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Abstract

The Emergence and Compensation of Reactive Power
in Zambia's North Western Province

Matthew Koenig-Barron

The design of a transmission project is as varied in the factors that 
affect it as the people to which the project supplies electricity. This 
thesis focuses on the theoretical considerations in the design process 
that affect the emergence of reactive power in a system and how 
reactive compensation is achieved. It examines the place of theoretical 
concepts in reality by expounding on a field study on the construction 
of a new transmission power system connecting the North Western 
Province (NWP) of Zambia to the national grid. The thesis provides 
colour to these grey theoretical concepts in the form of conductor 
specifications, geometrical transmission tower relationships, load 
characteristics, population traits, transformer interactions and 
recommendations for improvements to the constructed grids using the 
analytic tools provided by the theoretical background. There is also 
provided some theoretical description of three recommendations made by 
this thesis to improve the power quality and general efficiency of the 
NWP. Along the way the thesis confirms the analytic calculations with 
reference to field documentation and programming tools such as MATLAB 
and Power World. It is the uniqueness of the system in terms of load 
demand and geography that allows for an analysis and comparison of the 
reactive power in the transmission network. These challenges and the 
possible solutions to them form the focus of the thesis. 
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Sammanfattning 
Detta examensarbete ger en inblick till hur teoretiska koncept om reaktiv kompensering av 

ett högspänningsnät förverkligas. För uppsatsen har ett 132kV transmission och 

distributionsprojekt som drivs av Eltel i norra Zambia använts som modell. Projektet 

omfattar 900 km luftledningar, åtta nya ställverk, 12 nya transformatorer (från 10MVA till 

90MVA), 2 nya shunt reaktorer (5MVA och 12MVA). Syftet med projektet är att ersätta 

bränslegeneratorer med Zambias nationella vattendrivna elnät och på så sätt garantera 

leveransen av elektrisk energi till tiotusentals människor.  

Författaren åkte till North Western Province (NWP) i Zambia under våren 2017 för att 

undersöka hur reaktiv kompensation påverkade projektet i form av elförluster, spänningsfall 

och elkvalitet.  

Examensarbetet är uppbyggt enligt följande. Först undersöker författaren de teoretiska 

fenomen som förklarar hur reaktiv effekt uppstår, till exempel transmissionsmodeller, 

belastningsegenskaper och Ferrantieffekten för att sedan beskriva hur dessa teoretiska 

fenomen förverkligades i NWP- projektet. Projektets förutsättningar, så som 

befolkningsegenskaper, ledningsdimensionering och reaktiv kompensation utreds sedan mer 

i detalj. Författaren undersöker därefter hur dessa förutsättningar har kombinerats i 

projektet. Syftet med det detta är dels att förklara hur reaktiv effekt uppstår i NWP, dels 

bevisa var den reaktiva effekten befinner sig, detta bevisas genom att lägga fram insamlade 

data. Examensarbetet fortsätter sedan att beskriva vilka åtgärder som har vidtagits för att 

kompensera den reaktiva effekten i NWP och hur denna teknologi har byggts upp och 

applicerats.  

Avslutningsvis har författaren tagit fram tre rekommendationer för hur projektet kan 

förbättras avseende elektriska förluster och elkvalitet samt hur projektet kan förbättras från 

en ekonomisk aspekt. Rekommendationernas har sedan jämförts med hjälp av simulationer i 

Matlab och PowerWorld samt med analytiska beräkningar. Syftet med detta har varit att 

analysera vilken av rekommendationerna som är av störst relevans för projektet samt deras 

respektive för- och nackdelar.  

 

 



Table of Contents 
  

1. Introduction ..................................................................................................................................... 3 

1.1 Thesis outline................................................................................................................................. 3 

1.2 Acknowledgements. ...................................................................................................................... 4 

2. Background .......................................................................................................................................... 5 

2.1 The North-Western Province (NWP) Project ................................................................................. 5 

3. Theory .................................................................................................................................................. 6 

3.1 The substation ............................................................................................................................... 6 

3.1.1 Reactive Compensation .......................................................................................................... 7 

3.2 Loading in the NWP ....................................................................................................................... 9 

3.2.1 Population demographics....................................................................................................... 9 

3.2.2 Description of the Grid ......................................................................................................... 10 

3.2.3 Loading Characteristics ......................................................................................................... 11 

3.3 Transmission Lines ....................................................................................................................... 12 

3.3.1 Properties of the conductor ................................................................................................. 12 

3.3.2 Conductors geometrical relationship ................................................................................... 13 

3.4 Transmission models ................................................................................................................... 16 

3.4.1 Ferranti Effect. ...................................................................................................................... 17 

3.4.2 Long-line model .................................................................................................................... 18 

3.5 Transformers ........................................................................................................................... 19 

4 Recommendations to improve NWP power quality and efficiency ................................................... 22 

4.1 Recommendation 1: The bus-coupler solution ....................................................................... 22 

4.2 Recommendation 2: Transformer shut down ......................................................................... 24 

4.3 Recommendation 3: A combined solution .............................................................................. 24 

5. Calculations and Comparisons .......................................................................................................... 26 

5.1 Long-line Calculations .................................................................................................................. 26 

5.1.1 Resistance Calculation .......................................................................................................... 26 

5.1.2 Capacitance Calculation ....................................................................................................... 26 

5.1.3 Inductance Calculation ......................................................................................................... 27 

5.2 Parameter Comparison ............................................................................................................... 27 

5.2.1 LMW-MWNL: ........................................................................................................................ 27 

5.2.2 LMW–KBMP .......................................................................................................................... 29 

5.3 Long-Line Matrix Parameters ...................................................................................................... 30 

5.3.1 ABCD Parameters ................................................................................................................. 30 



5.3.2 Results and comparative analysis between lines ................................................................. 31 

5.4 KBMP Shunt Reactor ................................................................................................................... 32 

5.4.1 Testing: ................................................................................................................................. 33 

5.4.2 Energizing of KBMP SR.......................................................................................................... 33 

5.5 Calculations Concerning Recommendations made for the NWP project: .................................. 35 

5.5.1 Recommendation 1: Power World Simulation to demonstrate the Bus Coupler solution .. 35 

5.5.2 Recommendation 2: Transformer losses calculation ........................................................... 37 

6. Discussion and Final Remarks............................................................................................................ 42 

6.1 NWP ............................................................................................................................................. 42 

6.2 Discussion concerning recommendations ................................................................................... 42 

7. Conclusion ......................................................................................................................................... 43 

References ............................................................................................................................................. 44 

Appendix ................................................................................................................................................ 46 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 
The design of a transmission project is as varied in the factors that affect it as the people to which 

the project supplies electricity. This thesis focuses on the theoretical considerations in the design 

process that affect the emergence of reactive power in a system and how reactive compensation is 

achieved. The goal of this project is to bring together these theoretical concepts and reality by 

examining a specific project that involved the construction of a new transmission power system 

connecting the North Western Province (or NWP, as it will hereafter be referred to) of Zambia to the 

national grid. The following chapters will provide colour to these grey theoretical concepts in the 

form of actual conductor specifications, geometrical transmission tower relationships, load 

characteristics, population traits, transformer interactions and recommendations for improvements 

to the constructed grids using the analytic tools provided by the theoretical background. Along the 

way the thesis will confirm the analytic calculations with reference to field documentation and 

programming tools such as MATLAB and Power World. It is the uniqueness of the system in terms of 

load demand and geography that allows for an analysis and comparison of the reactive power in the 

transmission network. These challenges and the possible solutions to them form the focus of this 

thesis. 

 

1.1 Thesis outline 
The following sections will provide a brief description of the major aspects of a power system grid 

and how they pertain specifically to the NWP project and the emergence of reactive power. Firstly, a 

short introduction to the NWP project is provided. The next chapter, ‘Theory’, will form the major 

part of the thesis and will detail the theoretical aspects of the emergence and compensation of the 

reactive power generally in a transmission project. These have been divided into three categories 

whose influence on the system are both all-encompassing and each have a role in the creation and 

manipulation of reactive power. Firstly, the substation and its functionality and the technologies 

used to achieve reactive compensation are discussed. Secondly, the load itself whose characteristics 

define the design of any power system. Finally, the transmission lines, whose conductors and 

geometrical design are the source of the capacitive reactive power, are discussed in both a 

theoretical and project-specific context. Within this theoretical chapter is also provided some 

theoretical description of three recommendations made by this thesis to improve the power quality 

and general efficiency of the NWP. 

The next chapter, ‘Calculations and Comparisons’ seeks to apply these theoretical concepts to the 

NWP project specifically. Calculations for the transmission line inductance and shunt admittance are 

achieved, and with the help of a MATLAB program these parameters are applied to a long-line 

model. The calculations performed here are confirmed with data collected from different sources; 

albeit energizing reports, FAT (Factory Acceptance Testing) reports, Line Data Sheets, sending and 

receiving voltages, SCADA screenshots, etc. This chapter will also seek to justify the 

recommendations made to improve the power efficiency of the NWP with the help of Power World 

simulations as well as open- and short- circuit testing calculations concerning transformer losses. 

Finally, a short chapter concerning discussions and conclusion will round off the thesis to give closure 

to those calculations and place them in the context of the NWP.        
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2. Background 

2.1 The North-Western Province (NWP) Project 
The connection of the North-Western Province to the national grid is a project being commissioned 

by ZESCO (Zambian Electricity Supply Corporation). The construction and management of the project 

is the responsibility of Eltel Power Transmission. There are several subcontractors employed by Eltel 

for their expertise in specific fields.  

The purpose of the NWP project has been to replace the isolated islands of electrical supply presently 

powered by diesel generators, with an extensive power system spanning roughly 850 km and 

powered by a hydro-generated supply from Kafue gorge in southern Zambia. Some of the newly 

constructed substations in the NWP project currently supply electricity to areas that have previously 

never had access to electrical power. A rough geographical sketch of the NWP project is given in 

Fig.1, with the eight substations represented by blue circles and 132 kV transmission as red lines 

(Fig.1 does not accurately represent the route taken by the towers). The design of the NWP project 

was undertaken by ZESCO with consideration to distribution requirements in the province for a 30-

year future planning period. While allowances for the emergence of new industry were made (which 

presently can be said to be sparse to non-existent), consideration for emerging mining industry was 

not taken into account. This is discussed further when analysing the NWP loading characteristics. 

Transmission networks are designed to supply electric energy sufficient to both the present and 

future demands of the region with minimal losses so as not to exacerbate the consumer electricity 

prices. The challenge faced by the NWP project has been that the nature of the loads (in terms of 

demand and geographical separation) at points of supply in the grid, have resulted in large amounts 

of capacitive reactive power being injected into the system resulting in real losses and diminished 

power quality. This challenge and the possible solutions to it form the focus of this thesis. 

 

Figure 1: Google Maps representation of the North 
Western Province (NWP) connection to the Zambian 
National Grid  



3. Theory 

3.1 The substation  
Substations can be seen as nodes of distribution tap-off points from transmission lines, sort of 

electrical ‘off-ramps’ from the high voltage transmitting highway. The function of substations can be 

broadly classified as fulfilling four major functions. Firstly, to step down the voltage to usable or 

distributable voltages. Secondly to serve as checkpoints of protection to disconnect the smallest 

possible section of the system in the event of a fault, or to disconnect sections of the grid to perform 

equipment maintenance. Thirdly, to monitor the consumption at these load centres, with the help of 

current and voltage transformers, for regulation of the network and to trace consumers tariffs. 

Finally, and most importantly for the purpose of this thesis, some substations serve to compensate 

for reactive power (either inductive or capacitive), in order to minimise losses and maximise the 

power factor of the system, to improve power quality. How the goal of reactive compensation at 

substations is achieved is investigated further in the chapter on “Reactive Compensation”.  

The NWP project encompasses eight substations, the majority of which step down the voltage from 

the transmitting 132 kV to 33 kV and 11 kV (see Table 1). 33 kV is primarily intended for regional 

distribution (over 10km away from the substation) and for supplying local industry. The 11 kV 

outgoing conductors are intended for local distribution within a 10km radius. With few deviations, 

the eight substations have such similar design appearance that it seems a template for all substations 

was used, with some specific deviations (for example reactors in Kabompo and Zambezi). As all loads 

have similar characteristics, this is the most cost-effective design. The single line diagram for a typical 

substation, Kabompo, is provided in Fig.2. The incoming and outgoing lines to Mufumbwe and 

Mumbezhi respectively, are seen in the centre. Here the three separate horizontal lines represent 

(from left to right) the 11 kV, 132 kV and 33 kV bus bars. These bus bars are connected by two 

132/33/11 kV (25/25/12,5 MVA) power transformers. The 12 MVAR reactor is seen to the right-hand 

side of the 132 kV bus bar at bay E07, and will be discussed in more detail in the next section on 

‘Reactive Compensation’. Protection and control equipment connects the distribution and 

transmission lines to one another.  



3.1.1 Reactive Compensation 
The efficiency of a power system is improved by reducing the transfer of reactive power and 

promoting the transmission of active energy. The emergence of reactive power in the system, which 

creates real electrical losses, is explained in 

previous sections on conductor geometry.  

