.1 102.27 4.27 2.65 

 
Table 12. Load flow analysis results for scenario D 

Load Flow 
ID MW Mvar Amp %PF 
Bus2-33kV OUTGOING 0.171 -0.558 5.1 -29.3 
Bus3-OKANG RECLOSER IN 0.168 -0.578 10.2 -27.8 
Bus1-INCOMING 66kV -0.168 0.578 10.2 -27.8 
Bus2-33kV OUTGOING -0.168 0.577 10.2 -27.9 
Bus4-OKAN RECLOSER OUT 0.168 -0.577 10.2 -27.9 
Bus5-OROTJITOMBO T-OFF 0.168 -0.577 10.2 -27.9 
Bus3-OKANG RECLOSER IN -0.168 0.577 10.2 -27.9 
Bus4-OKAN RECLOSER OUT -0.167 0.569 10.1 -28.2 

 
Table 13. Bus voltage profile and loading for scenario D 

Bus ID Nominal kV Voltage kW Loading kVAR Loading 

Bus46 11 103.26 16.99 10.3 
Bus47 11 103.26 3.4 2.11 
Bus48 11 103.25 13.59 8.42 
Bus49 33 103.48 10.24 4.72 
Bus50 33 103.48 3.41 2.12 
Bus51 33 103.48 6.83 4.23 
Bus52 33 103.48 38.83 161.7 
Bus53 33 105.69 35.94 166 
Bus54 33 105.58 35.54 147.8 
Bus55 33 105.58 2.27 1.41 
Bus56 33 105.15 29.41 77.36 
Bus57 33 105.06 13.51 2.51 
Bus58 33 105.06 4.5 2.79 
Bus59 33 105.05 9 1.63 
Bus60 33 105.05 4.5 2.79 
Bus61 33 105.04 4.5 2.79 
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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 Table 14 and Table 15 
respectively. 

Table 14 shows that SVC improved power factor from 0.2 to 0.864, while SR improved it 
to 0.972 in Table 15 making it the most effective. In addition, Table 16 shows that variation 
of voltage was within acceptable limit with SVC, this was improved further with SR as a 
mitigation measure as seen in Table 17. 

 
Table 14. Load flow analysis with SVC 

Load Flow 
ID MW Mvar Amp %PF 
Bus2-33kV OUTGOING 0.156 -0.091 1.6 -86.4 
Bus3-OKANG RECLOSER IN 0.156 -0.093 3.2 -85.8 
Bus1-INCOMING 66kV -0.156 0.093 3.2 -85.8 
Bus2-33kV OUTGOING -0.156 0.093 3.2 -86.0 
Bus4-OKAN RECLOSER OUT 0.156 -0.093 3.2 -86.0 
Bus5-OROTJITOMBO T-OFF 0.156 -0.093 3.2 -86.0 
Bus3-OKANG RECLOSER IN -0.156 0.093 3.2 -86.0 
Bus4-OKAN RECLOSER OUT -0.156 0.085 3.1 -87.9 

 
Table 15. Load flow analysis with SR 

Load Flow 
ID MW Mvar Amp %PF 
Bus2-33kV OUTGOING 0.179 -0.043 1.6 -97.2 
Bus3-OKANG RECLOSER IN 0.179 -0.045 3.2 -97.0 
Bus1-INCOMING 66kV -0.179 0.045 3.2 -97.0 
Bus2-33kV OUTGOING -0.179 0.044 3.2 -97.1 
Bus4-OKAN RECLOSER OUT 0.179 -0.044 3.2 -97.1 
Bus5-OROTJITOMBO T-OF 0.179 -0.044 3.2 -97.1 
Bus3-OKANG RECLOSER IN -0.179 0.044 3.2 -97.1 
Bus4-OKAN RECLOSER OUT -0.179 0.036 3.2 -98.0 

 
Table 16. Voltage profile and loading with SVC 

Bus ID Nominal 
Voltage 

(kV) 

Voltage 
(kV) 

Active 
Power 

Loading 
(kW) 

Reactive 
Power 

Loading 
(kVar ) 

Current 
Loading 

(A) 

Bus12 33 100.36 3.21 1.99 0.066 
Bus13 33 100.24 136.5 97.37 2.927 
Bus14 33 100.24 3.2 1.99 0.066 
Bus15 33 100.23 133.3 102.2 2.932 
Bus16 33 100.23 6.4 1.68 0.116 
Bus17 33 100.23 3.2 1.98 0.066 
Bus18 33 100.23 3.2 1.98 0.066 
Bus19 33 100.2 126.9 117 3.013 
Bus20 33 100.2 6.4 3.97 0.131 
Bus21 33 100.2 120.4 117.8 2.942 
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Table 17. Voltage profile and loadings with SR 

Bus ID Nominal Voltage 
(kV) Voltage (kV) Active Power 

Loading (kW) 
Reactive 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 33 99.54 3.16 1.96 
Bus37 33 99.54 6.32 3.91 
Bus38 33 99.54 34.67 14.2 
Bus39 33 99.54 25.19 14.88 
Bus40 11 99.32 25.15 14.82 

 

Power monitoring and results analysis on Network 3 
For Network 3, investigation of power quality issues on Eheke distribution network with 

numerous hammer mills utilizing star/delta starters and Variable Speed Drives (VSDs) was 
done using a portable Unipower UP-2210 logger, the data logger was strategically installed at 
key locations within the distribution network, particularly near the hammer mills, ensuring 
secure connections to relevant electrical panels. The logger was then configured to record both 
voltage and current waveforms over a period of 8 months in 2021.  

