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Abstract 

 
The integration of distributed generation into distribution networks is growing as most of the distributed 

generators have a sustainable power supply and can be used to improve the voltage profile. However, the 

type of a distributed generator and location in the distribution network can determine how a voltage profile 

behaves in a distribution feeder. They also contribute fault current in a new or same direction as the fault 

current from the utility. With this change in the fault current, the existing protection scheme may mal-

operate since the protection scheme was designed for fault current from the utility generator. One of the 

protection devices that can mal-operate is the auto-recloser. This is a device used for the self-remediation 

of the distribution network when there is a temporary fault. 

 

The IEEE and IEC standard for the international use of auto-reclosers in voltages between 1000 V and 38 

kV states that the minimum tripping current shall be stated by the manufacturer with a tolerance not 

exceeding +/- 10% or 3 A, and the preferred operating sequence for auto-reclosers shall be; open - time 

delay of 0.5 seconds - close and open-second time delay 2 seconds - close and open - third-time delay of 5 

seconds - close and open then lock out. However, these parameters can be violated when distributed 

generators are introduced into the distribution network. The change in the fault current may vary the 

operating time of the auto-recloser and it may not operate in this manner. The inverse time-current 

characteristics of the auto-recloser relay cause this. However, the operating time problem can be optimized.  

 

The inverse time-current characteristic of the auto-recloser relay can be used to formulate the auto-recloser 

operating time problem. The settings can be optimized to reduce the time and mitigate mal-operations such 

as protection blinding, fuse and auto-recloser losing coordination, and sympathetic tripping. To optimize 

the settings, optimization algorithms can be applied. 

 

In this research, the development of a single-shot auto-recloser is conducted. The IEEE 13-node and 34-

node radial distribution feeders are used as a passive distribution network. The Wind Turbine and Solar 

Photovoltaic systems are distributed generators. MATLAB/Simulink is used for simulations, and the results 

obtained show that the integration of the distributed generators into a passive distribution network causes 

mal-operations in the auto-recloser when there is a fault. The factors that contribute to these mal-operations 

is the fault location, fault type, distributed generator type, distributed generator penetration and location. 

However, the auto-recloser shows improvement when the settings are optimized in these conditions.    
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Chapter 1 – Introduction 

 
1.1. Background  

Radial distribution networks can be defined as networks with one main generator supplying the distributers 

at just a single end [1]. An electric utility generates power from the generation system at the center of 

consumers and supplies this power downstream to substations. In substations, the voltage is stepped down 

by transformers to distribution voltage levels and supplied to radial distribution networks. The AC voltage 

system is generally used in the radial distribution network for the voltage supply [2]. 

The distribution network consists of a main feeder, lateral feeder and a service main. The main feeder is 

designed using its current carrying capacity and the lateral feeder is designed based on the voltage drops 

along the main feeder. The point where the lateral feeder or main feeder is connected is called a node. The 

node at the substation is called a reference node, this is a node for sending power from the substation. The 

point of connection between the main feeder and the lateral feeder is called a load node. This is a receiving 

node. A typical radial distribution voltage in the main and lateral feeders is between 1kV - 38kV [3]. The 

voltage at the node must be limited to +/- 6% variation to the voltage of the consumer [2].  

The main or lateral feeder has an impedance in ohms/m. The impedance of the feeder is made up of its 

resistance R, inductive reactance XL and capacitive reactance XC between two feeders. The section of the 

feeder between two nodes is called a branch. A branch has a R/X ratio; this determines the voltage drop in 

a feeder. Distribution feeders have a high R/X ratio and therefore have high voltage drops. Because of the 

high voltage drops, strategies are employed in the distribution network to support the voltage. These 

strategies are changing the tap position of the transformer, active power sharing and injection of reactive 

power [4].   