The goal of reactive compensation is at its 

foundation to manipulate the power factor of the 

system to reduce the reactive power in the 

system, this is also known as power factor 

correction (see Fig.3 for clarity). Because the 

power factor (cos 𝜃) = 
𝑅𝑒𝑎𝑙 𝑝𝑜𝑤𝑒𝑟(𝑃)

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑝𝑜𝑤𝑒𝑟(𝑆) 
 ,  we see 

that a small power factor value may reflect either 

capacitive or inductive loading. The nature of the 

system in question and whether the power factor 

is lagging, leading, or alternating between these 

two, will dictate the technology used to 

manipulate cos 𝜃.  

The following section briefly names some of the 

different technological possibilities used to 

compensate for reactive power in a system. The role of shunt reactors is then detailed with focus on 

the 12 MVAR shunt reactor at KBMP.  

 

Technologies to Compensate Reactive Power: 

Capacitor banks 

In industrial areas, the majority of electrical energy is consumed by inductive motors. Inductive 

motors are characterized by a small and lagging power factor. Even at full load the induction motor 

seldom attains power factors exceeding 0.9 (Khanchi and Garg 2013).  Motors in industry create 

inductive energy which is compensated by capacitor banks as near as possible to this inductive load. 

Capacitor banks are simply capacitors on each phase that manipulate the angle 𝜃 between voltage 

and current, and therefore increase the power factor and the real power available. 

Figure 3: Phasor diagram of the Apparent, Real and 
Reactive power relationship (Components and Santiago 
2013). 

Figure 2 Kabompo 132 kV from incoming transmission to beginning of distribution (secondary side of transformers) 



Variable shunt reactors(VSR) 

Power systems may be vulnerable to high variability in terms of reactive power (varying between 

capacitive and inductive). This may arise as a result of an imbalance in generation or high variation in 

daily or seasonal load characteristics, for example seasonal industries (Bengtsson 2010). When a 

power grid designer is faced with the challenge of such loading characteristics the need to 

compensate for both inductive or capacitive energy will often lead to implementing variable shunt 

reactors. The VSR also has the advantage over the shunt reactor in that the reactance is not fixed and 

is thus flexible to accommodate variations in the reactive power. Shunt reactors are often switched 

in and out of the grid as and when needed, however this switching may also result in wear and tear 

to the circuit breakers and the introduction of transients. This problem is somewhat resolved by 

SwitchSync as described in the next section on shunt reactors specifically, however the VSR does not 

have the same associated difficulties as it may be left in operation because of the variability of 

reactance provided. As such, VSR are often used in relation to unpredictable energy sources such as 

wind parks, where the source of energy to a generator is not constant and can result in fluctuating 

amounts of reactive power injected into the grid (Norouzian and Engineer 2016). The benefits of the 

VSR technology are lost on the NWP project as can be seen from the present loads (and predicted 

future loads) as described further on. It is for this reason the NWP project has chosen to install shunt 

reactors.  

 

Shunt reactor 

Shunt reactors (SR) offer a cost-effective method of compensating the emergence of reactive power 

being produced (capacitive) by the transmission lines and injected into the system. SRs function as 

inductor coils connected in parallel over each phase, they function to absorb/consume reactive 

power to maintain nominal voltage at load points. This technology is prevalent in systems where low 

loading and long transmission lines are found in combination, as well as often in conjunction with 

underground cabling. Underground cables generate a much higher capacitance in comparison to 

overhead conductors, therefore SRs are often the optimal method for reactive compensation for 

incoming voltages to island communities(Transmission, n.d. ABB)  

The physical appearance of a shunt reactor is similar to that of a transformer. However, whereas the 

transformer links two windings per phase via a magnetic core, the shunt reactor has only one 

winding per phase and the core is gapped. In its essence, the shunt reactor is a ferromagnetic core 

around which windings are wrapped, hence creating an inductance in each of those windings when a 

current is passed through the phases. The iron-core has gaps which cuts down the cost of the core by 

decreasing the volume of iron in the reactor, and serves to increase balance of flux through the core. 

The optimum number of air gaps based on inductive losses vs cost is between 20-40 gaps (Donuk 

2012). 

There are 2 types of shunt reactors, the dry-type (or air core), and the HV oil-immersed type. The 

former is most often used when compensating lower line voltages, up to 34.5 kV, while the latter is 

the preferred choice for voltage compensation that arises from long line transmission (Gajic, Birger, 

and Fahrudin 2003, p.5). A further distinction can be made for gapped core versus coreless shunt 

reactors, with the former type having advantages in terms of loss efficiency. The construction of 

shunt reactors is a complicated process, requiring a combination of precise handiwork and careful 

simulation calculations for tailoring reactors to specific compensation requirements. 

A major consideration when designing reactors are the reactor losses, with an aim to both reduce 

losses as well as attain a balance between the inductance on each phase. Losses include core (or 



iron) losses which consist of hysteresis and eddy-current losses. The nature of these losses is 

described further when analysing transformer losses in the ‘Recommendations to improve the NWP’ 

section of this theory chapter. Lamination to reduce eddy-current losses in gapped core reactors can 

be achieved through either radial lamination or parallel lamination in the core. Core losses are 

negligible when compared with gap losses in shunt reactors and as such may be ignored for reactor 

core construction that has sufficiently high number of distributed air-gaps. 

Shunt reactors can be used in constant operation or activated/brought into operation as and when 

necessary. The reactors used in KBMP and ZMBZ are operated in the latter fashion. It is regular 

practise when determining the VA rating of a shunt reactor, to account for between 70- 80% of the 

reactive power produced by the line, in the eventuality that the load increases thus leaving a buffer 

zone for receiving voltage to not dip too low (Nashawati et al. 2011, p.3).  

Due to the nature of low loading even at peak times in NWP presently (as well as for the foreseeable 

future), the two reactors at KBMP and ZMBZ will be switched into operation often. General 

estimations state that utilization figures for ‘switched-in’ reactors stand at approximately 300 days 

per year (Donuk 2012, p.105). Frequent closing and opening of the reactor circuit breakers would 

result in the wear and tear of these primary switching components leading to eventual damage and 

costly replacement because of transients. Transient voltages arise because of the energizing or de-

energizing of a load whose current and voltage waveforms have a phase separation. Consideration 

for transient voltages is achieved via SwitchSync technology in the NWP. SwitchSync disconnects the 

circuit breakers independently of each other on each phase of the reactor, such that they disconnect 

(or connect) the reactor into the system when each voltage waveform is close to the zero point on 

their respective waveforms. Switching at optimal points on the waveform considers the dielectric 

strength in the gap, transients and thermal stresses of each circuit breaker independently. There is a 

time difference in operating each circuit breaker which corresponds to the 60 degrees between the 

phases (Fig.29, Appendix). For more information refer to: (Jonsson 2012) and (Fehr 2003). 

 
 

3.2 Loading in the NWP 

3.2.1 Population demographics  
NWP is the most rural of all the provinces in Zambia, projected population density statistics for the 

Province state there were 6.8 inhabitants per square km in 2016 (Fig.19, Appendix). Most of the 

population is evenly dispersed across the districts (as opposed to concentrated in urban areas) and 

are dependent on subsistence farming for a means of survival (2010 Census of Population and 

Housing, p.47-50). Fig.20 (Appendix) displays the urban versus rural distribution of the population in 

the NWP as well as Northern province, from the data we see a small increase in urban population 

versus rural populations from the 2008 to 2012 consensus, however it is fair to state that the 

majority of the population are still classified as rural-dwelling. This is evident from a comparison of 

household numbers in the substation centres against the household statistics for the entire district 

provided in Table 1, obtained from the population census 2010 statistics(Central Statistical Office 

2011, s.47-50). The capital letter abbreviations for the substation names provided in the table below 

are used for the remainder of the thesis. Please refer to this table if unsure as to the abbreviation 

used.  

 

 



 

Substation 
centre and 
district  

Distance 
from 
previous 
station 
[km] 

Distance 
including 
sagging (5%) 
[km] 

District 
Population 
(in terms of 
households) 

Substation 
Town 
Population 
(in terms of 
households) 

Distribution and compensation 
properties 

LMW 
Lumwana 

 
       - 

 
            - 

48 935 1 483 - 2 * 90MVA 330/132kV 
transformers 

MWNL 
Mwinilunga 

232.125 245 25 020 968 - 1 * 25MVA 132/33/11kV 
transformer 

MFMB 
Mufumbwe 

167.953 177 10 755 730 - 1 * 10MVA 132/33/11kV 
transformer 

KBMP 
Kabompo 

120.601 127 17 823 1 943 - 2 * 25MVA 132/33/11kV 
Transformers 

- 12 MVAR Shunt Reactor 

MBMZ 
Mumbezhi 

68.332 72 17823 750 - 1 * 5MVA 132/33kV 
transformer 

ZMBZ 
Zambezi 

72.460 76 17 768 1 954 - 1 * 25MVA 132/33/11kV 
transformer 

- 5MVAR Shunt Reactor 

CHVM 
Chavuma 

77.013 81 7 160 1 481 - 2 * 10MVA 132/33/11kV 
transformers 

LKL 
Lukulu 

79.388 84 17 482 1 263 - 2 * 10MVA 132/33/11kV 
transformers 

Table 1: Population figures giving context to the loading characteristics at substations and NWP generally.  

 

3.2.2 Description of the Grid 
It is in LMW that the North-Western transmission line begins (Fig 1). 330 kV is transmitted from Kafue 

Gorge hydropower plant to LMW. The NWP project included an extension being made to the existing 

LMW substation. As seen in Table 1, there exist two 90 MVA transformers in LMW (T4 and T5) that are 

both in use and parallelly connected on the secondary side (132 kV) by a closed bus-coupler, (Fig.6). 

From LMW there are 2 radial outgoing 132 kV transmission lines, one of which runs the 245 km to 

MWNL, the other toward the MFMB substation (177 km from LMW). After MFMB transmission 

continues to KBMP (127 km), then onto MBMZ (72 km). At this point a radial branch is made toward 

LKL (81km) where the branch is terminated. The other radial branch continues toward ZMBZ (76km) 

and then terminates in CHVM (81km). In terms of reactance compensation, the line toward MWNL has 

no reactive compensation whatsoever, whereas the line toward KBMP is designed with a 12 MVAR 

shunt reactor in KBMP and a 5 MVAR shunt reactor in ZMBZ. As such the project provides an ideal 

comparison between compensated and non-compensated lines. The effects of these reactors and the 

comparison between the two outgoing lines from LMW will be expounded upon at a later stage. 

 
 

 



3.2.3 Loading Characteristics 
Seasonal variations normally dictate the nature of network loading, examples of this include the peak 

loading due to heating in Sweden during the winter months or the high lagging power factor in the 

Kuwait domestic grid during the summer months as a result of air-conditioning (Alboaijan 2014). 

Seasonal variations in temperature in the NWP reach a mere 6.6 degrees Celsius between the coldest 

and warmest months. Seasonal variations in precipitation are more drastic, with the average 

precipitation in the rainy months at 24 mm, compared with no rainfall during the dry season 

(Corporation 2016). In terms of load, while this may be speculated to translate to an increased use of 

tumble driers and hair driers, warm showers and generally increased domestic consumption of 

electricity, the economic situation in NWP does not permit for such luxury products and the seasonal 

variations in load are low to non-existent.  

Whispers of industrial expansion in the NWP have been heard for quite some time now, and while 

large-scale mining operations have been settling and operating for some time along the copper belt 

(to the east) and over the border in Angola (to the north), only prospecting and the promise of the 

multinationals arrival in NWP has been heard for the past decade. In mining areas, the induction 

motor typically accounts for the majority of electrical consumption, this would contribute a lagging 

factor to the overall power factor of the system. Should the prospect of mining in the NWP become a 

reality it may also bring with it an increased inductive energy which would contribute to 

compensating the capacitive shunt admittance effect on the existing line. The promise of the 

prospect of mining development in the NWP design is not a consideration of this thesis.  

ZESCO’s 30-year vision for the future of the NWP grid is such that the 33 kV lines will be used to 

transmit power to those more rural locations for domestic consumption in areas removed from the 

urban centres, as well as any potential industry that may emerge around the centres. The 11 kV 

distribution lines will supply domestic users within a 10km radius of the substation. This author will 

not speculate as to any politically motivating factors that may lie behind the construction of the NWP 

transmission lines in this paper. However, the purely environmental/renewable energy benefits of 

switching the power supply solution in the region from isolated islands of diesel powered generation 

to a connection to the grid generated by a hydroelectric source from Kafue gorge, should be noted.  

Without access to the design assessment, one can only speculate as to the motivation behind the 

design of the NWP transmission project, however to understand the future of the loading behaviour, 

it is important to do so. ‘Power Systems; Analysis and Design ’ says about the designing of power 

systems:” The decision to build new transmission is based on power-system planning studies to meet 

future system requirements of load growth and new generation….  transmission-design is based on 

optimization of electrical, mechanical, environmental and economic factors”(Glover, Sarma, and 

Thomas. 2012, chapter 4, p.173). In reference to the population of NWP, there exists a minority 

portion of the load concentration around urban centres while the majority are living off the land at 

locations significantly further away from these centres. Despite currently having access to electricity 

in the urban centres the majority of the population continue to prepare food and heat water with 

charcoal and firewood, and have no use for the preservation of food with refrigerators, a situation 

that remains true even for restaurants. This situation is upheld not only due to economic restraints 

but is also a cultural motivation that chooses the traditional methods over the modern. The 

economic situation in the province does not allow for expendable income and the average household 

cannot afford ‘luxury’ commodities such as refrigerators, air conditioning, television, etc. All of this 

points to a load that is, and will be for the foreseeable future, generated mainly by the inhabitants of 

the urban centres, that are separated by long distances, and in general draws on the grid for lighting 



(resistive loading). It is these long lines carrying low loads that result in the Ferranti effect as 

described later. 

