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Abstract 

The rise of disruptive technologies and the rapid growth of innovative initiatives have led to a 
trend of decentralization, deregulation, and distribution of regulated/centralized services. As a 

result, there is an increasing number of requests for the connection of distributed generators to 

distribution networks and the need for power utilities to quickly assess the impacts of distributed 

generators (DGs) to keep up with these requests.  

Grid integration of DGs brings about protection issues. Current protection systems were not 

designed for bi-directional power flow, thus the protective devices in the network lose their 

ability to perform their main functions. To mitigate the impact of distributed generation (DG), 

some standards and policies constrain the number of DG that can be connected to the distribution 

network. The problem with these limits is that they are based only on overload and overvoltage, 

and do not adequately define the DG size/threshold before the occurrence of a protection issue 

(NRS 097-2-3). The other problem with distributed generation is the vast difference in the 

technology, location, size, connection sequence, and protection scheme requirements which 

results in future DG network planning inadequacies – The Network DG Planning Dilemma. 

To determine the amount of DG to connect to the network, a detailed analysis is required which 

often involves the use of a simulation tool such as DIgSILENT to model the entire network and 

perform load flow studies. Modelling networks on DIgSILENT is relatively easy for simple 

networks but becomes time-consuming for complex, large, and real networks. This brings about 

a limitation to this method, planning inadequacies, and longer connection approval periods. Thus, 

there is a need for a fast but accurate system-wide tool that can assess the amount of DG that can 

be connected to a network.  

This research aims to present a technique used for calculating protection-based DG penetration 

limits on MV networks and develop a model to determine medium voltage opportunity network 

maps. These maps indicate the maximum amount of DG that can be connected to a network 

without the need for major protection scheme changes in South Africa. The approach to 

determining protection-based penetration limits is based on supervised machine learning 

methods. The aim is to rely on protection features present in the distribution network data i.e. 

fault level, Inverse Definite Minimum Time (IDMT) curve, pick-up current settings, Time 

Multiplier Settings (TMS), calculated relay operating times and relay positions to see how the 

network responds at certain DG penetration levels (‘actual’ relay operating times). The dataset 

represents carefully anonymized distribution networks with accepted protection philosophy 

applied. A supervised machine learning algorithm is applied after nontrivial data pre-processing 

through recommendation systems and shuffling.  The planning dilemma is cast into three parts: 

the first part is an automated pattern classification (logistic regression for classification of 

protection miscoordination), the second part involves regression (predicting operating time after 

different levels of DG penetration), and the last part involves developing a recommendation 

system (where, when and how much photovoltaic (PV) DG will be connected). 

Gradient descent, which is an optimisation algorithm that iterates and finds optimal values of the 

parameters that correspond to the local or global minimum values of the cost function using 

calculus was used to measure the accuracy of each model’s hypothesis function. The cost function 

(one half mean squared error) for the models that predict ‘actual’ relay operating times before 

DG penetration, at 35%, 65%, and 75% DG penetration converged to values below 120, 20, 15, 

and 15 seconds2, respectively, within the first 100 iterations. A high variance problem was 

observed (cross-validation error was high and training error was low) for the models that used 



Protection-based distributed generation penetration limits on MV feeders 

v 
 

all the network protection features as inputs. The cross-validation and training errors 

approached the desired performance of 0.3±0.1 for the models that had second-order 

polynomials added.   

A training accuracy of 91.30%, 73.91%, 82.61%, and a validation accuracy of 100%, 55.56%, 

66.67% was achieved when classifying loss of coordination, loss of grading and de-

sensitization, respectively. A high bias problem was observed (cross-validation error was high 

and training error was high) for the loss of grading classification (relay positions eliminated) 

model.  When the models (horizontal network features) were applied to four MV distribution 

networks, loss of coordination was not predicted, the loss of grading model had one false positive 

and the de-sensitization model had one false negative. However, when the results were compared 

to the vertical analysis (comparing the operating times of upstream and downstream 

relays/reclosers), 28 points indicated a loss of coordination (2 at 35%, 1 at 65% and 25 at 75% 

DG penetration). Protection coordination reinforcements (against loss of grading and 

desensitization) were found to be a requirement for DG connections where the MV transformer 

circuit breaker TMS is between 0.5 and 1.1, and where the network fault level is between 650 

and 800A. 

Distribution networks in affluent neighbourhoods similar to those around the Western Cape- 

Somerset West area and Gauteng- Centurion area need to be reinforced to accommodate 

maximum DG penetration up to the limit of 75% of the After Diversity Maximum Demand 

(ADMD).  

For future work, the collection of more data points (results from detailed analytical studies on the 

impact of DG on MV feeders) to use as training data to solve the observed high variance problem 

is recommended. Also, modifying the model by adding upstream and downstream network 

features as inputs in the classification model to solve the high bias problem is recommended. 
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1. Introduction 

1.1. Background of the problem 

The rise of disruptive technologies and the rapid growth of innovative initiatives have led to a 

trend of decentralization, deregulation, and distribution of regulated/centralized services [1]. 

Good examples of resource distribution include Uber and Airbnb, one of the biggest taxi 

companies and one of the biggest holiday home companies in the world, respectively. Both these 

companies do not own most of the cars used as taxis or the property used as holiday homes. This 

trend brings about the need to investigate and study current de-centralized, deregulated, smart 

power systems (grids).  

Also, the decrease in the demand for electricity in certain areas due to off-grid distributed 

generation (DG) installations and the increase in the magnitude and complexity (power factor 

correction) of the demand of electricity in most areas brings about the need to adapt transmission 

and distribution networks. Power utilities like the South African state-owned company (Eskom), 

spend substantial amounts of money in the expansion of transmission and distribution facilities. 

The process of building transmission lines takes years due to servitude acquisition, public 

participation on route selections, and the decreasing supply of steel. For urban areas, clearances, 

and aesthetics affect the construction of HV transmission networks. It can be argued that these 

facilities may be underutilized in the future due to the shift towards decentralized power systems 

with DG. This shift is a result of the global shift towards sustainable development including 

reductions in carbon footprint, energy cost, and load shedding impacts, as well as government 

incentives to increase renewable energy penetration, the decline in the price of solar PV cells, and 

the need for high electricity supply reliability and quality.   

A solution to un-constraining constrained distribution networks while minimizing the cost and 

delays that come with the construction of HV transmission networks is to integrate DG close to 

load centres. DG penetration will result in distribution networks progressively becoming complex 

due to bidirectional power flow. Current electrical distribution systems are based on a topology 

whereby electricity/energy flows radially from the substation to the consumer/loads. The 

protection schemes currently in use are not adapted to the existence of power injections 

distributed throughout distribution networks [2]. The increase in the requests from consumers 

to connect small renewable energy generators to distribution networks, lead to the need for a fast 

but accurate system-wide DG penetration impact analysis tool/technique. Hence, there is a need 

for a fast evaluation of DG source connection points with minimum impact on current electrical 

distribution networks, to satisfy utility and societal expectations.  

Protective systems are designed such that lower short circuit levels are experienced by 

downstream devices compared to the short circuit levels that are upstream (unidirectional power 

flow). The original overcurrent, earth fault, and sensitive earth fault protection coordination 

designs were not performed with DG penetration considerations. DG penetration leads to an 

increase in short circuit levels that result in a change in the short circuit levels experienced by 

upstream and downstream protective devices relative to the DG. Therefore, for certain levels of 

DG penetration (size and DG type), alteration of the system short circuit current characteristics 

result in loss of protection coordination [3], [4]. In these situations, the protection system does 

not operate as expected. 
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Another problem with DG is the vast difference in the technology, location, size, connection 

sequence, and protection scheme requirements which result in future DG network planning 

inadequacies – The Network DG Planning Dilemma. To determine the amount of DG to connect 

to the network, a detailed analysis is required: which often involves the use of a simulation tool 

such as DIgSILENT to model the entire network and perform load flow studies. Modelling 

networks on DIgSILENT is relatively easy for simple networks but becomes time-consuming for 

complex, large, and real networks. Thus, this method is limited and could cause planning 

inadequacies and longer connection approval periods. There is a need for a fast but accurate 

system-wide tool that can assess the amount of DG that can be connected to a network.  

This dissertation presents a machine learning technique used for calculating protection-based DG 

penetration limits on MV/LV networks, and a model to determine medium voltage opportunity 

network maps which indicate the maximum amount of DG that can be connected without the need 

for major protection scheme changes in South Africa. 

1.2. Purpose of the study 

This research project investigates the effects of network protection parameters on relay 
operating time after DG penetration, develops machine learning models to determine protection 
miscoordination groups after DG penetration on MV distribution networks, and recommend 
where, when and how much PV will be connected.  The results are used to create a protection-
based DG penetration limit Medium Voltage Opportunity Network (MVON) guide: referring to 
current network protection parameters that determine the protection-based DG penetration 
level. The MVON guide aims to eliminates the cost involved and the need to change the current 
protection settings/devices every time a DG is introduced to the distribution network. 

The study will also be used to develop an adaptive planning approach for DG penetration which 
will aid in planning and expansion studies for the Network Development Plan (NDP). 

1.2.1. Objectives of this study 

The following objectives were drawn:  

1. Analyse and identify the impact of PV DG connection scenarios on distribution networks 

protected using Eskom’s MV/LV protection philosophy. 

2. Identify all the network parameters and variables that contribute to DG penetration 

limits.  

3. Develop and train a machine learning model to calculate relay operating times before and 

after DG penetration and classify resulting protection miscoordination groups that 

determine protection-based DG penetration limits. 

4. Identify a methodology/model for assessing feeders with high DG penetration limits. 

5. Establish protection-based DG penetration limits for networks protected by Eskom’s MV 

protection philosophy standard (considering past and future DG connections). 

6. Identify improvements to network planning standards to account for changing DG 

installation scenarios. 

1.2.2. Hypothesis 

Machine learning value estimation and recommendation techniques are used in this study. To 
ensure that the method is correctly implemented into a commercial Power system planning tool: 
the underlying penetration limit, basis, criteria, performance are rigorously checked and tested.  
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Therefore, to achieve the aim of this research project, the following hypothesis is tested:  

Machine learning techniques – value estimation and recommendation systems – can be 
modified, trained, and applied as a tool to determine/analyse protection-based 
penetration limits on distribution networks protected using Eskom’s MV protection 
philosophy.  

1.2.3. Research questions 

The following research questions will be used to assess the validity of this hypothesis: 

1. What is the impact of DG on feeders with protection systems based on Eskom’s MV 
protection philosophy? 

2. What are the factors that affect DG planning and connection approvals?  
3. What are the tools/concepts used to establish a network’s DG hosting capacity?  
4. What combination of protection features determine different protection coordination 

problems? 
5. Where, when, and how much PV DG is/will be connected? 
6. What are the protection-based DG penetration limits for MV networks protected by 

Eskom’s MV protection philosophy? 

1.3. Scope and limitations 

This research focuses on the impact of increasing DG penetration on relay/recloser protection 

coordination.  Three phase-fault data from a detailed DG penetration analysis study were used to 

train the machine learning value-estimation model. The model was applied to data from four real 

power distribution networks. PV installation, date, size, and location data up to early 2019 were 
used in the recommendation system. Although the study of DG penetration limits on power 

system includes control, management, implementation, laws, voltage, loading, and more, this 

project focuses only on the total power that can be injected by a DG on a system protected 

according to Eskom’s protection philosophy and DG network planning. The analysis was carried 

out on DIgSILENT Power Factory, Octave, Jupyter notebooks, and Excel.  

The extent of the work done as building blocks to the topic investigated in this research project 
is as follows: 

• Validation of the model success criteria and classes by the Electric Power Research 
Institute (EPRI) system-wide DG assessment protection category. 

• The use of results from a detailed DG analysis study with a variety of test scenarios to 
train the model. 

• The use of polynomials, elimination, and the combination of both (adding polynomials 
and elimination) techniques to select the best hypothesis function (a line that fits the data 
well). 

1.4. Dissertation outline 

Chapter 1  begins with a description of the research background and motivation: the increase in 

the requests from consumers to connect small renewable energy generators to distribution 

networks, and the need for a fast but accurate system-wide DG penetration impact analysis 

tool/technique. It then states the purpose of the research project, objectives, hypothesis and the 

research questions.  
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Chapter 2 reviews the literature on current LV and MV network protection philosophies, 

future/proposed network protection philosophies, current tools used to determine DG 

penetration limits, and DG network planning methods. Applications of machine learning in power 

systems are also reviewed.  

Chapter 3 presents the method used in this research project, introduces the MV distribution 

network case files, PV data, and global horizontal irradiation map of South Africa.  

In Chapter 4, Eskom’s MV protection philosophy and the steps of applying the philosophy to a 

distribution network including network reduction and modelling are comprehensively described. 

Chapter 4 also introduces the models and parameters of four real distribution networks used in 

this study. It then focuses on the application of the MV protection philosophy to these network 

models. The training data model is described in this chapter. 

Chapter 5 presents the application of recommendation systems on the PV and load data. The 

most common PV size, time of day where PV generation is at maximum, location with the highest 

PV, time of day with a correlation to a time where PV is at maximum generation and load is at a 

minimum, area PV installation growth and most common PV sizes per postal code are 

recommended. The implications of these recommendations in DG network planning are 

discussed. 

Chapter  6 describes in detail the development of the value estimation model. The section begins 

with the definition of the model success criteria and classes. It then focuses on the use of linear 

regression for an operating time predictor and the model’s learning curves. Logistic regression is 

then used to classify protection miscoordination. Classifier confusion matrixes are then 

presented. The performance of the best models with regards to DG protection penetration limits 

is discussed. 

Chapter 7 presents the results of the application of the best model to the four real networks. 

Feeder/relay locations with the highest and lowest penetration limit are identified.  

Chapter 8 contain the conclusion of this study; the extent to which the investigation and 

modelling done in this research project answers the research questions and validates the 

hypothesis. 

In Chapter 9, recommendations are presented. 

Appendix A lists the publications from the research. 
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2. Literature review 

This chapter presents the literature review of this research project. It briefly describes current 
LV and MV network protection philosophies, the impact of DG on these protection philosophies, 

future/proposed LV and MV network protection philosophies, tools/algorithms used to establish 

DG hosting capacity on distribution networks and network planning for DG. 

2.1. Introduction  

A protection philosophy for LV/MV distribution feeders is designed for optimal performance in 

protecting lives and equipment, optimizing quality and reliability of supply, minimizing life cycle 

costs and minimizing fire risks due to incandescent particles from clashing conductors [5]. A 

typical protection scheme consists of overcurrent, earth fault, and sensitive earth fault protection. 

Earth fault protection operates on residual current, the sum of the three-phase currents, and it is 

insensitive to load current. High impedance faults caused by live conductors touching the ground 

or trees are known as sensitive earth faults [6]. Sensitive earth fault protection is mainly for the 

prevention of public fatality/injury in the case of contact with live equipment [6].  In most cases, 

MV networks are resistively earthed at the substation using the NEC/R, the earth fault current 

contribution per neutral earthing point is 360 A for rural networks and 960 A for urban networks 

[7]. The functions of any protection scheme on a power system are to detect and clear the faulted 

section selectively in a short period. From the coordination requirements, it is not always possible 

for the protection system to operate fast enough to safeguard life in the case of direct contact with 

live lines. 

2.2. Current LV and MV network protection philosophies 

Multiple protection schemes exist; two are commonly used globally i.e. overcurrent relays and 

recloser-fuse schemes [2]. MV and LV network feeders are mostly protected by non-directional 

inverse overcurrent relays. inverse overcurrent relays are selective, reliable, and cost-effective, 

hence their wide use. They consist of two main settings: time multiplier setting (TMS) and plug 

setting multiplier (PSM) which determine the operating time of the relay [8]. LV and MV network 

protection philosophies can be grouped into five groups: 

2.2.1. Fuse-fuse coordination 

Fuses provide a relatively inexpensive and effective method for clearing fault currents. Fuses are 

normally applied as single-phase devices, only one fuse blows in the event of a phase to phase 

fault. The devices downstream remain live because of phase to phase connections of MV/LV 
transformers downstream via phases whose fuses remain intact (dead-side return situation) [6]. 

Fuse coordination involves two main characteristics of a fuse: minimum melting (MM) - the time 

required for the fuse to begin melting and total clearing time (TC). A typical fuse-fuse radial 

distribution feeder is shown in Figure 2-1.  

 

Figure 2-1: Fuse-fuse arrangement on a radial distribution feeder [9]. 
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For typical fuse-fuse coordination (Figure 2-1), Fuse 2 protects the main feeder, and fuse 1 

protects the lateral feeder. The system is coordinated such that the desired selectivity is achieved, 

for a fault on the lateral feeder, fuse 1 must melt before fuse 2.  The TC characteristics of fuse 1 

must be below the MM characteristics of fuse 2. This configuration works well when the fault 

levels are within the coordination range (Figure 2-2) [9]. 

 

Figure 2-2: Fuse-fuse coordination range [9] 

This type of coordination only works with short feeders. For long feeders, it becomes difficult to 
find fuses with the MM and TC curves that will allow correct grading between the fuses. The 

grading of fuse-fuse coordination is jeopardized by the replacement of fuses with the incorrect 

type following the blowing of a fuse. Fuses degrade over time due to exposure to light which may 

lead to incorrect operation. Expulsion fuses often cause fires due to the expelled molten metal 

that causes ignition. Also, fuses bring about a dead-side return situation and cause voltage dips 

due to slow operating times at low fault currents [6]. Fuses also affect the System Average 

Interruption Duration Index (SAIDI) and the System Average Interruption Frequency Index 

(SAIFI) due to the time required to replace a blown fuse. 

2.2.2. Auto-recloser fuse coordination 

For this type of protection scheme, the recloser protects the main feeder while the fuse is used to 

protect lateral feeders (Figure 2-3). A recloser operates according to two curves, a fast and a slow 

response (Figure 2-4).  

 

Figure 2-3: Recloser – fuse arrangement on a radial feeder [9] 
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Figure 2-4: Recloser -fuse coordination range [9] 

For an auto-reclose protection philosophy, safeguarding life is guaranteed if the recloser locks 

out in the shortest possible time when closing onto a permanent fault. The dead times of the auto-

recloser affect the SAIDI indices. The SAIDI and SAIFI indices determine the average duration and 

frequency of sustained interruptions experienced by customers. Returning a line to service from 

a transient fault must happen within 2 minutes (Eskom standard) or 5 minutes (NRS) so that it 

does not count towards the SAIDI and SAIFI indices.  The multi-shot reclosing of an auto-recloser 

largely affects the Momentary Average Interruption Frequency Index (MAIFI), which concerns 

the number of momentary interruptions between 3 seconds to 2/5 minutes experienced by 

customers [6].  

The coordination range for the recloser-fuse arrangement is shown in Figure 2-4. Within this 

range, the recloser will operate first before the fuse is damaged.  If the fault is permanent, the fuse 
will then blow. This ensures that the load does not get disconnected for temporary faults, 

improves reliability, and deters prolonged power discontinuity due to temporary faults. This is 

known as the Fuse-Saving strategy; it helps reduce fuse replacement costs and extended power 

interruptions due to temporary faults that make up 70% to 80% of faults on distribution 

networks [2], [9], [10].  Recloser-fuse coordination also becomes complex for long feeders with 

multiple laterals due to fuse selection and coordination. Fuse saving strategy is sometimes not 

possible on MV distribution systems, for example, a 20 K speed fuse begins melting in less than 

80 milliseconds (ms) which is the fastest auto-recloser operating time for currents above 300 A. 

The use of fast and slow protection curves applied to fuse saving strategies requires zone 

sequence coordination which affects the reliability of the auto-reclose function. In most cases, MV 

faults display instability characteristics during their early stages. The protection will pick-up and 

reclose several times within the fault current transient stage, timing out, and tripping the auto-

recloser on its slow protection curve even though it is the first auto-recloser sequence [6].  

2.2.3. Recloser-recloser coordination 

For this protection scheme, selectivity is achieved by coordinating the reclosers in series such 

that the downstream recloser which is electrically close to the fault trips first and isolates the 

section.  
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2.2.4. Overcurrent relay coordination 

Overcurrent relays provide versatility; a relay allows a wide range of configurations, thus 
providing coordination for various scenarios [2]. In addition, the remote-control functionality of 

overcurrent devices makes them ideal for modern power systems. For correct grading, the time 

delay is selected sequentially to ensure that the overcurrent relay closest to the fault trips first. 

Typical characteristic curves for relays in a typical overcurrent relay coordination is shown in 

Figure 2-5. Each relay must have different PSM and TMS to ensure selectivity. 

 

Figure 2-5: Inverse minimum time-delay protection for radial feeder [11] 

2.2.5. Overcurrent relay recloser-fuse coordination 

This type of coordination involves the use of an overcurrent relay at the beginning of the feeder, 

reclosers along the feeder and laterals, and fuses for pole mounted MV/LV transformers (less 

than 2 MVA). The fuses on the distribution transformer are not for the protection of the 

transformer but to promote continuity of supply on the remaining network and assist in fault 

finding (rapid identification of transformer winding/surge arrestor that failed) [6]. Hence, fuse 

saving is not applicable in this coordination method because the faults in these fuse zones are 

expected to be permanent in nature. Because of the current transformation in the MV/LV 

distribution transformer, the fuse sizes on the transformer primary side are small and make it 

impractical to save/coordinate with upstream auto-recloser (ARC). However, the MV fuse must 

grade with protective devices on the LV side of the transformer and should be capable of detecting 

phase to neutral and three-phase faults [6]. The following example (Figure 2-6) illustrates the 

fault current seen by the primary side of the MV/LV transformer because of an LV (secondary 

side) 3 phase/ phase-neutral fault. 

 

Figure 2-6: Transformer example 
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• Given a 20 K fuse (minimum operating current of 50 A, at 11 kV and apparent power of 

950 kVA),  

• An ARC 80ms (ARC for 300 A)  

• A 200kVA transformer (11/0.4 kV),  

• LV Ph-N fault of 121 A, 3-phase fault of 210 A. 

For a 3-phase fault and a Ph-N fault on the transformer secondary side, the primary side fault 

current are 7.64 A and 4.4 A, respectively. Given the fault current magnitudes on the transformer 

primary side, the fuse only operates for transformer faults greater than 50 A. The earth fault 

protection on the feeder circuit breaker is time graded with the series auto-reclosers and the pole 

transformer fuses for fault current exceeding 100 A on the MV side due to the LV earth electrode 

resistance value used [6]. 

2.3. Impact of distributed generation on current protection philosophies 

DG provides several benefits to power systems such as ancillary services (reactive power 

compensation) and reduction of transmission losses (DG connects at distribution level). However, 

DG can affect the distribution network negatively since current protection systems were designed 

with the assumption of unidirectional current [12]. Traditional inverse-time protection schemes 

that are based on overcurrent fail to protect distribution networks with DG when the fault current 

is almost equal to the pick-up current setting. This is usually the case for faults with high 

impedance [8]. DG connection may lead to blinding of protection, false and sympathetic tripping, 

overreach, and unintentional islanding. Therefore, the introduction of DG results in the loss of 
protection coordination among protective devices. Loss of protection coordination can be cast 

into three groups: 

2.3.1. Loss of coordination 
Loss of coordination occurs when secondary relays have shorter operation times than primary 
relays as a result of an increase in the short circuit level. 

2.3.2. Loss of grading  
Loss of grading occurs when the operation time difference between primary and secondary relays 
is greater or less than 300 ms. 

2.3.3. De-sensitisation  
De-sensitization (slow operating times) occurs when there is a reduction in the fault current level 
drawn from the mini substation due to DGs contributing to the fault current. 

The type of DG plays a role in determining the impact of DG on the protection system. 

Synchronous based distributed generators have an uncontrolled current during faults as opposed 

to asynchronous based distributed generator whose fault current depends on the control method 

rather than the type of generator [13]. Inverter-Based Distributed Generators (IBDG) are 

decoupled from the grid, the input voltage to the inverter stays the same during a fault. During a 

fault, the inverter detects the voltage drop on its output terminals, and a new current setpoint is 

calculated based on the new voltage. Synchronous generators can produce a fault current up to 

5-10 times their rated current while inverter-based DG are limited to 1-2 times their rated current 

by the power electronics [13]. Due to the limited fault current capacity and rapid response of 

inverter-based DG control, the impact of inverter-based DG has not been explored fully. Although 

the fault current contribution of inverter-based DG is low, the connection of multiple IBDG to the 

grid can lead to fault levels that are too low and require high protection sensitivity [13]. In [12], 
it was shown that inverter-based DG at low penetration can cause miscoordination between the 
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fuse and recloser in fuse-recloser coordination (fuse saving). However, the impact of inverter-

based DG on protection philosophies other than fuse-recloser has not been explored. 

2.4. Future/proposed LV and MV network protection philosophies 

As discussed in the previous section, the increase in the number of DG within distribution 

networks has an impact on the coordination, sensitivity, and selectivity of protection schemes.  

Therefore, the previous assumptions, methods, protection, and control strategies need to be 

reconsidered when designing a protection system with DG.  The new protection design 

methodology must ensure that the possible multiple current paths that feed a fault because of DG 

do not jeopardise the operation of the protection system [2].  

The South African distribution code states that it is the responsibility of the utility to develop a 

protection guide for connecting DG to the distribution system for safety and operation reliability 

[7]. DG units are supposed to disconnect upon the detection of unintentional islanding.  In MV 

networks, the neutral earth point of DGs are connected to the utility neutral point to avoid issues 

of earth fault desensitization and circulating zero-sequence or triplen harmonic currents between 

distant earth connections [7]. An isolation transformer is required for the connection of a DG unit 

to the utility MV network [7]. 

Several network protection philosophies and methods have been used to mitigate the impact of 

DG.  In [12], the proposed methods are classified into 5 categories: 

a) Limiting the DG capacity to the maximum capacity before the protection system is 

jeopardised. 

b) Modifying the current protection system by introducing extra breakers, directional relays, 

distance relays, and reconfiguring the distribution network.  At Eskom, the typical 

requirements of a DG unit depend on the connection type i.e. connection to the utility 

busbar or radial line tee-in. The requirements include direct transfer trip, directional 

protection, auto reclose dead time, SEF definite time characteristics, overcurrent and 

earth fault time characteristics, and anti-islanding. 

c) The use of adaptive protection system relays capable of communicating with other relays, 

accessing remote measurements, and dynamically changing their settings using 

processing units. 

d) Lastly, the use of fault current limiters. 

The modification of the current protection system is costly. It can be argued that limiting the DG 

capacity is not a desirable solution since it limits the growth of DG connections. However, 

knowing the DG penetration limit allows power utilities to accept DG connections up to the 

specified limit without the need to perform major load flow studies. These load flow studies often 

delay the process of DG connection approval and in turn limit the growth of DG connections in 

distribution networks. 

2.5. Network planning for DG 

System planners worldwide are faced with a growing challenge of integrating an increasing 

number of Renewable Energy Source (RES) DG on the MV/LV network, expansion of HV networks 

to connect large scale RES generators, and network stability due to the intermittent and variable 

nature of RES generators [14]. 
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Before the connection of a DG unit, the fault level contributions of the DG plant need to be 

considered. The owner of the DG unit is required to provide all the relevant information required 

to model the generator and its contribution to fault current over time. Sometimes, the fault 

current contribution from the DG is a small fraction of that supplied by the grid and decays rapidly 

with time. Therefore, the current protection coordination applied to radial MV networks is not 

affected by DG [7]. Planning studies and impact assessment of the connection of large DG units 

can be performed for planned sites, however, these studies take time to perform and are only 

practical for large DG units. In addition, the actual DG plans can only be finalised once preferred 

bidders are announced (illustrated in Figure 2-7) [15]. The above-mentioned problems buffer the 

process of DG connection approval by the utility. Even though the planning studies for small DG 

units can be performed, the date when the customer installations are connected will be 

unplanned, frequent, and random [14]. This brings about the need for an adaptive and system-

wide DG planning approach together with the need to calculate the threshold of DG penetration 

before protection coordination changes are applicable. Figure 2-7 emphasises the uncertainty of 

planning for large DGs by showing the typical differences between project timelines for a 

transmission line and a Renewable Energy Independent Power Producer (REIPP) project. 

 

Figure 2-7: Typical project timelines for a transmission line and renewable energy independent power producer [15] 

As illustrated in Figure 2-7, planning decisions for DG installations are affected by the capacity, 

type, and locations of the DG. A DG planning study could focus on one Active Network 

Management (ANM) scheme where DG capacity is increased, and the optimal DG limit is found 

[14]. However, the study is only valid if the exact DG limit is connected, which is highly unlikely. 

In [14], it is argued that most DG penetration studies within the literature have an underlying 

assumption that DG penetration will increase and distribute within the network accordingly until 

the limit is reached, and DG planning is based on a one-time “plan and forget” approach. A 

planning approach that takes into consideration the randomness of numbers, size, location, and 

connection times was proposed. This was done by adaptively changing customer DG installation 

scenarios while increasing DG penetration. 

The control of future smart grids should consist of ANM schemes that control the utilisation of 

network assets to maximise DG (including RES) integration. The controlled network assets 

include on-load tap changers, capacitor banks, reactive power compensators, breakers, battery 

storage systems, inverters, electric vehicles, demand-side management systems, power factor 

control, and DG active power management systems. Hence the need for a network DG planning 

approach which maximises DG capacity, while minimizing integration costs, operation costs, 

network losses, and improving the voltage profile [14].  
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2.6. Tools/algorithms used to establish DG hosting capacity on distribution 

networks 

The impact of DG units on protection varies with their size, type, and location; as a result, it is 

difficult to assess their impact. This brings about challenges when planning or establishing the 

hosting capacity of a distribution network. Hosting capacity is the amount of DG that can be 

connected at any location on any feeder on the network without any issues [16]. The literature 

on penetration limit calculation varies among researchers. In some studies, the penetration limit 

is calculated in relation to the capacity of the transformer, or as a ratio of installed DG to the feeder 

maximum/minimum load and based on voltage variations. The inclusion of the relationship 

between the actual load and actual DG provides a more comprehensive approach to penetration 

limit calculation [17].  Figure 2-8 shows the relationship and contribution of Renewable Energy 

Sources (RES) (in the form of hourly average capacity factor) to the South African load profile.  

 

Figure 2-8: Average hourly capacity factor with the time-of-day energy production and load profile [18] 

Based on the system demand (illustrated in Figure 2-8), wind contributes more to peak periods 
than solar, therefore the impact of wind DG on the distribution network is more than that from 

solar DG.  

The factors to consider when calculating the DG penetration limit include, inter alia: 

a) Thermal limits 

b) Power quality and voltage 

c) Protection coordination 

d) Reliability and safety 

For each of the limiting factors, the DG technology, size, location, and type (Distributed or 

Centralized) need to be considered. Therefore, hosting capacity is location-specific, feeder 

dependent, and time-varying. 

In [19] and [20], an optimization function was used to calculate the DG penetration limits. The 

relationship between power from DG and fault currents was found using the sub-transient 
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reactance of the DG and the short circuit capacity equation. The operating ranges of protective 

devices (recloser-fuse coordination) were used as constraints to the optimization function to 

ensure that the fault current lies within the operating range of the protective devices. This method 

is time-consuming and limited to a few feeders since it relies on conventional power flow 

equations employing Jacobian matrices.  

In [21], the Herman Beta algorithm was modified for voltage calculation in active LV feeders using 

the negative load approach for DG models to analyse voltage rise constraints. The method was 

then validated using Monte Carlo Simulations. This method focuses on the voltage rise being the 

sole determining factor for DG penetration limit. In [22], protection based DG limits were defined 

and established for DG connected according to the NRS 097-2-3 standard.  The results are 

location-dependent; feeder specific and the protection-based DG penetration limits were only 

based on overcurrent relay coordination. 

The Electric Power Research Institute (EPRI) system-wide DG assessment method is an efficient 

and accurate method to determine the DG penetration limits on a network at specific locations. It 

is a streamlined analysis method that is based on learning from a detailed analysis method. A 

detailed penetration limit analysis involves the use of commercial software (DIgSILENT) to 

repeatedly perform the load flow, investigate DG scenarios, and observe DG impacts (on the 

voltage profile and protection coordination). The EPRI streamlined hosting capacity analysis uses 

a separate Model-Based Interface (MBI) module to add the DG scenarios, to perform the impact 

assessment, and produce standard hosting capacity results [16].  Although the EPRI drive tool is 

not a replacement for detailed studies, it gives close approximations of DG impact in less time and 

is easily replicable across the whole system [23]. Table 2-1 shows the criteria used in the EPRI 

drive tool for determining the distribution network’s hosting capacity.  

Table 2-1: The criteria and basis used on the EPRI drive tool in determining the hosting capacity 
[23] 

Category Criteria Basis Hosting Capacity 
Threshold 

Voltage Primary over-voltage Feeder voltage limit Vpu voltage magnitude  
Primary under-voltage Feeder voltage limit  Vpu voltage magnitude 
Primary voltage deviation Change in voltage from no 

DG to full DG 
Percentage voltage 
change 

Regulator voltage 
deviation 

Change in voltage from no 
DG to full DG at a 
regulated node 

Half bandwidth 

Loading Thermal limit for charging 
(loads) 

Remaining conductor 
current carrying capacity 
at peak loading 

Percentage of normal 
current rating 

Thermal limit for 
discharging (Generation) 

Conductor current rating 
together with minimum 
loading condition 

Percentage of normal 
current rating 

Protection Additional conductor fault 
current 

Deviation in feeder fault 
currents 

Percentage of fault 
current increase  

Sympathetic breaker relay 
tripping 

Breaker zero sequence 
current  

Current magnitude 

Breaker relay reduction of 
reach 

Deviation in breaker fault 
current 

Percentage of current 
decrease 

Reverse power flow Conductor minimum 
loading condition 

Percentage of current 
during minimum loading 
condition 

Unintentional Islanding Conductor minimum 
loading condition 

Percentage of current 
during minimum loading 
condition 
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The EPRI Drive tool has the following underlying assumptions 

• Small and Large DGs are considered as a constant current injection, no change in DG 

current during induced voltage rise. 

• Constant load magnitude during DG voltage change (loads are based on initial load flow). 

• Three-phase large DGs are interconnected with transformers that do not pass zero 

sequence currents (thus not creating a ground source), otherwise all protection hosting 

capacities are low. 

• Fault currents are not based on sub-transient reactance [23]. 

2.7. Applications of machine learning in power systems 

In [24] a machine learning classification technique (support vector machine (SVM)) is used to 

determine whether a single-phase grid-connected PV system is operating in islanding mode or 

not. During simulations, islanding was detected with 100% accuracy within a time delay of 20 ms. 

This method uses the voltage at the point of common coupling (PCC) to obtain all features 

associated with the simulated fault conditions of a grid-connected PV. Therefore, more 

computational power is needed as the penetration of DGs increase (increased number of PCC). A 

PV output power forecasting model was developed in [25] based on the extreme learning machine 

(ELM) approach. The root mean square error of the PV output power forecasting ELM model 

ranged between 54.96-90.41% during model validation, with average computational times of 

15.3 ms. The power output in this study is from three PV systems in one location and the model 

cannot work with input data externally originated [25]. A machine learning technique 
architectural framework for accurate detection and classification of power quality disturbances 

is defined in [26] as shown in Figure 2-9. 

 

Figure 2-9: Power quality disturbances classification steps [26] 

In this research, the aim was to apply an architectural framework similar to Figure 2-9, select a 

model (linear regression model to calculate relay operating times and logistic regression model 

to predict protection miscoordination groups) that generalises well and fits the test data set well. 

To achieve the objective, the following steps recommended in [27] were followed. 

• After the implementation of the model, plot learning curves to determine what steps to 

take to improve the learning. 