A block diagram in Fig. 1-1 depicts how the distribution network can be constructed and the nature of the 

current. The simplest, less expensive and commonly used scheme of connection is the radial distribution 

network.  
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Fig. 1-1 Characteristics of a distribution network [9] 

Radial distribution networks can have these feeders broken or clashing, failure in their insulation or lighting 

strikes. These are commonly called faults in the distribution network. These faults disrupt power 

distribution to consumers and decrease the reliability of the distribution network. Faults can be classed into 

three types depending on the duration. They can be permanent, semi-permanent, or temporary (i.e. 

transient). A permanent fault is a fault that does not self-clear and requires an operator to clear it, a semi-

permanent fault is a fault that persists for certain period of time but eventually self-clears and a temporary 

fault is a fault that self-clears in a short period time.  Many research studies have concluded that about 85% 

of these faults are temporary, and this has led power utilities to implement automatic reclosing in radial 

distribution networks. Automatic reclosing is for automating the reclosure of a circuit breaker [5]. This is 

to avoid long power interruptions in the power supply when there are temporary faults. This also enhances 

the reliability of the distribution network [6]. Underground feeder faults are considered as permanent faults 

and automatic reclosing is usually not applied for these feeders [7]. The name of the device that has the 

capability of automatically reclosing a circuit breaker in the main or lateral feeder is called an auto-recloser. 

This device is a circuit breaker that is equipped with an overcurrent relay and a reclosing control circuit, it 

can also receive signals from an overcurrent relay in the distribution network to perform its operation. It 

performs the operation of tripping the circuit breaker after an operating time and reclosing after a dead-

time. The auto-recloser is often placed near a distribution substation [8-9]. 

The auto-recloser has to maintain its optimal operation for a continued reliable operation of the distribution 
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network [10]. The following five aspects are the requirements for an optimal operation of the auto-recloser.       

 Selectivity requirement 

Only the faulted segment of the feeder in the distribution network should be isolated. 

 Security requirement 

The auto-recloser must avoid unnecessary disconnection of lines due to increased currents on 

healthy lines.   

 Redundancy requirement 

The auto-recloser should act as primary protection and backup protection.  

 Sensitivity requirement 

The auto-recloser should be adjusted such that there is high redundancy without compromising 

selectivity. 

 Dependability requirement 

The auto-recloser must achieve its objective in changing network topology, network conditions, 

and fault conditions. 

Radial distribution networks were traditionally passive with the specifications of the plant gears, and control 

gears including auto-reclosers being based on the assumption of a grid supply. This made protection settings 

easy to implement and optimal, but passive distribution networks can exhibit problems such as 

unstandardized voltage drops and inadequate power supply which may require building or integrating new 

generators [11]. Power utilities are integrating DGs into the distribution network for improving the voltage 

profile, deregulate the grid, and provide ancillary service to the utility. Other advantages of deploying this 

generation is that it has an environmentally-friendly generation which is sustainable [12-13].  

DGs can be defined as small electric generators which normally use renewable energy resources to generate 

power. These newly deployed voltage sources in the distribution network can vary between a few kilowatts 

to several megawatts of power, and connected close to the load. They can be synchronous machines, 

asynchronous machines or fuel cells. Their power ratings normally range from 1kW to 50kW [14]. They 

can be operated in island mode (i.e. standing alone, apart from the utility grid) or grid-connected mode, and 

hybridized with energy storage systems to ensure a reliable, and stable power supply to the local loads. 

The integration of DGs into a passive distribution network makes the distribution network decentralized 
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and changes the passive distribution network into an active distribution network. However, this additional 

generation of power affects the load flow and voltage stability [15].  

On the integration of this generator, the utility generator and the DG voltages have to be synchronous [10]. 

This is advantageous in that there is a provision of voltage support [16]. There is a maximum allowable DG 

capacity for different distribution network configurations. There are three constraints in the distribution 

network when the capacity of a DG is increased, these are a continual operation of conventional protection 

coordination, decrease in line losses and preservation of distribution network voltage within limits [17].  

There is a growing demand in the integration of the DG and there is more renewable generation integrated 

in the distribution network. Therefore, the penetration of DGs into the grid determines the amount of fault 

current contribution to the fault current that will flow through the auto-recloser. This change in the fault 

current can affect the normal operation of the auto-recloser using pre-programmed settings (i.e. 

conventional settings) [18]. The location, type and penetration of the DGs in the distribution network play 

a vital role in the operation of the auto-recloser because of this fault current contribution [19].   