 

3.3 Transmission Lines 
Transmission lines are constructed with the function of transmitting large quantities of electrical 

energy over long distances, with minimal losses, from points of generation to load centres. Reactive 

power is injected into a transmission line mainly as a result of two transmission characteristics 

concerning the nature of conductors: 

 1) The electrical properties of the conductors, with relation to material composition, stranding and 

the length of the lines (with 5% consideration to sagging and spiralling); (Fig.21, Appendix).  

 2) The geometrical dimensions of the phase conductors, in relation to both the electrical neutral 

point between conductors, as well as between the individual phase conductors and the 

actual/physical ground level (Fig.4). 

These characteristics are theoretically expounded upon below.  

 

3.3.1 Properties of the conductor 
The electrical properties of the conductor dictate the real component of the impedance on the line 

(resistance) which are responsible for the real losses on the transmission conductors (𝐼2𝑅). The DC 

resistance of a material is dependent on the physical amount of material the current passes through; 

that is length and area, as well as the materials ‘resistivity’.  

𝑅 =
𝜌𝑙

𝐴
(Ω)                                          [Equation 1]                                                                                        

Where: 𝜌 = the material specific conductor’s resistivity; l = length of the line, and A = cross-sectional 

area of the conductor.  

The resistivity of AC transmission lines is influenced by: 1) spiralling, 2) temperature, 3) Frequency 

and 4) Current magnitude (Australian Bureau of Statistics. 1953, chapter 13). 

Spiralling and sagging is accounted for in the calculations by adding 5% to the calculated length of the 

conductor. Distances are provided in Table.1. 

In terms of temperature the DC resistance is calculated at a conductor resistivity of  200𝐶. Annual 

variations in ambient temperature in the NWP are small therefore any temperature fluctuations on 

the conductor’s resistivity properties have been ignored. When conductors are exposed to 

alternating currents the influence of the frequency of alternation results in a phenomenon called the 

‘Skin Effect’. At frequency 0Hz (DC) we can envisage the current as being uniformly distributed across 

the cross-sectional area of the conductor, as the frequency increases the current density is 

concentrated in increasingly shallower layers at the conductor surface. This is due to the influence of 

back EMF’s within the conductor working against the current flow in the centre of the conductor and 

with the current flow at the outer circumference of the conductor. As the layer of current density 

becomes thinner, so does the area through which the current can flow become smaller and inversely 

the resistance becomes greater. The frequency in the NWP project is at a constant 50 Hz. 

The phase conductor used throughout the NWP project (with a very short exception near LMW 

substation), has been Aluminium Cable Steel Reinforced, product name WOLF. The specifications of 

the conductor are provided in Fig.21 (Appendix). This information will be relevant when considering 



the reactive power generated on the line in later sections when formulating the parameters of the 

long line model. ASCR conductors offer a trade-off between weight to strength ratio and resistance.  

 

3.3.2 Conductors geometrical relationship 
The geometrical relationship between the conductors throughout the NWP project has been 

calculated based on the dimensions provided for a type A tower as given in Fig.22 (Appendix). Many 

different structures of transmission tower exist which suit specialised functions, however in order to 

approximate the distances between phases so as to calculate line-to neutral capacitance, this paper 

uses the dimensions of tower type A, which is the type most erected (Fig.23, Appendix). These 

dimensions between the crossbar arms as well as the information as provided within the line data 

sheets, for example on the LMW-MWNL line (Fig.23, Appendix), translate into the generalised 

dimensions as provided in Fig.4.   

What follows here is a rough description of the theoretical effect that the geometrical dimensioning 

of conductors has upon the series impedance and the shunt admittance of a power system. For a 

more mathematical analysis of the formulas that lead to the equations provided here for analysing 

the impedance and capacitance of a transmission line based on the geometrical dimensions please 

refer to the following literature: (Glover, Sarma, and Thomas. 2012, chapter 4), (Australian Bureau of 

Statistics. 1953, chapter 13) (Reta-Hernandez 2006) and (A. Hayati Soloot et al. 2009). 

 

Inductance 

As an alternating current flows through a conductor, it produces a varying concentric magnetic flux 

that subsides in magnitude with distance from the conductor. Conductors transmitting electrical 

power have by their very nature a transmitted current and it is the ratio of current and magnetic flux 

which produces the inductance within each conductor. External inductance is produced by analysing 

the interaction of the concentric magnetic flux at a point where it interacts with another conductor. 

For a three-phase system with identical conductors, the total magnetic flux linkage of each conductor 

becomes a matrix equation relating the currents within each conductor and the mutual inductances 

between conductors as well as the self-inductances of the conductors (external and internal) (Reta-

Hernandez 2006, p.13). This complicated situation is simplified when we adopt a common separation 

distance between the conductors (𝐷𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡) as well as factor in the effect of transposing as 

discussed later. As a result, the final inductance value for each phase of the transmission line is given 

by the equation: 

𝐿𝑝ℎ𝑎𝑠𝑒 =
µ0

2𝜋
ln (

𝐷𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡

𝑟
)    𝐻/𝑚    [Equation 2] 

Where r = the common radius of the conductor. 

𝐷𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 = √𝐷𝐴𝐵 ∗ 𝐷𝐴𝐶 ∗ 𝐷𝐵𝐶
3      [Equation 3] 

Where A, B and C are the three conductors. This is the Geometrical Mean Distance (GMD) between 

lines, as if the asymmetrical arrangement of the conductors had been forced to be symmetrical.     

The inductive reactance per phase will therefore be: 

      𝑋𝐿 = 2𝜋𝑓𝐿𝑝ℎ𝑎𝑠𝑒  Ω/𝑚     [Equation 4] 



Conductance 

Conductance is considered a small part of shunt admittance. It takes the form of leakage currents to 

the surrounding dielectric (air in the case of overhead lines) realised as corona losses. Because the 

NWP project is a new construction and corona losses are often attributed to conductor surface 

anomalies, as well as the fact that they are insignificant in comparison to the resistive losses of the 

conductor, conductance losses will be ignored in the following transmission models (Glover, Sarma, 

and Thomas. 2012, p.177).  

 

Capacitance 

The capacitance of the transmission conductors arises due to the potential difference that exists 

instantaneously between phases as well as between each phase and earth. The dominating aspect of 

this capacitive effect is a result of parallel conductors with a voltage difference between them 

separated by a dielectric insulating medium (air, in terms of overhead transmission lines). This 

capacitance is termed shunt admittance and is measured in Siemens and denoted by the letter Y in 

calculation throughout this thesis.  

This capacitance is dependent on the permittivity of the medium surrounding/separating each 

conductor, in the case of air this is the permittivity of free space;  𝜀0 = 8.854 ∗ 10−12 𝐹/𝑚. The 

capacitance between phases will thus be an integration of the radial electric field intensity between 2 

points of analysis. This is simplified by an equation relating the permittivity, the distance between the 

phases (𝐷𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡) and the charge between the phases. 

For three-phase systems, provided the system is balanced, such that the summation of the vectors 

𝑉𝐴𝐵 + 𝑉𝐴𝐶 + 𝑉𝐵𝐶 = 0; resulting in a summation of phase charges; 𝑞𝐴 + 𝑞𝐵 + 𝑞𝐶 = 0 , the phase to 

neutral capacitance is: 

𝐶𝑝ℎ𝑎𝑠𝑒−𝑁 =  
ε02𝜋      

ln(
𝐷𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡

𝑟
)

 𝐹/𝑚    [Equation 5] 



There is also a capacitive effect to the actual ground level 

that, in reality, should be considered for every conductor, 

it is after all a contributing capacitive effect which 

contributes to the charging current responsible for the 

introduction of capacitive reactive power in the line. This 

capacitive effect is calculated by modelling the mirrored 

images of the conductors underneath the earth’s surface 

(see Fig.4) and then subtracting from the denominator in 

Equation 5 the term:  ln (
√𝐷𝐴𝐵′𝐷𝐵𝐶′𝐷𝐶𝐴′
3

√𝐷𝐴𝐴′𝐷𝐵𝐵′𝐷𝐶𝐶′
3 )  where those 

phases with apostrophe marks following are mirrored 

images beneath the ground of the overhead phases with 

the same alphabetic denomination. This term denotes the 

capacitance relationship a phase has with the actual 

ground/earth and as such will mathematically produce a 

lower denominator in Equation 6 and a higher capacitance 

associated with each phase. However, this term is often 

ignored for power systems. “The capacitance increment is 

really small, and is usually neglected, because distances 

from overhead conductors to ground are always greater 

than distances among conductors” (Reta-Hernandez 2006, 

p.27). The imbalance between phases because of this 

ignored factor is given concrete base when discussing 

transposition below. The effect is recognised in later 

calculations to obtain the long line model. The more 

accurate calculated capacitance will thus be: 

𝐶𝑝ℎ𝑎𝑠𝑒−𝑁 =  
ε02𝜋      

ln(
𝐷𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡

𝑟
)−ln (

√𝐷𝐴𝐵′𝐷𝐵𝐶′𝐷𝐶𝐴′
3

√𝐷𝐴𝐴′𝐷𝐵𝐵′𝐷𝐶𝐶′
3 )

   𝐹/𝑚   [Equation 6] 

And the capacitive reactance is: 

 𝑋𝑝ℎ𝑎𝑠𝑒−𝑁 =  
1

2𝜋𝑓𝐶𝑝ℎ𝑎𝑠𝑒−𝑁
 Ω/𝑚           [Equation 7] 

 

Transpositioning 

The figures given here are a generalisation from the Line Data Sheet provided and sampled in Fig.23 

for the LMW-MWNL line (Appendix). Throughout the NWP project the transmission towers were 

placed at approximate intervals of 300m, dependant on terrain (obstacles, heights, soil quality). The 

total number of transmission towers was roughly 2700 towers spanning 820km. 

Transposition is the practise whereby each phase conductor occupies each cross-arm position for an 

equal distance with respect to the ground. This results in a balanced impedance and shunt 

admittance, with regard to the capacitive effect to earth term as discussed above (Fig.4). This will in 

turn achieve balanced voltages between phases.  

The NWP transposing scheme is summarised for the LMW- MWNL and LMW-KBMP lines in Tables 2 

and 3 respectively below. The transposing scheme from LMW- KBMP is provided in Fig.24 

(Appendix). It is of interest to notice the lack of symmetry between phase positions. In Table 3, for 

example, the A phase occupies the position of furthest above the ground (19.7m) for 56% of the 

Figure 4: A geometrical representation of Tower 
A, including mirrored conductors for phase to 
Ground calculation 



288km line. A possible symptom of this may be the imbalance between phase voltages (U1, U2, U3) 

as seen for the incoming lines in the SCADA screenshots taken at KBMP (Fig.11).  

Tower number Distance  Distance from last 
transposition 

Phases upon entering 
tower 
1, 2, 3 (refer to Fig.4) 

1286 57.61 km 57.61 km A, B, C 

1493 118.6 km 60.99 km B, C, A 

1694 176.89 km 58.29 km C, A, B 

1885 232.12 55.23 km A, B, C 
Table 2: Transposition data from the LMW-MWNL line 

Tower number Distance  Distance from last 
transposition 

Phases upon entering 
tower 
1, 2, 3 (refer to Fig.4) 

2239  43.34 km 43.34 km A, B, C 

2371 83.71 km 40.37 km B, C, A 

2507 124.91 km 41.20 km C, A, B 

2648 167.95 km 43.04 km A, B, C 

3088 193.60 km 25.64 km A, C B 

3404 288.49 km 94.90 km A, B, C 
Table 3: Transposition data from the LMW-KBMP line 

 

3.4 Transmission models 
There are three major parameters that affect the design and voltage behaviour of transmission lines: 

the resistance of the conductors, series inductance of the conductors and the shunt admittance of 

the transmission system. The influence these parameters individually play in any specific 

transmission system is determined by two major factors:  

1) The nature of conductors (as discussed above in the section ‘Transmission lines’) 

2) The distance of the transmission line (Reta-Hernandez 2006).  

This second factor, distance, is discussed here in terms of the type of model used and thereafter an 

NWP model is developed in the chapter ‘Calculations and Comparisions’.  

There are three possible models which help in determining the influence of the aforementioned 

parameters upon the power transmission system. Which model one uses is determined by the length 

of the transmission line and the desired accuracy. The models are divided into: short-model (less 

than 80km), medium-model (between 80 and 240 km) and the long-model transmission system (over 

240km) (Reta-Hernandez 2006, p.2). Due to the small values of inductance associated with the short-

model transmission systems, the resistive component dominates the series impedance and 𝐼2𝑅 

losses in the conductor will result in a voltage drop, such that the sending voltage (𝑉𝑆) will exceed the 

receiving voltage (𝑉𝑅). However, this is not the case with longer transmission lines. With longer lines 

the resistance becomes negligible when compared with the reactance of the line. The determining 

characteristic of long-model cases is that the capacitance of the line is distributed throughout the line 

and the effects of shunt admittance play a dominating role. 