• Perform error analysis: select the examples in the cross-validation set where the 

algorithm made errors and spot any systemic trends [27]. 
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2.8. Research approach 

The problem that exists with DG is the vast difference in the technology, location, size, connection 

sequence, and protection scheme requirements which result in future DG network planning 

inadequacies – the Network DG Planning Dilemma. Machine learning techniques provides an 

opportunity to automatically build computational models of complex relationships (real-world 

problems that cannot be modelled directly as a closed-form input-output relationship) through 

the processing of data available and maximising a problem-dependent performance criterion 

[33]. In this research, the approach to determining protection-based DG penetration limits will 

be based on supervised machine learning methods. The aim is to rely on protection features 

present in the distribution network data i.e., fault level, Inverse Definite Minimum Time (IDMT) 

curve, pick-up current setting, Time Multiplier Settings (TMS), calculated relay operating times, 

and relay positions to observe how the network responds at certain DG penetration levels (actual 

relay operating times). Data set representing carefully anonymized distribution networks with 

accepted protection philosophy applied will be used. A supervised machine learning algorithm 

will be applied after nontrivial data pre-processing through recommendation systems and 

shuffling.  The planning dilemma will be cast into three parts: the first, an automated pattern 

classification (logistic regression for classification of protection miscoordination), the second, 

regression (predicting operating time after different levels of DG penetration), the last 

recommendation system (where, when and how much PV will be connected). 

  



Protection-based distributed generation penetration limits on MV feeders 

16 
 

3. Methodology, MV distribution network case files and PV data  

This chapter presents the method used in this research project, introduces the MV distribution 

network case files, PV data, and global horizontal irradiation map of South Africa. 

3.1. Method 

To achieve the objectives stated in section 1.2, the following method is formulated; 

1. Collect MV feeder case files from Eskom’s network. 

2. Incorporate Eskom MV protection philosophy to the case files and on the illustration 

network.  

3. Reduce the network, model the reduced network diagram on a table, export data to 

CSV, import to Jupyter Notebooks (Anaconda3) and Octave (clean, process, and 

shuffle the data).   

4. Use recommendation systems on the PV, installation, and postal code data (Figure 

3-1). 

5. Define the DG hosting capacity calculation constraints and considerations -classes and 

success criteria.  

6. Use results from a detailed analysis study on the impact of DG on MV feeders as 

training data for both linear and logistic regression (Figure 3-2). 

7. Training: identify the learning rate, regularization parameter (lambda), polynomial 

degree and theta (Ɵ) that give an accurate model. 

8. Use the best regression model (most accurate/well trained) on the four MV 

distribution networks to calculate relay or recloser operating times before and after 

three stages of DG penetration (35%, 65%, and 75% of ADMD). 

9. Use the results from the best performing regression model applied to the four MV 

distribution networks and their parameters as inputs to the most accurate logistic 

regression model to classify which relay or recloser protection features results in 

which protection coordination problem (after three stages of DG penetration). 

10. Identify the type of feeder with the highest DG penetration limit, the worst-

performing feeder, and the accuracy of predictions through comparison (vertical 

analysis). 

11. Study the feeder design and characteristics, recommend the design for DG network 

planning standards. 

12. Identify the feeder’s protection parameters (feeder with highest DG penetration limit) 

and create an MVON for DG (Figure 3-3). 
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Figure 3-1: Model workflow (Step 3 to 4) 

 

Figure 3-2: Model workflow (Step 6 and 9) 
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Figure 3-3: Medium voltage opportunity network model (Step 10 and 12) 

3.2. MV distribution network case files and PV data 

The entire research project work includes three MV distribution network case files, each case file 

consists of actual half-hourly load data for one year (2015), three-phase and single-phase fault 

levels and DIgSILENT files with real network parameters. Each distribution network falls into one 

of the distribution system classifications i.e. radial, ring, and parallel. The DG data consists of; 

postal code, city, PV name, kW rating, date of installation, and actual power generation of a 5.3 

kW PV system recorded in 15-minute intervals over a year (2015) [28]. Lastly, results from a 

distribution network where detailed studies on the impact of DG penetration on the protection 

system was done [22]. As per guidelines on Eskom data sensitization, the MV distribution 

network names from which the data was obtained were labelled A, B, and C. Table 3-1 to Table 

3-4 show sample data points from each case file data set. 

Table 3-1: Sample 5.3 kW PV output data 

Date Time Output Power (kW) 
14/08/2015 6:45 AM -7:00 AM 0.01 -0.08 
14/08/2015 7:00 AM -7:15 AM 0.08 -0.15 
14/08/2015 7:15 AM -7:30 AM 0.15 -0.43 
14/08/2015 7:30 AM -7:45 AM 0.43 -0.71 
14/08/2015 7:45 AM -8:00 AM 0.71 -0.99 
14/08/2015 8:00 AM -8:15 AM 0.99 -1.25 
14/08/2015 8:15 AM -8:30 AM 1.25 -0.86 
14/08/2015 8:30 AM -8:45 AM 0.86 -1.01 
14/08/2015 8:45 AM -9:00 AM 1.01 -1.77 
14/08/2015 9:00 AM -9:15 AM 1.77 -2.45 
14/08/2015 9:15 AM -9:30 AM 2.45 -3.09 
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Table 3-2: Sample load data (30 min intervals) 

Date and Time Power (kVA) 

8/14/2015 5:00 388.02 

8/14/2015 5:30 400.70 

8/14/2015 6:00 416.08 

8/14/2015 6:30 429.73 

8/14/2015 7:00 436.55 

8/14/2015 7:30 461.50 

8/14/2015 8:00 481.76 

8/14/2015 8:30 484.17 

8/14/2015 9:00 487.93 

8/14/2015 9:30 546.13 

8/14/2015 10:00 545.31 

8/14/2015 10:30 525.45 

8/14/2015 11:00 501.22 

8/14/2015 11:30 479.87 

 

Table 3-3 shows a sample of the range of postal codes in South Africa (graphically represented in 

Figure 3-4). Figure 3-4 and Figure 3-5 present a picture of the location of PV systems in relation 

to the global horizontal irradiation map of South Africa. Table 3-4 presents a sample data of PV 

systems publicly available on Sunny Portal [28]. 

Table 3-3: Sample region and postal code range data [29] 

Zip Range Region 
1 299 Gauteng—Pretoria/Tshwane 

1000 1399 Mpumalanga—northern half 
1400 1699 Gauteng—East Rand / Ekurhuleni Metro 

1700 1799 
Gauteng—West Rand, Mogale City/Krugersdorp, Roodepoort (now part 

of Johannesburg) 
1800 1999 Gauteng—Soweto and Vereeniging/Vanderbijlpark Region (Motsweding) 
2000 2199 Gauteng—Johannesburg (original Johannesburg, Randburg, Sandton) 
2200 2499 Mpumalanga—southern half 
2500 2899 Northwest Province—southern and central 
6500 6699 Western Cape—Garden Route and Oudtshoorn area 
6700 6899 Western Cape—Klein Karoo 
6900 7099 Western Cape—Great Karoo 
7100 7299 Western Cape—Area south-east of Cape Town 
7300 7399 Western Cape—West Coast 
7400 7599 Western Cape—Northern parts of Cape Metropole 
7600 7699 Western Cape—Areas East of Cape Town, such as Stellenbosch 
7700 8099 Western Cape—Cape Town and Cape Peninsula 
8100 8299 Northern Cape—Namaqualand Region 
8300 8799 Northern Cape—Eastern Part 
8800 8999 Northern Cape—Gordonia Region 
9000 9299 Formerly assigned to South West Africa 
9300 9399 Free State—Bloemfontein and surrounds 
9400 9699 Free State—Northern Free State 
9700 9899 Free State—Eastern Free State 
9900 9999 Free State—Southern Free State 
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Figure 3-4: Graphical representation of province and postal codes [29] [30] 

 

Figure 3-5: Global horizontal irradiation map of South Africa [31] 
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Table 3-4: PV systems sample data publicly available on Sunny Portal [28] 

PV System Name Country 
Zip Code/ 

Postal code 
City 

Power 
(kWp) 

Date of 
installation 

Weenen 
South 
Africa 

9460 Wesselsbron 25.75 12/04/2015 

H9 
South 
Africa 

9430 Virginia 5.30 07/03/2018 

G. Scholtz 47 
Koedoeweg, Woodl 

South 
Africa 

9301 Bloemfontein 4.95 22/01/2019 

Mr JPC Antunes 
South 
Africa 

9301 Bloemfontein 5.60 10/01/2018 

FS Botanical Garden 
South 
Africa 

9301 Bloemfontein 52.92  

Bram Fischer 
South 
Africa 

9300 Bloemfontein 750.00  

Installer 
South 
Africa 

8870 Keimoes 20.55 27/07/2017 

Kakamas Abattoir 
South 
Africa 

8870 Kakamas 102.60 13/10/2014 

Upington Toyota 
South 
Africa 

8800 Upington 82.10  

Stellaland 
Begrafnisondernemer 

South 
Africa 

8600 Vryburg 10.25 27/11/2017 

Mediclinic Gariep 
Kimberley 

South 
Africa 

8301 Kimberley 130.02  

MastetreadsKim 
South 
Africa 

8300 Kimberley 122.44 23/05/2017 

Hantam Botanical 
Garden 

South 
Africa 

8180 
Nieuwoudevi

lle 
26.46 28/03/2017 

25 GRENSSTREET, 
VREDENDAL 

South 
Africa 

8160 Vredendal 3.00  

Buitelaan 
South 
Africa 

8160 Vredendal 4.80  

BUILD IT, VRDENDAL 
South 
Africa 

8160 VREDENDAL 22.31  

Aggenbagskraal 
South 
Africa 

8135 South Africa 15.95 05/05/2018 

House Moser - Soventix 
ZA 

South 
Africa 

8005 Camps Bay 4.94 17/10/2013 

Two Oceans Aquarium 
Solar 

South 
Africa 

8001 
VandA 

Waterfront 
6.96  

Cape Town DSK - SMA 
South 
Africa 

8001 Cape Town 150.00 16/10/2016 

Marc Gore 
South 
Africa 

8000 Cape Town 5.00 08/07/2015 

NF 006 Scholtz - EM 
South 
Africa 

8000 Cape Town 6.10 24/05/2016 

Red Cross Children's 
Hospital 

South 
Africa 

8000 Cape Town 10.40  

BP Waterfront Office 
Cape Town 

South 
Africa 

8000 Cape Town 67.90  

The complete data points for Table 3-1, Table 3-2, Table 3-3 and, Table 3-4 are in appendix C. 
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4. MV protection philosophy and the distribution network model 

In this chapter, Eskom’s MV protection philosophy and the steps of applying the philosophy to a 
distribution network including network reduction and modelling are comprehensively described. 

This chapter also introduces the models and parameters of four real distribution networks used 

in this study. The MV protection philosophy is then applied to these network models and the 

training data set is presented.  

4.1. Reduced distribution network diagram 

Consider the 11kV feeder system (Figure 4-1) from the Eskom Distribution network. 

 

Figure 4-1: Sheet 1 of 19 of an 11kV distribution system from the Eskom MV network 

For Figure 4-1 the following data are known: 

Table 4-1: Transformer and MV CB parameters 

Transformer and MV busbar Circuit Breaker parameters 

Capacity 10 MVA 

HV rating 132 kV 

MV rating 11 kV 

Overcurrent CT ratio 200:1 

Earth fault CT ratio 100:1 

Transformer circuit breaker operating time 1.50 s 

Transformer earth fault pick-up current setting 100 A 

The application of the protection settings philosophy to the MV system requires the network 

diagram to be reduced to a network diagram that only includes specific information such as [6]; 

• Relay locations, make and types, auto-reclosers, and sectionalisers installed on the feeder. 

• Locations of the furthest reach points in every protective zone. 
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• Conductor types including conductor change points and normally open points. 

• Notified maximum demands of bulk supply points, IPPs, and downstream substations. 

The network in Figure 4-1can be reduced to a network diagram with five t-offs/branches 

illustrated in Figure 4-2. It is as assumed that the distance between the nodes/poles is 100 m. 

Therefore, node 219/132/1 (219*100 m +132*100 m +1*100 m =35200m) is 35.2 km away from 

the MV CB. 

 

Figure 4-2: Reduced network diagram (Figure 4-1) 
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4.2. Relay/auto-recloser operating times 

Two standard curves are used to achieve fast operating times at higher currents i.e.  

• IEC normal inverse curve (Table 4-2 equation 4-1): preferred for applications with long 

MV feeders because the rise in operating time is slower as the fault current drops down 

the feeder. 

• IEC extremely inverse curve (Table 4-2 equation 4-2): preferred curve for low source 

impedance (high fault current), relatively short feeders. Provides fast operation at high 

currents and has a shape that closely matches fuses (useful in grading with transformer 

fuses) [6]. 

Table 4-2: IEC60255 Inverse Definite Minimum Time (IDMT)curves 

Standard characteristic 

curves 
Formula  

Normal inverse 
𝑡 =  0.14 ×  

𝑇𝑀𝑆

((
𝐼𝐹𝑎𝑢𝑙𝑡

𝐼𝑃𝑈
)0.02 –  1)

 

 

(4-1) 

Extremely inverse 
𝑡 =  80 ×  

𝑇𝑀𝑆

((
𝐼𝐹𝑎𝑢𝑙𝑡

𝐼𝑃𝑈
)2 –  1)

 

 

(4-2) 

Where, 

TMS: time multiplier setting 
𝐼𝐹𝑎𝑢𝑙𝑡: measured fault current magnitude. 
𝐼𝑃𝑈: pick-up current setting 
t: operating time 

The time multiplier is chosen such that coordination with downstream devices (MV side fuses on 

MV/LV transformers) is optimised. Also, the protection should operate slower than the total 

clearing time of the fuses by an appropriate grading margin [6]. 

4.3. Pick-up current setting selection philosophy 

The pick-up current settings were chosen based on the following philosophy: 

I. The pick-up current setting is set low enough to detect a fault drawing 80% of the 

calculated phase-to-phase fault current at the furthest downstream reach of the 

protection device, under minimum network conditions. For this calculation, the reach of 
the protective device should be set in such a way that includes coverage of the entire 

section of the network which, under normal network conditions is protected by the 

downstream protective device. This means that the protective device should be able to 

detect a phase-to-phase fault in its zone of protection, together with the zones of 

protection provided by downstream protective devices. For example, in Figure 4-2, the 

auto-recloser at 200 must trip for a fault at 219/132/1 (furthest point) for a condition 

where the auto-recloser at 219/1 fails to operate. 

II. The pick-up current setting is set up such that it is between 110% and 120% of the 

probabilistic operating current of the thinnest/thickest conductor within the overcurrent 

reach.  
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III. The pick-up current setting is set to be at least 110% of the downstream device’s pick-up 

current setting, and 90% of the pick-up current setting of the upstream device. 

IV. For earth fault, the pick-up current setting is allocated incrementally up to but not 

exceeding the medium voltage busbar CB earth fault pick-up current setting. 

V. A grading margin of at least 200 ms is required to maintain selectivity between the relay/ 

auto-recloser operating times. 

4.4. Application of Eskom’s MV protection philosophy  

MV feeders within the Eskom environment are mostly operated radially, with resistive neutral 

earthing (Neutral Electro-Magnetic Coupler/neutral earthing Compensator (NEC), a Neutral 

Earthing Resistor, and an auxiliary Transformer (NECRT)) to limit earth fault currents to 360 A 

per source transformer. MV feeders are most often protected by non-directional phase over 

current, earth fault and sensitive earth fault (SEF) protection [6]. A typical NECRT setup is shown 

in Figure 4-3. 

 

Figure 4-3: Typical NECRT set up within the Eskom environment 

The aim of the NECRT as explained above is to provide a neutral point in a delta of a distribution 

network and limit the earth fault current to a designated level under fault or abnormal conditions 

[32]. 

The fault current on a transformer is limited to 150% of the normal current. Therefore, for the 

transformer in  Table 4-1,  the pick-up current setting of the transformer circuit breaker is 

calculated as follows:  

 𝐼𝐹 = 150% ×
𝑆

√3 × 𝑉𝐿𝐿

= 150% ×
10 𝑀𝑉𝐴

√3 × 11𝑘𝑉
= 787.29𝐴 

 

(4-3) 

Thus, the first relay/recloser on the feeder will have 787.29 A as the upstream pick-up current 

setting when the pick-up setting considerations in section 4.3 are applied. 

Fault levels at each node for the network based on conductor length/equipment rating illustrated 

in Figure 4-2 are indicated in Table 4-3. 
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Table 4-3: Fault levels at each node 

Fault levels at each node 

Node 
Three-phase fault level 

(A) 
Single-phase fault 

level (A) 

490 132 102 

423 231 118 

386/45 149 116 

318 306 156 

289/46/9 186 144 

219/132/1 182 141 

219/1 437 223 

200 479 245 

179/120/2 213 165 

179/1 529 271 

101 909 469 

87/11/14 552 426 

87/1 1031 533 

Feeder CB 7706 5379 

The fault levels at each node are based on the 11 kV three-wire fox conductor system i.e. 

conducting area mm² Cu equivalent, pu R, X, B values, and conductor length. Fox conductor has a 

normal current of 148 A and an emergency rating of 192 A (Table D-2). 

The pick-up current setting considerations in section 4.3 can be represented in the following way: 

1) 80% ×
√3

2
× 𝐹𝐿𝐹𝑃  (𝐹𝐿𝐹𝑃 fault level at the furthest point) 

2) Conductor Emergency current rating × 1.1 

3) 90% ×   upstream pick − up current setting, 

Where the lowest pick-up current setting is used.  

Applying these considerations to Figure 4-2 and Table 4-3, the pick-up current settings for each 

node are shown in Table 4-4. 

Table 4-4: Three-phase and earth fault pick-up current settings 

Fault levels at each node 

Node 
3 phase fault pick-up 

current setting (A) 
Earth fault pick-up 
current setting (A) 

423 124.704 20 

318 138.56 35 

219/1 141.54 20 

200 157.27 50 

179/1 176.46 30 

101 196.1 65 

87/1 269.28 60 

Feeder CB 299.20 80 



Protection-based distributed generation penetration limits on MV feeders 

27 
 

For earth fault protection, pick-up current settings within the range 20 A – 40 A allow the use of 

higher LV earth electrode resistances providing more sensitivity and faster isolation of MV phase 

to LV neutral fault conditions [6]. 

The earth fault protection pick-up current settings are chosen based on the following philosophy:  

I. 30 A primary earth fault pick-up current setting at the furthest downstream settable protective 

device and upstream pick-up current settings are at least 5 A higher than downstream devices.  

II. IEC normal inverse time-current curves are used. Extremely inverse curves are often not 

supported by every device in the MV network. 

III. Fault protection is graded with downstream auto-reclosers such that it coordinates with the total 

clearing time of fuses on pole-top transformers for all earth fault currents exceeding 100 A primary 

[6]. 

This philosophy is illustrated in Table 4-4. 

For the furthest point on the backbone, the first auto-recloser is given a TMS of 0.01 and a TMS of 

0.05 is assigned for the furthest point on the T-offs/branch to start the grading calculations. A 

minimum grading margin of 200 ms is used between the protection devices.  Table 4-5 and Table 
4-6 illustrate the application of the above-mentioned points (Eskom’s MV protection philosophy) 

to the network in Figure 4-2. 

 

Table 4-5: Three-phase fault operating times and TMS values for the protective devices on the 
network 

Backbone 

Node TMS 
Fault level 

(A) 
Pick-up current 

setting (A) 
Operating time 

(s) 

423 0.01 231 124.70 0.11 

318 0.03 231 138.56 0.41 

318 0.03 306 138.56 0.27 

200 0.09 306 157.27 0.57 

200 0.09 479 157.27 0.56 

101 0.11 479 196.1 0.86 

101 0.11 909 196.1 0.50 

CB 0.13 909 299.2 0.80 

CB 0.13 7706 299.2 0.27 

Trf 0.38 642 65.61 1.13 

Trf 0.38 369 65.61 1.50 

T-offs/branch 3 

Node TMS 
Fault level 

(A) 
Pick-up current 

Setting (A) 
Operating time 

(s) 

219/1 0.05 437 141.54 0.31 

200 0.09 437 157.27 0.61 

200 0.09 479 157.27 0.56 

T-offs/ branch 2 

Node TMS 
Fault level 

(A) 
Pick-up current 

setting (A) 
Operating time 

(s) 

179/1 0.05 529 176.46 0.32 

101 0.11 529 196.1 0.62 

101 0.11 909 196.1 0.50 
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T-offs/ branch 1 

Node TMS 
Fault level 

(A) 
Pick-up current 

setting (A) 
Operating time 

(s) 

87/1 0.05 1031 269.28 0.26 

CB 0.13 1031 299.2 0.56 

CB 0.13 7706 299.2 0.27 

 

Table 4-6: Earth fault operating times and TMS values for the protective devices on the network 

Backbone 

Node TMS 
Fault level 

(A) 

Pick-up 
current 

setting (A) 

Operating time 
(s) 

423 0.05 102 20 0.21 

318 0.08 102 35 0.51 

318 0.08 156 35 0.36 

200 0.11 156 50 0.66 

200 0.11 245 50 0.47 

101 0.15 245 65 0.77 

101 0.15 469 65 0.52 

CB 0.21 469 80 0.82 

CB 0.21 5379 80 0.33 

T-offs 3 

node TMS 
Fault level 

(A) 

Pick-up 
current 

setting (A) 

Operating time 
(s) 

219/1 0.05 223 20 0.14 

200 0.11 223 50 0.44 

200 0.11 245 50 0.47 

T-offs 2 

Relay/Recloser TMS 
Fault level 

(A) 

Pick-up 
current 

setting (A) 

Operating time 
(s) 

179/1 0.05 271 30 0.16 

101 0.15 271 65 0.46 

101 0.15 469 65 0.52 

T-offs 1 

Relay/Recloser TMS 
Fault level 

(A) 

Pick-up 
current 

setting (A) 

Operating time 
(s) 

87/1 0.05 533 60 0.16 

CB 0.21 533 80 0.46 

CB 0.21 5379 80 0.33 

The TMS and operating times in Table 4-5 and Table 4-6 for the different nodes are shown on the 

reduced network diagram in Figure 4-4 and Figure 4-5. The directional arrows represent the 

Time Delay (TD)/operating time of the secondary relay for a fault in the primary relay zone.  
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Figure 4-4: Graphical representation of the pick-up current setting selection philosophy (section 4.3) applied to the 
network in Figure 4-1 
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Figure 4-5: Graphical representation of Eskom MV earth fault pick-up current selection philosophy (section 4.4) applied 
to the network in Figure 4-1 
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4.5. Distribution network model 

The MV protection philosophy was applied to three more distribution networks. As introduced 

partially in section 3.2, each distribution network falls in one of the distribution system 

classifications i.e. radial, ring, and parallel. As per Eskom’s guidelines on data sensitization, the 

MV distribution network names from which the data was obtained were labelled A, B, and C. The 

Distribution networks are as shown in Figure 4-6 to Figure 4-8. 

 

Figure 4-6: Distribution network A 

 

Figure 4-7: Distribution network B 
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Figure 4-8: Distribution network C 

 

4.5.1. Reduced distribution network diagrams 

As mentioned in earlier sections of chapter 4, the first step in the application of the MV philosophy 

is the creation of a reduced network. The distribution networks in Figure 4-6, Figure 4-7, and 

Figure 4-8 were reduced to Figure 4-9 and Figure 4-10 and Figure 4-11. 
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Figure 4-9: Reduced distribution network A diagram 
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Figure 4-10: Reduced distribution network B diagram 
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Figure 4-11: Reduced distribution network C diagram 
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4.5.2. Operating times and TMS values for the relays/reclosers on network A, B and C 

For Figure 4-6, Figure 4-7, and Figure 4-8 the following data are known: the rating of the 
conductor to the first relay/recloser illustrated in Figure 4-12, Figure 4-13, and Figure 4-14. The 

transformer and MV circuit breaker parameters for each network are shown in Table 4-7, Table 

4-8 and Table 4-9. 

 

Figure 4-12: Conductor rating from network A’s substation transformer 

Table 4-7: Network A transformer and MV CB parameters 

Transformer and MV busbar circuit breaker parameters 

Capacity 3 MVA 

HV rating 44 kV 

MV rating 11 kV 

Overcurrent CT ratio 200:1 

Earth fault CT ratio 100:1 

Transformer circuit breaker operating time 1.50 s 

Transformer earth fault pick-up current setting 100 A 
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Figure 4-13: Conductor rating from network B’s substation transformer 

Table 4-8: Network B transformer and MV CB parameters 

Transformer and MV busbar circuit breaker parameters 

Capacity 3 MVA 

HV rating 44 kV 

MV rating 11 kV 

Overcurrent CT ratio 200:1 

Earth fault CT ratio 100:1 

Transformer circuit breaker operating time 1.50 s 

Transformer earth fault pick-up current setting 100 A 
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Figure 4-14: Conductor rating from network C’s substation transformer  

Table 4-9: Network C transformer and MV CB parameters 

Transformer and MV busbar circuit breaker parameters 

Capacity 3 MVA 

HV rating 44 kV 

MV rating 11 kV 

Overcurrent CT ratio 200:1 

Earth fault CT ratio 100:1 

Transformer circuit breaker operating time 1.50 s 

Transformer earth fault pick-up current setting 100 A 

Using the transformer and MV circuit breaker parameters, the pick-up current setting for the 

transformer circuit breakers were calculated as shown in equation 4-4, 4-5 and 4-6. 

A 𝐼𝐹 = 150% ×
𝑆

√3 × 𝑉𝐿𝐿

= 150% ×
3 𝑀𝑉𝐴

√3 × 11𝑘𝑉
= 236.19𝐴 

 

(4-4) 

B 𝐼𝐹 = 150% ×
𝑆

√3 × 𝑉𝐿𝐿

= 150% ×
3 𝑀𝑉𝐴

√3 × 11𝑘𝑉
= 236.19𝐴 

 

(4-5) 

C 𝐼𝐹 = 150% ×
𝑆

√3 × 𝑉𝐿𝐿

= 150% ×
3 𝑀𝑉𝐴

√3 × 11𝑘𝑉
= 236.19𝐴 (4-6) 



Protection-based distributed generation penetration limits on MV feeders 

39 
 

Thus, the first relay/recloser on the main feeder of network A, B and C have 236.19 A as the 

upstream pick-up current setting when the considerations in section 4.3 were applied. As 

indicated in Figure 4-12, Figure 4-13 and Figure 4-14, the conductor from the substation to the 

first relay/recloser/node has a surface area similar to that of a 0.1 hard-drawn copper (HDC) 

conductor with an emergency current rating of 321.8 A (Table D-2). In  Figure 4-13, the conductor 

used from the first node to the first recloser is Hare, which has an emergency current rating of 

380 A. The results from using the fault levels at each node based on the conductor rating, 

conductor length, equipment rating, and applying the considerations in section 4.3 to 4.4 on 

Figure 4-9, Figure 4-10 and Figure 4-11 are shown in Table 4-10, Table 4-11, and Table 4-12. Full 

data set can be found in appendix C.1.2, C-1.3, and C.1.4. 

Table 4-10: Operating times and TMS values for the protective devices on network A 

Relay/Recloser 
Position 

TMS Fault level (A) 
Pick-up current setting 

(A) 
Operating time 

(s) 

148 0.01 519 125.52 0.05 

114 0.07 519 139.47 0.35 

67 0.10 630 154.97 0.60 

1 0.24 1204 191.31 0.89 

CB 0.37 2710 212.57 0.10 

Trf 0.54 678 59.05 1.50 

111/1 0.05 555 139.47 0.25 

65T/1 0.05 860 154.97 0.20 

65/176 0.05 264 91.51 0.33 

65/127 0.12 328 112.97 0.81 

65/67 0.15 330 125.52 1.10 

65/1 0.26 888 154.97 1.02 

48 0.17 901 172.18 1.32 

65/39/58 0.06 379 82.36 0.27 

65/39/56 0.12 379 91.51 0.57 

65/39/54 0.17 393 101.67 0.86 

65/39/2 0.21 398 112.97 1.15 

65/39/1 0,26 582 125.52 1.18 

65/2 0,19 587 139.47 1.47 

65/64/3 0,06 473 125.52 0,31 

65/164/1 0,06 277 91.51 0,38 

65/128 0,09 277 101.67 0.68 

65/138/36 0,08 266 82.36 0.47 

65/138/1 0.06 266 91.51 0.77 

65/39/39/1 0.08 435 101.67 0.38 

65/39/53/1 0.08 398 91.51 0.38 
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Table 4-11: Operating times and TMS values for the protective devices on network B 

Relay/Recloser TMS Fault level (A) Pick-up current setting (A) Operating time (s) 

297 0.07 388 82.36 0.31 

277 0.16 413 91.51 0.75 

174 0.12 413 101.67 1.05 

123 0.15 622 112.97 0.75 

75 0.13 829 125.52 0.82 

65 0.15 1208 139.47 0.68 

50 0.24 1335 154.97 0.77 

2 0.18 1833 172.18 0.97 

1 0.30 3510 191.31 0.71 

CB 0.42 3510 212.57 1.01 

Trf 0.80 788 59.047 2.11 

2/2 0.05 3510 154.97 0.11 

74/21 0.05 490 101.67 0.22 

74/27 0.11 337 112.96 0.70 

74/9 0.14 292 125.52 1.17 

107/1 0.05 764 112.97 0.18 

140/6 0.05 393 91.51 0.24 

140/1 0.11 393 101.67 0.54 

197/1 0.05 511 91.51 0.20 

198/1 0.05 507 91.51 0.20 

220/6/1 0.05 370 82.36 0.23 

220/1 0.11 370 91.51 0.53 

235/1 0.05 397 91.51 0.24 

259/5/1 0.05 383 82.36 0.22 

259/1 0.11 383 91.51 0.52 

280/8/1 0.05 358 74.12 0.22 

280/1 0.11 358 82.36 0.52 

280/57/1 0.05 284 74.12 0.26 

49/373 0.09 236 91.51 0.628 

49/250 0.11 387 112.97 0.94 

49/148 0.12 400 125.52 0.90 

49/79 0.12 590 139.47 0.82 

49/29/21 0.06 803 125.52 0.22 

49/29/1 0.13 803 139.47 0.52 

49/1 0.21 1052 154.97 0.75 

49/63/11 0.06 623 139.47 0.28 

49/110/1 0.06 621 125.52 0.26 

49/140/1 0.06 487 125.52 0.31 

49/147/1 0.06 464 125.52 0.32 

49/166/1 0.06 509 112.97 0.27 

49/175/20 0.06 421 101.67 0.29 

49/175/1 0.11 421 112.97 0.59 

49/195/7 0.06 404 101.67 0.30 
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49/195/1 0.11 404 112.97 0.60 

49/252/1 0.06 393 101.67 0.31 

49/195/18 0.06 404 82.36 0.26 

49/357/1 0.12 250 91.51 0.83 

49/261 0.12 250 101.67 1.13 

49/471/1 0.05 235 74.12 0.30 

49/478/1 0.05 229 74.12 0.31 

49/470 0.05 229 82.36 0.61 

 

Table 4-12: Operating times and TMS values for the protective devices on network C 

Relay/Recloser TMS Fault level (A) Pick-up current setting (A) Operating time (s) 

4 0.26 2877 154.97 0.60 

3 0.37 2877 172.18 0.90 

2 0.48 2877 191.31 1.20 

CB 0.57 2877 212.57 1.50 

Trf 1.03 719 59.047 2.83 

86/1 0.05 719 125.52 0.20 

111/98 0.05 307 112.97 0.35 

200/1 0.05 390 112.97 0.28 

304/3 0.05 270 91.51 0.32 

314/1 0.05 261 91.51 0.33 

202 0.05 261 112.97 0.63 

61/7/1 0.06 895 112.97 0.20 

61/40/1 0.06 618 112.97 0.24 

61/2 0.127 618 125.52 0.54 

111/29/1 0.06 452 112.97 0.30 

111/1 0.11 452 125.52 0.60 

5 0.13 565 139.47 0.81 

146/12/1 0.06 519 101.67 0.25 

146/1 0.12 519 112.97 0.55 

113 0.10 572 125.52 0.82 

356/1 0.01 265 91.51 0.07 

387/1 0.01 236 91.51 0.07 

339 0.01 236 101.67 0.37 

 

For the furthest point on the backbone, the last auto-recloser/relay is given a TMS of 0.01, a TMS 

of 0.05 is assigned for the furthest point on the T-offs/branch, a TMS of 0.06 for a T-off of a T-off 

to start the grading calculations. A minimum grading margin of 200 ms was used between the 

protection devices. 
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4.6. Network model used in the detailed analysis of the impact of DG on the 

power protection system (training data) 

As discussed in section 2.8, the approach to determining protection-based DG penetration limits 

will be based on supervised machine learning methods. In supervised learning, the correct output 

from the training data set is known and expect that there is a relationship between the input and 

output variables. Each training sample comes with both input and output values [33].Results from 

the detailed analysis of the impact of PV DG on the power protection systems found in reference 

[22] were used to train the logistic and linear regression model in chapter 6. The training 

distribution network is shown in Figure 4-15. 

 

Figure 4-15: Network model for the detailed analysis of the impact of DG on the protection system (training 
network) [22] 

For Figure 4-15, the following data is known: transformer and MV CB parameters (Table 4-13). 

Table 4-13: Training network transformer and MV CB parameters 

Transformer and MV busbar Circuit Breaker parameters 

Capacity 2 MVA 

HV Rating 44 kV 

MV Rating 11 kV 

Overcurrent CT ratio 200:1 

Earth Fault CT ratio 100:1 

Transformer Circuit breaker operating time 1.50 s 

Transformer earth fault pick-up current setting 100 A 
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Using the training distribution network’s transformer and MV CB parameters (Table 4-13), the 

pick-up current setting for the transformer circuit breaker was calculated as shown in equation 

4-7. 

 𝐼𝐹 = 150% ×
𝑆

√3 × 𝑉𝐿𝐿

= 150% ×
2 𝑀𝑉𝐴

√3 × 11𝑘𝑉
= 157.459𝐴 

 

(4-7) 

Table 4-14 shows the relay operating times in Figure 4-15 during simulated fault conditions after 
three stages of DG penetration. Appendix E.1 presents additional details on the training data. 
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Table 4-14: Operating times and TMS values for the relays on the training network 
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 Relay operating times (s) after DG 

penetration of 

35%  
of ADMD 

65%  
of ADMD 

75%  
of ADMD 

6 0.11 587 147.86 0.50 6.98 10.73 14.48 21.97 

6/1 0.43 587 28.85 0.30 1.14 1.75 2.37 3.59 

2 0.25 749 152.10 0.86 80.11 18.51 15.05 9.78 

2/1 1.03 749 33.94 0.66 61.48 14.21 11.55 7.51 

1 0.67 1817 149.34 0.81 10.54 13.43 10.64 9.81 

1/1 1.17 1817 67.56 0.61 4.87 5.62 4.90 4.65 

CB 0.92 1817 157.46 1.18 1.18 1.18 1.18 1.18 

Trf 1.15 1817 157.46 1.48 1.48 1.48 1.48 1.48 

6 0.11 587 147.86 0.50 1.74 9.31 3.54 3.63 

6/1 0.43 587 28.85 0.30 0.723 1.20 1.47 1.51 

2 0.25 749 152.10 0.86 6.64 7.59 10.17 13.29 

2/1 1.03 749 33.94 0.66 5.10 5.82 7.81 10.20 

1 0.67 1817 149.34 0.81 1.05 28.54 14.23 14.20 

1/1 1.17 1817 67.56 0.61 0.82 8.22 11.06 11.04 

CB 0.92 1817 157.46 1.18 1.18 1.18 1.18 1.18 

Trf 1.15 1817 157.46 1.48 1.48 1.48 1.48 1.48 

6 0.11 587 147.86 0.50 9.68 10.72 2.07 2.26 

6/1 0.43 587 28.85 0.30 1.21 1.34 0.78 0.81 

2 0.25 749 152.10 0.86 14.29 14.31 20.70 14.52 

2/1 1.03 749 33.94 0.66 10.97 10.98 15.89 11.14 

1 0.67 1817 149.34 0.81 1.01 1.06 1.10 1.08 

1/1 1.17 1817 67.56 0.61 0.82 0.82 0.82 0.82 

CB 0.92 1817 157.46 1.18 1.18 1.18 1.18 1.18 

Trf 1.15 1817 157.46 1.48 1.48 1.48 1.48 1.48 

6 0.11 587 147.86 0.50 0.46 0.46 0.46 0.46 

6/1 0.43 587 28.85 0.30 0.32 0.32 0.32 0.32 

2 0.25 749 152.10 0.86 0.85 0.85 0.85 0.64 

2/1 1.03 749 33.94 0.66 0.75 0.75 0.75 0.75 

1 0.67 1817 149.34 0.81 1.10 1.02 1.03 1.09 

1/1 1.17 1817 67.56 0.61 0.82 0.82 0.82 0.82 

CB 0.92 1817 157.46 1.18 1.18 1.18 1.18 1.18 

Trf 1.10 1817 157.46 1.48 1.48 1.48 1.48 1.48 
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5. Recommendation systems 

Recommender systems are built to look for related content from large and complex data sets [34]. 
Recommendation systems can be classified into three groups: content-based, collaborative 

filtering, and hybrid systems. Properties of the items being recommended are considered in 

content-based recommendation systems and the similarities between related items are used in 

collaborative filtering [35]. In hybrid recommender systems, two or more strategies are 

combined [36].  