From THD of individual harmonics, it can be shown that 3rd, 4th and 5th harmonics were 
above threshold harmonic levels of 4%, 2.5% and 3% respectively, except for March when the 
THD was 3.900%. This is illustrated in Figure 10, Figure 11 and Figure 12 respectively. It is 
also noted that harmonic level was low in January, February and March, and this is attributed to 
the fact that hammer mills are hardly used during this period since it is rainy season and not yet 
harvesting season. 
 

 
Figure 10. Voltage total harmonic distortion 

 



Wanjekeche, T., Simeon, J., et al. 
Comprehensive Evaluation of Harmonic Analysis and…  

Year 2025 
Volume 13, Issue 1, 1120532 

 
 

Journal of Sustainable Development of Energy, Water and Environment Systems 16 

 

 
Figure 11. Peak levels of the third harmonic order observed 

 

 
 

Figure 12. Peak levels of the fifth harmonic order observed 

Figure 13 clearly indicates that 3rd and 5th harmonic are the highest contributors to THD. 
Figure 14 shows output voltage for two phases for October 2021, clearly highlighting two 
power quality issues: phase imbalance and harmonic. This imbalance in harmonic content can 
result to overload of neutral conductor. Spectral analysis showing harmonics content is as 
shown in Figure 15. It can be seen that VTHD compatibility level was violated throughout 
the month. 

 
Figure 13. The peak levels of the 1st to 50th harmonic orders observed in October 



Wanjekeche, T., Simeon, J., et al. 
Comprehensive Evaluation of Harmonic Analysis and…  

Year 2025 
Volume 13, Issue 1, 1120532 

 
 

Journal of Sustainable Development of Energy, Water and Environment Systems 17 

 

 
 

Figure 14. Output voltages for two phases 

 

 
 

Figure 15. Daily VTHD levels for October 2021 

 
Figure 16 shows daily records of 3rd harmonics. It can be seen that for the whole month, 3rd 

harmonics violated the power quality standard of 2.5% confirming Figure 10 which captures 
average values of 3rd harmonics for 8 months. Similarly, in Figure 17, 5th harmonic order 
levels recorded are above the compatibility level at 3%, confirming Figure 11 which captures 
average values of 5th harmonics for 8 months.   

 

 
 

Figure 16. Daily records of 3rd harmonics for October 2021 
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Figure 17. Daily records of 5th harmonics for October 

 
Table 18 shows the summary for Ehenye power quality parameters and their status, clearly 

indicating power quality issues with individual harmonics, THD and unbalance test. In 
addition, there are 35 voltage sags recorded. 

 
Table 18. Eheke power quality parameter status 

Power quality parameter  Status 
Power frequency Passed 
Unbalance Failed 
Supply voltage limit Passed 
Supply voltage compatibility Passed 
THD Failed 
Individual harmonics  Failed 
Number of sags 35 
Number of swells 0 
Number of interruptions 0 

 
Proposed quality mitigation measures for Network 3: No mitigation measures have been 

adopted for Eheke network covered by hammer mills owned by peasant farmers. This is due to 
lack of technical and financial capability. Unfortunately, NORED, a distribution company has 
not adopted any mitigation measure as well. Based on the investigations done, this paper 
recommends the following: 
• NORED should consider using optimized harmonic filters to reduce or eliminate 

harmonics in the Eheke distribution network; 
• 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; 

• 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 
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 
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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 
improving power quality and enhancing network reliability. These findings contribute 
significantly to the field of power system engineering and distribution network management, 
providing a rich resource for power system engineers, utility companies, and researchers 
engaged in power quality studies. By addressing the specific challenges posed by different load 
scenarios and proposing effective mitigation strategies, this research advances our knowledge 
and practical capabilities in ensuring the robustness and reliability of distribution networks 
amidst the escalating demand for electricity in modern power systems. 
NOMENCLATURE 
C Capacitance of the capacitor [F] 
f Frequency of power supply  [Hz] 
Ir Receiving end current  [A] 

j Imaginary unit of complex part of 
impedance [Ω] 

L Longitudinal inductance of the line [H] 
l Length of the transmission line [m] 
Y Admittance  [S] 
n Order of the tuned filter [-] 
Qc Quality factor of a capacitor [-] 
R Resistance [Ω] 
r Real part of impedance [Ω] 

S Complex variable representing 
frequency [Hz] 

Vr Receiving voltage (transmission line) [V] 
Vs Sending voltage (transmission line) [V] 
w Square of frequency [Hz] 
Z Impedance [Ω] 
X Reactance [Ω] 
Xc Capacitive reactance [Ω] 

Greek letters 
ω Angular frequency [rad] 
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