 

Figure 5: Long line transmission model displaying the sectional (as opposed to lumped) nature of the shunt admittance  

This distribution of capacitance along the line translates within the model as many small capacitors 

behaving in parallel (Fig.5). Capacitors in parallel result in increased capacitance (in contrast to, say, 

resistors), which results in an injected charging current produced along the length of the line 

ultimately leading to an increased voltage at the receiving end. “The series voltage drop is dependent 

not solely on the load current but also on the current being drawn by the parasitic capacitance of the 

line (charging current of the line)” (Nashawati et al. 2011, p.2). Going forward it is noteworthy that it 

is common practise to refer to capacitive reactive power (- Q) as being ‘produced’, while inductive 

reactive power (+ Q) as being ‘consumed’.  

 

3.4.1 Ferranti Effect. 
Ferranti effect is a phenomenon that occurs on no-load or lightly loaded, long transmission lines 

whereby the voltage at the receiving end of the transmission line is higher than the voltage 

transmitted from the sending end. This is a result of the relationship between shunt admittance 

(susceptance), line inductance and the injected capacitive current. The ‘produced’ reactive power 

(capacitive) is dependent on both the sending voltage and the shunt admittance. As the sending 

voltage is normally held constant, and the shunt admittance is dependent on the geometrical 

dimensioning of the transmission line, which is also a constant as described in the section above 

concerning conductors’ geometrical dimensions, we can say that the reactive power produced by the 

line is a constant. In opposition, the reactive power ‘consumed’ by the line (via inductive line 

impedance) is dependent on the current drawn by the load and as such is variable. This relationship 

between consumed and produced reactive power is therefore only misbalanced when the load draws 

too little current. As electrical loads are most often inductive by their very nature, lines that have 

‘normal’ (higher) loads will consume the reactive power produced by longer lines and this Ferranti 

effect will therefore not occur under these normal loading conditions. In contrast, where these 

inductive loads do not exist, as in the loading case on the NWP project, the produced reactive power 

dominates the balance between consumed and produced reactive power.  

For situations of low current drawn by the load, more reactive power is produced on the line than 

can be absorbed and the receiving voltage will be higher than the sending voltage. In these cases, the 

distributed capacitance in the line draws a charging current which results in an increased receiving 

voltage (𝑉𝑅). This voltage difference is proportional to the squared value of the length of the 

conductors (Bush 2014, p.131).  The nature of the loading along the NWP lines becomes typical 

conditions for the occurrence of this Ferranti effect.  

Table 4. clearly shows this phenomena in effect on the LMW - KBMP, line with data taken from a 

week pre-dating the energizing of KBMP reactor. This data has been attained on site with the below 

figures picked from hourly readings taken over the period of two weeks at each of the energised 

stations. A more extensive table of readings, including those below may be found in Tables 5 and 15 

(Appendix). These two weeks encompassed one week pre-energizing of the KBMP reactor 

(24/03/2017- 31/03/2017) and another week post-energizing of the reactor (01/04/2017-



08/04/2017). The dates and times were chosen to ensure uniformity and display the different ‘peak’ 

times (or rather lack thereof). This data aims to illustrate the Ferranti effect in the NWP and the 

voltage increase of roughly 6 kV from LMW to KBMP. 

Date and time LMW (𝑽𝒔) 

T5 

MFBW (𝑽𝑹) KBMP (𝑽𝑹) 

24/03/2017    

    

03:00:00:00 127.74 kV  
 

132.56 kV 133.935 kV 

14:00:00:00 127.477 kV  
 

132.201 kV 133.558 kV 

20:00:00:00 128.063 kV  
 

132.649 kV 133.92 kV 

27/03/2017    

03:00:00:00 128.111 kV  
 

132.903 kV 134.252 kV 

14:00:00:00 129.804 kV  
 

134.524 kV 135.855 kV 

20:00:00:00 128.841 kV  
 

133.475 kV 134.753 kV 

30/03/2017    

03:00:00:00 128.724 kV  
 

133.531 kV 134.862 kV 

14:00:00:00 129.481 kV  
 

134.148 kV 135.418 kV 

20:00:00:00 128.698 kV  
 

133.311 kV 134.581 kV 

Table 4: Sending and Receiving Voltages for LMW -> KBMP line; PRE-Energizing of KBMP reactor (data taken from Table  
Appendix). 

 

3.4.2 Long-line model 
This sub-section discusses the development of a long-line model for the NWP project to illustrate the 

Ferranti effect as a calculation and, further on, to compare against the results with a selection of the 

values from Tables 5 and 15 (Appendix) as measured values from the NWP itself. However, to 

achieve this some theoretical concepts will be drawn upon from the previous section on conductors’ 

geometrical dimensions in order to calculate the values of the matrix parameters A, B, C and D as 

discussed below for long line models.  

For the most accurate approximation of real transmission lines with the help of a model, the 

parameters of the line (impedance and admittance) cannot be assumed to be lumped together, as is 

the case in medium line models, but rather distributed throughout the length of the line (Fig.5.). This 

reflects the realistic situation whereby a change in distance (∆x) corresponds to a change in 

parameters. In the next chapter ‘Calculations and Comparisons’, these theoretical parameters will be 

drawn upon to develop the parameters of this long-line model. Based on data concerning 

dimensions, testing and documentation of transmission towers and phase conductors, the NWP 

calculations for each of these parameters is considered and calculated. The calculated figures are 

then compared to the impedance protection figures provided by the NWP control commissioning 

engineers on site (Figs.25, 26 and 27 in Appendix).  



To form the equations necessary for the construction of the matrix for a long-line model that is 

dependent upon small changes in distance, an analysis of the long-line model with differential 

equations is required. These equations relate the rate of change of voltage with respect to distance 

in terms of impedance and current. Kirchoff’s current law is then applied to the shunt admittance 

nodes and the rate of change of current with respect to voltage and shunt admittance is obtained. 

For a deeper analysis of the differential equations refer to Glover, Sarma, and Thomas, 2012. 

The generic matrix elements for a long-line transmission are: 

   [
𝑉𝑆

𝐼𝑆
] =  [

𝐴 𝐵
𝐶 𝐷

] . [
𝑉𝑅

𝐼𝑅
]                                                                          [Equation 8] 

Where:  A = D= cosh (Ɣ𝑙); B = 𝑍𝐶  sinh (Ɣ𝑙) and C = 
1

𝑍𝐶 
 sinh (Ɣ𝑙);  

 𝑍𝐶 is the characteristic impedance and  Ɣ is the propagation constant. 

 

Characteristic Impedance (𝑍𝐶): 

The characteristic impedance of the line is the square root of the ratio of the line impedance to the 

shunt admittance.  

𝑍0 = √
𝑟+𝑗𝜔𝑙

𝑔+𝑗𝜔𝑐
                            [Equation 9] 

For cases where the line resistance(R) and conductance(G) are negligible, the characteristic 

impedance is purely real and therefore the equation; 𝑍0 =  √
𝐿

𝐶
 ; is applicable in these cases, where 

𝑍0 is the ‘surge impedance’. However, for accuracy purposes the resistance of the line is considered 

in later calculations. 

 

Propagation constant (Ɣ): 

The propagation constant is the square root of the product of the line impedance and shunt 

admittance. It serves as a measurement of the changing nature of the waveform (voltage or current) 

along the length of the transmission line. 

Ɣ = √𝑧𝑦       [Equation 10] 

 

3.5 Transformers 

Winding Losses 

Short circuit testing of the transformer allows us to calculate the series impedance of the 

transformer windings, otherwise known as load losses. These consist of a real and reactive part 

known respectively as the copper losses and the leakage flux losses. The winding losses are 

dependent on the current passing through the transformer drawn by the load on the LV (132 kV) side 

of the transformer. Because the transformers in the NWP project are in parallel operation the 

winding losses are effectively half of the value of a single operating transformer due simply to the 

concept of resistors placed in parallel. The real portion of the winding impedance(copper losses) are 

thus halved while the load current is not affected. By removing one of the power transformers from 

operation these copper losses will be doubled.  



Short-circuit test  

The short circuit testing is done by connecting an ammeter in series, and a wattmeter and a 

voltmeter in parallel to the HV side of the transformer and short circuiting the LV side. Starting at a 

low feeder voltage, the voltage on the HV side is slowly increased until rated current is reached (in 

this case 157.46 A). Readings are then taken for the power consumed and feeding voltage. As there is 

a short-circuit at the LV side, the injected HV voltage is relatively small compared with rated voltage 

and therefore we can ignore core losses (according to Ohm’s Law as the excitation current will be 

small). The real losses(P) measured, known as copper losses, are thus attributable only to the primary 

and secondary winding losses, and by reallocating the secondary winding impedance (𝑍𝐿𝑉) with 

reference to the primary side (𝑍𝐿𝑉
′ = 𝑍𝐿𝑉 ∗ 𝑘𝐻𝑉/𝐿𝑉

2 , where 𝑘𝐻𝑉/𝐿𝑉= turns/transformer ratio), we 

may derive the following chain of equations: 

𝑅𝑒𝑞/𝑝ℎ𝑎𝑠𝑒 =
𝑃

3∗𝐼2      (𝑤ℎ𝑒𝑟𝑒 𝑅𝑒𝑞/𝑝ℎ𝑎𝑠𝑒 = 𝑅𝐻𝑉 + (𝑅𝐿𝑉 ∗ 𝑘𝐻𝑉/𝐿𝑉
2) )                                      [Equation 16] 

𝑍𝑒𝑞/𝑝ℎ𝑎𝑠𝑒 =
𝑉𝐻𝑉

𝐼𝑟𝑎𝑡𝑒𝑑
  (𝑤ℎ𝑒𝑟𝑒 𝑍𝑒𝑞/𝑝ℎ𝑎𝑠𝑒 = 𝑍𝐻𝑉 + 𝑍𝐿𝑉

′ )                                                               [Equation 17] 

𝑋𝑒𝑞/𝑝ℎ𝑎𝑠𝑒 = √𝑍𝑒𝑞/𝑝ℎ𝑎𝑠𝑒
2 − 𝑅𝑒𝑞/𝑝ℎ𝑎𝑠𝑒

2    (𝑤ℎ𝑒𝑟𝑒 𝑋𝑒𝑞/𝑝ℎ𝑎𝑠𝑒 = 𝑋𝐻𝑉 + (𝑋𝐿𝑉 ∗ 𝑘𝐻𝑉/𝐿𝑉
2) )                  

      [Equation 18]  

Core Losses 

While winding losses vary with load as related to the drawn current, core losses are dependent on 

the ferromagnetic characteristics of the transformer core and as such are fixed for an applied 

primary voltage. The core losses consist of hysteresis losses and eddy current losses. These are briefly 

expounded upon below. 

Hysteresis losses: 

Ferromagnetic materials contain, at a molecular level, small pockets of domains. These domains are 

littered with dipoles which behave as magnets when in the presence of an external magnetic field 

(𝐵→= magnetic field vector) by aligning their poles parallel to the direction of the magnetic field. 

Even once that external field is removed many of the dipoles remain aligned in that position, in other 

words the material remains slightly magnetized. If a magnetic field is then applied in the opposite 

direction from the original field, the dipoles will be forced to magnetically align orientation with the 

new direction (180 degrees rotation). This forced change in dipole direction will require energy 

whose consumption results in losses, these are named ‘hysteresis losses’. When in the presence of 

an alternating current the dipoles alternate their pole direction with the same frequency as the 

frequency of the AC. The graphing of B against H (magnetic field strength) of this magnetic behaviour 

forms the most beautiful of all electrical curves, the B-H curve shown in Fig 7. The losses due to the 

energy expounded to align these dipoles for one cycle is proportional to the area under the curve. 

 

Figure 6: B-H curve showing the consumption of 
energy to alter magnetic alliances in the 
ferromagnetic material.  

Available from:< http://www.electronics-
micros.com/electrical/b-h-curve/> 

 



Eddy Current losses 

A varying magnetic field flowing through ferromagnetic materials will induce currents according to 

Lenz law that resist the change in flux and as such are circular in direction on an yz-plane for a flux 

applied in an x-direction.  

The Open Circuit Test 

To investigate the losses described above it is necessary to perform an ‘open-circuit’ or ‘no-load’ test. 

The test is described here with the help of a single-phase equivalent (Fig.7). The abbreviations HV 

(high voltage), LV (low voltage), and TV (tertiary voltage) are used throughout.  

The open circuit test determines the core/iron losses of a transformer. These losses do not vary with 

the current drawn through the transformer. The rated voltage was applied at the TV windings of the 

transformer (11 kV in this case), with the LV (132 kV) and HV (330 kV) sides of the transformer kept in 

disconnected/open/no load positions. By measuring the energizing current at the incoming TV side 

(𝐼𝑇𝑉) as well as the dissipated power(P) and the feeding voltage at the TV side (𝑉𝑇𝑉), one may 

determine the iron losses across the shunt branch. Notice that the energizing current 𝐼𝑒 consists of a 

real (wattful) and reactive (magnetised) part, designated respectively by 𝐼𝑐 and 𝐼𝑚.    