This chapter presents the application of recommendation systems on the PV and load data. The 

most common PV size, time of day when PV generation is at maximum, the location with the 

highest number of PV installations, other times in a day with a correlation to the maximum PV 

generation and minimum loading points, area PV installation growth rate and the most common 

PV sizes per postal code were recommended.  

5.1. Most common PV sizes 

To recommend the most common PV size, the complete data set of PV systems publicly available 

on the sunny portal [28], shown in  Table 3-4 was used.  The parent data frame was reduced to 

two columns: city and PV size (power). A describe() function (Figure 5-1) was used to determine 

the total number of data points, unique PV sizes and frequently repeated PV size (mode) within 

the data set. 

 

Figure 5-1: Output of a describe() function from the reduced parent data set 

From the entire data set, the most common PV size was found to be 5.3 kW. To understand the 

distribution of the power generated by a 5.3 kW PV system, a describe() function was used on the 

actual power generation data recorded every 15 minutes (Table 3-1). The maximum output and 

75th percentile power output were identified to be 3.96 kW and 2.77 kW, respectively (Table 5-1 

and Figure 5-2). 
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Table 5-1: 5.3 kW PV generation data description 

Count Mean 
Standard 
deviation 

Power (kWp) 
minimum 25% 50% 75% Maximum 

86 1.18 1.49 0 0 0.05 2.77 3.96 

 

 

Figure 5-2: 5.3 kW PV generation data spread 

5.2. Time of day when PV generation is at maximum 

To recommend the time of day where a 5.3 kW PV generation peaked (3.96 kW), as shown in Table 
5-1 and Figure 5-2, a sort values() function was used on the reduced parent data set (Figure 5-1). 
The time of day when the PV was at maximum generation was determined as 11:45 AM. 

5.3. The place with the highest PV systems 

Using recommendation by count on the PV: postal code and size data, the areas, by postal code 
with the highest number of PV systems was determined as shown in Figure 5-3 and Figure 5-4. 
Table 3-3 and Figure 3-4 in chapter 3 were used to translate the postal code data to places. The 
first two places were found to be Centurion (0157, Gauteng) followed by Somerset West area 
(7130, Western Cape). Both these areas consist of affluent neighbourhoods. 

 

Figure 5-3: Postal codes with most PVs 
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Figure 5-4: Number of PVs per postal code 

5.4. Time of day where maximum generation and minimum loading occurs 

By merging the two data frames (5,3 kW PV generation: Table 3-1 and load data: Table 3-2) on the 
same time axis and sorting the data, the time of day where the 5.3 kW PV generation was at 
maximum and the distribution network was under minimum loading conditions was found to be 
11:30 AM -12:00 PM as indicated in Figure 5-5. 

 

Figure 5-5: Load and PV generation data on the same time axis 

5.5. Other times in a day with a correlation to the maximum PV generation and 

minimum loading points 

To find other times in a day where minimum loading and maximum PV generation is observed, 
similarities based on Pearson’s correlation coefficient (Pearson’s R) were evaluated. The minimum 
loading time, determined as 11:30 AM in section 5.4 and the maximum PV generation time, 
determined as 11:45 AM in section 5.2 were used as pivot points. Figure 5-6 and Figure 5-7 present 
other times with similar minimum loading and maximum PV generation behaviour. 
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Figure 5-6: Loading similar to 11:30 AM 

 

Figure 5-7: Generation similar to 11:45 AM 

The time of day with a high correlation to minimum loading was 1:00 PM (Figure 5-6), 10:00 AM, 

10:15 AM, 10:30 AM, and 11:00 AM for maximum PV generation (Figure 5-7). 

5.6. Most common PV sizes per postal code 

To find the most common PV size in each location (postal code) from the complete data set of PV 

systems publicly available on the sunny portal [28], the parent data frame was split to PV size, 

postal code, and date of installation. To reduce the number of groups from the date of installation 

entry, only the year was used (transition from Table 5-2 to Figure 5-8). 
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Table 5-2: PV systems sampled data [28] 

PV System Name Country 
Zip 

Code 
City 

Power 
(kWp) 

Date of 
installation 

Weenen 
South 
Africa 

9460 Wesselsbron 25.75 12/04/2015 

H9 
South 
Africa 

9430 Virginia 5.30 07/03/2018 

G. Scholtz 47 Koedoeweg, 
Woodl 

South 
Africa 

9301 Bloemfontein 4.95 22/01/2019 

Mr JPC Antunes 
South 
Africa 

9301 Bloemfontein 5.60 10/01/2018 

 

Figure 5-8: PV system reduced data set 

Grouping the data by PV size, postal code, counting postal code occurrences, and sorting the count 

by descending order, the number of each PV size per postal code was determined as shown in 

Figure 5-9 (first 5 rows). 

 

Figure 5-9: Number of each PV size per postal code 

The most common PV sizes per postal/zip code were found to be less than 10 kW. Full data set in 

Figure 5-9 was graphically represented in Figure 5-11 to Figure 5-12 (y-axis limited to 40 kW). 



Protection-based distributed generation penetration limits on MV feeders 

50 
 

 

Figure 5-10: PV sizes per postal code 

 

Figure 5-11: PVs sizes and count per postal/zip code (area) 

 

Figure 5-12: PV sizes (40 kW max) per postal code 
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5.7. PV size yearly growth rate  

To determine the number of PV size installation per year, the newly constructed data frame in 

section 5.6 was grouped by date and PV size. By sorting the PV size count by descending order, 

the number of PV size installation per year was determined as indicated in Figure 5-13 (first 5 

rows). 

 

Figure 5-13: The number of PV size installation per year 

Full data set in Figure 5-13 was graphically represented in Figure 5-14 and Figure 5-15 (y-axis 

limited to 40 kW). 

 

Figure 5-14: PV Size installations per year 
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Figure 5-15: PV Size (40 kW max) installations per year 

Figure 5-15 indicate growth in the installations of PV systems with less than 10 kW every year, a 

PV installation growth rate of 1.5 times the number of 5.3 kW installations in the previous year. 

5.8. The growth rate of PV installation by area 

To determine the growth rate of area PV installations, the newly constructed data frame in section 

5.6 was grouped by date, zip code, and the date count sorted by descending order. The number of 

area PV installation per year was determined as indicated in Figure 5-16 (first 5 rows). 

 

Figure 5-16: Number of area PV installation per year 

The full data set in Figure 5-16 was graphically represented in Figure 5-18 and Figure 5-17. 
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Figure 5-17: Area PV installation per year 

 

Figure 5-18: Area PV installation and count per year 

Figure 5-17 indicates growth in two area clusters (postal code range 0 to 2000 and 6000+). 

5.9. Chapter discussion 

The network DG planning dilemma introduced in section 1.1 is: 

Protective systems are designed such that lower short circuit levels are experienced by downstream 

devices compared to the short circuit levels that are upstream (unidirectional power flow). The 

original overcurrent, earth fault, and sensitive earth fault protection coordination designs were not 

performed with DG source integration considerations. Therefore, for certain levels of DG penetration 

(feeder, size, and type-specific), inadequacy in existing protection coordination and alteration of the 

system short circuit current characteristics result in loss of protection coordination [3] [4] The other 

problem with distributed generators is the vast difference in the technology, location, size, 

connection sequence, and protection scheme requirements which result in future DG network 

planning inaccuracies. 
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The results in this chapter- areas with a high number of PVs (section 5.3 and Figure 5-4), the 

maximum generation output of a 5.3 kW PV (section 5.2), peak generation times, minimum 

loading times (Figure 5-5), similar to peak and minimum times (section 5.5), popular PV size 

(Figure 5-1), PV size per postal code(Figure 5-11), PV size installation per year (Figure 5-14), area 

PV installation per year (section 5.8)- solve the second part of the network DG planning dilemma, 

by answering the when, where, and likely PV size that will be connected to the network. To 

achieve a better resolution of where PVs are currently installed, a heat map was created as shown 

in Figure 5-19. 

 

Figure 5-19: PV size clusters and postal code range per province 

By using both the actual PV installation heat map (Figure 5-19) and the global horizontal 

irradiation map (Figure 3-5) in DG penetration planning, a better resolution of where PV 

installations will occur is achieved. 
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6. Model training: value estimation and classification systems 

This chapter presents the trainings of models that can predict relay operating times at certain DG 
penetration levels, from the current network parameters and which class of protection 

miscoordination is likely to occur. Thus, solving the first part of the network DG planning 

dilemma. 

Results from the detailed analysis of the impact of DG on the power systems protection in [37] 

were used as training data for both the supervised machine learning regression and classification 

model. The regression model was used to calculate relay/recloser actual operating times before 

DG penetration and operating times after three stages of DG penetration. The classification model 

determines which relay/recloser protection feature results in which coordination problem after 

three stages of DG penetration. 

6.1. Model classes and success criteria 

In this section, the DG protection hosting capacity calculation considerations for each protection 

miscoordination group was defined. As discussed in section 4.2, relay/recloser operating time 

used in protection coordination is calculated using equation 6-8. 

Normal inverse 𝑡 =  0,14 ×  
𝑇𝑀𝑆

((
𝐼𝐹𝑎𝑢𝑙𝑡

𝐼𝑃𝑈
)0.02 –  1)

 (6-8) 

Where, 

TMS: time multiplier setting 
IFault: measured fault current magnitude. 
IPU: Pick-up current setting 
t: operating time 

In section 2.3, the impact of DGs on protection philosophies was introduced. Loss of protection 
coordination was cast into three groups: loss of coordination, loss of grading and de-sensitization. 

The success criteria for the models will be the accuracy in predicting the relay operating times at 

different DG penetration levels and the accuracy in classifying the protection miscoordination 

based on the loss of protection coordination groups. 

6.2. Linear regression as a relay operating time predictor 

The aim is to train a model that can predict the relay operating time at certain DG penetration 

levels from the current network protection parameters. Four combinations of the network 

protection parameters (features) were used as inputs i.e., all features as inputs, fitting (adding 

polynomials), eliminating features, adding polynomials and eliminating certain features. 

6.2.1. All features as inputs 

When predicting the relay operating times using all the features as inputs, the data in Table 4-14 

was split into two: inputs (five features) and outputs (four relay operating times) as shown in 

Table 6-1. The model was used to predict the relay operating times before and after DG 

penetration for each penetration scenario. 
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Table 6-1: Inputs (recloser number, TMS, fault level, pickup current and calculated operating time) 
and outputs (actual relay operating times before and after DG penetration) for the all features as 

inputs model (sample) 

Features (inputs) Output 

Relay/ 
recloser 

TMS 
Fault 
level 
(A) 

Pick-up 
current 
setting 

(A) 

Calculated 
operating 

time (s) 

Actual relay 
operating time 

(s) 
before 

DG penetration 

Relay operating times (s) after 
DG penetration of 

35% of 
ADMD 

65% of 
ADMD 

75% of 
ADMD 

6 0.11 587 147.86 0.50 6.98 10.73 14.48 21.97 

6/1 0.43 587 28.85 0.30 1.14 1.75 2.37 3.59 

2 0.25 749 152.10 0.86 80.11 18.51 15.05 9.78 

2/1 1.03 749 33.94 0.66 61.48 14.21 11.55 7.51 

1 0.67 1817 149.34 0.81 10.54 13.43 10.64 9.81 

1/1 1.17 1817 67.56 0.61 4.87 5.62 4.90 4.65 

CB 0.92 1817 157.46 1.18 1.18 1.18 1.18 1.18 

Trf 1.15 1817 157.46 1.48 1.48 1.48 1.48 1.48 

The hypothesis function (introduced in appendix B1.1a) is defined as shown in equation 6-9. 

 ℎƟ(𝑥) = Ɵ0 + Ɵ1𝑥 (6-9) 

Where, 

ℎƟ(𝑥) is the relay operating time,  

𝑥 is the input (five features), and 

Ɵ0, Ɵ1 are parameters gradient descent is trying to optimise.  

To evaluate the model’s performance and ensure that the gradient descent is working, the graph 

of the cost function vs the number of iterations should decrease with each iteration. Table 6-2 

shows a summary of gradient descent on the all features as inputs model’s cost function for the 

four scenarios (before and after DG penetration). 

Table 6-2: A summary of gradient descent on the all features as inputs model’s cost function 

Predicting relay operating times: 
Before DG 

penetration 
After DG penetration 
of 35% of the ADMD 

After DG penetration 
of 65% of the ADMD 

After DG penetration 
of 75% of the ADMD 

Gradient descent on the model’s cost function decreased and saturated between a cost of: 
115 and 120 with a 
learning rate of 0.1 
(Figure 6-1). 

15 and 20 with a 
learning rate of 0.1 
(Figure 6-2).  

10 and 15 with a 
learning rate of 0.1 
(Figure 6-3).  

5 and 10 with a 
learning rate of 0.1 
(Figure 6-4). 

Gradient descent on the all features as inputs model’s cost function for the other learning rates 

(0.03, 0.01 and 0.0037) decreased and saturated at a cost higher than that of the 0.1 learning rate 

for all the DG penetration scenarios. 
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Figure 6-1: Convergence of the all features as inputs model’s gradient descent for four different learning rates 

 

Figure 6-2: Convergence of the all features as inputs model’s gradient descent after 35% of DG penetration for four 
different learning rates 

 

Figure 6-3: Convergence of  the all features as inputs model’s gradient descent after 65% of DG penetration for four 
different learning rates 
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Figure 6-4: Convergence of  the all features as inputs model’s gradient descent after 75% of DG penetration for four 
different learning rates 

6.2.2. Fitting (polynomials as added inputs) 

When predicting the relay operating times using all the features with second-degree polynomials 

as additional inputs, the data in Table 4-14 was modified and split into two: inputs (nine features) 

and outputs (four relay operating times) as shown in Table 6-3.  

Table 6-3: Inputs (second-degree polynomials-TMS, fault level, pickup current and calculated 
operating time) and outputs for the second-degree polynomials as additional inputs model 

(sample) 

Features (inputs) Output 

F
e

a
tu

re
s 

in
 T

ab
le

 6
-1

 

𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 
𝒐𝒑𝒆𝒓𝒂𝒕𝒊𝒏𝒈 

𝒕𝒊𝒎𝒆𝟐 
 

𝑻𝑴𝑺𝟐 
𝑭𝒂𝒖𝒍𝒕

 𝑳𝒆𝒗𝒆𝒍𝟐 
𝑷𝒊𝒄𝒌 

𝒖𝒑 𝒄𝒖𝒓𝒓𝒆𝒏𝒕𝟐 

Actual relay 
operating 

time (s) 
before 

DG 
penetration 

Relay operating times (s) 
after DG penetration of 

35% of 
ADMD 

65% of 
ADMD 

75% of 
ADMD 

0.25 0.01 344569 21862.27 6.98 10.73 14.48 21.97 

0.09 0.19 344569 832.05 1.14 1.75 2.37 3.59 

0.74 0.06 561001 23134.16 80.11 18.51 15.05 9.78 

0.44 1.06 561001 1151.94 61.48 14.21 11.55 7.51 

0.66 0.45 3301489 22303.17 10.54 13.43 10.64 9.81 

0.37 1.37 3301489 4564.75 4.87 5.61 4.90 4.65 

1.38 0.84 3301489 24793.34 1.18 1.18 1.18 1.18 

2.18 1.33 3301489 24793.34 1.48 1.48 1.48 1.48 

The model was used to predict the relay operating times. Table 6-4 shows a summary of gradient 

descent on the polynomials as added inputs model’s cost function for the four scenarios (before 

and after DG penetration). 
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Table 6-4: A summary of gradient descent on the polynomials as added inputs model’s cost 
function 

Predicting relay operating times: 
Before DG 

penetration 
After DG penetration 
of 35% of the ADMD 

After DG penetration 
of 65% of the ADMD 

After DG penetration 
of 75% of the ADMD 

Gradient descent on the model’s cost function decreased and saturated between a cost of: 
110 and 120 with a 
learning rate of 0.1 

(Figure 6-5). 

15 and 20 with a 
learning rate of 0.1 

(Figure 6-6). 

10 and 15 with a 
learning rate of 0.1 

(Figure 6-7). 

5 and 10 with a 
learning rate of 0.1 

(Figure 6-8). 

Gradient descent on the polynomials as added inputs model’s cost function for the other learning 

rates (0.03, 0.01 and 0.0037) decreased and saturated at a cost higher than that of the 0.1 learning 

rate for all the DG penetration scenarios. 

 

Figure 6-5: Convergence of the second-order polynomials as inputs model’s gradient descent for four different learning 
rates 

 

Figure 6-6: Convergence of the second-order polynomials as inputs model’s gradient after 35% of DG penetration for four 
different learning rates 
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Figure 6-7: Convergence of the second-order polynomials as inputs model’s gradient after 65% of DG penetration for four 
different learning rates  

 

Figure 6-8: Convergence of the second-order polynomials as inputs model’s gradient after 75% of DG penetration for four 
different learning rates 

6.2.3. Eliminating features  

When predicting the relay operating times using some of the features as inputs (relay/recloser 

positions eliminated), the data in Table 4-14 was split into two: inputs (four features) and outputs 

(four relay operating times) as shown in Table 6-5.  

Table 6-5: Inputs (relay/recloser number eliminated) and outputs for the eliminated features as 
inputs model (sample) 

Features (inputs) Output 

TMS 
Fault 
level 
(A) 

Pick-up 
current 
setting 

(A) 

Calculated 
operating 

time (s) 

Actual relay 
operating time 

(s) 
before 

DG penetration 

Relay operating times (s) after DG 
penetration of 

35% of 
ADMD 

65% of 
ADMD 

75% of 
ADMD 

0.11 587 147.86 0.50 6.98 10.73 14.48 21.97 

0.43 587 28.85 0.30 1.14 1.75 2.37 3.59 

0.25 749 152.10 0.86 80.11 18.51 15.05 9.78 

1.03 749 33.94 0.66 61.48 14.21 11.55 7.51 

0.67 1817 149.34 0.81 10.54 13.43 10.64 9.81 

1.17 1817 67.56 0.61 4.87 5.62 4.90 4.65 

0.92 1817 157.46 1.18 1.18 1.18 1.18 1.18 

1.15 1817 157.46 1.48 1.48 1.48 1.48 1.48 
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The model was used to predict the relay operating times. Table 6-6 shows a summary of gradient 

descent on the feature elimination model’s cost function for the four scenarios (before and after 

DG penetration). 

Table 6-6: A summary of gradient descent on the feature elimination model’s cost function 

Predicting relay operating times: 
Before DG 

penetration 
After DG penetration 
of 35% of the ADMD 

After DG penetration 
of 65% of the ADMD 

After DG penetration 
of 75% of the ADMD 

Gradient descent on the model’s cost function decreased and saturated between a cost of: 
135 and 140 with a 
learning rate of 0.1 

(Figure 6-9). 

20 with a learning rate 
of 0.1 (Figure 6-10). 

16 and 18 with a 
learning rate of 0.1 

(Figure 6-11). 

14 and 16 with a 
learning rate of 0.1 

(Figure 6-12). 

Gradient descent on the feature elimination model’s cost function for the other learning rates 

(0.03, 0.01 and 0.0037) decreased and saturated at a cost higher than that of the 0.1 learning rate 

for all the DG penetration scenarios. 

 

Figure 6-9: Convergence of the feature elimination model’s gradient descent for four different learning rates 

 

Figure 6-10: Convergence of the feature elimination model’s gradient descent after 35% of DG penetration for four 
different learning rates 
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Figure 6-11: Convergence of the feature elimination model’s gradient descent after 65% of DG penetration for four 
different learning rates 

 

Figure 6-12: Convergence of the feature elimination model’s gradient descent after 75% of DG penetration for four 
different learning rates 

6.2.4. Fitting and eliminating features 

When predicting the relay operating times using some of the features (relay/recloser positions 

eliminated) with second-degree polynomials as additional inputs, the data in Table 4-14 was 

modified and split into two: inputs (eight features) and outputs (four relay operating times) as 

shown in Table 6-7.  

 

 

 

 



Protection-based distributed generation penetration limits on MV feeders 

63 
 

Table 6-7: Inputs (added second-degree polynomials and relay number eliminated) and outputs for 
the fitting and feature elimination model (sample) 

Features (inputs) Output 

F
e

a
tu

re
s 

in
 T

a
b

le
 6

-5
 

𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 
𝒐𝒑𝒆𝒓𝒂𝒕𝒊𝒏𝒈 

𝒕𝒊𝒎𝒆𝟐 
 

𝑻𝑴𝑺𝟐 
𝑭𝒂𝒖𝒍𝒕

 𝑳𝒆𝒗𝒆𝒍𝟐 
𝑷𝒊𝒄𝒌 

𝒖𝒑 𝒄𝒖𝒓𝒓𝒆𝒏𝒕𝟐 

Actual relay 
operating 

time (s) 
before 

DG 
penetration 

Relay operating times (s) 
after DG penetration of 

35% of 
ADMD 

65% of 
ADMD 

75% of 
ADMD 

0.25 0.01 344569 21862.27 6.98 10.73 14.48 21.97 

0.09 0.19 344569 832.05 1.14 1.75 2.37 3.59 

0.74 0.06 561001 23134.16 80.11 18.51 15.05 9.78 

0.44 1.06 561001 1151.94 61.48 14.21 11.55 7.51 

0.66 0.45 3301489 22303.17 10.54 13.43 10.64 9.81 

0.37 1.37 3301489 4564.75 4.87 5.61 4.90 4.65 

1.38 0.84 3301489 24793.34 1.18 1.18 1.18 1.18 

2.18 1.33 3301489 24793.34 1.48 1.48 1.48 1.48 

The model was used to predict the relay operating times. Table 6-8 shows a summary of gradient 

descent on the fitted and eliminated feature model’s cost function for the four scenarios (before 

and after DG penetration). 

Table 6-8: A summary of gradient descent on the fitted and eliminated feature model’s cost 
function 

Predicting relay operating times: 
Before DG 

penetration 
After DG penetration 
of 35% of the ADMD 

After DG penetration 
of 65% of the ADMD 

After DG penetration 
of 75% of the ADMD 

Gradient descent on the model’s cost function decreased and saturated between a cost of: 
110 and 120 with a 
learning rate of 0.1 

(Figure 6-13). 

15 and 20 with a 
learning rate of 0.1 

(Figure 6-14). 

10 and 15 with a 
learning rate of 0.1 

(Figure 6-15). 

10 and 15 with a 
learning rate of 0.1 

(Figure 6-16). 

Gradient descent on the fitted and eliminated feature model’s cost function for the other learning 

rates (0.03, 0.01 and 0.0037) decreased and saturated at a cost higher than that of the 0.1 learning 

rate for all the DG penetration scenarios. 

 

Figure 6-13: Convergence of the feature elimination and second-order polynomials as inputs model’s gradient descent 
before DG penetration for four different learning rates 
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Figure 6-14: Convergence of the feature elimination and second-order polynomials as inputs model’s gradient descent 
after 35% of DG penetration for four different learning rates 

 

Figure 6-15: Convergence of the feature elimination and second-order polynomials as inputs model’s gradient descent 
after 65% of DG penetration for four different learning rates 

 

Figure 6-16: Convergence of the feature elimination and second-order polynomials as inputs model’s gradient descent 
after 75% of DG penetration for four different learning rates 
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6.3. Linear and polynomial regression debugging: learning curves 

To understand the shortcomings of regression models and to select the best model, learning 

curves are used. As detailed in appendix B.1.2c), the relationship between the cross-validation 

and training error functions indicate whether the model is suffering from a high bias or high 

variance problem. The ideal state of desired performance for a regression model is an error equal 

to zero as the number of training examples are increased. Not all models can achieve the ideal 

state of desired performance, therefore, an error of less than 0.3±0.1 was selected as the desired 

performance for all the regression models in this section. To aid in the selection of the best 

performing model, learning curves were plotted for each model i.e. all features, fitting (adding 

polynomials), eliminating features, adding polynomials and eliminating other features.  

6.3.1. All features as inputs 

As introduced in section 6.2.1, five features (network protection parameters) were inputs to the 

hypothesis function with one output: which makes visualisation of the inputs in relation to the 

output difficult. Figure 6-17 shows a 2D graph of one of the features (normalised pick-up current 

settings for multiple relays) in relation to the output (actual relay operating time before DG 

penetration). As evident in Figure 6-17, a normal linear equation doesn’t fit this data. 

 

Figure 6-17: Normalised pick-up current settings vs operating time before DG penetration 

As introduced in section 6.3, the relationship between the cross-validation and training error 

functions indicate whether the model is suffering from a high bias or high variance problem.  A 

high variance problem is a situation where the cross-validation error is high and training error is 

low (introduced in detail in appendix B.1.2c). Appendix B.1.2a) also introduced the regularization 

parameter as a magnitude that reduces the contribution of high-order polynomials to achieve a 

“best fit”. Table 6-9 shows a summary of regression and regularization learning curves for the all 

feature as inputs model on four scenarios (before and after DG penetration). 
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Table 6-9: A summary of regression and regularization learning curves for the all feature as inputs 
model 

Predicting relay operating times: 
Before DG 

penetration 
After DG penetration 
of 35% of the ADMD 

After DG penetration 
of 65% of the ADMD 

After DG penetration 
of 75% of the ADMD 

Linear regression learning curve 
Indicated a high 

variance problem after 
7 training examples.  

However, after 17 
training examples, the 
cross-validation and 

training errors 
approached the desired 

performance of less 
than 0.3±0.1 as 

illustrated in Figure 
6-18 and Table F-1 in 

appendix F. 

Indicated a high 
variance problem 

(Figure F-18 in 
appendix F). 

Indicated a high 
variance problem       

(Figure F-22 in 
appendix F). 

Indicated a high 
variance problem 

initially. 
 However, after 11 

training examples, the 
cross-validation and 

training errors 
approached the desired 

performance as 
illustrated in Figure 

6-21 and Table F-10 in 
appendix F. 

8th-degree polynomial regression learning curve 
Indicated a high 

variance problem 
(Figure 6-19) 

Indicated a high 
variance (Figure F-19 

in appendix  F). 

Indicated a high 
variance (Figure F-23 

in appendix  F). 

The cross-validation 
and training errors 

approached the desired 
performance of less 
than 0.3±0.1 (Figure 

6-22 and Table F-11 in 
appendix  F). 

Regularization parameter learning curve 
Indicated an optimal 

value of 40, where the 
training and cross-
validation error are 
equal (Figure 6-20). 

 

Indicated an optimal 
value of 90 (Figure 

F-20 in appendix  F). 

Indicated an optimal 
value beyond 100 

(Figure F-24 in 
appendix  F)   

Indicated an optimal 
value beyond 100 

(Figure 6-23). 

 

 

Figure 6-18: All features as inputs model linear regression learning curves (relay operating time before DG penetration) 
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Figure 6-19: All-feature model polynomial regression learning curves (relay operating time before DG penetration) 

 

Figure 6-20: All-feature model regularization learning curves (relay operating time before DG penetration) 

 

Figure 6-21: All features as inputs model linear regression learning curves (relay operating time after 75% of DG 
penetration) 
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Figure 6-22: All-feature model polynomial regression learning curves (relay operating time after 75%  DG penetration) 

 

Figure 6-23: All-feature model regularization learning curves (relay operating time after 75% DG penetration) 

6.3.2. Fitting (polynomials as added inputs) 

As introduced in section 6.2.2, four additional features were added to the original five features as 

inputs to the hypothesis function. Table 6-10 shows a summary of regression and regularization 

learning curves for the polynomials as added inputs model on four scenarios (before and after DG 

penetration). 
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Table 6-10: A summary of regression and regularization learning curves for the polynomials as 
added inputs model 

Predicting relay operating times: 
Before DG 

penetration 
After DG penetration 
of 35% of the ADMD 

After DG penetration 
of 65% of the ADMD 

After DG penetration 
of 75% of the ADMD 

Linear regression learning curve 
Indicated a high 

variance problem 
(Figure F-26 in 

appendix F). 

Indicated a high 
variance problem 

initially.  
However, after 17 

training examples, the 
cross-validation and 

training errors 
approached the desired 

performance of less 
than 0.3±0.1 as 

illustrated in Figure 
6-24 and Table F-16 in 

appendix F). 

Indicated a high 
variance problem 

initially.  
However, after 10 

training examples, the 
cross-validation and 

training error 
approached the desired 

performance of less 
than 0.3±0.1 as 

illustrated in Figure 
F-31 and Table F-19 in 

appendix F). 

Indicated a high 
variance problem 

(Figure F-34 in 
appendix F). 

8th-degree polynomial regression learning curve 
Indicated a high 

variance problem 
(Figure F-27 in 

appendix F).  

The cross-validation 
and training errors 

approached the desired 
performance of less 
than 0.3±0.1(Figure 

6-25 and Table F-17 in 
appendix  F). 

Indicated a high 
variance (Figure F-32 

in appendix  F). 

The cross-validation 
and training errors 

approached the desired 
performance of less 
than 0.3±0.1 (Figure 

F-35 and Table F-23  in 
appendix  F). 

Regularization parameter learning curve 
Indicated an optimal 
value of 0.003, where 

the training and cross-
validation error are 

equal (Figure F-28 and 
Table F-15 in appendix 

F). 
 

Indicated an optimal 
value of 0.3 (Figure 

6-26 and Table F-18 in 
appendix  F). 

Indicated an optimal 
value of 15 (Figure 

F-33 in appendix  F)   

Indicated an optimal 
value beyond 50 
(Figure F-36 in 

appendix  F)   

 

Figure 6-24: Fitted model linear regression learning curves (relay operating time after 35% DG penetration) 
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Figure 6-25: Fitted model polynomial regression learning curves (relay operating time after 35% DG penetration) 

 

Figure 6-26: Fitted model regularization learning curves (relay operating time after 35% DG penetration) 

6.3.3. Eliminating features 

As introduced in section 6.2.3, relay positions were eliminated leaving four features used as 

inputs to the hypothesis function. Table 6-11 shows a summary of regression and regularization 

learning curves for the eliminated features model on four scenarios (before and after DG 

penetration). 
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Table 6-11: A summary of regression and regularization learning curves for the eliminated 
features model 

Predicting relay operating times: 
Before DG 

penetration 
After DG penetration 
of 35% of the ADMD 

After DG penetration 
of 65% of the ADMD 

After DG penetration 
of 75% of the ADMD 

Linear regression learning curve 
Indicated a high 

variance problem 
(Figure F-37 in 

appendix F). 

Indicated a high 
variance problem 

initially.  
However, after 15 

training examples, the 
cross-validation and 

training error 
approached the desired 

performance (Figure 
6-27) 

Indicated a high 
variance problem 

(Figure F-40 in 
appendix F). 

Indicated a high 
variance problem 

(Figure F-42 in 
appendix F). 

8th-degree polynomial regression learning curve 
Indicated a high 

variance problem 
(Figure F-38 in 

appendix F).  

Indicated a high 
variance problem 

(Figure F-29 in 
appendix  F). 

The cross-validation 
and training errors 

approached the desired 
performance of less 
than 0.3±0.1 (Figure 

6-28). 

Indicated a high 
variance problem 

(Figure F-43 in 
appendix  F). 

Regularization parameter learning curve 
Indicated an optimal 

value of 25, where the 
training and cross-
validation error are 

equal (Figure F-39 in 
appendix F). 

 

Indicated an optimal 
value of 50 (Figure 

F-30 and Table F-30 in 
appendix  F). 

Indicated an optimal 
value beyond 100 

(Figure F-41 in 
appendix  F)   

Indicated an optimal 
value of 3 (Figure 6-29 

and Table F-36 in 
appendix  F ) 

 

 

Figure 6-27: Feature elimination model linear regression learning curves (relay operating time after 35% DG 
penetration) 



Protection-based distributed generation penetration limits on MV feeders 

72 
 

 

Figure 6-28: Feature elimination model polynomial regression learning curves (relay operating time after 65% DG 
penetration) 

 

Figure 6-29: Feature elimination model regularization learning curves (relay operating time after 75% DG penetration) 

6.3.4. Fitting and eliminating features 
As introduced in section 6.2.4, relay positions were eliminated with four second-degree 

polynomials as additional inputs to the remaining four features were used in the hypothesis 

function. Table 6-12 shows a summary of regression and regularization learning curves for the 

fitted and eliminated features model on four scenarios (before and after DG penetration). 
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Table 6-12: A summary of regression and regularization learning curves for the fitted and 
eliminated features model 

Predicting relay operating times: 
Before DG 

penetration 
After DG penetration 
of 35% of the ADMD 

After DG penetration 
of 65% of the ADMD 

After DG penetration 
of 75% of the ADMD 

Linear regression learning curve 
Indicated a high 

variance problem 
(Figure F-44 in 

appendix F). 

Indicated a high 
variance problem 

initially.  
However, after 9, 

training examples, the 
cross-validation and 

training error 
approached the desired 

performance of less 
than 0.3±0.1 (Figure 

F-47 and Table F-40 in 
appendix F). 

Indicated a high 
variance problem 

initially.  
However, after 12 

training examples, the 
cross-validation and 

training error 
approached the desired 

performance of less 
than 0.3±0.1 (Figure 

F-50 and Table F-43 in 
appendix F). 

Indicated a high 
variance problem 

initially.  
However, after training 

examples, the cross-
validation and training 
error approached the 

desired performance of 
less than 0.3±0.1 

(Figure 6-30 and Table 
F-46 in appendix F). 

8th-degree polynomial regression learning curve 
Indicated a high 

variance problem 
(Figure F-45 in 

appendix F).  

Indicated a high 
variance problem 

(Figure F-48 in 
appendix  F). 

Indicated a high 
variance problem 

(Figure F-51 in 
appendix  F). 

Indicated a high 
variance problem 

(Figure 6-31). 

Regularization parameter learning curve 
Indicated an optimal 

value beyond 100 
(Figure F-46 in 

appendix F). 

Indicated an optimal 
value beyond 100 

(Figure F-49 in 
appendix F). 

Indicated an optimal 
value beyond 100 

(Figure F-52 in 
appendix F). 

Indicated an optimal 
value beyond 100 

(Figure 6-32). 

 

 

Figure 6-30: Feature elimination and fitted model linear regression learning curves (relay operating time after 75% DG 
penetration) 
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Figure 6-31: Feature elimination and fitted model polynomial regression learning curves (relay operating time after 
75% DG penetration) 

 

Figure 6-32: Feature elimination and fitted model regularization learning curves (relay operating time after 75% DG 
penetration) 

6.4. Logistic regression as a protection miscoordination classifier 

The aim was to train a model that can determine from the current network parameters and 

penetration levels which class of protection miscoordination is likely to occur. 

6.4.1. Loss of coordination  

In classifying loss of coordination, it is safer to predict a false positive, therefore, the decision 

boundary was set to true (output y equal to 1) when the sigmoid function (h(x)) was greater than 

or equal to 0.7 and false (output y equal to 0) when the sigmoid function was less than 0.7. As 

described in appendix B1.2a),  the regularization parameter (lambda) determines the magnitude 

in which the theta parameter (Ɵ) is magnified to reduce the contribution of high-order 

polynomials. Given the number of high-order polynomials in the loss of coordination models, the 

regularization parameter was set to1 and 10. The accuracy of the model was evaluated under the 

following conditions: all features as inputs, fitting (polynomials as additional inputs), eliminating 

features, fitting and eliminating features (Table 6-13). 
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Table 6-13: A summary of the training and validation accuracies for the loss of coordination 
models 

When classifying loss of coordination using 
All the features as 

inputs 
All the features with 

second-degree 
polynomials as 

additional inputs 

Some of the features 
as inputs (relay 

positions eliminated) 

Some of the features 
(relay positions 

eliminated) with 
second-degree 

polynomials as added 
inputs 

The data in Table 4-14, results from the detailed analysis on the impact of PV DG on the power 
protection systems [22] [37], and protection coordination issue triggers (appendix E.1.iv) were 

combined and split into: 
Nine features as inputs 
and a binary output 
(loss of coordination) 
as shown in  

Table 6-14. 