In the case of a fault occuring in active distribution networks, the prevailing practice was to isolate the DGs 

during that fault. However, the substantial increase in the penetration of DGs has led to a standard requiring 

them to remain grid-connected during a fault. This is because during the interruption there is a significant 

reduction of power which is unsuitable for the utility. The DGs can be enabled to have a fault ride-through 

or low voltage ride-through and remain grid-connected, this provides a continuous supply of voltage. The 

integration of DGs in distribution feeders changes the topology of the radial distribution network, this 

introduces another fault current source and direction in the distribution network. This can result in the 

variation of the fault current level that the auto-recloser is detecting. The auto-recloser can have a varied 

operating time because of the non-linear current dependent time characteristic. This leads to faster or 

delayed tripping signals of the auto-recloser [20].  

In these cases, the auto-recloser is not operating according to the conventional settings and this is a mal-

operation of the auto-recloser. The cause of auto-recloser mal-operation can be due to the number, capacity, 

type and location of the DGs. The location of the fault, type of a fault and network impedance also 

influences the auto-recloser to mal-operate. The three types of common mal-operations in the auto-recloser 

are [21-22]:   

 Blinding of auto-recloser protection.  

 Sympathetic tripping of the auto-recloser.   
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 Auto-recloser loosing coordination with other protection devices.  

The blinding of auto-recloser protection occurs when there is a decrease in the fault current detected by the 

auto-recloser and makes the operating time infinite [23]. When a DG is integrated into the distribution 

network, its contribution to the fault might decrease the fault current level, and this level is less than the 

pick-up current of the auto-recloser. The auto-recloser does not detect the fault current and does not operate 

to isolate the fault [18-19].  

The sympathetic tripping of the auto-recloser occurs when the current in a healthy feeder increases and 

surpasses the auto-recloser’s pick-up setting, the auto-recloser operates although there is no fault on the 

feeder. This can be due to the contribution of the DG to a fault if it is integrated in a healthy feeder, transient 

current increases or inrush currents [17, 24].   

The auto-recloser can also loose coordination with other protection devices when there is detection of a 

higher current by the protection device than the auto-recloser. The current is outside the minimum and 

maximum bounds for the coordination to remain valid. The time delay becomes less than the fast mode of 

operation in the auto-recloser. The integration of a DG alters the fault current level detected by the auto- 

recloser and this depends on the location of the fault relative to the DG [24-25].  

The reliability of the auto-recloser is dependent upon the mitigation or reduction of these mal-operations.  

The mitigation or reduction has been addressed in literature through the use of a directional protection 

method. This method addresses the reverse current of the DG, but this applies mostly to relays. Another 

method is to disconnect DGs before the auto-recloser operates, this should enable the auto-recloser to 

operate in pre-existing voltage and fault conditions. Another method is to determine the best DG location, 

and separating the distribution network into protection zones that are controlled by computer-based 

substation relays [7]. However, this method is complex and imposes a lot of expense [21].  Another method 

is to use a superconducting fault current limiter to reduce the current flowing into the auto-recloser. The 

superconducting fault current limiter is connected in series with the DG. The disadvantage with the 

superconducting fault current limiter is the lack of methodology in determining its optimum impedance and 

the high cost associated with it [26].  Using an adaptive protection scheme that updates settings on the auto-

recloser based on the prevailing conditions of the distribution network, and the fault type has also been 

presented [20]. The auto-recloser adapts to the change of passive conditions to active conditions [12]. This 

method is normally applicable for networks with increasing penetration of distributed generation. This 

method also requires communication enabled remotely auto-reclosers and circuit breakers [8]. Adaptive 

protection schemes may require optimization algorithms in selecting optimal settings. Using 

microprocessor-based auto-reclosers instead of hydraulically controlled auto-reclosers which provide the 
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selection of optimal settings may mitigate or reduce the mal-operations. This also reduces complexity of 

selecting settings that adapt to network conditions. Metaheuristic optimization algorithms are commonly 

used in optimizing the settings provided by protection devices [27]. The selection of settings through these 

algorithms can enhance the performance of the auto-recloser when the distribution network has a grid-

connected DG. These algorithms are population based and provide a method of obtaining optimal solutions 

through iterative steps. They can select the best solution to solve an optimization problem. They involve 

the formulation of linear and non-linear optimization problems. The DE algorithm has been ranked as one 

of the best algorithms for solving optimization problems. The advantage of using this algorithm is that it 

performs a stochastic search through the feasible region of solutions, is capable of handling non-linear and 

non-differentiable functions, and easily escapes from a local optimum [19]. 