 The test is performed by starting at a 

low voltage and slowly increasing the 

voltage until rated voltage (11 kV) is 

reached. Measurements from the 

series connected ammeter and the 

wattmeter are taken. With the help of 

the transformer ratio (𝑘𝐻𝑉/𝑇𝑉 = 30), 

the equivalent HV energising current 

(𝐼𝑒) is calculated from 𝐼𝑇𝑉. As the HV 

side is in an open position no voltage drop is experienced over the HV winding impedances and that 

the voltage drop over the TV winding impedances is small enough to be neglected. This results in the 

following collection of equations: 

cos 𝜃 =
𝑃

𝑉𝑇𝑉∗𝐼𝑒
      [Equation 11];   

𝐼𝑚 = 𝐼𝑒𝑠𝑖𝑛𝜃      [Equation 12];    

𝐼𝑐 = 𝐼𝑒𝑐𝑜𝑠𝜃      [Equation 13];    

𝑅𝑐 =
𝑉𝑇𝑉

𝐼𝑐
      [Equation 14];     

𝑋𝑚 =
𝑉𝑇𝑉

𝐼𝑚
      [Equation 15]  

 

 

 

 

 

 

Figure 7: Diagram of the one-phase equivalent circuit of the open-ciruit 
testing, with parameters and measurements. 



 4 Recommendations to improve NWP power quality and efficiency 
This section will cover three possible recommendations set forth to improve the power transmission 

efficiency of the NWP. At this point it must be stated that the project itself is not completed and 

there may in fact be plans to initiate some of these recommendations, however to the author’s 

knowledge these recommendations have never been intended to be implemented. There are three 

possible solutions that will be detailed. These are: 

1) Opening the bus-coupler on the LV side at LMW. 

2) Removing a 90MVA transformer from operation at LMW. 

3) A combination solution 

4.1 Recommendation 1: The bus-coupler solution 
Several factors demand consideration when choosing a bus bar system for a substation, but the 

overall motivating force is the optimization of the power system. The factors include: the simplicity 

of implication, the associated cost, minimization of disruptions to power supply in the event of 

maintenance or fault and the opportunity for expansion to accommodate growth of load demands. 

At LMW substation, as the incoming site for the 

power transmission from Kafue Gorge, there exists 

two 90MVA 330/133 kV transformers which transmit 

electrical energy along the separate branches toward 

MWNL and KBMP (Fig.1).  The transformers are 

named T4 (line toward MWNL) and T5 (line toward 

KBMP). As seen in the overhead diagram for LMW (Fig 

6), T4 and T5 are connected in parallel to both the 330 

kV busbar, as well as after the transformers at the 132 

kV busbar that connects via a bus coupler at bay E03. 

When the isolators and circuit breaker at E03 are 

closed this results in a point of equal voltage potential 

on the outgoing sides of the transformers. The 

customer’s specifications state that the busbar 

coupler should remain closed under normal 

operation. The intended purpose of this design is to 

ensure that both transmission lines remain energized 

in the event either T4 or T5 experience a problem or require maintenance and must be taken out of 

operation.  

However, the problem with this design is that T4 and T5 are forced to tap change simultaneously. 

This tap changing behaviour can be seen in Table 5. below (as well as Table 15. in the Appendix). 

Table 5. presents data from the post-energizing (of KBMP SR) status of the project, and it is evident 

that the sending voltages from LMW will always be the same, due to this forced tap changing 

behaviour.  

 

 

Figure 8: Single line for LMW substation diagram 
displaying T4 and T5 90 MVA 330/132 kV power 
transformers; T4 -MWNL; T5-KBMP 



Date and time LMW (𝑽𝒔) 
T4 

MWNL (𝑽𝑹) LMW (𝑽𝒔) 
T5 

MFBW (𝑽𝑹) KBMP (𝑽𝑹) 

01/04/2017      

03:00:00:00 126.936 kV  
(Tap position 
10) 

131.057 kV 127.24 kV 
(Tap position 
10) 

125.979 kV 123.157 kV 

14:00:00:00 127.532 kV 
(Tap position 
10) 

131.073 kV 127.373 kV 
(Tap position 
10) 

125.991 kV 123.091 kV 

20:00:00:00 127.553 kV 
(Tap position 
12) 

131.396 kV 127.741 kV 
(Tap position 
12) 

126.306 kV 123.416 kV 

04/04/2017      

03:00:00:00 129.236 kV 
(Tap position 
12) 

133.252 kV 129.387 kV 
(Tap position 
12) 

128.109 kV 125.213 kV 

14:00:00:00 128.181 kV 
(Tap position 
6) 

132.05 kV 128.311 kV 
(Tap position 
6) 

126.902 kV 123.98 kV 

20:00:00:00 128.466 kV 
(Tap position 
9) 

132.154 kV 128.458 kV 
(Tap position 
9) 

126.994 kV 124.098 kV 

07/04/2017      

03:00:00:00 128.187 kV 
(Tap position 
10) 

131.715 kV 127.827 kV 
(Tap position 
10) 

126.542 kV 123.653 kV 

14:00:00:00 129.834 kV 
(Tap position 
10) 

133.94 kV 130.009 kV 
(Tap position 
10) 

128.669 kV 125.716 kV 

20:00:00:00 128.642 kV 
(Tap position 
11) 

132.894 kV 128.769 kV 
(Tap position 
11) 

127.615 kV 124.633 kV 

Table 5: Sending and Receiving Voltages for LMW -> MWNL and LMW -> KBMP lines; POST-Energizing of KBMP 
reactor. Observe the instantaneous tap changing behaviour. 

As such we see that the Ferranti effect is in full swing on the LMW-MWNL line while the LMW-KBMP 

line is compensated resulting in a voltage drop. As such nominal voltage is never possible for both 

lines, and the power transmission quality is not optimal. By not achieving nominal voltage at the 

substations and reducing the power quality the system becomes susceptible to issues such as 

brownouts, power sags, voltage swells, harmonic distortion and, most probably in the NWP case, 

under voltages. Under voltages may be caused by incorrectly set transformer taps, also “loads with a 

poor power factor or a general lack of reactive power support on a network also contribute. Under 

voltage can also indirectly lead to overloading problems as equipment takes an increased current to 

maintain power output” (Rojin 2013, p.5606).    

To avoid these issues of power quality and achieve nominal voltage on both lines a simple and 

inexpensive solution would be to open the bus-coupling switch between T4 and T5. This would allow 

the tap changers to operate independently of one another as their design intended. Thus, T4 will be 

able to tap change down to a lower tap position (for example position 6, from 04/04 14:00:00), while 

T5 can tap change upwards to increase the receiving voltage at KBMP. Under the Calculations and 



Comparisons chapter a Power World simulation is set up to demonstrate the effect of opening the 

bus coupler on the overall power quality of the system.  

4.2 Recommendation 2: Transformer shut down 
Another possible and practical recommendation to reduce energy losses in the NWP project is that 

one of the LMW 90 MVA transformers is removed from operation. To make this recommendation 

with confidence two questions must be answered: 

1) Can the system be sustained by only one transformer at LMW? 

2) What are the losses per transformer under typical load conditions?  

These questions are answered in the later chapter Calculations and Comparisons with an estimation 

for the current drawn in the NWP grid after one year being made. 

This solution does of course contradict the previous solution of opening the bus-coupler connecting 

the LV (132 kV) side of the two transformers. The solution of having one transformer in operation, 

will force MWNL to have the same tap position as the KBMP line, thus the inferior power quality (the 

original disadvantage) will still exist, however the losses from one of the 90 MVA transformer will be 

recurred.  

Transformer losses for 90 MVA 

As seen from Fig.6, the T04 and T05 transformers at LMW are presently connected in parallel and as 

such supply power to both the MWNL and KBMP line simultaneously. This means the total current 

drawn for the NWP is shared between the two transformers. As the winding losses are proportional 

to the current drawn through the transformer, and implementing this solution will not affect the 

NWP load, should one transformer be removed from service the new current flowing through the 

other transformer would be the same as the combined current when both transformers are in 

service.  

However, as expounded upon in section 3.5, the real winding losses are simply 𝐼2𝑅, and as the 

resistance in the windings are placed in parallel, the resistance is doubled by removing a transformer, 

the winding losses will be therefore also be doubled. 

 In the ‘Calculations and Comparisons’ chapter later in this paper the winding and core losses will be 

estimated from FAT reports. To provide a background to calculate the transformer losses, a very brief 

description of the losses experienced in a transformer has been provided in the theory section for 

transformers. To calculate the winding losses a short-circuit test would be performed.  

4.3 Recommendation 3: A combined solution 
A third and final recommendation would be to keep the system as currently stands and introduce a 

shunt reactor in MWNL. The optimal electrical solution here would be to disconnect one of the 90 

MVA transformers from operation in LMW as well as introducing a MVA shunt reactor in MWNL to 

optimize the power quality and compensate for the reactive power in that line. In this fashion both 

sets of disadvantages are eliminated (power quality and unnecessary real core losses), however this 

would be at the economic cost/value of the reactor. This solution also assumes that the future 

development expectation for the MWNL region does not assume that the growth of the load will 

reduce the Ferranti effect on that transmission line, effectively rendering the shunt reactor excess to 

requirement and as such it’s investment an economic loss. Also, as seen within the bus-coupler 

recommendation, this would be an expensive solution for a problem that may be simpler solved by 

allowing the automatic tap-changers to operate independently and perform the tasks for which they 



were designed. As such the suggestion to purchase, transport, and install a new SR at MWNL will not 

be considered a viable option for a recommendation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5. Calculations and Comparisons 

5.1 Long-line Calculations 
Using the concepts discussed in the ‘Theory’ chapter above, calculations for the NWP project have 

been made and confirmed in this section. In the following calculations for line-to-ground and 

between conductor capacitance, resistance and inductance and reactive power some approximations 

and assumptions have been made. 

- No bundling exists throughout the NWP project, therefore consideration for bundling of 

conductors in the calculations was irrelevant. 

- When referring to ‘both lines’, this study refers to the uncompensated transmission from 

LMW toward MWNL and the compensated transmission from LMW toward KBMP. 

- Any imbalance between phases as a result of uneven transpositioning is ignored in 

calculations. 

- This thesis will take the distances including sagging for resistance, inductance and 

capacitance calculations, as it is these distances that influence the geometric influence on 

the parameters and give more realistic final results. All final comparisons are made in Table 

7. below. 

5.1.1 Resistance Calculation 
As discussed previously, the resistance in the transmission line is determined by the conductor 

material. In the NWP project, aluminium conductor steel-reinforced (ACSR) WOLF conductor was 

used (Fig.21, Appendix).  

WOLF diameter(d) =  18.13 mm      

WOLF radius(r) = 0.009065 m   

DC resistance of the line is calculated using the Equation 1. The DC resistivity of WOLF conductor 

provided in the supplier specifications is: 

 𝑅 = 0.1828 Ω/𝑘𝑚 

When multiplying this figure by the given distances with consideration to the added 5% for spiralling 

and sagging, we obtain figures that are very close to those provided in the impedance protection 

characteristics for distance/impedance protection (Figs. 25, 26 and 27, in Appendix). Below is an 

example for the calculated resistance and given resistance of the LMW-MWNL line. 

𝑅𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 = 0.1828 ∗ 245 = 44.786 Ω   

𝑅𝑔𝑖𝑣𝑒𝑛 = 103.472 cos(65.7580) =  42.484 Ω 

 

5.1.2 Capacitance Calculation 
The distances between the phase conductors, using Equation 3 and Fig.22 (Appendix), have been 

calculated to: 

𝐷𝐴𝐵 = 5.85𝑚;  𝐷𝐴𝐶 = 4𝑚; 𝐷𝐵𝐶 = 5.85𝑚   

                                                   𝐷𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 = 5.15 𝑚  

This phase-to-ground capacitive effect will be considered as the following constant (see Fig 4): 

𝐷𝐴𝐵′ = 37.8 𝑚;  𝐷𝐴𝐴′ = 39.4 𝑚;  𝐷𝐵𝐵′ = 35.4 𝑚;  𝐷𝐵𝐶′ = 33.85 𝑚;  𝐷𝐶𝐴′ = 35.4;  𝐷𝐶𝐶′ = 31.4 𝑚  



ln (
√𝐷𝐴𝐵′𝐷𝐵𝐶′𝐷𝐶𝐴′
3

√𝐷𝐴𝐴′𝐷𝐵𝐵′𝐷𝐶𝐶′
3 ) = 0,0112                                                

Capacitance between line to line (for one phase[A], per metre) is given by Equation 6: 

                  𝐶𝐴𝑁 =  
8.854 ∗ 10−12∗ 2𝜋      

ln(
5.15

0.009065 
)−0.0112

= 8.7856  𝑝𝐹/𝑚    

Shunt admittance (ignoring conductance) to neutral becomes, by inversing Equation 7: 

𝑌𝐴𝑁(𝑝𝑒𝑟 𝑚𝑒𝑡𝑟𝑒) = 𝑗𝜔𝐶𝐴𝑁 = 2𝜋 ∗ 50 ∗ 8.7856
𝑝𝐹

𝑚
= 𝑗2.76  𝑛𝑆/𝑚 

 

5.1.3 Inductance Calculation 
The impedance calculations per phase and per metre for the conductors provided are given by 

Equation 2, and, using the same transmission and conductor data as for capacitance:                                        

𝐿𝑝ℎ𝑎𝑠𝑒 = 1.2881 µ𝐻/𝑚 

Now that the general values for the transmission design have been calculated it is time to look at 

how the specific transmission lines: LMW toward MWNL and LMW toward KBMP, compare against 

the impedance protection data supplied by commissioning engineers (Figs.25, 26 and 27, in 

Appendix) to confirm the calculated values above. Furthermore, some analytical calculations for 

charging current and reactive power will be compared against data given in final commissioning 

reports and SCADA screenshots to confirm the validity of the calculated values below. 