Thirteen features as 
and a binary output as 
shown in Table 6-15. 

Eight features as inputs 
and a binary output as 
shown in Table 6-16. 

Twelve features as 
inputs and a binary 
output as shown in 

Table 6-17. 

Evaluated with the regularization parameter set to 10. 
Training accuracy of 

95.65% and validation 
accuracy of 88.89% 

(Figure F-53 in 
appendix F). 

Training accuracy of 
91.30% and validation 

accuracy of 100% 
(Figure F-55 in 
appendix  F). 

Training accuracy of 
95.65% and validation 

accuracy of 88.89% 
(Figure F-54 in 
appendix  F). 

Training accuracy of 
100% and a cross-

validation accuracy of 
77.78% (Figure F-56 

in appendix  F). 

 

Table 6-14: Inputs (recloser number, TMS, fault level, pickup current, calculated operating time 
before and after DG penetration) and an output (loss of coordination binary output) for the all 

features as inputs model (sample) 

Features (inputs) Output 

Network parameters 
Actual relay 

operating 
time (s) 
before 

DG 
penetration 

Relay operating times 
(s) after DG 

penetration of 
Loss of 

coordination Relay/ 
reclose

r 
TMS 

Fault 
level 
(A) 

Pick-up 
current 
setting 

(A) 

Calculated 
operating 

time (s) 

35% 
of 

ADMD 

65% 
of 

ADMD 

75% 
of 

ADMD 

6 0.11 587 147.86 0.50 6.98 0.46 0.46 0.46 0 

6/1 0.43 587 28.85 0.30 1.14 0.32 0.32 0.32 0 

2 0.25 749 152.10 0.86 80.11 0.85 0.85 0.64 1 

2/1 1.03 749 33.94 0.66 61.48 0.75 0.75 0.75 1 

1 0.67 1817 149.34 0.81 10.54 1.02 1.03 1.09 0 

1/1 1.17 1817 67.56 0.61 4.87 0.82 0.82 0.82 0 

CB 0.92 1817 157.46 1.18 1.18 1.18 1.18 1.18 0 

Trf 1.15 1817 157.46 1.48 1.48 1.48 1.48 1.48 0 
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Table 6-15: Inputs (second-degree polynomials-TMS, fault level, pickup current and calculated 
operating time) and an output (loss of coordination binary output) for the second-degree 

polynomials as additional inputs model (sample) 

Features (inputs) Output 

N
e

tw
o

rk
 p

a
ra

m
e

te
rs

 i
n

  

T
ab

le
 6

-1
4

 

𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 
𝒐𝒑𝒆𝒓𝒂𝒕𝒊𝒏𝒈 

𝒕𝒊𝒎𝒆𝟐 
 

𝑻𝑴𝑺𝟐 
𝑭𝒂𝒖𝒍𝒕

 𝑳𝒆𝒗𝒆𝒍𝟐 
𝑷𝒊𝒄𝒌 

𝒖𝒑 

𝒄𝒖𝒓𝒓𝒆𝒏𝒕𝟐

 

Actual relay 
operating 

time (s) 
before 

DG 
penetration 

Relay operating times 
(s) after DG 

penetration of Loss of 
coordination 35% 

of 
ADMD 

65% 
of 

ADMD 

75% 
of 

ADMD 

0.25 0.01 344569 21862.27 6.98 0.46 0.46 0.46 0 

0.09 0.19 344569 832.05 1.14 0.32 0.32 0.32 0 

0.74 0.06 561001 23134.16 80.11 0.85 0.85 0.64 1 

0.44 1.06 561001 1151.94 61.48 0.75 0.75 0.75 1 

0.66 0.45 3301489 22303.17 10.54 1.02 1.03 1.09 0 

0.37 1.37 3301489 4564.75 4.87 0.82 0.82 0.82 0 

1.38 0.84 3301489 24793.34 1.18 1.18 1.18 1.18 0 

2.18 1.33 3301489 24793.34 1.48 1.48 1.48 1.48 0 

 

Table 6-16: Inputs (recloser number eliminated) and an output (loss of coordination binary 
output) for the feature eliminated model (sample) 

Features (inputs) Output 

Network parameters 
Actual relay 

operating 
time (s) 
before 

DG 
penetration 

Relay operating times (s) 
after DG penetration of 

Loss of 
coordination 

TMS  

Fault 
level 
(A) 

Pick-up 
current 
setting 

(A) 

Calculated 
operating 

time (s) 

35% of 
ADMD 

65% of 
ADMD 

75% of 
ADMD 

0.11 587 147.86 0.50 6.98 0.46 0.46 0.46 0 

0.43 587 28.85 0.30 1.14 0.32 0.32 0.32 0 

0.25 749 152.10 0.86 80.11 0.85 0.85 0.64 1 

1.03 749 33.94 0.66 61.48 0.75 0.75 0.75 1 

0.67 1817 149.34 0.81 10.54 1.02 1.03 1.09 0 

1.17 1817 67.56 0.61 4.87 0.82 0.82 0.82 0 

0.92 1817 157.46 1.18 1.18 1.18 1.18 1.18 0 

1.15 1817 157.46 1.48 1.48 1.48 1.48 1.48 0 
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Table 6-17: Inputs (second-degree polynomials and relay position eliminated) and an output (loss 
of coordination binary output) for the relay positions eliminated with second-degree polynomials 

as additional inputs model (sample) 

Features (inputs) Output 

N
e

tw
o

rk
 p

a
ra

m
e

te
rs

 i
n

 T
ab

le
 6

-1
6

 

𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 
𝒐𝒑𝒆𝒓𝒂𝒕𝒊𝒏𝒈 

𝒕𝒊𝒎𝒆𝟐 
 

𝑻𝑴𝑺𝟐 
𝑭𝒂𝒖𝒍𝒕

 𝑳𝒆𝒗𝒆𝒍𝟐 
𝑷𝒊𝒄𝒌 

𝒖𝒑 

𝒄𝒖𝒓𝒓𝒆𝒏𝒕𝟐

 

Actual relay 
operating 

time (s) 
before 

DG 
penetration 

Relay operating times 
(s) after DG 

penetration of Loss of 
coordination 35% 

of 
ADMD 

65% 
of 

ADMD 

75% 
of 

ADMD 

0.25 0.01 344569 21862.27 6.98 0.46 0.46 0.46 0 

0.09 0.19 344569 832.05 1.14 0.32 0.32 0.32 0 

0.74 0.06 561001 23134.16 80.11 0.85 0.85 0.64 1 

0.44 1.06 561001 1151.94 61.48 0.75 0.75 0.75 1 

0.66 0.45 3301489 22303.17 10.54 1.02 1.03 1.09 0 

0.37 1.37 3301489 4564.75 4.87 0.82 0.82 0.82 0 

1.38 0.84 3301489 24793.34 1.18 1.18 1.18 1.18 0 

2.18 1.33 3301489 24793.34 1.48 1.48 1.48 1.48 0 

 

6.4.2. Loss of grading 

In classifying loss of grading, the decision boundary was set to true (output y equal to 1) when 

the sigmoid function (h(x)) was greater than or equal to 0.7 and false (output y equal to 0) when 

the sigmoid function was less than 0.7. The accuracy of the model was evaluated under the 

following conditions: all features as inputs, fitting (polynomials as added inputs), eliminating 

features, fitting and eliminating features (Table 6-18). 

Table 6-18: A summary of the training and validation accuracies for the loss of grading models 

When classifying loss of grading using 
All the features as 

inputs 
All the features with 

second-degree 
polynomials as 

additional inputs 

Some of the features 
as inputs (relay 

positions eliminated) 

Some of the features 
(relay positions 

eliminated) with 
second-degree 

polynomials as added 
inputs 

The data in Table 4-14, results from the detailed analysis on the impact of PV DG on the power 
protection systems [22] [37], and protection coordination issue triggers (appendix E.1.iv) were 

combined and split into: 
Nine features as inputs 

and a binary output 
(loss of grading) as 

shown in Table 6-19. 

Thirteen features as 
and a binary output as 
shown in  

Table 6-20. 

Eight features as inputs 
and a binary output as 

shown in  
Table 6-21. 

Twelve features as 
inputs and a binary 
output as shown in 

Table 6-22. 
Evaluated with the regularization parameter set to 10 

Training accuracy of 
78.26% and validation 

accuracy of 22.22% 
(Figure F-57 in 

appendix F). 

Training accuracy of 
69.56% and validation 

accuracy of 33.33% 
(Figure F-59 in 
appendix  F). 

Training accuracy of 
73.91% and validation 

accuracy of 55.56% 
(Figure F-58 in 
appendix  F). 

Training accuracy of 
78.26% and validation 

accuracy of 22.22% 
(Figure F-60 in 
appendix  F). 
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Table 6-19: Inputs (recloser number, TMS, fault level, pickup current calculated, operating time 
before and after DG penetration) and an output (loss of grading binary output) for the all features 

as inputs model (sample) 

Features (inputs) Output 

Network parameters 
Actual relay 

operating 
time (s) 
before 

DG 
penetration 

Relay operating times 
(s) after DG 

penetration of 
Loss of 
grading Relay/ 

reclose
r 

TMS 
Fault 
level 
(A) 

Pick-up 
current 
setting 

(A) 

Calculated 
operating 

time (s) 

35% 
of 

ADMD 

65% 
of 

ADMD 

75% 
of 

ADMD 

6 0.11 587 147.86 0.50 6.98 10.73 14.48 21.97 1 

6/1 0.43 587 28.85 0.30 1.14 1.75 2.37 3.59 1 

2 0.25 749 152.10 0.86 80.11 18.51 15.05 9.78 1 

2/1 1.03 749 33.94 0.66 61.48 14.21 11.55 7.51 1 

1 0.67 1817 149.34 0.81 10.54 13.43 10.64 9.81 1 

1/1 1.17 1817 67.56 0.61 4.87 5.62 4.90 4.65 1 

CB 0.92 1817 157.46 1.18 1.18 1.18 1.18 1.18 0 

Trf 1.15 1817 157.46 1.48 1.48 1.48 1.48 1.48 0 

 

Table 6-20: Inputs (second-degree polynomials-TMS, fault level, pickup current and calculated 
operating time) and an output (loss of grading binary output) for the second-degree polynomials 

as additional inputs model (sample) 

Features (inputs) Output 

N
e

tw
o

rk
 p

a
ra

m
e

te
rs

 i
n

 T
ab

le
 6

-1
9

 

𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 
𝒐𝒑𝒆𝒓𝒂𝒕𝒊𝒏𝒈 

𝒕𝒊𝒎𝒆𝟐 
 

𝑻𝑴𝑺𝟐 
𝑭𝒂𝒖𝒍𝒕

 𝑳𝒆𝒗𝒆𝒍𝟐 
𝑷𝒊𝒄𝒌 

𝒖𝒑 

𝒄𝒖𝒓𝒓𝒆𝒏𝒕𝟐

 

Actual relay 
operating 

time (s) 
before 

DG 
penetration 

Relay operating times 
(s) after DG 

penetration of Loss of 
grading 35% 

of 
ADMD 

65% 
of 

ADMD 

75% 
of 

ADMD 

0.25 0.01 344569 21862.27 6.98 10.73 14.48 21.97 1 

0.09 0.19 344569 832.05 1.14 1.75 2.37 3.59 1 

0.74 0.06 561001 23134.16 80.11 18.51 15.05 9.78 1 

0.44 1.06 561001 1151.94 61.48 14.21 11.55 7.51 1 

0.66 0.45 3301489 22303.17 10.54 13.43 10.64 9.81 1 

0.37 1.37 3301489 4564.75 4.87 5.62 4.90 4.65 1 

1.38 0.84 3301489 24793.34 1.18 1.18 1.18 1.18 0 

2.18 1.33 3301489 24793.34 1.48 1.48 1.48 1.48 0 
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Table 6-21: Inputs (recloser number eliminated) and an output (loss of grading binary output) for 
the feature eliminated model (sample) 

Features (inputs) Output 

Network parameters 
Actual relay 

operating 
time (s) 
before 

DG 
penetration 

Relay operating times (s) 
after DG penetration of 

Loss of 
grading 

TMS  

Fault 
level 
(A) 

Pick-up 
current 
setting 

(A) 

Calculated 
operating 

time (s) 

35% of 
ADMD 

65% of 
ADMD 

75% of 
ADMD 

0.11 587 147.86 0.50 6.98 10.73 14.48 21.97 1 

0.43 587 28.85 0.30 1.14 1.75 2.37 3.59 1 

0.25 749 152.10 0.86 80.11 18.51 15.05 9.78 1 

1.03 749 33.94 0.66 61.48 14.21 11.55 7.51 1 

0.67 1817 149.34 0.81 10.54 13.43 10.64 9.81 1 

1.17 1817 67.56 0.61 4.87 5.62 4.90 4.65 1 

0.92 1817 157.46 1.18 1.18 1.18 1.18 1.18 0 

1.15 1817 157.46 1.48 1.48 1.48 1.48 1.48 0 

 

Table 6-22: Inputs (second-degree polynomials and relay position eliminated) and an output (loss 
of grading binary output) for the relay positions eliminated with second-degree polynomials as 

additional inputs model (sample) 

Features (inputs) Output 

N
e

tw
o

rk
 p

a
ra

m
e

te
rs

 i
n

  
T

ab
le

 6
-2

1
 

𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 
𝒐𝒑𝒆𝒓𝒂𝒕𝒊𝒏𝒈 

𝒕𝒊𝒎𝒆𝟐 
 

𝑻𝑴𝑺𝟐 
𝑭𝒂𝒖𝒍𝒕

 𝑳𝒆𝒗𝒆𝒍𝟐 
𝑷𝒊𝒄𝒌 

𝒖𝒑 

𝒄𝒖𝒓𝒓𝒆𝒏𝒕𝟐

 

Actual relay 
operating 

time (s) 
before 

DG 
penetration 

Relay operating times 
(s) after DG 

penetration of Loss of 
grading 35% 

of 
ADMD 

65% 
of 

ADMD 

75% 
of 

ADMD 

0.25 0.01 344569 21862.27 6.98 10.73 14.48 21.97 1 

0.09 0.19 344569 832.05 1.14 1.75 2.37 3.59 1 

0.74 0.06 561001 23134.16 80.11 18.51 15.05 9.78 1 

0.44 1.06 561001 1151.94 61.48 14.21 11.55 7.51 1 

0.66 0.45 3301489 22303.17 10.54 13.43 10.64 9.81 1 

0.37 1.37 3301489 4564.75 4.87 5.62 4.90 4.65 1 

1.38 0.84 3301489 24793.34 1.18 1.18 1.18 1.18 0 

2.18 1.33 3301489 24793.34 1.48 1.48 1.48 1.48 0 

 

6.4.3. De-sensitization 

In classifying de-sensitization, the decision boundary was also set to true (output y equal to 1) 

when the sigmoid function (h(x)) was greater than or equal to 0.7 and false (output y equal to 0) 

when the sigmoid function was less than 0.7. The accuracy of the model was evaluated under the 

following conditions: all features as inputs, fitting (polynomials as added inputs), eliminating 

features, fitting and eliminating features (Table 6-23). 
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Table 6-23: A summary of the training and validation accuracies for the de-sensitization models 

When classifying de-sensitization using 
All the features as 

inputs 
All the features with 

second-degree 
polynomials as 

additional inputs 

Some of the features 
as inputs (relay 

positions eliminated) 

Some of the features 
(relay positions 

eliminated) with 
second-degree 

polynomials as added 
inputs 

The data in Table 4-14, results from the detailed analysis on the impact of PV DG on the power 
protection systems [22] [37], and protection coordination issue triggers (appendix E.1.iv) were 

combined and split into: 
Nine features as inputs 

and a binary output 
(de-sensitization) as 
shown in Table 6-24. 

Thirteen features as 
and a binary output as 
shown in  

 

Table 6-25. 

Eight features as inputs 
and a binary output as 

shown in  
Table 6-21. 

Twelve features as 
inputs and a binary 
output as shown in 

Table 6-27. 

Evaluated with the regularization parameter set to 10 
Training accuracy of 

91.30% and validation 
accuracy of 33.33% 

(Figure F-61 in 
appendix F). 

Training accuracy of 
82.61% and validation 

accuracy of 66.67% 
(Figure F-63 in 
appendix  F). 

Training accuracy of 
86.96% and validation 

accuracy of 44.44% 
(Figure F-62 in 
appendix  F). 

Training accuracy of 
73.91% and validation 

accuracy of 66.67% 
(Figure F-64 in 
appendix  F). 

 

Table 6-24: Inputs (recloser number, TMS, fault level, pickup current calculated, operating time 
before and after DG penetration) and an output (de-sensitization binary output) for the all 

features as inputs model (sample) 

Features (inputs) Output  

Network parameters Actual relay 
operating 

time (s)  
before  

DG 
penetration 

Relay operating times 
(s) after DG 

penetration of 

De-
sensitization 

Relay/ 
reclose

r 

TMS Fault 
level 
(A) 

Pick-up 
current 
setting 

(A) 

Calculated 
operating 

time (s) 

35% 
of 

ADMD 

65% 
of 

ADMD 

75% 
of 

ADMD 

6 0.11 587 147.86 0.50 6.98 10.73 14.48 21.97 1 

6/1 0.43 587 28.85 0.30 1.14 1.75 2.37 3.59 1 

2 0.25 749 152.10 0.86 80.11 18.51 15.05 9.78 0 

2/1 1.03 749 33.94 0.66 61.48 14.21 11.55 7.51 0 

1 0.67 1817 149.34 0.81 10.54 13.43 10.64 9.81 0 

1/1 1.17 1817 67.56 0.61 4.87 5.62 4.90 4.65 0 

CB 0.92 1817 157.46 1.18 1.18 1.18 1.18 1.18 0 

Trf 1.15 1817 157.46 1.48 1.48 1.48 1.48 1.48 0 

 

  



Protection-based distributed generation penetration limits on MV feeders 

81 
 

Table 6-25: Inputs (second-degree polynomials-TMS, fault level, pickup current and calculated 
operating time) and an output (de-sensitization binary output) for the second-degree polynomials 

as additional inputs model (sample) 

Features (inputs) Output 

N
e

tw
o

rk
 p

a
ra

m
e

te
rs

 i
n

 T
ab

le
 6

-2
4

 

𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 
𝒐𝒑𝒆𝒓𝒂𝒕𝒊𝒏𝒈 

𝒕𝒊𝒎𝒆𝟐 
 

𝑻𝑴𝑺𝟐 
𝑭𝒂𝒖𝒍𝒕

 𝑳𝒆𝒗𝒆𝒍𝟐 
𝑷𝒊𝒄𝒌 

𝒖𝒑 

𝒄𝒖𝒓𝒓𝒆𝒏𝒕𝟐

 

Actual relay 
operating 

time (s) 
before 

DG 
penetration 

Relay operating times 
(s) after DG 

penetration of De-
sensitization 35% 

of 
ADMD 

65% 
of 

ADMD 

75% 
of 

ADMD 

0.25 0.01 344569 21862.27 6.98 10.73 14.48 21.97 1 

0.09 0.19 344569 832.05 1.14 1.75 2.37 3.59 1 

0.74 0.06 561001 23134.16 80.11 18.51 15.05 9.78 0 

0.44 1.06 561001 1151.94 61.48 14.21 11.55 7.51 0 

0.66 0.45 3301489 22303.17 10.54 13.43 10.64 9.81 0 

0.37 1.37 3301489 4564.75 4.87 5.62 4.90 4.65 0 

1.38 0.84 3301489 24793.34 1.18 1.18 1.18 1.18 0 

2.18 1.33 3301489 24793.34 1.48 1.48 1.48 1.48 0 

 

Table 6-26: Inputs (recloser number eliminated) and an output (de-sensitization binary output) for 
the feature eliminated model (sample) 

Features (inputs) Output 

Network parameters 
Actual relay 

operating 
time (s) 
before 

DG 
penetration 

Relay operating times (s) 
after DG penetration of 

De-
sensitization 

TMS  

Fault 
level 
(A) 

Pick-up 
current 
setting 

(A) 

Calculated 
operating 

time (s) 

35% of 
ADMD 

65% of 
ADMD 

75% of 
ADMD 

0.11 587 147.86 0.50 6.98 10.73 14.48 21.97 1 

0.43 587 28.85 0.30 1.14 1.75 2.37 3.59 1 

0.25 749 152.10 0.86 80.11 18.51 15.05 9.78 0 

1.03 749 33.94 0.66 61.48 14.21 11.55 7.51 0 

0.67 1817 149.34 0.81 10.54 13.43 10.64 9.81 0 

1.17 1817 67.56 0.61 4.87 5.62 4.90 4.65 0 

0.92 1817 157.46 1.18 1.18 1.18 1.18 1.18 0 

1.15 1817 157.46 1.48 1.48 1.48 1.48 1.48 0 
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Table 6-27: Inputs (second-degree polynomials and relay position eliminated) and an output (de-
sensitization binary output) for the relay positions eliminated with second-degree polynomials as 

additional inputs model (sample) 

Features (inputs) Output 

N
e
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rk
 p

a
ra

m
e
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rs

 i
n

 T
ab

le
 6
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6

 𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 
𝒐𝒑𝒆𝒓𝒂𝒕𝒊𝒏𝒈 

𝒕𝒊𝒎𝒆𝟐 
 

𝑻𝑴𝑺𝟐 𝑭𝒂𝒖𝒍𝒕
 𝑳𝒆𝒗𝒆𝒍𝟐 

𝑷𝒊𝒄𝒌 
𝒖𝒑 

𝒄𝒖𝒓𝒓𝒆𝒏𝒕𝟐

 
Actual relay 

operating 
time (s) 
before 

DG 
penetration 

Relay operating times 
(s) after DG 

penetration of De-
sensitization 35% 

of 
ADMD 

65% 
of 

ADMD 

75% 
of 

ADMD 

0.25 0.01 344569 21862.27 6.98 10.73 14.48 21.97 1 

0.09 0.19 344569 832.05 1.14 1.75 2.37 3.59 1 

0.74 0.06 561001 23134.16 80.11 18.51 15.05 9.78 0 

0.44 1.06 561001 1151.94 61.48 14.21 11.55 7.51 0 

0.66 0.45 3301489 22303.17 10.54 13.43 10.64 9.81 0 

0.37 1.37 3301489 4564.75 4.87 5.62 4.90 4.65 0 

1.38 0.84 3301489 24793.34 1.18 1.18 1.18 1.18 0 

2.18 1.33 3301489 24793.34 1.48 1.48 1.48 1.48 0 

 

6.5. Chapter Discussion 

This chapter presented the trainings of models that can predict relay operating times at certain 

DG penetration levels, from the current network parameters and the determination of which class 

of protection miscoordination is likely to occur. The success criteria were based on each model’s 

cost function minimization value within the first 100 iterations, the cross-validation and training 

error approaching desired performance of less than 0.3±0.1 on the learning curves. 

When predicting relay operating times before DG penetration from the model that uses all the 

features as inputs (section 6.2.1), the cost function was minimized to a value below 120 

𝑠𝑒𝑐𝑜𝑛𝑑𝑠2 (Figure 6-1). Learning curves for this model are shown in Figure 6-18 and Table F-1 in 

appendix F. 

When predicting relay operating times at 35% of PV DG penetration from the model of fitting 

(adding polynomials (section 6.2.2)), the cost function was minimized to a value below 20 

𝑠𝑒𝑐𝑜𝑛𝑑𝑠2 (Figure 6-6). Learning curves for this model are shown in Figure 6-24 and Table F-16 

in appendix F. 

When predicting relay operating times at 65% of PV DG penetration from the model of fitting 

(adding polynomials (section 6.2.2)), the cost function was minimized to a value below 15 

𝑠𝑒𝑐𝑜𝑛𝑑𝑠2 (Figure 6-7). Learning curves for this model are shown in Figure F-31 and Table F-19 

in appendix F. 

When predicting operating time at 75% of PV DG penetration from the model that uses all the 

features (section 6.2.1), the cost function was minimized to a value below 10 𝑠𝑒𝑐𝑜𝑛𝑑𝑠2  (Figure 

6-4). From the learning curves, the cross-validation and training error indicated a high variance 

problem (Figure 6-21). However, from the fitted polynomials and feature elimination model 

learning curves, the cross-validation and training error approached the desired performance as 

illustrated in Figure 6-30 and Table F-46 in appendix F. 
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In section 1.2 b),  the objective for the classifier model was defined as accuracy and precision: 

when a positive value is predicted, how often is the prediction correct. Because false positives 

(recloser/relay not experiencing protection miscoordination and classified as true) are more 

acceptable than false negatives (recloser/relay experiencing protection miscoordination and 

classified as false). Hence false negatives must be as low as possible. The performance metrics 

(Figure B-11) for each model (loss of coordination, loss of grading and de-sensitization) are 

shown in Figure 6-33 to Figure 6-38. 

When classifying loss of coordination, the model with second-degree polynomials added (section 

6.4.1 had a training accuracy of 91.30% and validation accuracy of 100%. Thus, out of twenty-

three instances where loss of coordination was experienced in the training data set, the model 

was able to predict twenty-one instances correctly. The confusion matrices for the loss of 

coordination classifier are shown on the bottom right of Figure 6-33 and Figure 6-34. 

 

Figure 6-33: Loss of coordination classifier (fitted model) training set confusion matrix and performance metrics 

 

 

Figure 6-34: Loss of coordination classifier (fitted model) cross-validation data set confusion matrix and performance 
metrics 

When classifying the loss of grading, the model with relay position eliminated (section 6.4.2 had 
a training accuracy of 73.91% and validation accuracy of 55.56%. Thus, out of seven instances 

where the loss of grading was experienced in the cross-validation data set, the model was able to 

predict three instances correctly. The confusion matrices for the loss of grading classifier are 

shown in Figure 6-35 and Figure 6-36. 



Protection-based distributed generation penetration limits on MV feeders 

84 
 

 

Figure 6-35: Loss of grading classifier (eliminated feature model) training data set confusion matrix and performance 
metrics 

 

Figure 6-36: Loss of grading classifier (eliminated feature model) cross-validation set confusion matrix and performance 
metrics 

When classifying de-sensitization, the model with second-degree polynomials as added inputs 

(section 6.4.3 had a training accuracy of 82.61% and validation accuracy of 66.67%. Thus, out of 

three instances where de-sensitization was not experienced in the training data set, the model 

was able to predict two instances correctly. The confusion matrices for the de-sensitization 

classifier are shown in Figure 6-37and Figure 6-38. 
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Figure 6-37: De-sensitization classifier (fitted model) training data set confusion matrix and performance metrics 

 

Figure 6-38: De-sensitization classifier (fitted model) cross-validation data set confusion matrix and performance 
metrics 
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7. Model application: results and analysis 

This chapter presents the identification of the type of feeders that can handle a high penetration 
of DGs and the type of feeders that cannot. This was done by using the best regression model 

(section 6.5) to predict the operating times at three levels of DG penetration and the best classifier 

model to classify protection coordination issues that will occur on four different MV distribution 

networks (section 4.5). The results from the best regression model were used as inputs to the 

most accurate logistic regression model to classify which set of network protection features and 

DG penetration level results in which protection coordination problem. Table 7-1 shows the 

values of the predicted relay operating times and protection miscoordination groups after three 

stages of DG penetration. 

Table 7-1: Predicted relay operating times and protection miscoordination groups after three 
stages of DG penetration* 
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Trf 0.54 677.50 59.05 1.50 13.68 52.77 70.53 31.72 0 0 1 

Trf 0.80 787.50 59.05 2.10 12.19 84.96 149.06 50.92 0 1 1 

49/470 0.05 229.00 82.36 0.61 18.13 18.13 18.13 18.13 0 0 1 

Trf 1.04 719.25 59.05 2.83 13.76 104.32 232.83 65.35 0 1 1 

*filtered to show network protection features where protection miscoordination was predicted. 

From Table 7-1, Table 4-5, Table 4-10, Table 4-11, and Table 4-12 the network protection features 

for which protection miscoordination was predicted and not predicted are grouped in Table 7-2, 

Table 7-3 and Table 7-4 respectively. 

Table 7-2: Network number and protection features where the loss of grading was predicted 

Network 
Relay/ Recloser 

position 
TMS 

Fault  
level (A) 

Pick-up  
current setting (A) 

Calculated  
operating time (s) 

Network B Trf 0.80 787.50 59.05 2.10 

Network C Trf 1.04 719.25 59.05 2.83 

Network A Trf 0.54 677.5 59.05 1.5 

Network B 49/470 0.05 229 82.36 0.61 

Table 7-3: Network number and protection features where the loss of grading was not predicted 

Network 
Relay/ 

Recloser 
position 

TMS Fault level (A) 
Pick-up  

current setting (A) 

Calculated  

operating time (s) 

Illustration 
network 

(Figure 4-1) 
Trf 0.38 368.5 65.61 1.5 

In Table 7-2 and  Table 7-3, the network protection features indicate that loss of grading occurs 

on transformer circuit breakers where 0.5 ≤ TMS ≤ 1.1 and 650≤ Fault level ≤800A. It is noted 



Protection-based distributed generation penetration limits on MV feeders 

87 
 

that relay 49/470 is a point of interest as shown in Table 7-7 (relay operating time indicated 

protection miscoordination before DG penetration), thus a false positive. In Table 7-4 and Table 

G-1,  the network protection features indicate that de-sensitization occurs where 0.6 ≤ TMS ≤ 1.1 

and 710≤ Fault level ≤ 800A.  Network A’s transformer circuit breaker TMS and fault level were 

within the de-sensitization range, however, the model did not predict de-sensitization for the 

network protection features (false negative). The loss of protection coordination groups 

introduced in section 2.3 are categorized based on the operating times of secondary relays in 

relation to primary relays. Relay operating times are calculated using the TMS and fault level 

values (section 4.2, equation 4-1). TMS is proportional to the relay operating time, therefore, it is 

chosen such that the relay operating time coordination with downstream devices is optimized. 

Also detailed in section 2.3 is the added fault current introduced in the distribution network by 

DG. Thus, TMS and fault level are accepted as the combination of protection features that 

determine the protection-based DG penetration limit. 

Table 7-4: Network number and protection features that resulted in de-sensitization 

Network 
Relay/ Recloser 

 position 
TMS Fault level (A) 

Pick-up  
Current setting (A) 

Calculated  
operating time (s) 

Network B Trf 0.80 787.5 59.05 2.10 

Network C Trf 1.04 719.25 59.05 2.83 

As seen in Table 7-1 and Table G-1 (in appendix G), loss of coordination was not predicted for the 

MV distribution networks (network A, B, C and Illustration network Figure 4-1) using the 

horizontal approach (linear and logistic regression models). Based on the relay operating times 

after DG penetration, protection miscoordination (loss of grading and de-sensitization) occurs 

after a DG penetration of 35% of ADMD. Using the findings in section 5.9, the TMS and fault level 

range where protection miscoordination occurs, a PV DG Medium Voltage Opportunity Network 

(MVON) guide was defined. The MVON guide is for the DG penetration level, location and network 
protection features that determine which protection miscoordination group (section 2.3) will 

occur as shown in Table 7-5 and Table 7-6. 

Table 7-5: PV DG Medium voltage opportunity guide for penetration levels 

 
 

PV 
DG 

Penetration  
level 

1-299 1400-2199 6500-8099 2900-4730 8100-9299 

35% of ADMD     x 
65% of ADMD    x  
75% of ADMD x x x   

 

 

Postal 

Range 
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Table 7-6: PV DG Medium Voltage opportunity network guide for network protection feature 
ranges for protection miscoordination groups 

 
 
 

Protection 
miscoordination 
issue 

TMS 
Fault level 

(A) 

Relay/ 
Recloser 
position 

Pick-up  
current 
Setting 

(A) 

Calculated  
operating 

time (s) 

Loss of grading x x    
De-sensitization x x x   

A vertical analysis was done: the predicted operating time of each relay was compared to the 

operating time of the downstream and upstream relay. Table 7-7 shows the points of interest 

from the vertical analysis and the predicted operating times. 