 

1.2. Purpose of research 

The DG provides a voltage support to the distribution network and reduces the voltage drops. The DGs’ grid-

connected mode during fault conditions is beneficial to the utility and consumer because the loads that are 

unaffected have a voltage supply [29]. However, these generators tend to be intermittent, and the voltage 

does not remain in a steady state. These generators are normally installed with an energy storage system and 

a hybrid solution may be inadequate as the energy storage system needs to be charged. A quick reconnection 

of the utility generator may be necessary. Since the settings of the auto-recloser program the auto-recloser to 

make a selection between temporary and permanent faults, the fault current magnitude is also a factor in the 

calculation of the operating time, if there is a delay in operation and the faults seems permanent, other 

electrical equipment such as fuses may be impacted during the temporary fault. Therefore, to have an 

appropriate discrimination, quick isolation and quick restoration of service, appropriate settings need to be 

programmed when there is grid-connection and low voltage ride-through of the DG. Since the distribution 

network has also been reconfigured to include the additional generation, and this varies the magnitude and 

direction of the fault current [30], fault currents not isolated may stress electrical equipment not designed to 

handle this magnitude of the fault currents.   

Therefore, the research focuses on the selection of feasible optimal settings in the auto-recloser when DGs 

are integrated. This is to optimize the protection of the auto-recloser for a temporary fault and change in 

voltage conditions. The proposed optimization algorithm is the DE algorithm. The research seeks to answer 

the following questions: 

 

1. What is the cause of mal-operations in the auto-recloser when DG is integrated? What is the level 

of performance in these new voltage and fault conditions?  
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2. What are the optimal settings that will optimize this performance and reduce these mal-operations 

within the provided feasible settings?   

3. How effective are the selected settings during the DG’s low-voltage ride through? 

4. What impact does the type and location of the DG on the performance of the auto-recloser? 

5. Which DE scheme provides the most optimal settings for the protection of the auto-recloser in a DG 

integrated network?  

1.3. Objectives of research 

This research aims to reduce auto-recloser mal-operations when a DG is integrated and explores the 

feasibility of using the DE algorithm to quickly search and select optimal settings in the auto-recloser. These 

settings are to minimize the operating time of the auto-recloser when a DG has a low voltage ride-through 

during a temporary fault. The following aspects are covered:  

1. Modelling of the auto-recloser for investigation and analysis.   

2. Application and evaluation of the auto-recloser performance in a passive distribution network.  

3. Application and evaluation of the auto-recloser performance in an active distribution network.  

4. Comparison of the auto-recloser performance in a passive and an active distribution network.   

5. Formulation of the mal-operations and optimization of the auto-recloser settings.  

6. Analysis of the performance of the auto-recloser between conventional and optimal settings.  

7. Investigation of the effect of the optimal settings on the auto-recloser in an active distribution 

network.   

8. Integrating two types of DGs in a passive distribution network. 

9. Modifying the DE algorithm to optimize the protection of the auto-recloser. 

10. Testing the auto-recloser in different case studies that include changing the DG location and type. 

The case studies also test changing the fault location and type.  

11. Balance the exploration and exploitation of the algorithms that have best met the objective function. 

1.4. Scope of research work 

The scope of research covered in this thesis is limited to the auto-recloser and the performance of settings 

in a passive and active distribution network. The validation of the optimal settings is limited to the Solar 

PV system, Wind Turbine system, and supplementary energy storage system. The following aspects are 

covered in detail:  

1. Modelling the auto-recloser for investigation and analysis. 
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2. Evaluation of the auto-recloser performance in an active distribution system. 