 

5.2 Parameter Comparison 

5.2.1 LMW-MWNL:   
The line-specific transmission parameters generated by the LMW-MWNL are: 

𝑌𝐴𝑁(𝑒𝑛𝑡𝑖𝑟𝑒 𝑙𝑖𝑛𝑒) = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗  𝑗𝜔𝐶𝐴𝑁 = 245 000 ∗ 𝑌𝐴𝑁(𝑝𝑒𝑟 𝑚𝑒𝑡𝑟𝑒) = 𝑗6.7622 ∗ 10−4 𝑆  

𝐿𝐿𝑀𝑊−𝑀𝑊𝑁𝐿 = 0.316 𝐻  

𝑋𝐿𝑀𝑊−𝑀𝑊𝑁𝐿 = 2𝜋𝑓𝐿𝐿𝑀𝑊−𝑀𝑊𝑁𝐿 =  99.143 Ω      

𝑅𝐿𝑀𝑊−𝑀𝑊𝑁𝐿(𝑝𝑒𝑟 𝑝ℎ𝑎𝑠𝑒) = 0.1828 ∗ 245 = 44.786 Ω   

 

The current charge injected into the LMW – MWNL due to shunt admittance:  

 

𝐼𝑐ℎ𝑎𝑟𝑔𝑒 =  𝑌𝐴𝑁(𝑒𝑛𝑡𝑖𝑟𝑒 𝑙𝑖𝑛𝑒) ∗ 𝑉𝐿𝑁 = 𝑗6.6485 ∗ 10−4 ∗
119000

√3
= 46.46

𝐴

𝑝ℎ𝑎𝑠𝑒
  

 

This calculated charging current can be confirmed (to an acceptable discrepancy) in the final 

commissioning report for LMW in Fig. 9 below, under the after-energizing, pre-loading section of the 

measured current (46 A). The error margin between the calculated and measured injected current is 

1.3% 



As a confirmation for this 

analytic evaluation of the 

LMW-MWNL line specific 

parameters and the calculated 

charging current, a 

comparison is made here 

below. The calculated reactive 

power (Q) using the calculated 

shunt admittance of the line is 

compared to the measured 

reactive power (ref. Fig.9), 

post energizing and after 

loading of the LMW- MWNL 

line (with average phase 

voltage at 128 kV). The 

difference is negligible, with 

an error margin of 4% thus 

confirming the calculated 

shunt admittance.  

 

 

Calculated values for reactive power:          

𝑄𝐶 (3 𝑝ℎ𝑎𝑠𝑒) = 𝑌𝐴𝑁(𝑒𝑛𝑡𝑖𝑟𝑒 𝑙𝑖𝑛𝑒) ∗ 𝑉𝐿𝐿
2 = −11.08 𝑀𝑉𝐴𝑅  

𝑄𝐿 (3 𝑝ℎ𝑎𝑠𝑒) =
(𝑉𝑅−𝑉𝑆)2

3𝑋𝐿
=

(131073−127532 )2

3∗99.143
= 0.042 𝑀𝑉𝐴𝑅    

𝑄𝑇𝑜𝑡𝑎𝑙 = −11.038 𝑀𝑉𝐴𝑅  

Measured value for reactive power (Fig. 9):     𝑄 =  −11.5 𝑀𝑉𝐴𝑅  

Toward this final goal of obtaining an estimation of the reactive power in the LMW-MWNL 

conductors, the line-to-line voltages used to calculate 𝑄𝐿  are those taken from the receiving voltages 

from 14:00:00; 1st of April 2017 (pre-energization of MBMZ), that is: 127.532 kV at LMW and 

131.073 kV at MWNL. It is recognised that the receiving voltage does not mirror exactly the sending 

voltage from LMW final commissioning report, however it is the nearest real data to the 128 kV that 

exists (Fig.9). 

 

 

 

 

Figure 9: Measured Reactive Power on the 
LMW-MWNL line, taken from the Final 
Commissioning Report of LMW substation. 



 

5.2.2 LMW–KBMP 
For the LMW-KBMP line: 

𝑌𝐴𝑁(𝑒𝑛𝑡𝑖𝑟𝑒 𝑙𝑖𝑛𝑒) = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗  𝑗𝜔𝐶𝐴𝑁 = (177000 + 127000) ∗ 𝑌𝐴𝑁(𝑝𝑒𝑟 𝑚𝑒𝑡𝑟𝑒) = 𝑗8.39 ∗ 10−4 𝑆  

𝐿𝐿𝑀𝑊−𝐾𝐵𝑀𝑃 = 0.392 𝐻   

𝑋𝐿𝑀𝑊−𝐾𝐵𝑀𝑃 = 2𝜋𝑓𝐿𝐿𝑀𝑊−𝐾𝐵𝑀𝑃 = 123.017 Ω 

𝑅𝐿𝑀𝑊−𝐾𝐵𝑀𝑃(𝑝𝑒𝑟 𝑝ℎ𝑎𝑠𝑒) =  55.57 Ω  

The current charge injected into the LMW – KBMP line due to the shunt admittance:  

𝐼𝑐ℎ𝑎𝑟𝑔𝑒 =  𝑌𝐴𝑁(𝑒𝑛𝑡𝑖𝑟𝑒 𝑙𝑖𝑛𝑒) ∗ 𝑉𝐿𝑁 = 𝑗8.39 ∗ 10−4 ∗
123000

√3
= 59.6 𝐴/𝑝ℎ𝑎𝑠𝑒    

To confirm these analytic evaluations made here for the LMW-KBMP line, a comparison can be made 

to the SCADA screenshot for KBMP substation (Fig.13). The screenshot was taken pre-energizing of 

MBMZ, and so serves well the purpose of displaying the charging current (46A = 50A – 2A- 2A) up to 

KBMP. Here the error margin at 29.5%, for the calculated charging current is higher than the error on 

the MWNL line. Possible explanations to this high error value may be the inductive primary 

components at the substations counteracting the shunt admittance effects, the calculations above 

take the stretch from LMW to KBMP as interrupted whereas in reality there is a substation between 

the two(MFMB) whose effects are unaccounted for . At the time that the screenshot was taken there 

were four substations energized in the project with loads attached to three of these. The error of 30 

%, while not ideal, is accepted by the confines of this thesis.  

Refer to Table 7. for a summarised comparison of the above calculated parameters for impedance 

and admittance, against the figures provided by commissioning engineers on site for the 

impedance/distance protection calculations (Figs.25, 26 and 27, in Appendix). While admittance 

parameters were not provided in the protection settings, confirmation of these calculated values is 

given by comparing the injected charging currents from Figs.9 and 13. The relative minimal error 

discrepancy between measured and calculated values confirms the analytic investigations.  

 Resistance (Ω) Capacitance (Ω) Inductance(Ω) 

LMW - MWNL 
Provided from 
impedance 
protection 

 
            42.48 

 
 
          Not provided  

 
         94.348 

LMW - MWNL 
Calculated 
above 

        
            44.79 

 

             1479 = (
1

𝑌𝑝ℎ𝑎𝑠𝑒
) 

 
        99.143 

LMW -KBMP 
Provided from 
impedance 
protection 

 
    22.07 + 30.74 = 
             52.81 

 
 
           Not provided 

 
      68.27 + 49.02 = 
            117.29 

LMW - KBMP 
Calculated 
above 

 
              55.57 

 

              1192 = (
1

𝑌𝑝ℎ𝑎𝑠𝑒
) 

 
             123.02 

Table 6: Comparison of calculated versus given results for line impedance and shunt admittance. 



It is worth noticing that while the calculated values for line impedance and shunt admittance are 

relatively close to those provided in the impedance protection data, the discrepancy would have 

been almost non-existent had the distances without sagging compensation been used. There is no 

reason why sagging was not taken into consideration for these lengths as the line impedance and 

admittance are both affected by the actual lengths of conductor.  

 

5.3 Long-Line Matrix Parameters 
Using the calculated capacitance and inductance and thus drawing use of the characteristic 

impedance and propagation constant, a long line model is developed and detailed here.  

Once this model with all matrix parameters has been established, a MATLAB analysis of that matrix 

with different receiving voltages and currents is used to calculate the sending voltages and currents 

and test the accuracy of the developed model against the values received from Tables 5 and 15.  

5.3.1 ABCD Parameters 
Taking the values for phase impedances from Table 7. for the entire lines from the calculated 

resistances and inductances of both lines, and dividing these by the distances the results for 𝑧 

(impedance per metre), are obtained. 

Using the LMW – MWNL line:  

𝑧 =
√(44.792+99.1432)∠𝑡𝑎𝑛−1(

99.143

44.79
)0

245000
=

108.79 ∠65.690 

245000
= 0.000444 ∠65.690  

Ω

m
   

 

Values for 𝑦 (admittance per metre) were taken from calculations for capacitance above. 

𝑌𝐴𝑁(𝑝𝑒𝑟 𝑚𝑒𝑡𝑟𝑒) = 𝑦 = 𝑗2.76
𝑛𝑆

𝑚
= 2.76 ∗ 10−9 ∠900  

Using Equations 9 and 10 to obtain parameters for the long-line model: 

𝑍𝐶 = √
0.000444 ∠65.690

2.76 ∗ 10−9 ∠900 
= 401.1 ∠−12.20Ω = 392.04 − 𝑗84.76 Ω   

 

Ɣ = 1.107 ∗ 10−6∠ 77.85𝑜 

Ɣ𝑙(𝐿𝑀𝑊 − 𝑀𝑊𝑁𝐿) = 0.2712∠ 77.85𝑜 = 0.0571 + 𝑗0.265 

Ɣ𝑙(𝐿𝑀𝑊 − 𝐾𝐵𝑀𝑃) = 0.3365∠ 77.85𝑜 = 0.0708 + 𝑗0.329 

The matrix elements for a long-line transmission model for the two separate lines are provided in 

Table 8. 

 

 

 

 



 

              LMW- MWNL(1) 
              (245 000m) 

                LMW- KBMP(2) 
                 (304 000m) 

A =    cosh (Ɣ𝑙) 0.9668 ∠0.8870 0.949 ∠1.3820 

B =  𝑍𝐶  sinh (Ɣ𝑙) 107.522 ∠65.9310 132.67 ∠66.1040 

C =    
1

𝑍𝐶 
 sinh (Ɣ𝑙) 6.683 ∗ 10−4 ∠90.330 8.247 ∗ 10−4 ∠90.5030 

D =    cosh (Ɣ𝑙) 0.9668 ∠0.8870 0.949 ∠1.3820 

Table 7: The calculated ABCD parameters for both LMW – MWNL and LMW- KBMP long-line models.  

5.3.2 Results and comparative analysis between lines  
To evaluate the legitimacy of the calculated matrix (ABCD) parameters above, the parameters were 

entered into a MATLAB program calculating the long line model (Fig.29, in Appendix) and different 

values of receiving voltage and current were entered into equation 8. The results can be seen here in 

Tables 9 and 10. with comparisons to actual measured results for specific dates as taken from Tables 

15. (Appendix) and 5. respectively. As no current data was available for comparison, only 

comparisons to sending and receiving voltages have been made. 𝜃 is used for measured phase angles 

as the actual angle was unavailable.   

Date and time   Receiving Voltages  
            at KBMP 
                [𝑉𝑅] 

LMW-KBMP 
Measured Sending 
Voltages [𝑉𝑆] 

LMW- KBMP 
MATLAB Sending Voltages 
[𝑉𝑆] 

24/03; 03:00               133.9∠00 𝑘𝑉 127.7∠𝜃0 𝑘𝑉 130.1∠4.020 𝑘𝑉 

27/03; 14:00               135.9∠00 𝑘𝑉 129.8∠𝜃0 𝑘𝑉 131.9∠40 𝑘𝑉 

30/03; 20:00               134.6∠00 𝑘𝑉 128.7∠𝜃0 𝑘𝑉 130.7∠4.010 𝑘𝑉 
Table 8: LMW-KBMP, Measured sending voltages provided. Comparison to be made between measured vs calculated 
(MATLAB) receiving voltages. Average margin of error is 1.7% 

Date and 
time 

     Receiving Voltages 
               at MWNL  

                    [𝑉𝑅] 

LMW-MWNL 
Measured Sending 

Voltages  [𝑉𝑆] 

LMW-MWNL 
MATLAB Sending Voltages 

[𝑉𝑆] 

01/04; 03:00  131.1∠00 𝑘𝑉 126.9∠𝜃0 𝑘𝑉 129.1∠3,050 𝑘𝑉 

04/04; 14:00  132.1∠00 𝑘𝑉 129.1∠𝜃0 𝑘𝑉 130.0∠3,040 𝑘𝑉 

07/04; 20:00  132.9∠00 𝑘𝑉 128.6∠𝜃0 𝑘𝑉 130.8∠3,020 𝑘𝑉 

Table 9: LMW-MWNL, Measured Receiving voltages provided. Comparison to be made between measured vs calculated 
(MATLAB) sending voltages. Average margin of error is 1.4% 

Date and time   Receiving Voltages  
            at KBMP 
                [𝑉𝑅] 

LMW-KBMP 
Measured Sending 
Voltages [𝑉𝑆] 

LMW- KBMP 
MATLAB Sending Voltages 
[𝑉𝑆] 

01/04; 03:00               123.2∠00 𝑘𝑉 127.2∠𝜃0 𝑘𝑉 119.9∠4.250 𝑘𝑉 

04/04; 14:00 124∠00 𝑘𝑉 128.3∠𝜃0 𝑘𝑉 120.7∠4.230 𝑘𝑉 

07/04; 20:00               124.6∠00 𝑘𝑉 128.8∠𝜃0 𝑘𝑉 121.2∠4.220 𝑘𝑉 

Table 10: LMW-KBMP, Measured sending voltages provided. Comparison to be made between measured vs calculated 
(MATLAB) receiving voltages 

Table 11. demonstrates the effect of the shunt reactor at KBMP. The average margin of error of the 

MATLAB programmes calculation for sending voltage is around 1.5-2% for Tables 9 and 10. 