Table 7-7: Vertical analysis points of interest and outliers on predicted relay operating times, 
protection miscoordination groups before and after three stages of DG penetration 
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423 0.01 231.00 124.70 0.11 18.45 18.45 18.45 7.36 0 0 0 

318 0.03 231.00 138.56 0.41 5.58 5.58 5.58 0.15 0 0 0 

101 0.11 479.00 196.10 0.86 10.46 10.46 10.46 10.46 0 0 0 

CB 0.13 909.00 299.20 0.80 6.14 6.14 6.14 6.14 0 0 0 

219/1 0.05 437.00 141.54 0.31 6.23 6.23 6.23 5.95 0 0 0 

87/1 0.05 1031.00 269.28 0.26 4.02 4.02 4.02 7.58 0 0 0 

148 0.01 519.00 125.52 0.05 7.85 7.85 7.85 9.42 0 0 0 

114 0.07 519.00 139.47 0.35 9.42 9.42 9.42 6.61 0 0 0 

67 0.10 630.00 154.97 0.60 9.84 9.84 9.84 2.77 0 0 0 

1 0.24 1204.00 191.31 0.89 3.36 9.90 4.97 10.90 0 0 0 

CB 0.37 2710.00 212.57 1.00 0.99 30.50 31.95 25.17 0 0 0 

111/1 0.05 555.00 139.47 0.25 8.86 8.86 8.86 7.79 0 0 0 

65/176 0.05 264.00 91.51 0.33 16.16 16.16 16.16 5.31 0 0 0 

65/127 0.12 328.00 112.97 0.81 15.55 15.55 15.55 15.55 0 0 0 

65/67 0.15 330.00 125.52 1.10 15.81 15.81 15.81 15.81 0 0 0 

65/1 0.26 888.00 154.97 1.02 8.98 12.96 8.50 9.40 0 0 0 

48 0.17 901.00 172.18 1.31 7.55 7.55 7.55 7.55 0 0 0 

65/39/58 0.06 379.00 82.36 0.27 14.43 14.43 14.43 8.33 0 0 0 

65/39/56 0.12 379.00 91.51 0.57 14.67 14.67 14.67 5.79 0 0 0 

65/39/54 0.17 393.00 101.67 0.86 14.69 14.69 14.69 2.91 0 0 0 

65/39/2 0.21 398.00 112.97 1.15 14.87 4.76 14.87 14.87 0 0 0 

Network 

Protection 

features 
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65/39/1 0.26 582.00 125.52 1.18 11.72 12.79 8.26 4.74 0 0 0 

65/2 0.19 587.00 139.47 1.47 15.05 0.29 15.05 15.05 0 0 0 

65/39/39
/1 

0.08 435.00 101.67 0.38 13.40 13.40 13.40 7.29 0 0 0 

65/39/53
/1 

0.08 398.00 91.51 0.38 14.13 14.13 14.13 7.43 0 0 0 

297 0.07 388.00 82.36 0.31 4.72 4.72 4.72 8.25 0 0 0 

174 0.12 413.00 101.67 1.05 10.52 10.52 10.52 10.52 0 0 0 

123 0.15 622.00 112.97 0.74 8.48 8.48 8.48 4.57 0 0 0 

75 0.13 829.00 125.52 0.82 7.45 7.45 7.45 7.45 0 0 0 

65 0.16 1208.00 139.47 0.68 1.49 1.49 1.49 7.14 0 0 0 

50 0.24 1335.00 154.97 0.77 0.60 10.45 5.63 15.28 0 0 0 

2 0.18 1833.00 172.18 0.97 0.95 1.13 0.95 0.94 0 0 0 

1 0.30 3510.00 191.31 0.71 0.50 19.59 16.97 25.25 0 0 0 

2/2 0.05 3510.00 154.97 0.11 0.01 0.01 0.01 12.32 0 0 0 

74/21 0.05 490.00 101.67 0.22 11.98 11.98 11.98 8.78 0 0 0 

74/9 0.14 292.00 125.52 1.17 19.28 19.28 19.28 19.28 0 0 0 

140/6 0.05 393.00 91.51 0.24 10.92 10.92 10.92 8.21 0 0 0 

140/1 0.11 393.00 101.67 0.54 11.15 11.15 11.15 5.34 0 0 0 

220/6/1 0.05 370.00 82.36 0.23 8.09 8.09 8.09 8.44 0 0 0 

259/5/1 0.05 383.00 82.36 0.22 6.26 6.26 6.26 8.61 0 0 0 

280/8/1 0.05 358.00 74.12 0.22 5.90 5.90 5.90 8.78 0 0 0 

49/373 0.09 236.00 91.51 0.63 17.75 17.75 17.75 0.00 0 0 0 

49/250 0.11 387.00 112.97 0.94 15.68 15.68 15.68 15.68 0 0 0 

49/148 0.12 400.00 125.52 0.90 15.14 15.14 15.14 15.14 0 0 0 

49/79 0.12 590.00 139.47 0.82 11.85 11.85 11.85 11.85 0 0 0 

49/29/21 0.06 803.00 125.52 0.22 7.87 7.87 7.87 9.90 0 0 0 

49/29/1 0.13 803.00 139.47 0.52 7.96 7.96 7.96 9.28 0 0 0 

49/1 0.21 1052.00 154.97 0.75 6.15 5.22 6.15 11.65 0 0 0 

49/261 0.12 250.00 101.67 1.13 18.30 18.30 18.30 18.30 0 0 0 

49/470 0.05 229.00 82.36 0.61 18.13 18.13 18.13 18.13 0 0 1 

4 0.26 2877.00 154.97 0.60 0.36 11.82 7.35 22.69 0 0 0 

86/1 0.05 719.00 125.52 0.20 11.15 11.15 11.15 9.49 0 0 0 

111/98 0.05 307.00 112.97 0.35 13.26 13.26 13.26 4.68 0 0 0 

202 0.05 261.00 112.97 0.63 10.80 10.80 10.80 10.80 0 0 0 

61/7/1 0.06 895.00 112.97 0.20 0.04 0.04 0.04 10.60 0 0 0 

61/40/1 0.06 618.00 112.97 0.24 10.41 10.41 10.41 9.23 0 0 0 

61/2 0.13 618.00 125.52 0.54 13.09 13.09 13.09 7.71 0 0 0 

111/29/1 0.06 452.00 112.97 0.30 10.94 10.94 10.94 7.44 0 0 0 

111/1 0.11 452.00 125.52 0.60 11.15 11.15 11.15 4.08 0 0 0 

5 0.13 565.00 139.47 0.81 13.98 13.98 13.98 13.98 0 0 0 

146/12/1 0.06 519.00 101.67 0.25 8.59 8.59 8.59 8.89 0 0 0 

113 0.10 572.00 125.52 0.82 9.82 9.82 9.82 9.82 0 0 0 

356/1 0.01 265.00 91.51 0.07 3.66 3.66 3.66 8.88 0 0 0 

387/1 0.01 236.00 91.51 0.07 2.83 2.83 2.83 8.62 0 0 0 

In Table 7-7, points of interest (red highlighted cells) indicate protection miscoordination before 

DG penetration when compared to operating times of secondary relays (twenty-two points in 
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total). Nineteen green highlighted cells with a red text show outliers: model predicted a negative 

relay operating time (shown in Table G-2 in appendix G), the calculated relay operating time 

before DG penetration was used as a replacement of the negative value. Orange highlighted cells 

indicate a loss of coordination (twenty-eight points in total). A vertical analysis was done on the 

data in Table 7-7 to identify network protection features that occasioned in the loss of grading 

and de-sensitization after three stages of DG penetration. With the vertical approach, as 

illustrated in Table G-2 in appendix G, the downstream relay operating time is subtracted from 

the upstream relay operation time and the difference in the ratio of the upstream to downstream 

relay operating time is used. Twenty eight loss of coordination points (2 points at a DG 

penetration of 35%, 1 point at a DG penetration of 65%, 25 points at a DG penetration of 75% of 

ADMD), 42  de-sensitization points (12 points at a DG penetration of 35%, 12 points at a DG 

penetration of 65%, 18 points at a DG penetration of 75% of ADMD) and 12 loss of grading points 

(1 at a DG penetration of 35%, 1 point at a DG penetration of 65% and 10 points at a DG 

penetration of 75% of ADMD) were observed from the vertical approach (Figure 7-1). 

 

Figure 7-1: Number of protection miscoordination points per protection miscoordination group 

As illustrated in Figure 7-1, more protection miscoordination points were found using the vertical 

approach compared to the horizontal approach (linear and logistic regression models). The 

difference implies that the horizontal approach cannot be used as a standalone method for the 

classification of protection miscoordination groups.  
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8. Conclusions 

This research project aimed to investigate the effect of network protection parameters on relay 

operating times before and after DG penetration, develop a machine learning model to determine 

protection miscoordination before and after DG penetration on MV distribution networks, and 

develop a protection-based DG penetration limit medium voltage opportunity network guide. 

Based on the recommendation systems (section 5.9), model performance (section 6.5), and model 

application results (chapter 7), the following conclusions have been drawn: 

8.1. Summary of answers to the research questions 

8.1.1. What is the impact of DG on feeders protected by Eskom’s MV protection 

philosophy? 

The impact of DGs on the network can be grouped into three groups: voltage, loading, and 

protection. Each group has a subcategory. Voltage group subcategories: over and under-voltage. 

Loading group subcategories: thermal charging and discharging. Protection group subcategories: 

additional fault current, sympathetic relay tripping, relay reach reduction, reverse power flow, 

and unintentional islanding.  

In this research, the impact on protection was investigated. All the subcategories for protection 

were grouped into three groups with a specific criterion for each. From the three types of 

protection miscoordination groups (defined in section 6.1), only loss of grading and de-

sensitization were experienced by the four MV distribution networks protected by Eskom’s MV 

protection philosophy. 

8.1.2. What are the factors that affect DG planning and connection approvals?  

Planning for DG network connection requires fault level contribution (its contribution to fault 

current over time) of the DG and all information that will enable the planner to model the DG. 

This information is not readily available for small-scale DGs that can be connected to MV 

networks, and the impact assessments studies take time to execute for each DG using load flow 

programs e.g., DIgSILENT. Also, the capacity, location, type, and date when the customer 

installations are connected are unplanned and random from the network planner’s perspective 

(network DG planning dilemma). Because this information must be supplied by the owner of 

the DG before the network planners can perform feasibility studies, the connection approval 

process is affected. This limits the growth of DG in South Africa. 

8.1.3. What are the tools/concepts used to establish a network’s DG hosting capacity?  

Tools used to determine a network's DG hosting capacity consists of the following limiting factors: 

thermal limits, power quality/voltage, protection coordination, and reliability/safety. In this 

research, two tools were discussed: The Herman Beta algorithm modified for voltage calculation 

in active LV feeders using the negative load approach for DG models to analyse voltage rise 

constraints [21], and the Electric Power Research Institute (EPRI) system-wide DG assessment.  

The modified Herman beta algorithm only uses one of the limiting factors. Although the EPRI tool 

can use three of the four limiting factors, the entire network still needs to be modelled in 

DIgSILENT which becomes time-consuming for complex, large and real networks, thus, 
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worsening the network DG planning dilemma. This brings about a delay in the approval of new 

connection requests, thus slowing down the growth of distributed generation. 

8.1.4. What combination of protection features determine which protection 

coordination problem? 

Three protection coordination problems were defined. Loss of coordination was described as an 
increase in short circuit level which makes secondary relays have shorter operation times than 
primary relays. Loss of grading was described as a situation when there is an operating time 
difference between primary and secondary relays greater/less than 300ms. Lastly, de-
sensitization was described as the reduction in the fault current level drawn from the mini 
substation i.e. slow operating time. Therefore, to answer the question in the subheading: TMS and 
fault levels were found to be the combination of protection features that determine loss of grading 
while TMS, fault level, and relay location determine de-sensitization. 

8.1.5. What are the protection-based DG penetration limits for MV networks protected 

by Eskom’s MV protection philosophy? 

Protection based DG penetration limits for MV networks protected by Eskom’s protection 
philosophy were found to be less than 35% of the After Diversity Maximum Demand (ADMD).  
Amongst all the four MV distribution networks, only de-sensitization and loss of grading were 
experienced using the horizontal approach. From the network protection features, TMS and fault 
levels had a direct impact on the penetration limit. Loss of grading was only experienced on the 
transformer breakers with a TMS between 0.5 and 1.1 and a fault level between 650 A and 800 A. 
Transformer breakers also experienced de-sensitization when the TMS was greater than 0.6 and 
less than 1.1 and the fault level was greater than 710 A and less than 800 A. A transformer breaker 
with a TMS and a fault level outside the above-mentioned range (0.5 ≤ TMS ≤ 1.1 and 650≤ Fault 
level ≤800 A in Table 7-3) had a DG penetration limit of 75% of the ADMD. Therefore, for an area 
projected to have a high DG penetration, only feeders with a TMS outside the range of 0.5 and 1.1 
and a fault level less than 650 A or greater than 800 A need to be incorporated into the design. 

8.1.6. Where, when, and how much PV is/will be connected. 

The results from the recommendation systems alone already provided a partial solution to the 

DG planning dilemma through insights to the randomness of the number, size, and location of DGs 

to be connected. The most likely PV that will be connected by consumers was found to be 5.3 kW 

panels (Figure 5-1). The growth rate in the number of PV installation was found to be 1.5 per year. 

Two areas with the highest number of PV installations were found to be Centurion, Gauteng 

(postal code of 0157) followed Somerset area, Western Cape (7130). Both these areas consist of 

affluent neighbourhoods. The time of day where maximum generation and minimum loading 

occurs was found to be 11:30 am to 12:00 pm, other times of the day similar to these times were 

10:00, 10:15, 10:30, 11:00 am for maximum PV generation, and 1:30 pm for minimum loading. 

8.2. Model Performance 

The cost function on the model for calculating relay operating times before DG penetration using 

all the network features was minimized to a value below 120 𝑠𝑒𝑐𝑜𝑛𝑑𝑠2 within the first 100 

iterations and the cross-validation and training error approached the desired performance of 

0.3±0.1. The cost function on the model for calculating relay operating time after 35% of DG 

penetration using all the network features with added polynomials was minimized to a value 

below 20 𝑠𝑒𝑐𝑜𝑛𝑑𝑠2 within the first 100 iterations and the cross-validation and training error 

approached the desired performance of 0.3±0.1.  The cost function on the model for calculating 
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relay operating time after 65% of DG penetration using all the network features with added 

polynomials was minimized to a value below 15 𝑠𝑒𝑐𝑜𝑛𝑑𝑠2 within the first 100 iterations, and the 

cross-validation and training error approached the desired performance of 0.3±0.1.   

The cost function on the model for calculating relay operating time after 75% of DG penetration 

using all the network features was minimized to a value below 10 𝑠𝑒𝑐𝑜𝑛𝑑𝑠2 within 100 iterations 

(Figure 6-4), however, the cross-validation and training error indicated a high variance problem 

(cross-validation error was high and training error was low).  The cost function on the model for 

calculating the relay operating time with fitted polynomials and features eliminated was 

minimized to a value below 15 𝑠𝑒𝑐𝑜𝑛𝑑𝑠2 within the first 100 iterations and the cross-validation 

and training error approached the desired performance of less than 0.3±0.1. 

A training accuracy of 91.30% and validation accuracy of 100% was achieved when classifying 

loss of coordination for the model with second-degree polynomials added. This model had two 

false negatives for the training set and zero false negatives for the cross-validation set. A training 

accuracy of 73.91% and validation accuracy of 55.56% was achieved when classifying loss of 

grading for the model with relay position eliminated. This model had 6 false negatives for the 

training set and 4 false negatives for the cross-validation set. A training accuracy of 82.61% and 

validation accuracy of 66.67% was achieved when classifying de-sensitization for the model with 

second-degree polynomials. This model had 3 false negatives for the training set and 3 false 

negatives for the cross-validation set. In DG network planning, protection engineers can use the 

model to predict loss of coordination with 100% accuracy, loss of grading with 55.56% accuracy 

and de-sensitization with 66.67% accuracy for DG penetration up to 75% of the ADMD. 

When the linear and logistic regression models (horizontal network protection features) were 

applied to four MV distribution networks, loss of coordination was not predicted. The loss of the 

grading model had one false positive, and the de-sensitization model had one false negative. From 

the vertical analysis, comparing the operating times of the upstream, downstream 

relays/reclosers, 22 relay operating times were predicted with protection miscoordination 

before DG penetration. Also, 28 points indicated loss of coordination (2 points at a DG penetration 
of 35%, 1 point at a DG penetration of 65% and 25 points at a DG penetration of 75% of the 

ADMD), 42 points indicated de-sensitization (12 points at a DG penetration of 35%, 12 points at 

a DG penetration of 65% and 18 points at a DG penetration of 75%of the ADMD) and 12 points 

indicated loss of grading (1 point at a DG penetration of 35%, 1 point at a DG penetration of 65% 

and 10 points at a DG penetration of 75% of ADMD (Figure 7-1)).  

Thus, the horizontal approach cannot be used as a standalone method of classifying protection 

miscoordination in MV distribution networks and must be used in conjunction with the vertical 

approach. 

8.3. The validity of the hypothesis 

The hypothesis, “Machine learning techniques: value estimation and recommendation systems 
can be modified, trained and applied as a tool to determine/analyse protection-based penetration 
limits on distribution networks protected using Eskom’s MV protection philosophy”, was 
addressed in this study and is demonstrated to be valid. The research demonstrated that 
recommendation systems can be used to solve the where, when, and how much DG will be 
connected part of the DG network planning dilemma. The study also demonstrated a successful 
way of modelling the network parameters as features for machine learning. Machine learning 
value estimation techniques were used as an engine for determining DG protection-based 
penetration limits. Regression was used in predicting relay operating times before and after 
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different levels of DG penetration. Logistic regression was used in the classification of protection 
miscoordination. These techniques together with the vertical analysis on the network protection 
features formed an important section for this research project- network protection features that 
determine the protection-based DG penetration limits on MV feeders. These network protection 
features were found to be the TMS and fault level. 
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9. Recommendations 

Based on the above conclusions, the following recommendations are made. 

9.1. Medium voltage opportunity network guide 

Protection coordination reinforcements (against loss of coordination and desensitization) are 

required for DG connection where the MV transformer circuit breaker TMS is between 0.5 and 

1.1 and where the network fault level is between 650 and 800A. 

Distribution networks in affluent neighbourhoods similar to those in the Western Cape (Somerset 

West area) and Gauteng (Centurion area) need to be reinforced to accommodate maximum DG 

penetration up to the limit of 75% of the ADMD. DG network planning engineers need to 

incorporate a 5.3 kW PV system installation growth rate of 1.5 per year in their planning 

scenarios. New feeder protection coordination designs for projected DG penetration growth areas 

should be outside the range:  0.5 ≤ TMS ≤ 1.1 and 650≤ Fault level ≤800A. 

9.2. Protection-based DG penetration limits 

The protection-based DG penetration limit for networks protected by Eskom’s MV protection 

philosophy was found to be 35% of the ADMD. DG connections up to 35% of the feeder ADMD can 

be allowed without the need for protection coordination analysis and redesign. 

9.3. Improve model accuracy  

To improve the accuracy of the models, relay operating times from detailed analysis on the impact 

of PV DG on power protection systems: single-phase to ground/neutral fault response data should 

be collected to use in training the models to solve the high variance problem is recommended. 

9.4. Model modification 

Add upstream and downstream network protection features as inputs in the classification model 

to solve high bias problems. 
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A. Appendix A - Publications 

From the research, the following paper was published.  

1. “A Review on the Use of Recommendation and Value Estimation Systems to Determine 

Protection Based Distributed Generation Penetration Limits,” in International 

SAUPEC/RobMech/PRASA Conference, Cape Town, 2020. 
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B. Appendix B – Machine Learning 

This appendix holds machine learning techniques and approaches for improving their 

performances.  

1. Machine learning 

Machine learning provides an opportunity to automatically build computational models of 

complex relationships (real-world problems that cannot be modelled directly as a closed-form 

input-output relationship) through the processing of data available and maximising a problem-

dependent performance criterion [28]. Arthur Samuel [27], described machine learning as the 

field of study that gives computers the ability to learn without being explicitly programmed. Tom 

Mitchel [27] defined a learning problem as follows: “A computer program is said to learn from 

experience E with respect to some task T and some performance measure P, if its performance on 

T, as measured by P, improves with experience E”. A top-level machine learning diagram is shown 

in Figure B-1. 

 

Figure B-1: Top-level flow diagram of machine learning (where h is the hypothesis function) [27] 

1.1. Machine learning categories 

Classical machine learning can be grouped into two main categories: 

- Supervised learning 

- Unsupervised learning 

Other groups include Reinforcement learning and recommender systems. Figure B-2 shows some 

of the other machine learning categories. 
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Figure B-2: Machine learning categories 

In supervised learning, the correct output from the training data set is known and expect that 

there is a relationship between the input and output variables. Each training sample comes with 

both input and output values [28]. Supervised learning can also be broken down into two groups: 

- Regression and  

- Classification (logistic regression). 

For regression problems, the goal is to predict the output of a continuous function. For 

classification problems, the aim is to group discrete categories into a discrete group. For 

unsupervised learning, a structure is derived from data sets whereby the effect of the variables is 

unknown: no feedback based on predicted results [27]. 

a) Linear regression 

As introduced in section 1.1, in linear regression problems, the goal is to predict the output of a 

continuous function. This is done by using a function (linear or polynomials) to determine an 

output. The objective is to get the best possible line that fits the data. The criterion for the best 

line is one whereby the average squared vertical distances of the scattered points from the line is 

minimal. The ideal state is when the best fit line passes through all the data points [27]. As in the 

example below, the goal is to minimise the squared error function.  
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Figure B-3: Linear regression example [38] 

Hypothesis: ℎƟ(𝑥) = Ɵ0 + Ɵ1𝑥 (B-10) 

 

Parameters: Ɵ0, Ɵ1 (B-11) 

 

Cost function: “One 
half mean squared 

Error” 

𝐽(Ɵ0Ɵ1) =
1

2𝑚
∑(ℎƟ(𝑥(𝑖)) − 𝑦(𝑖))2

𝑚

𝑡=1

 

 

(B-12) 

Goal: min
Ɵ0Ɵ1

𝐽(Ɵ0, Ɵ1)  (B-13) 

   

Derivatives 

∂

∂Ɵ0
𝐽(Ɵ0Ɵ1) =

1

𝑚
∑(ℎƟ(𝑥(𝑖)) − 𝑦(𝑖))

𝑚

𝑡=1

 

 

(B-14) 

∂

∂Ɵ1
𝐽(Ɵ0Ɵ1) =

1

𝑚
∑(ℎƟ(𝑥(𝑖)) − 𝑦(𝑖)) ∗ 𝑥(𝑖)

𝑚

𝑡=1

 

 

(B-15) 

As indicated in Figure B-3, the cost function measures the accuracy of the hypothesis function. 

The cost function is an ‘average’ of the difference of all the results of the hypothesis function from 

the actual values (one half of the mean squared error) [27]. For this research, gradient descent - 
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which is an efficient optimization algorithm that attempts to find a local or global minimum of a 

function - will be used. 

Gradient descent iterates and finds optimal values of the parameters that correspond to the 

minimum values of the cost function using calculus.  It is important to note that for this to work 

we need to know the slope and direction to move the coefficient values to get a lower cost on the 

next iteration [38]. As shown in Figure B-4 and Figure B-5, the final point is the global minimum. 

This is done by taking steps down the cost function in the direction of the steepest descent. The 

size of each step is determined by α, the learning rate [27]. The effects of the learning rate are 

shown in Figure B-6. 

 

Figure B-4: θ1 gradually converges towards a minimum value [38] 

 

Figure B-5: 3D visualisation of the cost function and gradient descent [27] 
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Figure B-6: Effects of the learning rate on gradient descent [38] 

To make sure that the gradient descent is working, the graph of the cost function vs the number 

of iterations should decrease by less than 10−3 in one iteration [27]. 

 

Figure B-7: Convergence of gradient descent with appropriate learning rate [27] 

i) Feature scaling and mean normalization  

To speed up gradient descent, it helps to have all the input values in roughly the same range. The 

reason for this is because θ descends fast on small ranges and slowly on large ranges. Thus, gradient 

descent oscillates inefficiently towards the optimum value when variables are extremely uneven [27].   

In feature scaling, the input ranges are modified to be between -1 and 1 or -0.5 and 0.5. The inputs 

are divided by the range (i.e. the maximum value minus the minimum value) of the input variable, 

resulting in a new range. Mean normalization involves subtracting the average value from each 

input variable resulting in a new average value.  
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 𝑥𝑖: =
𝑥𝑖 − µ𝐼

𝑠𝑖
 (B-16) 

Where µ𝐼 is the average of all the values for feature (i) and 𝑠𝑖 is the standard deviation [27]. 

b) Logistic regression 

As introduced in section 1.1, in logistic regression problems, we group discrete categories. This is 

done by using a sigmoid function (Figure B-8) to determine an output that falls between the two 

criteria: 1 or 0, true, or false (yes/no). 

 ℎƟ(𝑥) = 𝑔(Ɵ𝑇𝑥) ((B-17) 

 

 𝑧 = Ɵ𝑇𝑥 (B-18) 

 

 𝑔(𝑧) =
1

1 + 𝑒−𝑧
 (B-19) 

 

Where: 0 ≤ ℎƟ(𝑥) ≤ 1 and ℎƟ(𝑥) =
1

1+𝑒−Ɵ𝑇𝑥
 

 

Figure B-8: Sigmoid function [27] 

ℎƟ(𝑥) gives a probability that the output is a 1/0. For example, if ℎƟ(𝑥) = 0.8,  the probability that 

the output is 1 is 80% and that the output is 0 is 20%. 

 ℎƟ(𝑥) = 𝑃(𝑦 = 1|𝑥;  Ɵ) = 1 − 𝑃(𝑦 = 0|𝑥;  Ɵ) (B-20) 

  

 𝑃(𝑦 = 0|𝑥;  Ɵ) + 𝑃(𝑦 = 1|𝑥;  Ɵ) = 1 (B-21) 

To establish a decision boundary (the area that separates where y = 0 and y = 1), the hypothesis 

function is set up as follows: 
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 ℎƟ(𝑥) ≥ 0.5 → 𝑦 = 1 (B-22) 

 ℎƟ(𝑥) < 0.5 → 𝑦 = 0 (B-23) 

This is supported by the sigmoid function,  𝑔(𝑧) ≥ 0 𝑤ℎ𝑒𝑛 𝑧 ≥ 0. Given that the input is Ɵ𝑇𝑥 

therefore: 

 
ℎƟ(𝑥) = 𝑔(Ɵ𝑇𝑥) > 0.5   

𝑤ℎ𝑒𝑛 Ɵ𝑇𝑥 ≥ 0  
(B-24) 

And  

 Ɵ𝑇𝑥 ≥ 0 → 𝑦 = 1 (B-25) 

 Ɵ𝑇𝑥 < 0 → 𝑦 = 0 (B-26) 

The cost function is introduced as: 

 
𝐽(Ɵ) =

1

𝑚
∑ 𝐶𝑜𝑠𝑡(ℎƟ(𝑥(𝑖)), 𝑦(𝑖))

𝑚

𝑡=1

 

 

(B-27) 

 𝐶𝑜𝑠𝑡(ℎƟ(𝑥), 𝑦) = −log (ℎƟ(𝑥)) 𝑖𝑓 𝑦 = 1 (B-28) 

 𝐶𝑜𝑠𝑡(ℎƟ(𝑥), 𝑦) = −log (1 − ℎƟ(𝑥)) 𝑖𝑓 𝑦 = 0 (B-29) 

 

 

Figure B-9: Relationship between the cost function and hypothesis function (J vs h graph) [27] 

Therefore, the cost function is represented as follows: 

 𝐶𝑜𝑠𝑡(ℎƟ(𝑥), 𝑦) = 0 𝑖𝑓 ℎƟ(𝑥) = 𝑦 (B-30) 
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 𝐶𝑜𝑠𝑡(ℎƟ(𝑥), 𝑦)  →  ∞ 𝑖𝑓 𝑦 = 0 𝑎𝑛𝑑 ℎƟ(𝑥) → 1 (B-31) 

 𝐶𝑜𝑠𝑡(ℎƟ(𝑥), 𝑦)  →  ∞ 𝑖𝑓 𝑦 = 1 𝑎𝑛𝑑 ℎƟ(𝑥) → 0 (B-32) 

 

The cost functions (equation B-30 to B-32) are then compressed into: 

 𝐶𝑜𝑠𝑡(ℎƟ(𝑥), 𝑦) = −𝑦𝑙𝑜𝑔( ℎƟ(𝑥)) − (1 − 𝑦𝑙𝑜𝑔(1 − ℎƟ(𝑥)) (B-33) 

 

 
𝐽(Ɵ) = −

1

𝑚
∑[𝑦(𝑖)log (ℎƟ(𝑥(𝑖))) + (1 − 𝑦(𝑖))

𝑚

𝑡=1

log (1 − ℎƟ(𝑥(𝑖)))] 

 

(B-34) 

A vectorized implementation of equation B-34 is: 

 

ℎ = 𝑔(𝑋Ɵ), 

𝐽(Ɵ) =
1

𝑚
. (−𝑦𝑇 log(ℎ) − (1 − 𝑦)𝑇log (1 − ℎ)] 

 

(B-35) 

For gradient descent: 

 𝑅𝑒𝑝𝑒𝑎𝑡 { Ɵ𝑗 ≔ −
𝛼

𝑚
∑(ℎƟ(𝑥(𝑖)) − 𝑦(𝑖))

𝑚

𝑡=1

𝑥(𝑖)
𝑗 } (B-36) 

 

1.2. Machine learning techniques 

a) Regularization 

A regularization parameter determines the magnitude in which a theta parameter (Ɵ) is inflated. 

This is done to reduce the contribution of high-order polynomials to have the best fit. For 

example, Figure B-10 shows how the best fit line(pink) can be achieved by the minimization of 

high order polynomials (regularization). 
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Figure B-10: Regularization example [27] 

Lambda (λ), the regularization parameter is included in the cost equation as seen below: 

 𝑚𝑖𝑛Ɵ

1

2𝑚
∑(ℎƟ(𝑥(𝑖)) − 𝑦(𝑖))2

𝑚

𝑡=1

+ λ ∑ Ɵ2
𝑗

𝑛

𝑗=1

 (B-37) 

The gradient descent equation with the regularization parameter is represented as follows: 

   Ɵ𝑗 ≔   Ɵ𝑗 (1 − 𝛼
𝜆

𝑚
) − 𝛼

1

𝑚
∑(ℎƟ(𝑥(𝑖)) − 𝑦(𝑖))

𝑚

𝑡=1

𝑥(𝑖)
𝑗 (B-38) 

b) Classifier performance 

To evaluate the performance of a classifier, a 2x2 confusion matrix can be constructed: 

 

Figure B-11: Confusion matrix and common performance metrics calculated from it [39] 

Specificity = 
True negatives

False positives+True negatives
 =1 -fp rate 

The measure to focus on depends on the objective. The main aim is to identify between false 
negative and false positive which is more important to reduce in order to improve the classifier’s 
precision or accuracy. 

The terms in Figure B-11 can be explained as follows: 
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a) Recall commonly known as Sensitivity or True Positive (TP) rate: when the actual value 
is positive, how often is the prediction correct or how sensitive is the classifier in detecting 
positive instances.  

b) Specificity: when the actual value is negative, how often is the prediction correct or how 
specific (or "selective") is the classifier in predicting positive instances. 

c) Precision (Positive predictive value): When a positive value is predicted, how often is the 
prediction correct [40]. 

In classifying whether a recloser/breaker in a network will experience protection 
miscoordination at a certain DG penetration threshold (True Positive), it is important to optimize 
for precision and accuracy. False-positive (recloser/breaker not experiencing protection 
miscoordination and classified as true) is more acceptable than false negative (recloser/breaker 
experiencing protection miscoordination and classified as false). Hence, false negatives must be 
as low as possible. 

c) Fitting  

Two problems exist when trying to fit a hypothesis line through the data set: underfitting and 

overfitting. Underfitting or high bias is when the hypothesis function maps poorly to the trend of 

the data. The common cause is a simple hypothesis function or a few features (input variables). 

Overfitting or high variance is a situation whereby the hypothesis function fits the data perfectly 

but not generally, to predict new data points correctly. The common cause is a complex function 

with unnecessary curves unrelated to the data [27]. Figure B-12, Figure B-13, and  Figure B-14 

showcases of under- and overfitting as a result of features (candidate polynomials of different 

degrees (d)) and regularization. 

 

Figure B-12: Bias and variance as a result of features (candidate polynomials of different degrees (d)) [27] [28] 
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Figure B-13: Bias and variance as a result of regularization [27] 

 

Figure B-14: Bias vs variance boundary in logistic regression [27] 

To address overfitting, two main options exist: 

• Reduction of the number of features or input variables- manually select features to keep.  

• Regularization- keep all features but reduce the magnitude of the parameters (Ɵ) [27]. 

i. Improving the Learning: learning curves 

To evaluate a hypothesis, the training data set is split into three, training set, cross-validation, and 

test set. One way to breakdown the data: training set consist of 60%, the cross-validation set 

consists of 20% and the test set consists of 20% of the total data set [27] (illustrated in Figure 

B-15). The training set is to learn how the inputs map to the outputs, cross-validation is to 

determine the regularization parameter and the test data set is to evaluate the performance of 

the model on “unseen” examples. 

 

Figure B-15: Typical distribution the dataset for training, cross-validation, and test sets [28] 
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A hypothesis can have a low error for the training examples but still be inaccurate due to 

overfitting [27]. To visualise the performance of the hypothesis function, the training and cross-

validation error need to be calculated. The method is as follows: 

1. Train Ɵ and minimize the training set cost function [𝐽𝑡𝑟𝑎𝑖𝑛(Ɵ)]. 

2. Find the polynomial degree with the least error using the cross-validation set. 

3. Compute the test set error [𝐽𝑡𝑒𝑠𝑡(Ɵ)]. 

The test set error is calculated as follows [27]: 

Linear 
regression 

𝐽𝑡𝑒𝑠𝑡(Ɵ) =
1

2𝑚𝑡𝑒𝑠𝑡
∑ (ℎƟ(𝑥𝑡𝑒𝑠𝑡

(𝑖)) − 𝑦𝑡𝑒𝑠𝑡
(𝑖))2

𝑚𝑡𝑒𝑠𝑡

𝑡=1

 (B-39) 

Logistic regression 
~ Misclassification 

𝑒𝑟𝑟(ℎƟ(𝑥), 𝑦) = 1 𝑖𝑓 ℎƟ(𝑥) ≥ 0.5 𝑎𝑛𝑑 𝑦 = 0 𝑜𝑟 ℎƟ(𝑥)  < 0.5 𝑎𝑛𝑑 𝑦 = 1 

𝑒𝑟𝑟(ℎƟ(𝑥), 𝑦) = 0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
(B-40) 

The error is evaluated by plotting a graph of error vs degree of the polynomial: 

 

Figure B-16: Cross-validation and training error function vs degree of polynomial [28] 

As indicated by Figure B-16, as the complexity of the model increases (from a simple linear fit to 

a high order polynomial), the training error decreases (model fits the data better). The cross-

validation error decreases up to a point, which is the optimal value of d and then increases as the 

model becomes complex [28]. If both cross-validation and training error functions are high, then 

the model is suffering from a high bias problem. If the cross-validation error function is high while 

the training error function is low, the model is suffering from a high variance problem. Learning 

curves help us select which option to take to improve the accuracy of the model. By plotting error 

vs training set size curves, we can debug the model. 
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Figure B-17: Error vs training set size curves for a high bias model [27] 

 

Figure B-18: Error vs training set size for a high variance model [27] 

The options to take in order to improve the learning depends on the performance of the 
hypothesis function on the test data set. The decision process on selecting which option is as 

follows: 

a) Getting more training examples: Fixes high variance 

b) Trying smaller sets of features: Fixes high variance 

c) Adding features: Fixes high bias 

d) Adding polynomial features: Fixes high bias 

e) Increasing λ: Fixes high variance 

f) Decreasing λ: Fixes high bias 

d) Recommended approach 

It is important to understand the effects of model complexity: 

• The simple model (lower model complexity: lower-order polynomials) has high bias and 

low variance. Therefore, the model will perform poorly consistently. 

• Complicated model (high model complexity: higher-order polynomials) fits the training 

data very well and performs poorly on the test data. Thus, it has a low bias but high 

variance. 
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C. Appendix C – Case files data points 

This appendix holds the data points discussed in section 3.2 and 4. 

1. MV distribution network case files 

1.1. Network load data 

Table C-1 contains the MV distribution network actual half-hourly load data for one year (2015) 

(for complete data points, see attachment 1 “all data for ML.xlsx” sheet 1-7),  Table C-2 contains 

three-phase and single-phase fault levels, section 1.2, section 1.3 and section 1.4 presents the 

distribution network DIgSILENT files with real network parameters.  