Therefore, observing the sending voltages for the week after the shunt reactor had been energized 



(Table 11.) a straight comparison as to how the sending voltage has been affected by the shunt 

reactor can be observed.  

 As a final indicator of the KBMP reactors influence of the reactive compensation of the KBMP 

reactor on the line observe and compare the SCADA screenshots taken from KBMP before and after 

the energizing of MBMZ station (Figs.13 and 14).  

 

5.4 KBMP Shunt Reactor 
As presented under the description of the NWP power system, the reactive compensation of power 

takes place at 2 nodes/substations in the radial grid, at KBMP (12 MVAR) and ZMBZ (5 MVAR). What 

follows in this section is a brief description of the problems faced by this specific reactive 

compensation component on site, and the practical testing achieved to commission the KBMP 

reactor. The commissioning and energizing of the KBMP reactor is then described, culminating in the 

tangible effect the reactor has had on the LMW - KBMP line. 

At the start of this author’s involvement in the project there had been an incident concerning the 

reactor at KBMP that had delayed the energizing process for subsequent substations. During 

transportation of the 12 MVAR oil immersed Reactor from Vaasa, Finland to KBMP, (a trip that 

included some 12000 km, including shipping to Dar es Salaam and road transport from there to 

NWP), the neutral current transformer (CT) that sits below the neutral bushing had become loosened 

from its fixed position and collapsed inside of the reactor. The reactor was transported with shock  

Figure 10: 12 MVAR Shunt Reactor at KBMP substation. 

reporters (a sensory device placed on the more expensive of equipment that analyses the x-, y- and 

z-plane fluctuations experienced by the cargo), however there was no specific incident that resulted 

in the loosening but rather the result of vibrations experienced over the long distance. Luckily there 

was no permanent damage to the SR itself, the CT had merely collapsed onto the protective covering 

of the core and was relatively easy to remove. The nuts and washers however had sunk to the base 



of the reactor, along with some paper insulation of the secondary cables that had been dragged 

around inside the reactor. These were retrieved with help of a camera and a new CT ordered.  

ABB sent out a team consisting of two technicians and one electrotechnical engineer from the ABB 

offices in Ivory Coast to install the CT and bushing, supervise the purification and refilling of oil, test 

and commission the CT and then commission the reactor and approve the warranty of the reactor so 

that final commissioning of the substation was possible. An oil purification specialist was present to 

handle the oil purification process as well as to complete the filling of the reactor.   

The ABB team installed and electrically connected the CT into the base of the neutral bushing as well 

as the remaining bushings (N and phase C). Once the CT reactor was installed 2000 litres of 

transformer oil was purified. The purification process was confirmed with a DBD (Di-electric Barrier 

Discharge) test both before and after the purification process. While this was ongoing a vacuum was 

created in the conservator, and after the 2000 litres had been purified to an acceptable standard by 

ABB engineers (95.2 kV), the oil was pumped into the reactor until the conservator was half full as 

indicated by the oil gauge. After starting to bleed both the radiator and the Bucholtz relay and 

allowing oil to rise within the bushings, a further 200 litres was added to top up the levels. At this 

point the reactor was filled to the correct levels of oil for ordinary use. The purification procedure 

was then repeated for the oil inside the reactor, pumping out from the bottom outlet and returning 

into the top-side inlet, a process that continued for 40 hours. DBD testing was performed regularly; 

the most significant results are displayed in the test report in the (Fig.30, Appendix). Samples of the 

oil were taken for a Dissolvent Gas Analysis to be sent to ABB Finland laboratories. 

5.4.1 Testing:  
Once the reactor was ready for energizing, testing by the ABB team began to confirm: ‘Insulation 

Resistance’, ‘Winding Resistance’ and ‘determination of Reactance’. The tests performed are briefly 

described below. 

Insulation Resistance: Three phases and neutral were short-circuited and, creating a circuit between 

these and earth, 5 kV was applied. The resistance was noted. Similarly, 2.5 kV was applied to: core to 

earth, core clamps to earth and core to core clamps.    

Determination of Reactance: As the substation was unable to supply higher voltages, this test was 

performed with 400 V connected to each phase in turn and a closed loop made with the neutral. The 

current was measured and thereby the reactance was determined by calculation for higher voltages 

(132 kV).  The results are displayed here in Table 12. 

 𝑈𝐴𝑁  𝐼𝐴 𝒁𝑨 𝑈𝐵𝑁  𝐼𝐵 𝒁𝑩 𝑈𝐶𝑁 𝐼𝐶  𝒁𝑪 

394 V 334 mA 1179.6Ω 393.5 V 335 mA 1174.6Ω 393.5 V 336 mA 1171Ω 
Table 11: Determination of Reactance at Low Voltage [T°: 30°C]: 

 Winding Resistance: The test was performed with a Megger MT0330. All information from the name 

plate was entered as well as weather conditions, oil temperature, weight of oil, etc.  

Ct testing: Tests concerning the CT were also performed: the winding resistance and insulation 

resistance, as well confirmation of the alarm function and oil drop function (trip) of the Bucholtz 

relay and the pressure valve alarm to the circuit breakers on the control panel of the reactor. All trips 

and alarms were confirmed. 

5.4.2 Energizing of KBMP SR 
On the 31/03/2017, ZESCO energized the KBMP substation. With communication between NCC in 

Lusaka and KBMP the following protocol was followed: 



KBMP substation was isolated from the incoming MFMB line. This was achieved by first closing the 

disconnector switches to the 33 kV lines to avoid any back EMF affecting the transformers. The 

disconnector switches to both 132/33/11 kV transformers were opened, isolating the transformers. 

The disconnector switch to MFMB was opened and the alarms were triggered at KBMP to prove de-

energized protocol. The reactor disconnecting switches and circuit breakers were then closed and the 

reactor was energized via the closing of the MFMB disconnector switch closing. 

With the reactor in operation the voltage dropped from the previously noted 133 kV to 121 kV. At 

this time, the 

outgoing voltage 

at LMW was 

reported at 128 

kV and MFMB at 

125 kV. A 

graphical 

representation of 

the SR effect is 

given in Figure 

11. The SCADA 

screenshots 

showing pre- and 

post-energizing of MBMZ station, to display the effects of the SR at KBMP have been provided in 

Fig.13 and 14 below. 

The previous chapter concluded by making a comparison between the LMW-MWNL line and the 

LMW- KBMP line. The former of these has no form of reactive compensation and as such experiences 

the full force of the Ferranti effect. The latter of the transmission lines has, as detailed above, 

reactive compensation to the tune of 12MVAR at KBMP substation. The effects of this SR have been 

detailed and displayed in this chapter with the purpose of drawing attention to the comparison to 

simply observe the efficiency of the SR.  
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Figure 11: Comparison of Pre- and Post- energizing of the KBMP reactor, showing reactive 
compensation and Ferranti effect. 

 

Figure 12: SCADA Screenshots of KBMP substation, PRE-energizing of the MBMZ substation. Note the charging current and the incoming power factor 

 



 

 

 

5.5 Calculations Concerning Recommendations made for the NWP project: 

5.5.1 Recommendation 1: Power World Simulation to demonstrate the Bus Coupler solution  
To demonstrate this bus-coupler solution, a Power World simulation of the NWP with loads, reactors 

and transformers have been programmed (Fig 15 and 16). The impedance and shunt values for the 

transmission lines were taken from the calculations made in previous sections while the impedance 

and shunt values for the transformers are taken from the calculations made in the following 

recommendation to remove a transformer from operation. The loads in the simulation have been set 

to double the present values for loads as depicted by the final commissioning reports for each of the 

stations to account for growth.  

To illustrate the effects of an open versus closed bus-coupler on the receiving voltages at each 

substation, the following simulation comparison was performed. The tap changer values were 

manipulated to have a lower tap position for T4 and a higher tap position for T5 to the point where 

the approximate nominal voltages where attained for the substations on both lines with the bus 

coupler in an open position (Fig.16). The bus-coupler was then closed and the simulation run as 

shown in Fig.15 below (Observe buses 11 and 12 have identical voltage: 127.273 kV.). The busbar 

voltages are noted here, and the power quality can be said to be acceptable with the CHV substation, 

as the furthest away, at 2 kV over nominal voltage.  

Figure 14: SCADA Screenshots of KBMP substation, POST-energizing of the MBMZ substation focus on the 132 kV primary side. Shows the charging 
current and reactive power as a result of the capacitance in the long transmission.  

 



 

Figure 15:Power World Simulation 1: displays transformer tap changer settings and bus voltage information with CLOSED 
BUS-COUPLER (connection point is red).  

 

 

 

 

 

 

 

 

 

 

 

 



As a comparison, simulation 2 is illustrated below in Fig. 16 with the bus-coupler in an open position 

for the identical grid. 

 

Figure 16: Power World Simulation 2: displays bus voltage information with OPEN BUS-COUPLER (connection point is hollow 
green). 

 

5.5.2 Recommendation 2: Transformer losses calculation 
The information and measurements concerning the testing undertaken on the 90 MVA transformer 

at LMW has been taken from the FAT testing report performed by ABB India in Vadodara. Relevant 

excerpts of this FAT report have been provided in Fig.17 and 18. The 330/133 kV transformer has Y-Y 

connections, and while there is a possibility to run the transformer at either 70 MVA or 90 MVA, data 

pertinent to the latter is the only information relevant in this thesis. Abbreviations for high voltage 

(HV), low voltage (LV) and tertiary voltage (TV) will be used. In the following section the two 

questions are answered that were put forward in the theory section concerning this 

recommendation; they are: 

1) Can the system be sustained by only one transformer at LMW? 

2) What are the losses per transformer under typical load conditions?  

Is the system sustainable with only one transformer in operation?  

What follows is an assessment of whether operating both 90 MVA LMW transformers simultaneously 

is unnecessarily surplus to present and future load requirements in the NWP project. Below is the 

calculated rated LV (132 kV side) current for one transformer at LMW.  

𝑆𝑟𝑎𝑡𝑒𝑑 = 3 ∗
𝑉𝐿−𝐿(𝐿𝑉)𝑟𝑎𝑡𝑒𝑑

√3
∗ 𝐼(𝐿𝑉)𝑟𝑎𝑡𝑒𝑑   



𝐼(𝐿𝑉)𝑟𝑎𝑡𝑒𝑑 = 393.56 𝐴 

This value for the rated current must be compared to the summarized current on both lines (toward 

MWNL and KBMP), with some allowances accounted for. These allowances include the loads for the, 

as of yet, incomplete line, that is the CHVM and LKL loads. These estimations have firstly been made 

by taking the current loads drawn at MWNL, MFMB, KBMP, and ZMBZ from the final commissioning 

reports of each of the substations (MBMZ has no attached load). Drawing on population statistics for 

these final two stations that have not yet been energized, estimations are then made for the loads at 

CHVM and LKL. The final load current drawn on the lines is then multiplied by a factor of 4 to account 

for load expansions over the next year. This figure is then summarized with the charging current on 

both lines. The final figure is the total estimated current to be drawn via the LMW substation in one 

year’s time, and it this figure that will be compared to the rated current as calculated above. Table 13 

summarizes current and load values taken from the final commissioning reports.  

 
 

𝑉𝑅 
   [kV] 

     P(OHL) 
      [MW] 

       Q(OHL) 
      [MVAR] 

      Θ 
[degrees] 

     I   
   [A] 

MWNL 135 0,66 0,16 13,6 2,90 

MFMB 130 0,37 0,28 37,11 2,06 

KBMP(reactor) 133,7 0,59 0,64 47,32 3,76 

MBMZ  - - - - 

ZMBZ(reactor) 129,9 0,34 0,23 34,08 1,82 

CHVM(estimated) 131,5 0,29 0,15 28.5 1.5 

LKL(estimated) 131,8 0,26 0,22 40.12 1.2 

TOTAL     13.24 
Table 12:Measured (and estimated) load characteristics and currents for the substations taken from final commissioning 
reports.  

𝐼𝑐ℎ𝑎𝑟𝑔𝑒 𝑀𝑊𝑁𝐿 𝑙𝑖𝑛𝑒 =  46 𝐴                                                                                      (Fig.9) 

𝐼𝑐ℎ𝑎𝑟𝑔𝑒 𝐾𝐵𝑀𝑃 𝑙𝑖𝑛𝑒 =  46 𝐴                                                                                     (Fig.13) 

Total estimated current:  

𝐼𝐿𝑉 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 = 46 + 46 + (13.24 ∗ 4) = 145 𝐴                                [Equation 19] 

As seen above, a single 90 MVA transformer can more than enough provide the necessary active 

energy currently needed in NWP. A such it would be advisable to remove one transformer from 

operation at LMW. This recommendation is only valuable should there be some benefit to doing so. 

The following section illustrates the losses saved by implementing this solution of removing a 

transformer.  

 

 

 

 

 

 



Core Losses 

Open circuit testing of the transformer allows us to calculate the core/iron losses of the transformer. 

What follows here is the investigation of the core losses over 𝑅𝑐 for the specific 90 MVA transformer. 

The open circuit test was performed on all three phases as a part of the FAT procedure, and the 

results are shown in Fig. 17. Table 14. shows the core losses and magnetization 𝑋𝑚 of the core for 

each phase calculated with help of the series of equations above (11-15). Due to the asymmetry of 

the core’s physical construction, the currents were unbalanced in their distribution amongst the 

phases, with the second phase showing an imbalance between the core-loss current (𝐼𝑐), and the 

magnetizing current (𝐼𝑚). For this reason, the final row of Table 13. shows the one phase equivalent 

 

 

Figure 17: FAT report for the open-circuit/no-load testing results for transformer operating at 90 MVA.  

values as depicted in Fig.8, and as calculated with the average values for voltage and current and 

average total power provided in Fig.17. 

Phase 𝑉𝐿−𝑁 P 𝐼𝑒 cosθ 𝐼𝑐 𝐼𝑚 𝑅𝑐 𝑋𝑚 

1 6363 V 20622 W 5.331 A 0.608 3.24 A 4.24 A 1964 Ω j1500 Ω 

2 6477 V 9203 W 3.39 A 0.419 1.42 A 3.08 A 4561 Ω j2102 Ω 

3 6461 V 19315 W 4.25 A 0.703 2.99 A 3.02 A 2160 Ω j2139 Ω 

One phase 
equivalent 
circuit. 

6434 V 16380 W 4.323 A 0.589 2.55 A 3.49 A 2523 Ω j1844 Ω 

Table 13: Calculation figures for the one-phase equivalent 90 MVA transformer, with data taken from the no load FAT 
results in fig.17. 

While useful for simulations in Power World, the above calculations are redundant for the purpose of 

calculating the losses saved by removing one of the 90MVA transformers from operation. From the 

excitation current values given in Fig.17 it is known that the transformer’s excitation is 0.092% of the 

nominal current. As previously stated, the core losses are constant and so independent of the 

quantity of current drawn by the load; “No load losses… (are) …considered to be constant 

irrespective of load.” (Kulkarni and Katti 2011, p.659). Taking the 49 kW total losses for the 

transformer at 100% of nominal voltage, we can estimate the total energy consumed over the period 

of a year to be: 



𝐸𝐶𝑜𝑟𝑒 = 49000 ∗ 24 ∗ 365 = 429240  𝑘𝑊ℎ/𝑦𝑒𝑎𝑟 

 At the present tariff rate of 0.15 kwacha/ kWh (Fig.30, Appendix), with the current conversion rate, 

this economically translates to a saved value of:  

429240 𝑘𝑊ℎ ∗  0,139
𝑆𝐸𝐾

𝑘𝑊ℎ
= 59 664 𝑆𝐸𝐾/𝑦𝑒𝑎𝑟 

 

Winding Losses  

Short circuit testing of the transformer allows us to calculate the series impedance of the 

transformer windings, load losses. These consist of a real and reactive part known respectively as the 

copper losses and the leakage flux losses. The load losses are dependent on the current passing 

through the transformer drawn by the load on the LV. 

 

 

Figure 18: FAT short circuit testing results for transformer operating at 90 MVA.  

 



Using Equation 16, from the Theory chapter on this recommendation, with the short-circuit test 

results provided from the FAT testing from ABB’s India division (Fig. 18), the following values were 

obtained for the copper losses. Measurements are taken for tap position 9. 

𝑅𝑝𝑒𝑟 𝑝ℎ𝑎𝑠𝑒(75𝑜𝐶) =
𝑃1 𝑝ℎ𝑎𝑠𝑒

𝐼2
=

180770
3

 

157.462
= 2.43 Ω 

 

Drawing on the statements previously made in sections within theoretical ‘winding losses’ as well as 

‘Transformer losses for 90 MVA’, we know that by having parallel transformers we achieve in halving 

the copper/winding losses. Thus, we can calculate the increase in copper losses as a result of 

removing a transformer from operation as: 

𝑃𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 𝑙𝑜𝑠𝑠𝑒𝑠: The sum of the copper losses in each parallel transformer: 

𝑃𝑆𝑖𝑛𝑔𝑙𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 𝑙𝑜𝑠𝑠𝑒𝑠: The copper losses accrued in a single transformer with the doubled current 

accounted for 

 𝑃𝑆𝑖𝑛𝑔𝑙𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 𝑙𝑜𝑠𝑠𝑒𝑠 − 𝑃𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 𝑙𝑜𝑠𝑠𝑒𝑠 = ((145)2 ∗ 2.43) − 2 ∗ ((
145

2
)2 ∗ 2.43)

=  25545.4 𝑘𝑊 

Using the estimation for current pulled through LMW by the NWP grid from Equation 19, and 

transferring the current to the primary sides value; the following calculations are made for copper 

losses increased by removing a 90 MV transformer. 

𝑃𝐶𝑢 𝑙𝑜𝑠𝑠𝑒𝑠 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑 = 25 545 𝑘𝑊 

Therefore, at the same tariff rate over the period of one year the economic losses increase as a result 

of removing a transformer from operation to: 

 

(25.545 ∗ 24 ∗ 365)𝑘𝑊ℎ ∗  0,139
𝑆𝐸𝐾

𝑘𝑊ℎ
= 31 105 𝑆𝐸𝐾 /𝑦𝑒𝑎𝑟   

In summary, by removing a transformer from parallel operation we save the core losses of one 

transformer while increasing the overall copper losses. The total saved losses by removing one of the 

transformers from operation would therefore be the saved core losses minus the added copper 

losses: 

𝑇𝑜𝑡𝑎𝑙 𝑠𝑎𝑣𝑒𝑑 𝑙𝑜𝑠𝑠𝑒𝑠 = 49 − 25.5 = 23.455 𝑘𝑊  

Which translate to an annual saving of 28 560 Swedish Kronor. 

 

 

 

 

 

 



6. Discussion and Final Remarks 

6.1 NWP 
In the description and analysis of the NWP project there have a number of ambiguities concerning 

the design. Firstly, the transposing in the line as detailed above has led to an imbalance of voltage 

between the phases. While this imbalance is not so large so as to upset the power quality of the 

system, it is easily avoided by more regular transpositioning behaviour. A possible reason for the 

present transposing design may be that the cost of transposing regularly enough to achieve both the 

same incoming as outgoing phase pattern as well as equal phase-to-ground capacitance outweighs 

the benefits of the imbalance. The insistence on calculating parameters using actual as opposed to 

sagging distances leads to a less accurate representation of the calculated values.  

6.2 Discussion concerning recommendations 
The recommendations in the above section are made keeping in mind that by implementing any of 

the three suggested will remove the ability to constantly supply power to both lines in the event of a 

transformer fault. The recommendations are made despite this as it is believed the benefits are 

worth the inconvenience of a brief power interruption to an area. This decision is made with 

knowledge of back-up generators being available at hospitals. 

When observing the first recommendation concerning opening the bus-coupler, the receiving 

voltages at the substation buses experience a reduction in receiving voltage at CHVM station of 450 

V, as well as an increase of 430 V at MWNL. This translates to an optimization of receiving voltages 

and hence power quality on both lines. The advantage of this recommendation is minimal cost while 

increasing power quality. In the event of a fault with one of the transformers it would be a simple 

process to close that busbar without large inconvenience to the consumers. It is for these reasons 

that this solution is the recommendation suggested by this thesis to the NWP project to improve the 

power quality. 

As a recommendation, shutting off one transformer has the disadvantage of having a slow energizing 

time if the resting transformer needs to be quickly brought into operation if the active transformer 

experiences a fault. This can be avoided by having the resting transformer energized without being in 

operation, thus the core losses calculated would still be experienced as a sacrifice to having the 

transformer ready to step in as a back-up. If the core losses are experienced while the copper losses 

are doubled this becomes a costlier solution in terms of total losses. Additionally, the financial gains 

of 29 000 SEK can be ignored as a financial incentive to motivate this recommendation. It is for these 

reasons that this thesis does not recommend this course of action.  

 
 

 

 

 

 

 

 



7. Conclusion 
When planning a power system, design decisions are motivated by a trade-off between operating 

life, cost and quality of power. Reactive compensation is both a cause and effect of these motivating 

factors. This thesis has endeavoured to bring to life some of the theoretical issues that face 

transmission projects and marry the theoretical considerations with practical solutions. This is 

achieved by exploring the origin of the reactive power in transmission systems and coupling this with 

the specific emergence of reactive power in the NWP project and the compensation technology used 

to combat this. By confirming analytic calculations concerning the parameters governing conductors 

in transmission systems with the help of tools such as MATLAB, Power World and field 

documentation, it has been possible to display the need for understanding the theoretical 

emergence of this reactive power. Finally, practical suggestions and recommendations have been 

provided in the concluding chapters to improve the power quality and/or efficiency of the NWP 

system as a whole. 
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Appendix 

 

Figure 19:Predicted population growth for the North Western province. (Central Statistics Office Zambia, ‘Population 
development in North-Western’, 2015. Available from:<https://www.citypopulation.de/php/zambia-
admin.php?adm1id=08>) 

 

Figure 20: Population statistics showing increased urban living and increased population over the 2008-2012 period for both 
Northern and North Western Provinces. (Knoema Statistics. Labour Force Survey, knoema, 2013. Available from: 
<https://knoema.com/ZMLFS2012/labourforce-survey-2008-zambia>) 

https://www.citypopulation.de/php/zambia-admin.php?adm1id=08
https://www.citypopulation.de/php/zambia-admin.php?adm1id=08
https://knoema.com/ZMLFS2012/labourforce-survey-2008-zambia


 

Figure 21: Technical specifications for WOLF conductor used for 132 kV transmission in NWP project. 

 

 



 

Figure 22: Transmission Tower ‘A’ specifications, used for the construction of Fig.4. 

 

 

Figure 23: Excerpt from Line Data Sheet (LDS) showing tower configurations for LMW-MWNL 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: Transposing scheme for phase conductors from LMW-KBMP. 



Date and time LMW (𝑽𝒔) 
T4 

MWNL (𝑽𝑹) 
 

LMW (𝑽𝒔) 
T5 

MFBW 
(𝑽𝑹) 

KBMP (𝑽𝑹) 

24/03/2017      

03:00:00:00 127.511 kV  
(tap position 
12) 

Voltages 
date from 
10/03 to 
16/03. 

127.74 kV  
(tap position 
12) 

132.56 kV 133.935 kV 

14:00:00:00 127.280 kV  
(tap position 
11) 

 
           -  

127.477 kV  
(tap position 
11) 

132.201 kV 133.558 kV 

20:00:00:00 127.927 kV  
(tap position 
11) 

 
           - 

128.063 kV  
(tap position 
11) 

132.649 kV 133.92 kV 

27/03/2017      

03:00:00:00 127.992 kV  
(tap position 
11) 

 
           - 

128.111 kV  
(tap position 
11) 

132.903 kV 134.252 kV 

14:00:00:00 129.67 kV  
(tap position 
11) 

 
           - 

129.804 kV  
(tap position 
11) 

134.524 kV 135.855 kV 

20:00:00:00 128.708 kV  
(tap position 
8) 

 
           - 

128.841 kV  
(tap position 
8) 

133.475 kV 134.753 kV 

30/03/2017      

03:00:00:00 128.53 kV  
(tap position 
9) 

 
           - 

128.724 kV  
(tap position 
9) 

133.531 kV 134.862 kV 

14:00:00:00 129.171 kV  
(tap position 
8) 

 
           - 

129.481 kV  
(tap position 
8) 

134.148 kV 135.418 kV 

20:00:00:00 128.494 kV  
(tap position 
8) 

 
           - 

128.698 kV  
(tap position 
8) 

133.311 kV 134.581 kV 

Table 14: Sending and Receiving Voltages for LMW -> MWNL and LMW -> KBMP lines; PRE-Energizing of KBMP 
reactor 

 



 

 

 

 

 

Figure 26: LMW-MFMB Impedance protection values- ZESCO calculations. 

Figure 25: LMW-MWNL Impedance protection values- ZESCO calculations 



 

Figure 27: MFMB-KBMP Impedance protection values- ZESCO calculations 

 

 

Figure 28: MATLAB code for processing the long-line model matrix 



 

 

 

 

 

Figure 29: Synch switching for transient protection 12MVAR SR KBMP 



 

Figure 30: Final commissioning results KBMP 12 MVAR Shunt Reactor 

 

 

 



 

Figure 31:  Present residential electricity tariffs per 