Table C-1: Load data (30 min intervals) 

Network A Network C Network B 

Date & Time kVA Date & Time kVA Date & Time kVA 

01 August 2015 00:00 101.52 01-Aug-2015 12:00 AM 291.00 8/1/2015 0:30 376.92 

01 August 2015 00:30 94.81 01-Aug-2015 12:30 AM 278.04 8/1/2015 1:00 378.89 

01 August 2015 01:00 96.18 01-Aug-2015 01:00 AM 266.05 8/1/2015 1:30 367.40 

01 August 2015 01:30 92.13 01-Aug-2015 01:30 AM 268.00 8/1/2015 2:00 369.17 

01 August 2015 02:00 93.48 01-Aug-2015 02:00 AM 262.00 8/1/2015 2:30 370.27 

01 August 2015 02:30 96.18 01-Aug-2015 02:30 AM 269.09 8/1/2015 3:00 376.43 

01 August 2015 03:00 92.13 01-Aug-2015 03:00 AM 258.02 8/1/2015 3:30 365.83 

01 August 2015 03:30 93.02 01-Aug-2015 03:30 AM 249.01 8/1/2015 4:00 365.55 

01 August 2015 04:00 96.18 01-Aug-2015 04:00 AM 241.00 8/1/2015 4:30 364.16 

01 August 2015 04:30 94.02 01-Aug-2015 04:30 AM 246.00 8/1/2015 5:00 371.39 

01 August 2015 05:00 98.62 01-Aug-2015 05:00 AM 253.00 8/1/2015 5:30 371.39 

01 August 2015 05:30 95.46 01-Aug-2015 05:30 AM 242.00 8/1/2015 6:00 385.74 

01 August 2015 06:00 99.02 01-Aug-2015 06:00 AM 259.00 8/1/2015 6:30 385.19 

01 August 2015 06:30 115.13 01-Aug-2015 06:30 AM 283.00 8/1/2015 7:00 384.76 

01 August 2015 07:00 130.36 01-Aug-2015 07:00 AM 291.00 8/1/2015 7:30 398.08 

01 August 2015 07:30 130.51 01-Aug-2015 07:30 AM 282.00 8/1/2015 8:00 415.01 

01 August 2015 08:00 130.00 01-Aug-2015 08:00 AM 294.00 8/1/2015 8:30 418.66 

01 August 2015 08:30 135.16 01-Aug-2015 08:30 AM 315.00 8/1/2015 9:00 429.04 

01 August 2015 09:00 138.32 01-Aug-2015 09:00 AM 326.00 8/1/2015 9:30 479.27 

01 August 2015 09:30 146.74 01-Aug-2015 09:30 AM 305.00 8/1/2015 10:00 450.02 

01 August 2015 10:00 131.32 01-Aug-2015 10:00 AM 310.00 8/1/2015 10:30 464.29 

01 August 2015 10:30 123.66 01-Aug-2015 10:30 AM 298.00 8/1/2015 11:00 485.27 

01 August 2015 11:00 119.85 01-Aug-2015 11:00 AM 314.00 8/1/2015 11:30 522.16 

01 August 2015 11:30 116.81 01-Aug-2015 11:30 AM 338.00 8/1/2015 12:00 509.23 

01 August 2015 12:00 127.24 01-Aug-2015 12:00 PM 318.00 8/1/2015 12:30 497.87 

01 August 2015 12:30 120.34 01-Aug-2015 12:30 PM 301.00 8/1/2015 13:00 467.62 

01 August 2015 13:00 122.54 01-Aug-2015 01:00 PM 290.00 8/1/2015 13:30 440.44 

01 August 2015 13:30 121.64 01-Aug-2015 01:30 PM 284.00 8/1/2015 14:00 416.16 

01 August 2015 14:00 113.74 01-Aug-2015 02:00 PM 285.00 8/1/2015 14:30 418.70 

01 August 2015 14:30 111.14 01-Aug-2015 02:30 PM 290.00 8/1/2015 15:00 437.10 

01 August 2015 15:00 112.77 01-Aug-2015 03:00 PM 287.00 8/1/2015 15:30 447.93 
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01 August 2015 15:30 102.96 01-Aug-2015 03:30 PM 295.00 8/1/2015 16:00 430.17 

01 August 2015 16:00 101.97 01-Aug-2015 04:00 PM 298.00 8/1/2015 16:30 438.49 

01 August 2015 16:30 111.49 01-Aug-2015 04:30 PM 306.00 8/1/2015 17:00 442.77 

01 August 2015 17:00 99.40 01-Aug-2015 05:00 PM 282.00 8/1/2015 17:30 384.05 

01 August 2015 17:30 102.88 01-Aug-2015 05:30 PM 294.00 8/1/2015 18:00 410.86 

01 August 2015 18:00 110.39 01-Aug-2015 06:00 PM 315.00 8/1/2015 18:30 361.89 

01 August 2015 18:30 125.87 01-Aug-2015 06:30 PM 358.00 8/1/2015 19:00 370.36 

01 August 2015 19:00 115.43 01-Aug-2015 07:00 PM 382.00 8/1/2015 19:30 359.47 

01 August 2015 19:30 114.02 01-Aug-2015 07:30 PM 382.00 8/1/2015 20:00 364.43 

01 August 2015 20:00 122.78 01-Aug-2015 08:00 PM 373.00 8/1/2015 20:30 373.47 

01 August 2015 20:30 124.31 01-Aug-2015 08:30 PM 360.00 8/1/2015 21:00 347.73 

01 August 2015 21:00 122.43 01-Aug-2015 09:00 PM 340.00 8/1/2015 21:30 390.09 

01 August 2015 21:30 125.36 01-Aug-2015 09:30 PM 324.00 8/1/2015 22:00 415.20 

01 August 2015 22:00 122.43 01-Aug-2015 10:00 PM 287.00 8/1/2015 22:30 406.12 

01 August 2015 22:30 114.02 01-Aug-2015 10:30 PM 276.00 8/1/2015 23:00 405.46 

01 August 2015 23:00 97.51 01-Aug-2015 11:00 PM 277.00 8/1/2015 23:30 405.35 

01 August 2015 23:30 91.24 01-Aug-2015 11:30 PM 261.00 8/2/2015 387.11 

02 August 2015 00:00 86.77 02-Aug-2015 12:00 AM 261.00 8/2/2015 0:30 381.41 

02 August 2015 00:30 74.24 02-Aug-2015 12:30 AM 247.00 8/2/2015 1:00 377.81 

02 August 2015 01:00 77.37 02-Aug-2015 01:00 AM 241.00 8/2/2015 1:30 383.10 

02 August 2015 01:30 82.37 02-Aug-2015 01:30 AM 224.00 8/2/2015 2:00 374.75 

02 August 2015 02:00 85.00 02-Aug-2015 02:00 AM 233.00 8/2/2015 2:30 350.89 

02 August 2015 02:30 78.29 02-Aug-2015 02:30 AM 238.00 8/2/2015 3:00 354.89 

02 August 2015 03:00 84.08 02-Aug-2015 03:00 AM 236.00 8/2/2015 3:30 358.09 

02 August 2015 03:30 84.08 02-Aug-2015 03:30 AM 234.00 8/2/2015 4:00 356.55 

02 August 2015 04:00 83.63 02-Aug-2015 04:00 AM 233.00 8/2/2015 4:30 364.26 

02 August 2015 04:30 85.49 02-Aug-2015 04:30 AM 229.00 8/2/2015 5:00 366.34 

02 August 2015 05:00 84.31 02-Aug-2015 05:00 AM 244.00 8/2/2015 5:30 369.95 

02 August 2015 05:30 87.32 02-Aug-2015 05:30 AM 234.00 8/2/2015 6:00 376.44 

02 August 2015 06:00 86.16 02-Aug-2015 06:00 AM 231.00 8/2/2015 6:30 333.74 

02 August 2015 06:30 88.02 02-Aug-2015 06:30 AM 251.00 8/2/2015 7:00 315.89 

02 August 2015 07:00 91.76 02-Aug-2015 07:00 AM 257.00 8/2/2015 7:30 330.12 

02 August 2015 07:30 109.90 02-Aug-2015 07:30 AM 287.00 8/2/2015 8:00 367.16 

02 August 2015 08:00 113.76 02-Aug-2015 08:00 AM 321.00 8/2/2015 8:30 351.66 

02 August 2015 08:30 133.20 02-Aug-2015 08:30 AM 338.00 8/2/2015 9:00 356.50 

02 August 2015 09:00 151.80 02-Aug-2015 09:00 AM 326.00 8/2/2015 9:30 342.18 

02 August 2015 09:30 134.17 02-Aug-2015 09:30 AM 311.00 8/2/2015 10:00 341.12 

02 August 2015 10:00 127.09 02-Aug-2015 10:00 AM 297.00 8/2/2015 10:30 370.86 

02 August 2015 10:30 122.80 02-Aug-2015 10:30 AM 298.00 8/2/2015 11:00 373.53 

02 August 2015 11:00 123.97 02-Aug-2015 11:00 AM 288.00 8/2/2015 11:30 376.11 

02 August 2015 11:30 129.03 02-Aug-2015 11:30 AM 290.00 8/2/2015 12:00 390.52 

02 August 2015 12:00 121.12 02-Aug-2015 12:00 PM 265.00 8/2/2015 12:30 377.58 

02 August 2015 12:30 112.54 02-Aug-2015 12:30 PM 287.00 8/2/2015 13:00 443.76 

02 August 2015 13:00 118.85 02-Aug-2015 01:00 PM 292.00 8/2/2015 13:30 480.65 

02 August 2015 13:30 103.32 02-Aug-2015 01:30 PM 291.00 8/2/2015 14:00 468.18 

02 August 2015 14:00 104.65 02-Aug-2015 02:00 PM 278.00 8/2/2015 14:30 428.49 
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02 August 2015 14:30 98.49 02-Aug-2015 02:30 PM 279.00 8/2/2015 15:00 441.43 

02 August 2015 15:00 95.26 02-Aug-2015 03:00 PM 272.00 8/2/2015 15:30 428.21 

02 August 2015 15:30 98.84 02-Aug-2015 03:30 PM 303.00 8/2/2015 16:00 430.84 

02 August 2015 16:00 107.94 02-Aug-2015 04:00 PM 287.00 8/2/2015 16:30 473.36 

02 August 2015 16:30 115.16 02-Aug-2015 04:30 PM 291.00 8/2/2015 17:00 481.24 

02 August 2015 17:00 123.49 02-Aug-2015 05:00 PM 299.00 8/2/2015 17:30 487.71 

02 August 2015 17:30 126.49 02-Aug-2015 05:30 PM 293.00 8/2/2015 18:00 486.04 

02 August 2015 18:00 133.24 02-Aug-2015 06:00 PM 330.00 8/2/2015 18:30 427.03 

02 August 2015 18:30 146.56 02-Aug-2015 06:30 PM 358.00 8/2/2015 19:00 367.36 

02 August 2015 19:00 155.77 02-Aug-2015 07:00 PM 371.00 8/2/2015 19:30 353.95 

02 August 2015 19:30 166.48 02-Aug-2015 07:30 PM 351.00 8/2/2015 20:00 364.82 

02 August 2015 20:00 145.46 02-Aug-2015 08:00 PM 348.00 8/2/2015 20:30 355.02 

02 August 2015 20:30 147.72 02-Aug-2015 08:30 PM 343.00 8/2/2015 21:00 346.95 

02 August 2015 21:00 132.23 02-Aug-2015 09:00 PM 332.00 8/2/2015 21:30 355.21 

02 August 2015 21:30 125.80 02-Aug-2015 09:30 PM 315.00 8/2/2015 22:00 334.48 

02 August 2015 22:00 111.89 02-Aug-2015 10:00 PM 296.00 8/2/2015 22:30 341.14 

02 August 2015 22:30 102.00 02-Aug-2015 10:30 PM 257.00 8/2/2015 23:00 327.29 

02 August 2015 23:00 97.62 02-Aug-2015 11:00 PM 227.00 8/2/2015 23:30 317.91 

02 August 2015 23:30 88.19 02-Aug-2015 11:30 PM 215.00 8/3/2015 308.97 

03 August 2015 00:00 86.77 03-Aug-2015 12:00 AM 223.00 8/3/2015 0:30 302.89 

03 August 2015 00:30 88.59 03-Aug-2015 12:30 AM 216.00 8/3/2015 1:00 306.20 

03 August 2015 01:00 85.00 03-Aug-2015 01:00 AM 200.00 8/3/2015 1:30 316.47 

03 August 2015 01:30 89.07 03-Aug-2015 01:30 AM 208.00 8/3/2015 2:00 305.37 

 

Table C-2: Three-phase and single-phase fault levels 

Network A Network B Network C 

Fault Level 
Three Phase  

kA 

Fault Level 
Single Phase 

kA 

Fault Level 
Three Phase  

kA 

Fault Level 
Single Phase 

kA 

Fault Level 
Three Phase  

kA 

Fault Level 
Single Phase 

kA 

2.71 0.201 3.51 0.366 2.877 0.165 

 

1.2. Network A 

Figure C-1 shows the complete short circuit parameters of network A with RO=0.1, X0=1 X1=1 

and R=0.1. The fault levels at each node (based on conductor/equipment rating and length) are 

shown in Table C-3. Applying considerations in section 4.3 and 4.4 to Figure 4-9, the pick-up 

current settings are shown in Table C-4 for each node. The three-phase and earth fault protection 

pick-up current settings outlined in section 4.4 are applied to network A and recorded in Figure 

C-3 and Figure C-2. For the furthest point on the backbone, the first auto-recloser was given a 

TMS of 0.01 and a TMS of 0.05 was assigned to the furthest point on the T-offs/branch and a TMS 

of 0.06 for a T-off of a T-off to start the grading calculations. A minimum grading margin of 200ms 

was used between the protection devices. 
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Figure C-1: Network A complete short circuit parameters 
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Table C-3: Fault levels at each node for network A 

Fault levels at each node 

Node Three-phase fault level (A) Single-phase fault level (A) 

65/238 211 164 

65/176 264 204 

65/164/34 243 188 

65/164/1 277 214 

65/138/81 225 174 

65/138/36 266 206 

65/138/1 311 240 

65/128 328 254 

65/127 330 255 

65/67 473 365 

65/64/93 286 221 

65/64/3 473 365 

65/39/62 379 293 

65/39/58 379 293 

65/39/56 393 304 

65/39/53/12 373 288 

65/39/53/1 398 307 

65/39/54 398 307 

65/39/39/12/5 393 304 

65/39/39/1 435 336 

65/39/2 582 445 

65/39/1 587 453 

65/2 888 684 

65/1 901 693 

209 350 257 

148 519 370 

114 630 459 

111/43 409 316 

111/1 555 428 

67 895 688 

65T/5 860 661 

65T/1 907 698 

48 1204 926 

1 5207 5115 

CB 2710 201 
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Table C-4: Three-phase and earth fault pick-up current settings for network A 

Fault levels at each node 

Node 3phase Fault pick-up current setting (A) Earth Fault pick-up current setting (A) 

65/176 91.5057 25 

65/164/1 91.5057 20 

65/138/36 82.355 20 

65/138/1 91.5057 25 

65/128 101.673 30 

65/127 112.97 35 

65/67 125.522 40 

65/64/3 125.522 40 

65/39/58 82.3551 20 

65/39/56 91.5057 25 

65/39/53/1 91.5057 20 

65/39/54 101.673 30 

65/39/39/1 101.673 30 

65/39/2 112.97 35 

65/39/1 125.522 40 

65/2 139.469 45 

65/1 154.965 50 

148 125.522 25 

114 139.469 35 

111/1 139.469 35 

67 154.965 45 

65T/1 154.965 45 

48 172.183 65 

1 191.314 80 

CB 212.571 90 
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Relay/Recloser TMS Fault level Pickup current Operating time Relay/Recloser TMS Fault level Pickup current Operating time  TMS Fault level Pickup current Operating time Relay/Recloser TMS Fault level Pickup current Operating time Relay/Recloser TMS Fault level Pickup current Operating time

148 0.01 370 25.00 0.03 111/1 0.05 428 35.00 0.14 65/176 0.05 204 25.00 0.16 65/39/58 0.06 293 20.00 0.15 65/39/39/1 0.08 336 30.00 0.23

114 0.11 370 35 0.33 67 0.14 428 45 0.44 65/128 0.13 204 30 0.46 65/39/56 0.16 293 25 0.45 65/39/2 0.33 336 35 0.53

114 0.11 459 35 0.30 67 0.14 688 45 0.36 65/128 0.13 254 30 0.41 65/39/56 0.16 304 25 0.45 65/39/2 0.33 445 35 0.89

67 0.14 459 45 0.60 65/127 0.21 254 35 0.71 65/39/54 0.25 304 30 0.75

67 0.14 688 45 0.36 65/127 0.21 255 35 0.71 65/39/54 0.25 307 30 0.74

48 0.23 688 65 0.66 Relay/Recloser TMS Fault level Pickup current Operating time 65/67 0.27 255 40 1.01 65/39/2 0.33 307 35 1.04 Relay/Recloser TMS Fault level Pickup current Operating time

48 0.23 926 65 0.58 65T/1 0.05 698 45.00 0.12 65/67 0.27 365 40 0.85 65/39/2 0.33 445 35 0.89 65/39/53/1 0.08 307 20.00 0.20

1 0.32 926 80 0.88 48 0.23 698 65 0.42 65/2 0.35 365 45 1.15 65/39/1 0.42 445 40 1.19 65/39/54 0.25 307 30 0.50

1 0.32 5115 80 0.51 48 0.23 926 65 0.58 65/2 0.35 684 45 0.88 65/39/1 0.42 453 40 1.18 65/39/54 0.25 307 30 0.74

CB 0.49 5115 90 0.81 65/1 0.45 684 50 1.18 65/2 0.35 453 45 1.48

CB 0.49 201 90 4.21 65/1 0.45 693 50 1.17 65/2 0.35 684 45 0.88

Trf 0.15 201 100.00 1.50 48 0.23 693 65 1.47

Trf 0.15 201 100.00 1.50 48 0.23 926 65 0.58

* compare and use the slowest time Relay/Recloser TMS Fault level Pickup current Operating time

65/64/3 0.06 365 40.00 0.19

65/2 0.35 365 45 0.49

65/2 0.35 684 45 0.88

Relay/Recloser TMS Fault level Pickup current Operating time

65/138/1 0.06 240 25 0.18

65/128 0.13 240 30 0.48

65/128 0.13 254 30 0.41

Relay/Recloser TMS Fault level Pickup current Operating time

65/164/1 0.06 214 20.00 0.17

65/128 0.13 214 30 0.47

65/128 0.13 254 30 0.41

3 Phase Time Multiplier T-offs 3 T-off 1 T-offs 1/1 T-offs 1/1/1

T-offs 1/1/2

T-offs 1/4

T-offs 2

T-offs 1/2

T-offs 1/3

Figure C-2: Earth fault operating times and TMS values for the protective devices on network A 
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Relay/Recloser TMS Fault level Pickup current Operating time Relay/Recloser TMS Fault level Pickup current Operating time  TMS Fault level Pickup current Operating time Relay/Recloser TMS Fault level Pickup current Operating time Relay/Recloser TMS Fault level Pickup current Operating time

148 0.01 519 125.52 0.05 111/1 0.05 555 139.47 0.25 65/176 0.05 264 91.51 0.33 65/39/58 0.06 379 82.36 0.27 65/39/39/1 0.08 435 101.67 0.38

114 0.07 519 139.469 0.35 67 0.10 555 154.965 0.55 65/128 0.09 264 101.673 0.63 65/39/56 0.12 379 91.5057 0.57 65/39/2 0.21 435 112.97 0.68

114 0.07 630 139.469 0.30 67 0.10 895 154.965 0.40 65/128 0.09 328 101.673 0.51 65/39/56 0.12 393 91.5057 0.56 65/39/2 0.21 582 112.97 0.88

67 0.10 630 154.965 0.60 65/127 0.12 328 112.97 0.81 65/39/54 0.17 393 101.673 0.86

67 0.10 895 154.965 0.40 65/127 0.12 330 112.97 0.80 65/39/54 0.17 398 101.673 0.85

48 0.17 895 172.183 0.70 Relay/Recloser TMS Fault level Pickup current Operating time 65/67 0.15 330 125.522 1.10 65/39/2 0.21 398 112.97 1.15 Relay/Recloser TMS Fault level Pickup current Operating time

48 0.17 1204 172.183 0.59 65T/1 0.05 860 154.97 0.20 65/67 0.15 473 125.522 0.80 65/39/2 0.21 582 112.97 0.88 665/39/53/1 0.08 398 91.51 0.38

1 0.24 1204 191.314 0.89 48 0.17 860 172.183 0.50 65/2 0.19 473 139.469 1.10 65/39/1 0.26 582 125.522 1.18 65/39/54 0.17 398 101.673 0.68

1 0.24 5207 191.314 0.49 48 0.17 1204 172.183 0.59 65/2 0.19 888 139.469 0.72 65/39/1 0.26 587 125.522 1.17 65/39/54 0.17 398 101.673 0.85

CB 0.37 5207 212.571 0.79 65/1 0.26 888 154.965 1.02 65/2 0.19 587 139.469 1.47

CB 0.37 2710 212.571 1.00 65/1 0.26 901 154.965 1.01 65/2 0.19 888 139.469 0.72

Trf 0.54 2710 59.05 0.94 48 0.17 901 172.183 1.31

Trf 0.54 678 59.05 1.50 48 0.17 1204 172.183 0.59

* compare and use the slowest time Relay/Recloser TMS Fault level Pickup current Operating time

65/64/3 0.06 473 125.52 0.31

65/2 0.19 473 139.469 0.61

65/2 0.19 888 139.469 0.72

Relay/Recloser TMS Fault level Pickup current Operating time

65/138/1 0.06 311 91.5057 0.34

65/128 0.09 311 101.673 0.64

65/128 0.09 328 101.673 0.51

Relay/Recloser TMS Fault level Pickup current Operating time

65/164/1 0.06 277 91.51 0.38

65/128 0.09 277 101.673 0.68

65/128 0.09 328 101.673 0.51

T-offs 3

T-offs 2

T-offs 1/13 Phase Time Multiplier T-offs 1/1/1

T-offs 1/1/2

T-off 1

T-offs 1/3

T-offs 1/2

T-offs 1/4

Figure C-3:Three phase fault operating times & TMS values for the protective devices on network A 
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1.3. Network B 

Figure C-4 shows the complete short circuit parameters of network B with RO=0.1, X0=1 X1=1 
and R=0.1. The fault levels at each node (based on conductor/equipment rating and length) are 

shown in Table C-5. Applying considerations in section 4.3 and 4.4 to Figure 4-10, the pick-up 

current settings are shown in Table C-6 for each node. The three-phase and earth fault protection 

pick-up current settings outlined in section 4.4 are applied to network B and recorded in  Figure 

C-5 and Figure C-6. For the furthest point on the backbone, the first auto-recloser was given a 

TMS of 0,01 and a TMS of 0.05 was assigned to the furthest point on the T-offs/branch and a TMS 

of 0.06 for a T-off of a T-off to start the grading calculations. A minimum grading margin of 200ms 

was used between the protection devices. 

 

Figure C-4: Network B complete short circuit parameters 
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Table C-5: Fault levels at each node for network B 

Fault levels at each node 

Node Three-phase fault level (A) Single fault level(A) 

49/29/36 680 480 

49/29/21 803 557 

49/29/1 1052 709 

49/63/47 465 338 

49/63/11 623 442 

49/110/14/10 513 334 

49/110/1 621 392 

49/140/17 437 291 

49/140/1 487 320 

49/147/9 440 293 

49/147/1 464 307 

49/166/7 487 295 

49/166/1 509 306 

214/102/10   

49/175/20 421 263 

49/175/1 477 291 

49/195/11 394 250 

49/195/7/1 401 253 

49/195/7 404 254 

49/195/1 419 262 

49/252/1 393 227 

49/252/30/6 328 198 

49/357/22 250 158 

49/357/18/1 234 150 

49/357/18 235 150 

49/357/1 250 158 

49/471/93 178 109 

49/471/1 235 134 

49/478/8/3 222 129 

49/478/1 229 132 

3   

327/69   

49/470 236 135 

49/373 288 165 

49/261 387 222 

49/250 400 230 

49/148 590 342 

49/79 867 511 

49/1 1833 1147 

2/6/9 2695 2124 

2/2 4649 4113 
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74/39/2 275 251 

74/27 292 268 

74/21 337 307 

74/9 490 426 

107/28 584 410 

107/1 764 523 

140/33 338 269 

140/6 393 314 

140/21 360 288 

140/1 405 325 

197/34/6 395 259 

197/1 511 321 

198/14 463 296 

198/1 507 319 

220/6/4 343 244 

220/6/1 370 256 

220/1 436 281 

221/10 409 267 

221/1 433 280 

235/21 355 237 

235/1 397 260 

259/1 303 216 

259/5/1 383 242 

259/5/5 375 238 

280/57/4 280 183 

280/57/1 284 185 

280/8/1 358 224 

280/8/2 356 223 

280/77 263 173 

280/1 372 232 

394/25/2 281 164 

394/9 293 171 

394/9/1 292 170 

394/8/1 292 170 

394/8 293 171 

394/1 298 174 

394/25/2 281 164 

312/1 370 217 

312/5 365 214 

330/80 288 168 

330/1 308 180 

408/1 289 168 

408/2 288 168 

432 274 159 

297 388 288 



Protection-based distributed generation penetration limits on MV feeders 

125 
 

277 413 244 

174 622 375 

123 829 511 

75 1208 777 

65 1335 872 

50 1833 1147 

2 5057 4721 

1 5215 5031 

CB 3510 366 

Table C-6: Three-phase and earth fault pick-up current settings for network B 

Fault levels at each node 

Node Three-phase fault pick-up current setting (A) Earth fault pick-up current setting (A) 

49/29/21 125.52 35 

49/29/1 139.469 45 

49/63/11 139.469 35 

49/110/1 125.52 35 

49/140/1 125.52 35 

49/147/1 125.52 35 

49/166/1 112.97 35 

49/175/1 112.97 20 

49/195/7 101.67 20 

49/195/1 112.97 35 

49/252/1 101.67 35 

49/357/18 82.36 20 

49/357/1 91.506 30 

49/471/1 74.12 15 

49/478/1 74.12 15 

49/470 82.36 20 

49/373 91.506 30 

49/261 101.673 40 

49/250 112.97 50 

49/148 125.522 60 

49/79 139.469 70 

49/1 154.965 80 

2/2 154.97 35 

74/27 112.963 45 

74/21 101.67 35 

74/9 125.52 55 

107/1 112.97 35 

140/6 91.51 25 

140/1 101.67 35 

197/1 91.51 35 

198/1 91.51 35 
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220/6/1 82.36 25 

220/1 91.51 35 

221/1 91.51 35 

235/1 91.51 35 

259/1 91.51 35 

259/5/1 82.35 25 

280/57/1 74.12 20 

280/1 82.35 25 

394/9 66.71 20 

394/8 66.71 20 

394/1 74.12 25 

312/1 74.12 20 

330/1 74.12 20 

408/1 74.12 25 

297 82.355 20 

277 91.5057 30 

174 101.673 40 

123 112.97 50 

75 125.522 60 

65 139.469 70 

50 154.965 80 

2 172.183 85 

1 191.314 90 

CB 212.571 95 
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Figure C-5: Earth fault operating times and TMS values for the protective devices on network B 



Protection-based distributed generation penetration limits on MV feeders 

128 
 

Figure C-6: Three-phase Operating times and TMS values for the protective devices on network B 
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1.4. Network C 

Figure C-7 shows the complete short circuit parameters of network C with RO=0.1, X0=1 X1=1 
and R=0.1. The fault levels at each node (based on conductor/equipment rating and length) are 

shown in Table C-7. Applying considerations in section 4.3 and 4.4 to Figure 4-11, the pick-up 

current settings are shown in Table C-8 for each node. The three-phase and earth fault protection 

pick-up current settings outlined in section 4.4 are applied to network C and recorded in  Figure 

C-8 and Figure C-9. For the furthest point on the backbone, the first auto-recloser was given a 

TMS of 0,01 and a TMS of 0.05 was assigned to the furthest point on the T-offs/branch and a TMS 

of 0.06 for a T-off of a T-off to start the grading calculations. A minimum grading margin of 200ms 

was used between the protection devices. 

 

Figure C-7: Network C complete short circuit parameters 
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Table C-7: Fault levels at each node for network C 

Fault levels at each node 

Node Three-phase fault level (A) Single fault level(A) 

86/15 624 478 

86/1 719 551 

61/42 612 470 

61/40/5 595 457 

61/40/1 618 474 

61/7/8 818 626 

61/7/1 895 684 

61/2 974 744 

111/131 266 205 

111/98 307 237 

111/29/3 446 343 

111/29/1 452 347 

111/1 565 433 

200/1 390 278 

200/26/22 305 221 

146/58 384 273 

146/1 572 393 

146/12/8 492 343 

146/12/1 519 360 

314/1 261 183 

314/40 226 161 

304/97 195 140 

304/3 270 188 

356/1 265 174 

387/4 233 156 

387/1 236 158 

339 285 185 

202 468 305 

113 801 528 

5 4588 4183 

4 4742 4445 

3 4889 4650 

2 5044 4873 

CB 2877 165 
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Table C-8: Three-phase and earth fault pick-up current settings for network C 

Fault levels at each node 

Node Three-phase fault pick-up current setting (A) Earth fault pick-up current setting (A) 

86/1 125.52 35 

61/40/1 112.97 30 

61/7/1 112.97 30 

61/2 125.52 40 

111/98 112.97 35 

111/29/1 112.97 30 

111/1 125.522 45 

200/1 112.97 25 

146/1 154.97 25 

146/12/1 101.67 20 

314/1 91.51 20 

304/3 91.51 25 

356/1 91.51 20 

387/1 91.51 20 

339 101,67 35 

202 112.97 40 

113 125.522 50 

5 139.469 60 

4 154.965 70 

3 172.183 80 

2 191.314 85 

CB 212.571 90 
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Figure C-8: Earth fault operating times and TMS values for the protective devices on network C 
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Figure C-9: Three-phase Operating times and TMS values for the protective devices on network C 
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2. PV DG Data 

The DG data consists of; postal code, city, PV name, kW rating, date of installation (Table C-9), and 

actual power generation of a 5.3 kW PV system recorded in 15-minute intervals over a year ( 

Table C-10) [28]. For complete data points, see attachment 1 “all data for ML.xlsx” sheet 1-7.   

Table C-9: PV systems data publicly available on Sunny Portal [28] 

PV System Name Country Zip 
Code 

City Power 
(kWp) 

Date of 
installation 

Rozanne South 
Africa 

1 Centurion 2.80 20/02/2015 

Vettie South 
Africa 

1 Pretoria 5.30 
 

LG BABERTON South 
Africa 

1 Barberton 15.90 07/05/2011 

15kWp-Fairview-
Barberton 

South 
Africa 

1 Fairview, Barberton 15.90 10/07/2011 

Lephalale Canadian 
Farm 

South 
Africa 

14 Lephalale 93.60 11/08/2018 

Berndt Merkman South 
Africa 

27 Kensington 5.30 21/11/2015 

HS Van Der Walt South 
Africa 

27 wesselsbron 5.30 
 

Tandt Family South 
Africa 

27 PRETORIA 5.30 
 

ICAT South 
Africa 

27 Pretoria 51.50 10/02/2015 

Gal01 South 
Africa 

36 Rhenosterfontein 8.20 
 

Old Farm School South 
Africa 

40 Pretoria 9.04 
 

HENKPV South 
Africa 

46 Olifantsfontein 3.20 
 

7 Lock Street South 
Africa 

54 Pretoria 16.30 07/10/2015 

Plot 123 South 
Africa 

56 Pretoria 5.30 
 

Warrick South 
Africa 

59 Mooikloof 14.50 24/06/2017 

Brother South Africa-
Centurion 

South 
Africa 

67 Centurion 28.05 26/10/2015 

Delta BEC Greenhouse 
MenloPark 

South 
Africa 

81 Pretoria 1.55 03/12/2017 

45 Gift Acres South 
Africa 

81 Pretoria 4.20 29/07/2015 

Verryn South 
Africa 

81 Pretoria 5.00 13/05/2015 

Sunnyboy 5000 South 
Africa 

81 Pretoria 5.30 
 

Genpower Solar South 
Africa 

81 Pretoria 7.92 
 

Sargon House South 
Africa 

81 Pretoria 19.62 04/01/2016 

SB5000 South 
Africa 

82 Pretoria 5.00 06/11/2016 

UDP South 
Africa 

82 Pretoria 205.25 04/11/2016 

R&G Sheetmetal South 
Africa 

100 JHB 154.50 15/12/2015 

20 Golf Close South 
Africa 

123 Pretoria 8.25 
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Woodhill South 
Africa 

127 Pretoria 7.28 03/07/2015 

Raslouw Dierekliniek South 
Africa 

157 Centurion 2.50 10/05/2015 

House Booysen South 
Africa 

157 Centurion 2.55 
 

40 Koggelaar South 
Africa 

157 Pretoria 2.97 08/01/2018 

Plaas SMA FV South 
Africa 

157 Centurion 3.30 19/12/2017 

Steinmann Heritage Hill 
House 

South 
Africa 

157 Centurion 4.20 06/10/2018 

4375 Southdowns Estate South 
Africa 

157 Irene 4.88 13/12/2018 

2605 Southdowns Estate South 
Africa 

157 Irene 5.17 13/12/2018 

HJ Blair 14 South 
Africa 

157 Centurion 5.30 27/01/2018 

5kW SMA - Gavin Polson South 
Africa 

157 Constantia Park 5.30 11/03/2016 

Herman vd Merwe South 
Africa 

157 Centurion 8.22 17/06/2015 

Ampath Centurion South 
Africa 

157 Centurion 360.50 13/07/2016 

51 Centurion Drive South 
Africa 

158 Centurion 5.04 14/09/2013 

FINANCIAL ALLIANCE South 
Africa 

172 Johannesburg 7.60 
 

Nortje PV plant South 
Africa 

181 Pretoria 5.00 30/09/2014 

RWeiss_5kw South 
Africa 

181 Pretoria 5.40 03/05/2016 

EndlessPower 
Development 

South 
Africa 

181 Pretoria 8.40 
 

Cameron Marais South 
Africa 

181 Pretoria 16.90 30/09/2015 

LUIS MARQUES South 
Africa 

182 Montana 0.00 21/09/2017 

Sunny Boy 4.0 South 
Africa 

182 Pretoria 4.20 16/12/2017 

SAR Electronic SA (Pty) 
Ltd. 

South 
Africa 

182 Pretoria 10.80 14/09/2010 

Heatherdale Solar 
System 

South 
Africa 

182 Heatherdale 16.50 01/10/2017 

Total Annlin South 
Africa 

182 Annlin 27.47 16/01/2018 

Diogenes Barrel South 
Africa 

184 Pretoria 3.40 13/09/2014 

DII PTA South 
Africa 

184 Pretoria 109.20 
 

GSK Consulting 
Engineering 

South 
Africa 

186 Pretoria 10.20 15/01/2010 

MULTICHOICE 
SAMRAND 

South 
Africa 

187 Centurion 224.00 06/01/2018 

SMA Demo South 
Africa 

216 Hartbeespoort 8.60 08/04/2017 

Kalkheuvel South 
Africa 

240 Mogale City 3.20 10/02/2013 

Lift Master Harties South 
Africa 

250 Brits 103.00 
 

Midas MidTown South 
Africa 

299 Rustenburg 16.11 24/01/2018 

MAEMO CV Rustenburg South 
Africa 

299 RUSTENBURG 30.60 12/10/2015 
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Willie Jones South 
Africa 

348 Koster 10.71 10/05/2015 

Willie Jones HM South 
Africa 

348 Koster 10.71 10/05/2015 

Jones Masjiene HM South 
Africa 

348 Koster 42.84 10/02/2015 

Jones Masjiene South 
Africa 

348 Koster 42.84 10/02/2015 

Projexconsult 30kW 
SB5s 

South 
Africa 

350 Kroondal 33.21 05/08/2015 

Ottermann Farms South 
Africa 

350 Kroondal 103.00 12/02/2016 

Warmbad Rusoord - Grid 
tie 

South 
Africa 

480 Bella Bella 53.76 14/12/2016 

Hennie Fourie South 
Africa 

600 Mokopane 5.20 
 

Fruit & Veg City 
Mokopane 

South 
Africa 

600 Mokopane 103.00 23/01/2017 

PEV Land Polokwane South 
Africa 

699 Polokwane 6.20 29/05/2014 

SBSA 14 Thorpe South 
Africa 

1000 Johannesburg 235.95 03/10/2018 

KragDag South 
Africa 

1001 Cullinan 27.75 26/10/2016 

Lepelle-Phalaborwa 
Plant 

South 
Africa 

1014 Phalaborwa 39.89 12/01/2016 

South Africa 
 

1020 Bronkhorstspruit 28.00 
 

Hilton Glenn South 
Africa 

1200 Nelspruit 2.75 08/01/2015 

Patel Residence South 
Africa 

1200 Nelspruit 15.39 14/01/2014 

Lionsrock Workshop South 
Africa 

1234 Bethal 33.00 18/10/2018 

lhollman@iafrica.com South 
Africa 

1320 Malelane 10.40 24/04/2015 

Tshokwane Battery 
Containers 

South 
Africa 

1350 Tshokwane Picnic Site, Kruger 
National Park 

0.00 27/02/2018 

Nkuhlu Battery 
Container 

South 
Africa 

1350 Nkuhlu Picnic Site, Kruger 
National Park 

0.00 31/08/2018 

Nkuhlu Off-Grid System South 
Africa 

1350 Nkuhlu Picnic Site, Kruger 
National Park 

130.65 30/08/2018 

Tshokwane Off-Grid 
system 

South 
Africa 

1350 Tshokwane Picnic Site, Kruger 
National Park 

404.30 
 

TSR PV PLANT South 
Africa 

1378 Elandsfontein 289.85 06/06/2016 

Dale Pudney South 
Africa 

1401 Johannesburg 5.00 24/05/2018 

AL PV Carports South 
Africa 

1451 Alberton 35.20 04/01/2013 

AL South South 
Africa 

1451 Alrode 266.50 19/03/2014 

Gregory Bishop South 
Africa 

1459 Boksburg 5.30 19/10/2018 

EnercoGen South 
Africa 

1459 Johannesburg 6.30 20/08/2018 

Turbo Fastners South 
Africa 

1459 Boksburg 41.10 09/11/2018 

Fountain Liquor 
Boksburg 

South 
Africa 

1460 Boksburg 11.28 25/01/2013 

francois@fgelectrical.co.
za 

South 
Africa 

1501 Benoni 7.20 16/03/2018 

Grantham Air South 
Africa 

1501 Benoni 13.50 05/06/2013 
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Bluesun Benoni South 
Africa 

1501 Benoni 17.00 10/07/2014 

Billy Jacobs PV plant South 
Africa 

1559 SPRINGS 2.65 30/11/2017 

15 Tony Street, 
Harmelia. 

South 
Africa 

1609 Germiston 2.60 06/03/2015 

Voestalpine VAE South 
Africa 

South 
Africa 

1609 Isando 352.92 08/06/2014 

Improvon Ext 11 South 
Africa 

1610 Edenvale 14.85 14/05/2013 

Cylinder Test Building South 
Africa 

1619 Kempton Park 100.00 
 

Total Hyper South 
Africa 

1666 Olifantsfontein 28.57 28/10/2018 

2466 Waterfall Country 
Village 

South 
Africa 

1682 Midrand 2.24 13/02/2018 

995 Waterfall Country 
Estate 

South 
Africa 

1682 Midrand 4.40 22/02/2019 

 

Table C-10: 5.3 kW PV full day output data 

Date Time Output Power (kW) 

14/08/2015 6:45 AM -7:00 AM 0.01 -0.08 

14/08/2015 7:00 AM -7:15 AM 0.08 -0.15 

14/08/2015 7:15 AM -7:30 AM 0.15 -0.43 

14/08/2015 7:30 AM -7:45 AM 0.43 -0.71 

14/08/2015 7:45 AM -8:00 AM 0.71 -0.99 

14/08/2015 8:00 AM -8:15 AM 0.99 -1.25 

14/08/2015 8:15 AM -8:30 AM 1.25 -0.86 

14/08/2015 8:30 AM -8:45 AM 0.86 -1.01 

14/08/2015 8:45 AM -9:00 AM 1.01 -1.77 

14/08/2015 9:00 AM -9:15 AM 1.77 -2.45 

14/08/2015 9:15 AM -9:30 AM 2.45 -3.09 

14/08/2015 9:30 AM -9:45 AM 3.09 -3.27 

14/08/2015 9:45 AM -10:00 AM 3.27 -2.50 

14/08/2015 10:00 AM -10:15 AM 2.50 -3.15 

14/08/2015 10:15 AM -10:30 AM 3.15 -3.53 

14/08/2015 10:30 AM -10:45 AM 3.53 -3.92 

14/08/2015 10:45 AM -11:00 AM 3.92 -3.18 

14/08/2015 11:00 AM -11:15 AM 3.18 -3.56 

14/08/2015 11:15 AM -11:30 AM 3.56 -3.72 

14/08/2015 11:30 AM -11:45 AM 3.72 -3.78 

14/08/2015 11:45 AM -12:00 PM 3.78 -3.53 

14/08/2015 12:00 PM -12:15 PM 3.53 -3.84 

14/08/2015 12:15 PM -12:30 PM 3.84 -2.51 

14/08/2015 12:30 PM -12:45 PM 2.51 -3.63 

14/08/2015 12:45 PM -1:00 PM 3.63 -3.75 

14/08/2015 1:00 PM -1:15 PM 3.75 -4.23 

14/08/2015 1:15 PM -1:30 PM 4.23 -2.15 

14/08/2015 1:30 PM -1:45 PM 2.15 -2.72 
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14/08/2015 1:45 PM -2:00 PM 2.72 -3.30 

14/08/2015 2:00 PM -2:15 PM 3.30 -3.68 

14/08/2015 2:15 PM -2:30 PM 3.68 -2.80 

14/08/2015 2:30 PM -2:45 PM 2.80 -3.05 

14/08/2015 2:45 PM -3:00 PM 3.05 -3.10 

14/08/2015 3:00 PM -3:15 PM 3.10 -2.60 

14/08/2015 3:15 PM -3:30 PM 2.60 -1.93 

14/08/2015 3:30 PM -3:45 PM 1.93 -2.22 

14/08/2015 3:45 PM -4:00 PM 2.22 -1.88 

14/08/2015 4:00 PM -4:15 PM 1.88 -1.77 

14/08/2015 4:15 PM -4:30 PM 1.77 -1.48 

14/08/2015 4:30 PM -4:45 PM 1.48 -1.10 

14/08/2015 4:45 PM -5:00 PM 1.10 -0.69 

14/08/2015 5:00 PM -5:15 PM 0.69 -0.43 

14/08/2015 5:15 PM -5:30 PM 0.43 -0.15 

14/08/2015 5:30 PM -5:45 PM 0.15 -0.04 

3. Region and postal code range 
Table C-11 shows the full data set of the region and postal code range data [29] in Table 3-3. 

Table C-11: Region and postal code data [29] 

Zip Range Region 

1 299 Gauteng—Pretoria/Tshwane 

300 499 North West—the northern part 

500 698 Limpopo—south and west 

699 999 Limpopo—north and east 

1000 1399 Mpumalanga—northern half 

1400 1699 Gauteng—East Rand / Ekurhuleni Metro 

1700 1799 Gauteng—West Rand, Mogale City/Krugersdorp, Roodepoort (now part of Johannesburg) 

1800 1999 Gauteng—Soweto and Vereeniging/Vanderbijlpark Region (Motsweding) 

2000 2199 Gauteng—Johannesburg (original Johannesburg, Randburg, Sandton) 

2200 2499 Mpumalanga—southern half 

2500 2899 Northwest Province—southern and central 

2900 3199 KwaZulu-Natal—Northern KwaZulu-Natal 

3200 3299 KwaZulu-Natal—Pietermaritzburg and surrounds 

3300 3599 KwaZulu-Natal—Midlands 

3600 3799 
KwaZulu-Natal—Region between Durban and Pietermaritzburg, including satellite towns, 

such as Westville. 

3800 3999 KwaZulu-Natal—Zululand Region (including Richards Bay) 

4000 4099 KwaZulu-Natal—Durban / Ethekwini (original area) 

4100 4299 KwaZulu-Natal—South Coast 

4300 4499 KwaZulu-Natal—North Coast 

4500 4730 KwaZulu-Natal—Griqualand East and Umzimkulu 

4731 5199 Eastern Cape—Former Transkei 

5200 5299 Eastern Cape—East London 

5300 5499 Eastern Cape—historical "Border" region 

5500 5999 Eastern Cape—Northern part 
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6000 6099 Eastern Cape—Port Elizabeth 

6100 6499 Eastern Cape—Western part 

6500 6699 Western Cape—Garden Route and Oudtshoorn area 

6700 6899 Western Cape—Klein Karoo 

6900 7099 Western Cape—Great Karoo 

7100 7299 Western Cape—Area south-east of Cape Town 

7300 7399 Western Cape—West Coast 

7400 7599 Western Cape—Northern parts of Cape Metropole 

7600 7699 Western Cape—Areas East of Cape Town, such as Stellenbosch 

7700 8099 Western Cape—Cape Town and Cape Peninsula 

8100 8299 Northern Cape—Namaqualand Region 

8300 8799 Northern Cape—Eastern Part 

8800 8999 Northern Cape—Gordonia Region 

9000 9299 formerly assigned to South West Africa[6] 

9300 9399 Free State—Bloemfontein and surrounds 

9400 9699 Free State—Northern Free State 

9700 9899 Free State—Eastern Free State 

9900 9999 Free State—Southern Free State 

  



Protection-based distributed generation penetration limits on MV feeders 

140 
 

D. Appendix D– MV protection philosophy calculation tools 

The fault levels at each node are based on the 11 kV three-wire fox conductor system i.e. 
conducting area mm² Cu equivalent, pu R, X, B values, and conductor length shown in Table D-1 

and Table D-2. Fault levels at each node were calculated using the fault level tool shown in Figure 

D-1 and Figure D-2. See attachment 2 “Fault level rev1_One.xls” sheet 1. 

Table D-1: Conductor properties 

DESCRIPTION Normal 
[A] 

Emergency 
[A] 

1s Short 
Circuit [kA] 

R1, R2         
[Ω] 

X1, X2       
[Ω] 

R0             
[Ω] 

X0             
[Ω] 

Bantam 57 68.5 1.164 5.114830 0.420988 5.261738 1.777166 

Bear 529 715 30.969 0.116644 0.336380 0.420596 0.811668 

C185P3 410 410 26.455 0.081688 0.058739 0.222662 0.079230 

C35P3 170 170 5.005 0.425449 0.074449 0.689844 0.099037 

C70P3 240 240 10.01 0.213032 0.066936 0.446007 0.090840 

C95P3 290 290 13.585 0.157230 0.063521 0.371560 0.086743 

Chickadee 433 576 21.040 0.154832 0.353030 0.301822 1.662153 

Copper 0.1HDC 280.1 321.8 9.750 0.292578 0.371591 0.623634 1.015432 

Fox 148 192 4.131 0.929570 0.375928 1.076469 1.771290 

Goat 607 822 37.983 0.095348 0.331056 0.399300 0.806344 

Gopher 122.2 147.2 2.956 1.299293 0.386440 1.446187 1.781798 

Hare 292 380 11.824 0.387452 0.341089 0.560351 1.709909 

Mink 209 272 7.110 0.543029 0.367085 0.734494 1.703632 

Rabbit 186 226.6 5.956 0.650903 0.372622 0.842368 1.709173 

Squirrel 106 135 2.363 1.477691 0.393487 1.624580 1.788840 

Wolf 378 501 18.512 0.208101 0.347541 0.433006 1.608743 
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Table D-2: Conductor properties with pu impedances per km 

Per Unit Impedances per Km based on 100 MVA and 22kV 
50 Degree Probabilistic 

Rating Amps 
Deterministic 
Rating Amps 

 

DESCRIPTION kV 
Conducting 

Area mm² Cu 
Equiv 

R1 X1 B1 R0 X0 B0 Normal Emergency 75 DEG 
90 

DEG 

1 Second 
Short Circuit 
Rating in kA 

Bantam 22 4.18 1.056783 0.086981 0.000013 1.087136 0.367183 0.000006 57 68.5 76 91 1.164 

Squirrel 22 12.90 0.305308 0.081299 0.000014 0.335657 0.369595 0.000006 106 135 107 128 2.363 

Gopher 22 16.30 0.268449 0.079843 0.000014 0.298799 0.368140 0.000006 122.2 147.2 124 155 2.956 

Fox 22 22.58 0.192060 0.077671 0.000015 0.222411 0.365969 0.000006 148 192 151 190 4.131 

Rabbit 22 32.26 0.134484 0.076988 0.000015 0.174043 0.353135 0.000007 186 226.6 185 230 5.956 

Mink 22 38.71 0.112196 0.075844 0.000015 0.151755 0.351990 0.000007 209 272 204 255 7.110 

Hare 22 64.52 0.080052 0.070473 0.000017 0.115775 0.353287 0.000007 292 380 268 340 11.824 

Copper 0.1HDC 22 65.44 0.060450 0.076775 0.000015 0.128850 0.209800 0.000010 280.1 321.8 275 350 9.750 

Wolf 22 96.77 0.042996 0.071806 0.000016 0.089464 0.332385 0.000008 378 501 370 480 18.512 

Chickadee 22 126.70 0.031990 0.072940 0.000020 0.062360 0.343420 0.000010 433 576 425 556 21.040 

Bear 22 161.30 0.024100 0.069500 0.000020 0.086900 0.167700 0.000010 529 715 502 660 30.969 

Goat 22 193.50 0.019700 0.068400 0.000020 0.082500 0.166600 0.000010 607 822 565 749 37.983 
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Figure D-1: Fault level calculating tool user guide 
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Figure D-2: Fault level calculating tool landing page 
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E. Appendix E – Training data 

This appendix holds the results from a distribution network where detailed studies on the impact 

of DG penetration on the protection system was done [22]. 

1. Training data 

i. Protection Coordination and Relay Selection before the integration of DG [22] [37] 

Using DIgSILENT fault analysis (IEC 60909) the minimum and maximum fault currents on each 

node, busbar, out-goer or incomer were recorded. 

Table E-1: Fault analysis and current transformer selection before DG penetration 

Relay/Fuse Location Relay 
Label 

Phase Element Earth Element 
Maximum 
Fault current (A) Minimum 

Fault current(A) 
Maximum 
Fault current(A) 

A6 15 520 587 340 
A6/1 14 13789 15556 15599 
A6/6/6 1 305 4745 2713 
     
A1 13 1610 1817 1061 
A1/1 12 42677 48170 48712 
A1/1/4 7 800 7540 4016 
     
A2 28 632 749 433 
A2/1 27 16744 19844 19856 
A2/2/5 23 111 926 472 

The total burden for each current transformer was set to 1 Ω. 

Table E-2: Relay settings, type, operating time and grading 

Location Relay 
Label 

Characteristic PS (%) TMS Operating time (s) 

   OC Earth OC Earth OC Earth 
A6 15 OC-IDMT-Very inverse 1.5 0.8 0.11 

 
0.05 
 

0.50 0.58 

A6/1 14 OC-IDMT-Very inverse 1.5 0.8 0.43 
 

0.55 
 

0.30 0.38 

         
A1 13 OC-IDMT-Very inverse 1.5 0.8 0.67 0.38 0.81 0.85 
A1/1 12 OC-IDMT-Very inverse 1.5 0.8 1.17 1.26 0.61 0.65 
         
A2 28 OC-IDMT-Very inverse 1.5 0.8 0.25 0.17 0.86 1.23 
A2/1 27 OC-IDMT-Very inverse 1.5 0.8 1.03 1.61 0.66 1.03 
         

ii. Assessment of different fault cases at various locations [37] 

Two types of faults were investigated; three phase-fault and a single phase to ground to a 

neutral fault [22]. Only the actual relay operating times obtained from faults simulated at points 

close to the main zone circuit breaker (points that are 50% of the feeder length) were used as 

training data for this research.  



Protection-based distributed generation penetration limits on MV feeders 

145 
 

Case 1- Parallel Distribution fault location 

• Fault on the main busbar 

Table E-3: Case 1-before DG 

Tripping sequence Relay 12 Relay 13 
Time (s) 0.817 1.095 

Case 2- Radial distribution fault location 

• Fault on the main busbar. 

Table E-4: Case 2-before DG 

Tripping sequence Relay 14 Relay 15 
Time (s) 0.320 0.464 

Case 3- Ring distribution fault location 

• Fault on the main Busbar. 

Table E-5: Case 3-prior DG 

Tripping sequence Relay 27 Relay 28 
Time (s) 0.746 0.846 

iii. Case Study: Protection system after the integration of DG (PV) and Induction 

Machines 

Case 1- Parallel Distribution fault location 

• Fault on the main busbar 

Table E-6: Case 1-after DG 

Tripping 
sequence 

Relay 12 Relay 13 

Time (s) 

38% 0.817 1.017 
NRS 0.817 1.094 

--Fault current higher than minimum pick-up current setting 

Case 2- Radial distribution fault location 

• Fault on the main busbar. 

Table E-7: Case 2-after DG 

Tripping sequence Relay 14 Relay 15 
Time (s) 

35% 0.320 0.461 
NRS 0.320 0.461 
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Case 3- Ring distribution fault location 

• Fault on the main Busbar. 

Table E-8: Case 3-after DG 

Tripping sequence Relay 27 Relay 28 
NRS Time (s) 0.746 0.644 

*Secondary relay trips before Primary relay 

iv. Protection issues and triggers [37] 
 

Table E-9: Parallel distribution Protection issue triggers 

 Installation Size(kVA) 

Issue 
Loss of Coordination De-sensitisation 

False 
tripping 

Bi-directionality 
Technology 

Inverter-based 
750kVA (~75% of 

DG) 
380kVA (~35% of 

DG) 
No effect 

380kVA (~35% of 
DG) 

Induction Machine 
DG 

--- 
340kVA (~35% of 

DG) 
No effect 

340kVA (~35% of 
DG) 

 

Table E-10: Radial distribution Protection issue triggers 

 Installation Size(kVA) 

Issue Loss of 
Coordination 

De-sensitisation False tripping Bi-directionality 
Technology 

Inverter-based 
110kVA (~35% 

DG) 
110kVA (~35% 

DG) 
236.25kVA (~75% of 

DG) 
110kVA (~35% 

DG) 
Induction Machine 

DG 
110kVA (~35% 

DG) 
110kVA (~35% 

DG) 
No effect 

110kVA (~35% 
DG) 

 

Table E-11: Ring Distribution Protection issue triggers 

 Installation Size (kVA) 

Issue 
Loss of Coordination De-sensitisation False tripping Bi-directionality 

Technology 

Inverter-based 375kVA (~75% of DG) 200kVA (~38% DG) No effect 200kVA (~38% DG) 
Induction Machine DG -- 143kVA (~35% DG) No effect 143kVA (~38% DG) 

 

Table E-12: PV integration Protection issue triggers 

 Installation Size (kVA) 

Issue 
Loss of Coordination De-sensitisation False tripping Bidirectionality 

Distribution 

Parallel 750kVA 380kVA No effect 380kVA 
Radial 110kVA 110kVA 236.25kVA 110kVA 
Ring 375kVA 200kVA No effect 200kVA 

 
Table E-13 Induction machine DG Protection issue triggers 

 Installation Size (kVA) 

Issue Loss of Coordination De-sensitisation False tripping Bidirectionality 
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Distribution 

Parallel --- 340kVA No effect 340kVA 
Radial 110kVA 110kVA No effect 110kVA 
Ring -- 143kVA No effect 143kVA 

 

F. Appendix F – Machine learning models 

This appendix holds the regression and classification model parameters (theta values) for all the 

scenarios.  

1. Linear regression as a relay operating time predictor 

Model parameters (theta values) for four combinations of the network protection parameters 

(features) as inputs i.e. all features, fitting (adding polynomials), eliminating features, adding 

polynomials and eliminating other features. 

i. All features as inputs 

 

 

Figure F-1: Linear regression all feature model parameters before DG penetration 
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Figure F-2: Linear regression all feature model parameters after 35% of DG penetration 

 

Figure F-3: Linear regression all feature model parameters after 65% of DG penetration 
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Figure F-4: Linear regression all-feature model parameters after 75% of DG penetration 

ii. Fitting (adding polynomials) 

 

Figure F-5: Linear regression fitted (second-degree polynomials) model parameters before DG penetration 
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Figure F-6: Linear regression fitted (second-degree polynomials) model parameters after 35% of DG penetration 

 

Figure F-7: Linear regression fitted (second-degree polynomials) model parameters after 65% of DG penetration 
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Figure F-8: Linear regression fitted (second-degree polynomials) model parameters after 75% of DG penetration 

iii. Eliminating features 

 

Figure F-9: Linear regression eliminated (eliminated relay position) model parameters before DG penetration 
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Figure F-10: Linear regression eliminated (eliminated relay positions) model parameters after 35% DG penetration 

 

Figure F-11: Linear regression eliminated (eliminated relay position) model parameters after 65% DG penetration 
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Figure F-12: Linear regression eliminated (eliminated relay position) model parameters after 75% DG penetration 

iv. Fitting and eliminating of features 

 

Figure F-13: Linear regression eliminated (eliminated relay position and fitted second-degree polynomials) model 
parameters before DG penetration 
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Figure F-14: Linear regression eliminated (eliminated relay position and fitted second-degree polynomials) model 
parameters after 35% DG penetration 

 

Figure F-15: Linear regression eliminated (eliminated relay position and fitted second-degree polynomials) model 
parameters after 65% DG penetration 
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Figure F-16: Linear regression eliminated (eliminated relay position and fitted second-degree polynomials) model 
parameters after 75% DG penetration 

2. Linear regression debugging: learning curves 

This section holds the table of values and learning curves for each model i.e. all features as 

inputs, fitting, eliminating features, fitting and eliminating features. See attachment 3 

Code_scripts.zip: ex5.m, ex5_3, ex5_2.m and ex5_4.m. 

i. All features as inputs 

1. Relay operating time prediction- before DG penetration 

Table F-1: Training error and cross-validation error for a given number of training examples (all 
feature linear regression model- before DG penetration) 

 



Protection-based distributed generation penetration limits on MV feeders 

156 
 

Table F-2: Training error and cross-validation error for a given number of training examples (all 
feature polynomial regression model- before DG penetration) 

 

Table F-3: Training error and cross-validation error for different lambda values on the all feature 
model (regularization parameter: before DG penetration) 

 

2. Relay operating time prediction after 35% of DG penetration 
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Figure F-17: Normalised TMS vs relay operating times after 35% DG penetration 

 

Figure F-18: All features as inputs model linear regression learning curves (relay operating time after 35% of DG 
penetration) 
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Figure F-19: All-feature model polynomial regression learning curves (relay operating time after 35%  DG penetration) 

 

Figure F-20: All-feature model regularization learning curves (relay operating time after 35% DG penetration) 
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Table F-4: Training error and cross-validation error for a given number of training examples (all 
feature linear regression model- after 35% DG penetration) 

 

Table F-5: Training error and cross-validation error for a given number of training examples 
(polynomial regression all feature model- after 35% DG penetration) 

 

Table F-6: Training error and cross-validation error for different lambda values on the all feature 
model (regularization parameter: after 35% DG penetration) 
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3. Relay operating time prediction after 65% DG penetration 

 

Figure F-21: Normalised fault vs relay operating times after 65% DG penetration 

 

Figure F-22: All features as inputs model linear regression learning curves (relay operating time after 65% of DG 
penetration) 
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Figure F-23: All-feature model polynomial regression learning curves (relay operating time after 65%  DG penetration) 

 

Figure F-24: All-feature model regularization learning curves (relay operating time after 65% DG penetration) 
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Table F-7: Training error and cross-validation error for a given number of training examples (all 
feature linear regression model- after 65% DG penetration) 

 

Table F-8: Training error and cross-validation error for a given number of training examples 
(polynomial regression all feature model- after 65% DG penetration) 

 

Table F-9: Training error and cross-validation error for different lambda values on the all feature 
model (regularization parameter: after 65% DG penetration) 
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4. Relay operating time prediction after 75% DG penetration 

 

Figure F-25: Normalised calculated operating times vs relay operating time after 75% DG penetration 

Table F-10: Training error and cross-validation error for a given number of training examples (all 
feature linear regression model- after 75% DG penetration) 
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Table F-11: Training error and cross-validation error for a given number of training examples 
(polynomial regression all feature model- after 75% DG penetration) 

 

Table F-12: Training error and cross-validation error for different lambda values on the all feature 
model (regularization parameter: after 75% DG penetration) 
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ii. Fitting (adding polynomials) 

1. Relay operating time prediction before DG penetration 

 

Figure F-26: Fitted model linear regression learning curves (relay operating time before DG penetration) 

 

Figure F-27: Fitted model polynomial regression learning curves (relay operating time before DG penetration) 
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Figure F-28: Fitted model regularization learning curves (relay operating time before DG penetration) 

Table F-13: Training error and cross-validation error for a given number of training examples 
(fitted linear regression model- before DG penetration) 

 

Table F-14: Training error and cross-validation error for a given number of training examples 
(fitted polynomial regression model- before DG penetration) 
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Table F-15: Training error and cross-validation error for different lambda values on the fitted 
model (regularization parameter: before DG penetration) 

 

2. Relay operating time prediction after 35% of DG penetration 

 

Figure F-29: Feature elimination model polynomial regression learning curves (relay operating time after 35% DG 
penetration) 
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Figure F-30: Feature elimination model regularization learning curves (relay operating time after 35% DG penetration) 

Table F-16: Training error and cross-validation error for a given number of training examples 
(fitted linear regression model after 35% DG penetration) 

 

Table F-17: Training error and cross-validation error for a given number of training examples 
(fitted polynomial regression model- after 35% DG penetration) 
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Table F-18: Training error and cross-validation error for different lambda values on the fitted 
model (regularization parameter: after 35% DG penetration) 

 

3. Relay operating time prediction after 65% of DG penetration 

 

Figure F-31: Fitted model linear regression learning curves (relay operating time after 65% DG penetration) 
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Figure F-32: Fitted model polynomial regression learning curves (relay operating time after 65% DG penetration) 

 

Figure F-33: Fitted model regularization learning curves (relay operating time after 65% DG penetration) 

Table F-19: Training error and cross-validation error for a given number of training examples 
(fitted linear regression model- after 65% DG penetration) 
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Table F-20: Training error and cross-validation error for a given number of training examples 
(fitted polynomial regression model- after 65% DG penetration) 

 

Table F-21: Training error and cross-validation error for different lambda values on the fitted 
model (regularization parameter: after 65% DG penetration) 

 



Protection-based distributed generation penetration limits on MV feeders 

172 
 

4. Relay operating time prediction after 75% of DG penetration 

 

Figure F-34: Fitted model linear regression learning curves (relay operating time after 75% DG penetration) 

 

Figure F-35: Fitted model polynomial regression learning curves (relay operating time after 75% DG penetration) 
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Figure F-36: Fitted model regularization learning curves (relay operating time after 75% DG penetration) 

Table F-22: Training error and cross-validation error for a given number of training examples 
(fitted linear regression model- after 75% DG penetration) 

 

Table F-23: Training error and cross-validation error for a given number of training examples 
(fitted polynomial regression model- after 75% DG penetration) 
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Table F-24: Training error and cross-validation error for different lambda values on the fitted 
model (regularization parameter: after 75% DG penetration) 

 

iii. Eliminating of features 

1. Relay operating time prediction before DG penetration 

 

Figure F-37: Feature elimination model linear regression learning curves (relay operating time before DG penetration) 

 

Figure F-38: Feature elimination model polynomial regression learning curves (relay operating time before DG 
penetration) 
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Figure F-39: Feature elimination model regularization learning curves (relay operating time before DG penetration) 

Table F-25: Training error and cross-validation error for a given number of training examples 
(feature eliminated linear regression model- before DG penetration) 

 

Table F-26: Training error and cross-validation error for a given number of training examples 
(feature eliminated polynomial regression model- before DG penetration) 
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Table F-27: Training error and cross-validation error for different lambda values on the feature 
eliminated model (regularization parameter: before DG penetration) 

 

2. Relay operating time prediction after 35% of DG penetration 

Table F-28: Training error and cross-validation error for a given number of training examples 
(eliminated features linear regression model after 35% DG penetration) 

 

Table F-29: Training error and cross-validation error for a given number of training examples 
(eliminated features polynomial regression model- after 35% DG penetration) 
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Table F-30: Regularization Table showing Training error and Cross-validation error different lambda values 
(Elimination: After 35% DG penetration) 

 

3. Relay operating time prediction after 65% of DG penetration 

 

Figure F-40: Feature elimination model linear regression learning curves (relay operating time after 65% DG 
penetration) 

 

Figure F-41: Feature elimination model regularization learning curves (relay operating time after 65% DG penetration) 
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Table F-31: Training error and cross-validation error for a given number of training examples 
(feature eliminated linear regression model- after 65% DG penetration) 

 

Table F-32: Training error and cross-validation error for a given number of training examples 
(feature eliminated polynomial regression model- after 65% DG penetration) 

 

Table F-33: Training error and cross-validation error for different lambda values on the feature 
eliminated model (regularization parameter: after 65% DG penetration) 
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4. Relay operating time prediction after 75% of DG penetration 

 

Figure F-42: Feature elimination model linear regression learning curves (relay operating time after 75% DG 
penetration) 

 

Figure F-43: Feature elimination model polynomial regression learning curves (relay operating time after 75% DG 
penetration) 

Table F-34:Training error and cross-validation error for a given number of training examples 
(feature eliminated linear regression model- after 75% DG penetration) 
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Table F-35: Training error and cross-validation error for a given number of training examples 
(feature eliminated polynomial regression model- after 75% DG penetration) 

 

Table F-36: Training error and cross-validation error for different lambda values on the feature 
eliminated model (regularization parameter: after 75% DG penetration) 

 

iv. Fitting and eliminating features 

1. Relay operating time prediction before DG penetration 

 

Figure F-44: Feature elimination and fitted model linear regression learning curves (relay operating time before DG 
penetration) 
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Figure F-45: Feature elimination and fitted model polynomial regression learning curves (relay operating time before DG 
penetration) 

 

Figure F-46: Feature elimination and fitted model regularization learning curves (relay operating time before DG 
penetration) 
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Table F-37: Training error and cross-validation error for a given number of training examples 
(fitted and feature eliminated linear regression model- before DG penetration) 

 

Table F-38: Training error and cross-validation error for a given number of training examples 
(fitted and feature eliminated polynomial regression model- before DG penetration) 

 

Table F-39: Training error and cross-validation error for different lambda values on the fitted and 
feature eliminated model (regularization parameter: before DG penetration) 

 

2. Relay operating time prediction after 35% of DG penetration 
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Figure F-47: Feature elimination and fitted model linear regression learning curves (relay operating time after 35% DG 
penetration) 

 

Figure F-48: Feature elimination and fitted model polynomial regression learning curves (relay operating time after 
35% DG penetration) 

 

Figure F-49: Feature elimination and fitted model regularization learning curves (relay operating time after 35% DG 
penetration) 
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Table F-40: Training error and cross-validation error for a given number of training examples 
(fitted and eliminated features, linear regression model, after 35% DG penetration) 

 

Table F-41: Training error and cross-validation error for a given number of training examples 
(fitted and eliminated feature polynomial regression model- after 35% DG penetration) 

 

Table F-42: Regularization Table showing Training error and Cross-validation error  different lambda values (Fitting 
and Elimination: After 35% of DG penetration) 
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3. Relay operating time prediction after 65% of DG penetration 

 

Figure F-50: Feature elimination and fitted model linear regression learning curves (relay operating time after 65% DG 
penetration) 

 

Figure F-51: Feature elimination and fitted model polynomial regression learning curves (relay operating time after 
65% DG penetration) 

 

Figure F-52: Feature elimination and fitted model regularization learning curves (relay operating time after 65% DG 
penetration) 
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Table F-43: Training error and cross-validation error for a given number of training examples 
(fitted and feature eliminated linear regression model- after 65% DG penetration) 

 

Table F-44: Training error and cross-validation error for a given number of training examples 
(fitted and feature eliminated polynomial regression model- after 65% DG penetration) 

 

Table F-45: Training error and cross-validation error for different lambda values on the fitted and 
feature elimination model (regularization parameter: after 65% DG penetration) 
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4. Relay operating time prediction after 75% of DG penetration 

Table F-46: Training error and cross-validation error for a given number of training examples 
(fitted and feature eliminated linear regression model- after 75% DG penetration) 

 

Table F-47: Training error and cross-validation error for a given number of training examples 
(fitted and feature eliminated polynomial regression model- after 75% DG penetration) 

 

Table F-48: Training error and cross-validation error for different lambda values on the fitted and 
feature eliminated  model (regularization parameter: after 75% DG penetration) 
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3. Logistic regression as a protection miscoordination classifier 

This section holds model parameters (theta values) for four combinations of the network 

protection parameters (features) as inputs for a model that determines which class of protection 

miscoordination is likely to occur.  

i. Loss of coordination 
See attachment 3 Code_scripts.zip: ex2_regPred1, ex2_regPred, ex2_regPred2 and ex2_regPred3. 

1. All features as inputs 

 

Figure F-53: Loss of coordination prediction model parameters with all features as inputs 

2. Elimination features 

 

Figure F-54: Loss of coordination prediction model parameters with relay positions eliminated 
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3. Fitting (adding polynomials) 

 

Figure F-55: Loss of coordination prediction model parameters with second-degree polynomials added 

4. Fitting and eliminating features 

 

Figure F-56: Loss of coordination prediction model parameters with second-degree polynomials added and relay 
positions eliminated 

ii. Loss of grading 
See attachment 3 Code_scripts.zip: ex2_regPred1_g, ex2_regPred_g, ex2_regPred2_g and 

ex2_regPred3_g. 
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1. All features as inputs 

 

Figure F-57: Loss of grading prediction model parameters with all features as inputs 

2. Eliminating features 

 

Figure F-58: Loss of grading prediction model parameters with relay positions eliminated 
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3. Fitting (adding polynomials) 

 

Figure F-59: Loss of grading prediction model parameters with second-degree polynomials added 

4. Fitting and eliminating features 

 

Figure F-60: Loss of grading prediction model parameters with second-degree polynomials added and relay positions 
eliminated 

iii. De-sensitization 
See attachment 3 Code_scripts.zip: ex2_regPred1_d, ex2_regPred_d, ex2_regPred2_d and 

ex2_regPred3_d. 
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1. All features as inputs 

 

Figure F-61: De-sensitization prediction model parameters with all features as inputs 

2. Eliminating features 

 

Figure F-62: De-sensitization prediction model parameters with relay positions eliminated 
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3. Fitting (adding polynomials) 

 

Figure F-63: De-sensitization prediction model parameters with second-degree polynomials added 

4. Fitting and eliminating features 

 

Figure F-64: De-sensitization prediction model parameters with second-degree polynomials added and relay positions 
eliminated 
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G. Appendix G – Model application 

This appendix holds the results from the best regression models (section 6.5) used on the MV 
distribution networks (section 4.5) to determine relay/recloser operating times before and after 

three stages of DG penetration. These results from the best regression model were used as inputs 

to the most accurate logistic regression model to classify which set of network protection features 

and DG penetration level results in which protection coordination problem.  

1. Model application output data 

Table G-1 shows the values of the predicted relay operating times and protection miscoordination 

groups after three stages of DG penetration.  

Table G-1: Predicted relay operating times after three DG penetration stages and protection 
miscoordination groups for the protective devices on the MV distribution networks 
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423 0.01 231.00 124.70 0.11 18.45 18.45 18.45 7.36 0 0 0 

318 0.03 231.00 138.56 0.41 5.58 5.58 5.58 0.15 0 0 0 

200 0.09 306.00 157.27 0.57 9.09 9.09 9.09 2.49 0 0 0 

101 0.11 479.00 196.10 0.86 10.46 10.46 10.46 10.46 0 0 0 

CB 0.13 909.00 299.20 0.80 6.14 6.14 6.14 6.14 0 0 0 

Trf 0.38 368.50 65.61 1.50 18.90 27.81 28.89 9.57 0 0 0 

219/1 0.05 437.00 141.54 0.31 6.23 6.23 6.23 5.95 0 0 0 

179/1 0.05 529.00 176.46 0.32 5.90 5.90 5.90 5.69 0 0 0 

87/1 0.05 1031.00 269.28 0.26 4.02 4.02 4.02 7.58 0 0 0 

148 0.01 519.00 125.52 0.05 7.85 7.85 7.85 9.42 0 0 0 

114 0.07 519.00 139.47 0.35 9.42 9.42 9.42 6.61 0 0 0 

67 0.10 630.00 154.97 0.60 9.84 9.84 9.84 2.77 0 0 0 

1 0.24 1204.00 191.31 0.89 3.36 9.90 4.97 10.90 0 0 0 

CB 0.37 2710.00 212.57 1.00 0.99 30.50 31.95 25.17 0 0 0 

Trf 0.54 677.50 59.05 1.50 13.68 52.77 70.53 31.72 0 0 1 

111/1 0.05 555.00 139.47 0.25 8.86 8.86 8.86 7.79 0 0 0 

65T/1 0.05 860.00 154.97 0.20 5.82 5.82 5.82 9.37 0 0 0 

65/176 0.05 264.00 91.51 0.33 16.16 16.16 16.16 5.31 0 0 0 

65/127 0.12 328.00 112.97 0.81 15.55 15.55 15.55 15.55 0 0 0 

65/67 0.15 330.00 125.52 1.10 15.81 15.81 15.81 15.81 0 0 0 

65/1 0.26 888.00 154.97 1.02 8.98 12.96 8.50 9.40 0 0 0 

48 0.17 901.00 172.18 1.31 7.55 7.55 7.55 7.55 0 0 0 

65/39/5
8 

0.06 379.00 82.36 0.27 14.43 14.43 14.43 8.33 0 0 0 

65/39/5
6 

0.12 379.00 91.51 0.57 14.67 14.67 14.67 5.79 0 0 0 
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65/39/5
4 

0.17 393.00 101.67 0.86 14.69 14.69 14.69 2.91 0 0 0 

65/39/2 0.21 398.00 112.97 1.15 14.87 4.76 14.87 14.87 0 0 0 

65/39/1 0.26 582.00 125.52 1.18 11.72 12.79 8.26 4.74 0 0 0 

65/2 0.19 587.00 139.47 1.47 15.05 0.29 15.05 15.05 0 0 0 

65/64/3 0.06 473.00 125.52 0.31 12.34 12.34 12.34 7.00 0 0 0 

65/164/
1 

0.06 277.00 91.51 0.38 16.02 16.02 16.02 4.98 0 0 0 

65/128 0.09 277.00 101.67 0.68 16.39 16.39 16.39 16.39 0 0 0 

65/138/
36 

0.08 266.00 82.36 0.47 16.48 16.48 16.48 4.32 0 0 0 

65/138/
1 

0.06 266.00 91.51 0.77 17.07 17.07 17.07 17.07 0 0 0 

65/39/3
9/1 

0.08 435.00 101.67 0.38 13.40 13.40 13.40 7.29 0 0 0 

65/39/5
3/1 

0.08 398.00 91.51 0.38 14.13 14.13 14.13 7.43 0 0 0 

297 0.07 388.00 82.36 0.31 4.72 4.72 4.72 8.25 0 0 0 

277 0.16 413.00 91.51 0.75 5.56 5.56 5.56 5.86 0 0 0 

174 0.12 413.00 101.67 1.05 10.52 10.52 10.52 10.52 0 0 0 

123 0.15 622.00 112.97 0.74 8.48 8.48 8.48 4.57 0 0 0 

75 0.13 829.00 125.52 0.82 7.45 7.45 7.45 7.45 0 0 0 

65 0.16 1208.00 139.47 0.68 1.49 1.49 1.49 7.14 0 0 0 

50 0.24 1335.00 154.97 0.77 0.60 10.45 5.63 15.28 0 0 0 

2 0.18 1833.00 172.18 0.97 0.95 1.13 0.95 0.94 0 0 0 

1 0.30 3510.00 191.31 0.71 0.50 19.59 16.97 25.25 0 0 0 

CB 0.42 3510.00 212.57 1.01 1.02 37.28 42.27 30.74 0 0 0 

Trf 0.80 787.50 59.05 2.10 12.19 84.96 149.06 50.92 0 1 1 

2/2 0.05 3510.00 154.97 0.11 0.01 0.01 0.01 12.32 0 0 0 

74/21 0.05 490.00 101.67 0.22 11.98 11.98 11.98 8.78 0 0 0 

74/27 0.11 337.00 112.96 0.70 14.86 14.86 14.86 0.77 0 0 0 

74/9 0.14 292.00 125.52 1.17 19.28 19.28 19.28 19.28 0 0 0 

107/1 0.05 764.00 112.97 0.18 6.23 6.23 6.23 10.05 0 0 0 

140/6 0.05 393.00 91.51 0.24 10.92 10.92 10.92 8.21 0 0 0 

140/1 0.11 393.00 101.67 0.54 11.15 11.15 11.15 5.34 0 0 0 

197/1 0.05 511.00 91.51 0.20 6.71 6.71 6.71 9.39 0 0 0 

198/1 0.05 507.00 91.51 0.20 6.73 6.73 6.73 9.36 0 0 0 

220/6/1 0.05 370.00 82.36 0.23 8.09 8.09 8.09 8.44 0 0 0 

220/1 0.11 370.00 91.51 0.53 8.33 8.33 8.33 5.83 0 0 0 

235/1 0.05 397.00 91.51 0.24 6.91 6.91 6.91 8.26 0 0 0 

259/5/1 0.05 383.00 82.36 0.22 6.26 6.26 6.26 8.61 0 0 0 

259/1 0.11 383.00 91.51 0.52 6.50 6.50 6.50 6.19 0 0 0 

280/8/1 0.05 358.00 74.12 0.22 5.90 5.90 5.90 8.78 0 0 0 

280/1 0.11 358.00 82.36 0.52 6.15 6.15 6.15 6.59 0 0 0 

280/57/
1 

0.05 284.00 74.12 0.26 7.09 7.09 7.09 7.55 0 0 0 

49/373 0.09 236.00 91.51 0.63 17.75 17.75 17.75 0.00 0 0 0 

49/250 0.11 387.00 112.97 0.94 15.68 15.68 15.68 15.68 0 0 0 

49/148 0.12 400.00 125.52 0.90 15.14 15.14 15.14 15.14 0 0 0 

49/79 0.12 590.00 139.47 0.82 11.85 11.85 11.85 11.85 0 0 0 
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49/29/2
1 

0.06 803.00 125.52 0.22 7.87 7.87 7.87 9.90 0 0 0 

49/29/1 0.13 803.00 139.47 0.52 7.96 7.96 7.96 9.28 0 0 0 

49/1 0.21 1052.00 154.97 0.75 6.15 5.22 6.15 11.65 0 0 0 

49/63/1
1 

0.06 623.00 139.47 0.28 10.43 10.43 10.43 8.16 0 0 0 

49/110/
1 

0.06 621.00 125.52 0.26 10.67 10.67 10.67 8.74 0 0 0 

49/140/
1 

0.06 487.00 125.52 0.31 12.78 12.78 12.78 7.22 0 0 0 

49/147/
1 

0.06 464.00 125.52 0.32 13.15 13.15 13.15 6.85 0 0 0 

49/166/
1 

0.06 509.00 112.97 0.27 12.61 12.61 12.61 8.21 0 0 0 

49/175/
20 

0.06 421.00 101.67 0.29 14.17 14.17 14.17 7.67 0 0 0 

49/175/
1 

0.11 421.00 112.97 0.59 14.39 14.39 14.39 4.52 0 0 0 

49/195/
7 

0.06 404.00 101.67 0.30 14.44 14.44 14.44 7.39 0 0 0 

49/195/
1 

0.11 404.00 112.97 0.60 14.67 14.67 14.67 4.00 0 0 0 

49/252/
1 

0.06 393.00 101.67 0.31 14.62 14.62 14.62 7.19 0 0 0 

49/195/
18 

0.06 404.00 82.36 0.26 14.70 14.70 14.70 8.69 0 0 0 

49/357/
1 

0.12 250.00 91.51 0.83 17.83 17.83 17.83 17.83 0 0 0 

49/261 0.12 250.00 101.67 1.13 18.30 18.30 18.30 18.30 0 0 0 

49/471/
1 

0.05 235.00 74.12 0.30 17.51 17.51 17.51 6.18 0 0 0 

49/478/
1 

0.05 229.00 74.12 0.31 17.61 17.61 17.61 5.96 0 0 0 

49/470 0.05 229.00 82.36 0.61 18.13 18.13 18.13 18.13 0 0 1 

4 0.26 2877.00 154.97 0.60 0.36 11.82 7.35 22.69 0 0 0 

3 0.37 2877.00 172.18 0.90 0.80 30.37 31.77 28.28 0 0 0 

2 0.48 2877.00 191.31 1.20 1.43 46.05 56.98 33.08 0 0 0 

CB 0.57 2877.00 212.57 1.50 2.24 58.83 81.84 36.97 0 0 0 

Trf 1.04 719.25 59.05 2.83 13.76 
104.3

2 
232.83 65.35 0 1 1 

86/1 0.05 719.00 125.52 0.20 11.15 11.15 11.15 9.49 0 0 0 

111/98 0.05 307.00 112.97 0.35 13.26 13.26 13.26 4.68 0 0 0 

200/1 0.05 390.00 112.97 0.28 8.17 8.17 8.17 6.85 0 0 0 

304/3 0.05 270.00 91.51 0.32 6.13 6.13 6.13 5.53 0 0 0 

314/1 0.05 261.00 91.51 0.33 5.87 5.87 5.87 5.19 0 0 0 

202 0.05 261.00 112.97 0.63 10.80 10.80 10.80 10.80 0 0 0 

61/7/1 0.06 895.00 112.97 0.20 0.04 0.04 0.04 10.60 0 0 0 

61/40/1 0.06 618.00 112.97 0.24 10.41 10.41 10.41 9.23 0 0 0 

61/2 0.13 618.00 125.52 0.54 13.09 13.09 13.09 7.71 0 0 0 

111/29/
1 

0.06 452.00 112.97 0.30 10.94 10.94 10.94 7.44 0 0 0 

111/1 0.11 452.00 125.52 0.60 11.15 11.15 11.15 4.08 0 0 0 

5 0.13 565.00 139.47 0.81 13.98 13.98 13.98 13.98 0 0 0 

146/12/
1 

0.06 519.00 101.67 0.25 8.59 8.59 8.59 8.89 0 0 0 

146/1 0.12 519.00 112.97 0.55 8.77 8.77 8.77 6.96 0 0 0 
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113 0.10 572.00 125.52 0.82 9.82 9.82 9.82 9.82 0 0 0 

356/1 0.01 265.00 91.51 0.07 3.66 3.66 3.66 8.88 0 0 0 

387/1 0.01 236.00 91.51 0.07 2.83 2.83 2.83 8.62 0 0 0 

339 0.01 236.00 101.67 0.37 5.30 5.30 5.30 5.30 0 0 0 
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2. Vertical analysis on the results from the model 
The predicted operating time of each relay was compared to the operating time of the 

downstream and upstream relay. Table G-2 shows the points of interest from the vertical 

analysis and the predicted operating times.
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Table G-2: Vertical analysis on predicted relay operating times after three stages of DG penetration and protection miscoordination groups for the 
protective devices on the MV distribution networks 
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423 0.01 231.00 124.70 0.11 18.45 18.45 18.45 7.36 0 0 0 0.30 0.30 0.30 0.02 0.00 0.00 -0.28 -12.87 -12.87 -12.87 -7.21 

318 0.03 231.00 138.56 0.41 5.58 5.58 5.58 0.15 0 0 0 1.63 1.63 1.63 16.41 0.00 0.00 14.78 3.51 3.51 3.51 2.34 

200 0.09 306.00 157.27 0.57 9.09 9.09 9.09 2.49 0 0 0 1.15 1.15 1.15 4.20 0.00 0.00 3.05 1.37 1.37 1.37 7.97 

101 0.11 479.00 196.10 0.86 10.46 10.46 10.46 10.46 0 0 0 0.59 0.59 0.59 0.59 0.00 0.00 0.00 -4.31 -4.31 -4.31 -4.31 

CB 0.13 909.00 299.20 0.80 6.14 6.14 6.14 6.14 0 0 0 3.08 4.53 4.70 1.56 1.45 0.17 -3.14 12.75 21.67 22.74 3.43 

Trf 0.38 368.50 65.61 1.50 18.90 27.81 28.89 9.57 0 0 0            

219/1 0.05 437.00 141.54 0.31 6.23 6.23 6.23 5.95 0 0 0 1.46 1.46 1.46 0.42 0.00 0.00 -1.04 2.86 2.86 2.86 -3.46 

179/1 0.05 529.00 176.46 0.32 5.90 5.90 5.90 5.69 0 0 0 1.77 1.77 1.77 1.84 0.00 0.00 0.07 4.56 4.56 4.56 4.77 

87/1 0.05 1031.00 269.28 0.26 4.02 4.02 4.02 7.58 0 0 0 1.53 1.53 1.53 0.81 0.00 0.00 -0.72 2.13 2.13 2.13 -1.43 

148 0.01 519.00 125.52 0.05 7.85 7.85 7.85 9.42 0 0 0 1.20 1.20 1.20 0.70 0.00 0.00 -0.50 1.57 1.57 1.57 -2.81 

114 0.07 519.00 139.47 0.35 9.42 9.42 9.42 6.61 0 0 0 1.04 1.04 1.04 0.42 0.00 0.00 -0.63 0.42 0.42 0.42 -3.84 

67 0.10 630.00 154.97 0.60 9.84 9.84 9.84 2.77 0 0 0 0.34 1.01 0.51 3.94 0.66 -0.50 3.43 -6.47 0.06 -4.87 8.13 

1 0.24 1204.00 191.31 0.89 3.36 9.90 4.97 10.90 0 0 0 0.30 3.08 6.43 2.31 2.79 3.35 -4.12 -2.37 20.60 26.98 14.27 

CB 0.37 2710.00 212.57 1.00 0.99 30.50 31.95 25.17 0 0 0 13.76 1.73 2.21 1.26 -12.03 0.48 -0.95 12.69 22.26 38.58 6.55 

Trf 0.54 677.50 59.05 1.50 13.68 52.77 70.53 31.72 0 0 1            

111/1 0.05 555.00 139.47 0.25 8.86 8.86 8.86 7.79 0 0 0 0.58 0.58 0.58 0.16 0.00 0.00 -0.42 0.98 0.98 0.98 -5.02 
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65T/1 0.05 860.00 154.97 0.20 5.82 5.82 5.82 9.37 0 0 0            

65/176 0.05 264.00 91.51 0.33 16.16 16.16 16.16 5.31 0 0 0 0.96 0.96 0.96 2.93 0.00 0.00 1.96 -0.61 -0.61 -0.61 10.23 

65/127 0.12 328.00 112.97 0.81 15.55 15.55 15.55 15.55 0 0 0 1.02 1.02 1.02 1.02 0.00 0.00 0.00 0.27 0.27 0.27 0.27 

65/67 0.15 330.00 125.52 1.10 15.81 15.81 15.81 15.81 0 0 0 0.57 0.82 0.54 0.59 0.25 -0.28 0.06 -6.83 -2.85 -7.31 -6.41 

65/1 0.26 888.00 154.97 1.02 8.98 12.96 8.50 9.40 0 0 0 0.84 0.58 0.89 0.80 -0.26 0.31 -0.08 -1.44 -5.42 -0.96 -1.86 

48 0.17 901.00 172.18 1.31 7.55 7.55 7.55 7.55 0 0 0 0.45 1.31 0.66 1.44 0.87 -0.65 0.79 -4.18 2.35 -2.58 3.35 

65/39/58 0.06 379.00 82.36 0.27 14.43 14.43 14.43 8.33 0 0 0 1.02 1.02 1.02 0.70 0.00 0.00 -0.32 0.24 0.24 0.24 -2.53 

65/39/56 0.12 379.00 91.51 0.57 14.67 14.67 14.67 5.79 0 0 0 0.59 0.59 0.59 0.12 0.00 0.00 -0.47 0.01 0.01 0.01 -2.88 

65/39/54 0.17 393.00 101.67 0.86 14.69 14.69 14.69 2.91 0 0 0 1.01 0.32 1.01 5.10 -0.69 0.69 4.09 0.18 -9.93 0.18 11.96 

65/39/2 0.21 398.00 112.97 1.15 14.87 4.76 14.87 14.87 0 0 0 -0.79 -2.69 -0.56 -0.32 -1.90 2.13 0.24 -3.15 8.03 -6.61 -10.13 

65/39/1 0.26 582.00 125.52 1.18 11.72 12.79 8.26 4.74 0 0 0 1.28 0.02 1.82 3.18 -1.26 1.80 1.35 3.33 -12.50 6.79 10.31 

65/2 0.19 587.00 139.47 1.47 15.05 0.29 15.05 15.05 0 0 0 0.17 0.11 0.18 0.76 -0.05 0.06 0.58 -7.49 -11.47 -7.01 -2.26 

65/64/3 0.06 473.00 125.52 0.31 12.34 12.34 12.34 7.00 0 0 0            

65/164/1 0.06 277.00 91.51 0.38 16.02 16.02 16.02 4.98 0 0 0            

65/128 0.09 277.00 101.67 0.68 16.39 16.39 16.39 16.39 0 0 0            

65/138/36 0.08 266.00 82.36 0.47 16.48 16.48 16.48 4.32 0 0 0            

65/138/1 0.06 266.00 91.51 0.77 17.07 17.07 17.07 17.07 0 0 0            

65/39/39/1 0.08 435.00 101.67 0.38 13.40 13.40 13.40 7.29 0 0 0 0.87 0.95 0.62 0.65 0.08 -0.34 0.03 -1.68 -0.61 -5.14 -2.55 

65/39/53/1 0.08 398.00 91.51 0.38 14.13 14.13 14.13 7.43 0 0 0 0.83 0.91 0.58 0.64 0.08 -0.32 0.05 -2.40 -1.34 -5.87 -2.69 

297 0.07 388.00 82.36 0.31 4.72 4.72 4.72 8.25 0 0 0 1.18 1.18 1.18 0.71 0.00 0.00 -0.47 0.84 0.84 0.84 -2.39 

277 0.16 413.00 91.51 0.75 5.56 5.56 5.56 5.86 0 0 0 1.89 1.89 1.89 1.79 0.00 0.00 -0.10 4.97 4.97 4.97 4.66 

174 0.12 413.00 101.67 1.05 10.52 10.52 10.52 10.52 0 0 0 0.81 0.81 0.81 0.43 0.00 0.00 -0.37 -2.04 -2.04 -2.04 -5.95 

123 0.15 622.00 112.97 0.74 8.48 8.48 8.48 4.57 0 0 0 0.88 0.88 0.88 1.63 0.00 0.00 0.75 -1.03 -1.03 -1.03 2.88 

75 0.13 829.00 125.52 0.82 7.45 7.45 7.45 7.45 0 0 0 0.20 0.20 0.20 0.96 0.00 0.00 0.76 -5.96 -5.96 -5.96 -0.31 

65 0.16 1208.00 139.47 0.68 1.49 1.49 1.49 7.14 0 0 0 0.01 0.25 0.13 0.36 0.23 -0.11 0.23 -0.89 8.96 4.14 8.14 

50 0.24 1335.00 154.97 0.77 0.60 10.45 5.63 15.28 0 0 0 12.60 0.72 1.34 0.49 -11.88 0.62 -0.85 6.95 -2.90 1.91 -7.73 

2 0.18 1833.00 172.18 0.97 0.95 1.13 0.95 0.94 0 0 0 0.53 17.33 17.95 26.87 16.80 0.62 8.92 -0.44 18.46 16.03 24.31 

1 0.30 3510.00 191.31 0.71 0.50 19.59 16.97 25.25 0 0 0 0.02 0.83 0.94 0.68 0.81 0.11 -0.26 0.52 17.69 25.30 5.49 

CB 0.42 3510.00 212.57 1.01 1.02 37.28 42.27 30.74 0 0 0 0.26 1.85 3.24 1.11 1.58 1.39 -2.13 11.17 47.68 106.80 20.18 

Trf 0.80 787.50 59.05 2.10 12.19 84.96 149.06 50.92 0 1 1     1.00 1.00      
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2/2 0.05 3510.00 154.97 0.11 0.01 0.01 0.01 12.32 0 0 0 80.01 95.64 80.01 0.08 15.63 -15.63 -79.93 0.93 1.12 0.93 -11.38 

74/21 0.05 490.00 101.67 0.22 11.98 11.98 11.98 8.78 0 0 0 1.24 1.24 1.24 0.09 0.00 0.00 -1.15 2.88 2.88 2.88 -8.01 

74/27 0.11 337.00 112.96 0.70 14.86 14.86 14.86 0.77 0 0 0 1.30 1.30 1.30 24.95 0.00 0.00 23.65 4.42 4.42 4.42 18.50 

74/9 0.14 292.00 125.52 1.17 19.28 19.28 19.28 19.28 0 0 0 0.15 0.15 0.15 0.15 0.00 0.00 0.00 -11.83 -11.83 -11.83 -11.83 

107/1 0.05 764.00 112.97 0.18 6.23 6.23 6.23 10.05 0 0 0            

140/6 0.05 393.00 91.51 0.24 10.92 10.92 10.92 8.21 0 0 0 1.02 1.02 1.02 0.65 0.00 0.00 -0.37 0.23 0.23 0.23 -2.87 

140/1 0.11 393.00 101.67 0.54 11.15 11.15 11.15 5.34 0 0 0 0.16 0.16 0.16 0.08 0.00 0.00 -0.07 -2.67 -2.67 -2.67 -0.77 

197/1 0.05 511.00 91.51 0.20 6.71 6.71 6.71 9.39 0 0 0            

198/1 0.05 507.00 91.51 0.20 6.73 6.73 6.73 9.36 0 0 0            

220/6/1 0.05 370.00 82.36 0.23 8.09 8.09 8.09 8.44 0 0 0 0.15 0.15 0.15 0.10 0.00 0.00 -0.04 0.24 0.24 0.24 -2.61 

220/1 0.11 370.00 91.51 0.53 8.33 8.33 8.33 5.83 0 0 0 0.18 0.18 0.18 0.18 0.00 0.00 0.00 2.19 2.19 2.19 4.69 

235/1 0.05 397.00 91.51 0.24 6.91 6.91 6.91 8.26 0 0 0            

259/5/1 0.05 383.00 82.36 0.22 6.26 6.26 6.26 8.61 0 0 0 1.04 1.04 1.04 0.72 0.00 0.00 -0.32 0.24 0.24 0.24 -2.41 

259/1 0.11 383.00 91.51 0.52 6.50 6.50 6.50 6.19 0 0 0 0.17 0.17 0.17 0.17 0.00 0.00 0.00 4.02 4.02 4.02 4.33 

280/8/1 0.05 358.00 74.12 0.22 5.90 5.90 5.90 8.78 0 0 0 0.10 0.10 0.10 0.11 0.00 0.00 0.01 0.24 0.24 0.24 -2.19 

280/1 0.11 358.00 82.36 0.52 6.15 6.15 6.15 6.59 0 0 0 1.60 1.60 1.60 1.49 0.00 0.00 -0.11 3.68 3.68 3.68 3.24 

280/57/1 0.05 284.00 74.12 0.26 7.09 7.09 7.09 7.55 0 0 0            

49/373 0.09 236.00 91.51 0.63 17.75 17.75 17.75 0.00 0 0 0 0.24 0.24 0.24 0.24 0.00 0.00 0.00 -2.07 -2.07 -2.07 15.67 

49/250 0.11 387.00 112.97 0.94 15.68 15.68 15.68 15.68 0 0 0 0.23 0.23 0.23 0.23 0.00 0.00 0.00 -0.54 -0.54 -0.54 -0.54 

49/148 0.12 400.00 125.52 0.90 15.14 15.14 15.14 15.14 0 0 0 0.18 0.18 0.18 0.18 0.00 0.00 0.00 -3.29 -3.29 -3.29 -3.29 

49/79 0.12 590.00 139.47 0.82 11.85 11.85 11.85 11.85 0 0 0 1.28 1.51 1.28 0.85 0.23 -0.23 -0.43 1.72 2.65 1.72 -1.74 

49/29/21 0.06 803.00 125.52 0.22 7.87 7.87 7.87 9.90 0 0 0 0.12 0.12 0.12 0.13 0.00 0.00 0.02 0.08 0.08 0.08 -0.62 

49/29/1 0.13 803.00 139.47 0.52 7.96 7.96 7.96 9.28 0 0 0 0.09 0.07 0.09 0.17 -0.01 0.01 0.08 -1.80 -2.74 -1.80 2.36 

49/1 0.21 1052.00 154.97 0.75 6.15 5.22 6.15 11.65 0 0 0 0.01 0.02 0.01 0.01 0.00 0.00 0.00 -5.21 -4.09 -5.21 -10.71 

49/63/11 0.06 623.00 139.47 0.28 10.43 10.43 10.43 8.16 0 0 0            

49/110/1 0.06 621.00 125.52 0.26 10.67 10.67 10.67 8.74 0 0 0            

49/140/1 0.06 487.00 125.52 0.31 12.78 12.78 12.78 7.22 0 0 0            

49/147/1 0.06 464.00 125.52 0.32 13.15 13.15 13.15 6.85 0 0 0            

49/166/1 0.06 509.00 112.97 0.27 12.61 12.61 12.61 8.21 0 0 0            

49/175/20 0.06 421.00 101.67 0.29 14.17 14.17 14.17 7.67 0 0 0            
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49/175/1 0.11 421.00 112.97 0.59 14.39 14.39 14.39 4.52 0 0 0            

49/195/7 0.06 404.00 101.67 0.30 14.44 14.44 14.44 7.39 0 0 0            

49/195/1 0.11 404.00 112.97 0.60 14.67 14.67 14.67 4.00 0 0 0            

49/252/1 0.06 393.00 101.67 0.31 14.62 14.62 14.62 7.19 0 0 0            

49/195/18 0.06 404.00 82.36 0.26 14.70 14.70 14.70 8.69 0 0 0            

49/357/1 0.12 250.00 91.51 0.83 17.83 17.83 17.83 17.83 0 0 0            

49/261 0.12 250.00 101.67 1.13 18.30 18.30 18.30 18.30 0 0 0 0.86 0.86 0.86 0.86 0.00 0.00 0.00 -2.62 -2.62 -2.62 -2.62 

49/471/1 0.05 235.00 74.12 0.30 17.51 17.51 17.51 6.18 0 0 0 1.04 1.04 1.04 2.93 0.00 0.00 1.90 0.62 0.62 0.62 11.95 

49/478/1 0.05 229.00 74.12 0.31 17.61 17.61 17.61 5.96 0 0 0 0.21 0.21 0.21 0.21 0.00 0.00 0.00 0.52 0.52 0.52 12.17 

49/470 0.05 229.00 82.36 0.61 18.13 18.13 18.13 18.13 0 0 1 0.98 0.98 0.98 0.00 0.00 0.00 -0.98 -0.38 -0.38 -0.38 -18.12 

4 0.26 2877.00 154.97 0.60 0.36 11.82 7.35 22.69 0 0 0 0.01 0.35 0.36 0.32 0.34 0.02 -0.04 0.45 18.55 24.41 5.59 

3 0.37 2877.00 172.18 0.90 0.80 30.37 31.77 28.28 0 0 0 1.78 1.52 1.79 1.17 -0.26 0.28 -0.62 0.63 15.68 25.21 4.80 

2 0.48 2877.00 191.31 1.20 1.43 46.05 56.98 33.08 0 0 0 1.56 1.28 1.44 1.12 -0.29 0.16 -0.32 0.81 12.78 24.86 3.90 

CB 0.57 2877.00 212.57 1.50 2.24 58.83 81.84 36.97 0 0 0 0.15 1.15 2.56 0.72 1.00 1.41 -1.84 11.52 45.49 150.99 28.38 

Trf 1.04 719.25 59.05 2.83 13.76 104.32 232.83 65.35 0 1 1     1.00 1.00      

86/1 0.05 719.00 125.52 0.20 11.15 11.15 11.15 9.49 0 0 0 0.88 0.88 0.88 1.03 0.00 0.00 0.15 -1.33 -1.33 -1.33 0.33 

111/98 0.05 307.00 112.97 0.35 13.26 13.26 13.26 4.68 0 0 0 0.12 0.12 0.12 0.04 0.00 0.00 -0.08 -2.11 -2.11 -2.11 -0.59 

200/1 0.05 390.00 112.97 0.28 8.17 8.17 8.17 6.85 0 0 0 0.11 0.11 0.11 0.11 0.00 0.00 0.00 2.63 2.63 2.63 3.95 

304/3 0.05 270.00 91.51 0.32 6.13 6.13 6.13 5.53 0 0 0            

314/1 0.05 261.00 91.51 0.33 5.87 5.87 5.87 5.19 0 0 0            

202 0.05 261.00 112.97 0.63 10.80 10.80 10.80 10.80 0 0 0 0.91 0.91 0.91 0.91 0.00 0.00 0.00 -0.98 -0.98 -0.98 -0.98 

61/7/1 0.06 895.00 112.97 0.20 0.04 0.04 0.04 10.60 0 0 0 331.27 331.27 331.27 0.73 0.00 0.00 -330.54 13.05 13.05 13.05 -2.89 

61/40/1 0.06 618.00 112.97 0.24 10.41 10.41 10.41 9.23 0 0 0 1.26 1.26 1.26 0.83 0.00 0.00 -0.42 2.67 2.67 2.67 -1.53 

61/2 0.13 618.00 125.52 0.54 13.09 13.09 13.09 7.71 0 0 0 0.14 0.14 0.14 0.14 0.00 0.00 0.00 0.89 0.89 0.89 6.27 

111/29/1 0.06 452.00 112.97 0.30 10.94 10.94 10.94 7.44 0 0 0 0.11 0.11 0.11 0.04 0.00 0.00 -0.07 0.21 0.21 0.21 -3.35 

111/1 0.11 452.00 125.52 0.60 11.15 11.15 11.15 4.08 0 0 0 0.10 0.10 0.10 0.10 0.00 0.00 0.00 -1.33 -1.33 -1.33 5.74 

5 0.13 565.00 139.47 0.81 13.98 13.98 13.98 13.98 0 0 0 0.03 0.85 0.53 1.62 0.82 -0.32 1.10 -13.62 -2.16 -6.63 8.71 

146/12/1 0.06 519.00 101.67 0.25 8.59 8.59 8.59 8.89 0 0 0 1.02 1.02 1.02 0.78 0.00 0.00 -0.24 0.18 0.18 0.18 -1.93 

146/1 0.12 519.00 112.97 0.55 8.77 8.77 8.77 6.96 0 0 0 1.12 1.12 1.12 1.41 0.00 0.00 0.29 1.05 1.05 1.05 2.86 

113 0.10 572.00 125.52 0.82 9.82 9.82 9.82 9.82 0 0 0 1.42 1.42 1.42 1.42 0.00 0.00 0.00 4.15 4.15 4.15 4.15 
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356/1 0.01 265.00 91.51 0.07 3.66 3.66 3.66 8.88 0 0 0 1.45 1.45 1.45 0.60 0.00 0.00 -0.85 1.64 1.64 1.64 -3.58 

387/1 0.01 236.00 91.51 0.07 2.83 2.83 2.83 8.62 0 0 0 1.87 1.87 1.87 0.62 0.00 0.00 -1.26 2.47 2.47 2.47 -3.32 

339 0.01 236.00 101.67 0.37 5.30 5.30 5.30 5.30 0 0 0 2.04 2.04 2.04 2.04 0.00 0.00 0.00 5.50 5.50 5.50 5.50 

 

 


	Declaration
	Acknowledgements
	Abstract
	Contents
	Figures
	Tables
	Acronyms
	1. Introduction
	1.1. Background of the problem
	1.2. Purpose of the study
	1.2.1. Objectives of this study
	1.2.2. Hypothesis
	1.2.3. Research questions

	1.3. Scope and limitations
	1.4. Dissertation outline

	2. Literature review
	2.1. Introduction
	2.2. Current LV and MV network protection philosophies
	2.2.1. Fuse-fuse coordination
	2.2.2. Auto-recloser fuse coordination
	2.2.3. Recloser-recloser coordination
	2.2.4. Overcurrent relay coordination
	2.2.5. Overcurrent relay recloser-fuse coordination

	2.3. Impact of distributed generation on current protection philosophies
	2.3.1. Loss of coordination
	2.3.2. Loss of grading
	2.3.3. De-sensitisation

	2.4. Future/proposed LV and MV network protection philosophies
	2.5. Network planning for DG
	2.6. Tools/algorithms used to establish DG hosting capacity on distribution networks
	2.7. Applications of machine learning in power systems
	2.8. Research approach

	3. Methodology, MV distribution network case files and PV data
	3.1. Method
	3.2. MV distribution network case files and PV data

	4. MV protection philosophy and the distribution network model
	4.1. Reduced distribution network diagram
	4.2. Relay/auto-recloser operating times
	4.3. Pick-up current setting selection philosophy
	4.4. Application of Eskom’s MV protection philosophy
	4.5. Distribution network model
	4.5.1. Reduced distribution network diagrams
	4.5.2. Operating times and TMS values for the relays/reclosers on network A, B and C

	4.6. Network model used in the detailed analysis of the impact of DG on the power protection system (training data)

	5. Recommendation systems
	5.1. Most common PV sizes
	5.2. Time of day when PV generation is at maximum
	5.3. The place with the highest PV systems
	5.4. Time of day where maximum generation and minimum loading occurs
	5.5. Other times in a day with a correlation to the maximum PV generation and minimum loading points
	5.6. Most common PV sizes per postal code
	5.7. PV size yearly growth rate
	5.8. The growth rate of PV installation by area
	5.9. Chapter discussion

	6. Model training: value estimation and classification systems
	6.1. Model classes and success criteria
	6.2. Linear regression as a relay operating time predictor
	6.2.1. All features as inputs
	6.2.2. Fitting (polynomials as added inputs)
	6.2.3. Eliminating features
	6.2.4. Fitting and eliminating features

	6.3. Linear and polynomial regression debugging: learning curves
	6.3.1. All features as inputs
	6.3.2. Fitting (polynomials as added inputs)
	6.3.3. Eliminating features
	6.3.4. Fitting and eliminating features

	6.4. Logistic regression as a protection miscoordination classifier
	6.4.1. Loss of coordination
	6.4.2. Loss of grading
	6.4.3. De-sensitization

	6.5. Chapter Discussion

	7. Model application: results and analysis
	8. Conclusions
	8.1. Summary of answers to the research questions
	8.1.1. What is the impact of DG on feeders protected by Eskom’s MV protection philosophy?
	8.1.2. What are the factors that affect DG planning and connection approvals?
	8.1.3. What are the tools/concepts used to establish a network’s DG hosting capacity?
	8.1.4. What combination of protection features determine which protection coordination problem?
	8.1.5. What are the protection-based DG penetration limits for MV networks protected by Eskom’s MV protection philosophy?
	8.1.6. Where, when, and how much PV is/will be connected.

	8.2. Model Performance
	8.3. The validity of the hypothesis

	9. Recommendations
	9.1. Medium voltage opportunity network guide
	9.2. Protection-based DG penetration limits
	9.3. Improve model accuracy
	9.4. Model modification

	References
	A. Appendix A - Publications
	B. Appendix B – Machine Learning
	1. Machine learning
	1.1. Machine learning categories
	a) Linear regression
	i) Feature scaling and mean normalization

	b) Logistic regression

	1.2. Machine learning techniques
	a) Regularization
	b) Classifier performance
	c) Fitting
	i. Improving the Learning: learning curves

	d) Recommended approach



	C. Appendix C – Case files data points
	1. MV distribution network case files
	1.1. Network load data
	1.2. Network A
	1.3. Network B
	1.4. Network C

	2. PV DG Data
	3. Region and postal code range

	D. Appendix D– MV protection philosophy calculation tools
	E. Appendix E – Training data
	1. Training data
	i. Protection Coordination and Relay Selection before the integration of DG [22] [37]
	ii. Assessment of different fault cases at various locations [37]
	Case 1- Parallel Distribution fault location
	Case 2- Radial distribution fault location
	Case 3- Ring distribution fault location

	iii. Case Study: Protection system after the integration of DG (PV) and Induction Machines
	Case 1- Parallel Distribution fault location
	Case 2- Radial distribution fault location
	Case 3- Ring distribution fault location

	iv. Protection issues and triggers [37]


	F. Appendix F – Machine learning models
	1. Linear regression as a relay operating time predictor
	i. All features as inputs
	ii. Fitting (adding polynomials)
	iii. Eliminating features
	iv. Fitting and eliminating of features

	2. Linear regression debugging: learning curves
	i. All features as inputs
	1. Relay operating time prediction- before DG penetration
	2. Relay operating time prediction after 35% of DG penetration
	3. Relay operating time prediction after 65% DG penetration
	4. Relay operating time prediction after 75% DG penetration

	ii. Fitting (adding polynomials)
	1. Relay operating time prediction before DG penetration
	2. Relay operating time prediction after 35% of DG penetration
	3. Relay operating time prediction after 65% of DG penetration
	4. Relay operating time prediction after 75% of DG penetration

	iii. Eliminating of features
	1. Relay operating time prediction before DG penetration
	2. Relay operating time prediction after 35% of DG penetration
	3. Relay operating time prediction after 65% of DG penetration
	4. Relay operating time prediction after 75% of DG penetration

	iv. Fitting and eliminating features
	1. Relay operating time prediction before DG penetration
	2. Relay operating time prediction after 35% of DG penetration
	3. Relay operating time prediction after 65% of DG penetration
	4. Relay operating time prediction after 75% of DG penetration


	3. Logistic regression as a protection miscoordination classifier
	i. Loss of coordination
	1. All features as inputs
	2. Elimination features
	3. Fitting (adding polynomials)
	4. Fitting and eliminating features

	ii. Loss of grading
	1. All features as inputs
	2. Eliminating features
	3. Fitting (adding polynomials)
	4. Fitting and eliminating features

	iii. De-sensitization
	1. All features as inputs
	2. Eliminating features
	3. Fitting (adding polynomials)
	4. Fitting and eliminating features



	G. Appendix G – Model application
	1. Model application output data
	2. Vertical analysis on the results from the model