3. A comparison of auto-recloser performance.  

4. The selection of optimal settings using the DE algorithm.  

5. Application of the optimal settings and comparison.  

6. Modifications of the DE algorithm.  

7. Case studies for optimizing auto-recloser protection with optimal settings. 

8. Comparison of different DE scheme settings and the operating times they computed. 

1.5. Limitations 

1. The actual auto-recloser device is not available for application using a hardware-in-the-loop 

experiment and simulation. Therefore, there is no experimental data for validating with simulated 

data. The results serve as a visualization of real expectations from optimizing the auto-recloser 

protection in a DG integrated network. 

2. There is no real distribution network that can be modelled and the auto-recloser applied to observe 

the performance of the auto-recloser.  

1.6. Outline of chapters 

Chapter 2 presents a theoretical background and a literature review on the application of the auto-recloser 

in distribution networks. The chapter also reviews the voltage profile variation as a result of the integration 

of DGs, the mal-operations when there is DG integration in the distribution network and the optimization 

using the DE algorithm.  

Chapter 3 presents the methodology for modelling the auto-recloser, evaluating its performance and 

optimizing the protection. The methodology provides details of the application of the auto-recloser in the 

IEEE 13 node distribution feeder and IEEE 34 node distribution feeder. The methodology provides details 

of the simulations performed for obtaining auto-recloser operating times in a passive distribution network 

and active distribution network when there are faults. The details for a method in optimizing auto-recloser 

protection are also provided.  

Chapter 4 presents the design and application of the auto-recloser in a passive distribution network, 

application of the auto-recloser in an active distribution network, comparison of auto-recloser performance 

in passive and active distribution networks. The problem formulation, optimizing settings through the DE 

algorithm, and comparison of conventional settings with optimal settings is also conducted.  
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Chapter 5 presents the modified DE algorithm schemes and the settings they computed. Case studies are 

simulated to analyze the performance of optimal settings in different types and location of DG systems 

integrated. The case studies also investigate different fault locations and types.  

Chapter 6 presents the summary of findings for the case studies performed in chapter 5 and concludes. 

Recommendations are presented on the use the modified DE for obtaining auto-recloser optimal settings to 

isolate temporary faults in an integrated DG network. Future research work is also proposed.  
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Chapter 2 -Theoretical Background and Literature Review 

 
2.1. Introduction 

 
In normal operating conditions of a radial distribution network, the direction of flow for the current is from 

the sub-station to the load point, and also during faulted conditions the direction of the current flow is from 

the sub-station to the fault point [8]. To have a functional overcurrent protection with automatic reclosing 

for a distribution feeder, the auto-recloser is equipped with a time-dial setting, a pick-up setting, a dead-

time and a control circuit. The performance of the auto-recloser highly depends on the level of the over-

current as this device is operates by the detection of the fault current level. The time-dial, pick-up, dead-

time and control circuit all form a fully operational auto-reclosing protection scheme with the performance 

dependent on the time-current characteristics. According to [31], any protection scheme should execute 

protection in the minimum time possible and must be capable of meeting this time when the distribution 

network is passive or active. In the event of failing to meet the operation time requirement, the settings of 

the auto-recloser can be optimized with a robust algorithm such as a DE algorithm. 

 

2.2. Application and operation of the auto-recloser 

 
Auto-reclosers are designed for substation or pole mounted applications. They are primarily applied for the 

isolation of a faulted feeder section and quick reconnection of that feeder. They are also applied for 

distribution network recon-figuration, which is the process of altering the network topology by changing 

the open or close status of the auto-recloser [32]. With these applications, auto-reclosers in a distribution 

network are able to improve the distribution network’s reliability, provide switching and protective 

functions, and reduce sustained interruptions due to temporary faults [33]. The automatic reclosing of 

circuit breakers after a temporary fault avoids an unnecessary long power supply interruption to consumers. 

The auto-recloser should operate faster than all protection devices to check if the fault is temporary and 

reclose the circuit breaker in the case of a temporary fault. If the fault is permanent, the fuse should operate 

before the final shot of the auto-recloser and the auto-recloser operates as back-up protection. The auto-

recloser can be applied either using a standard inverse, very inverse, extremely inverse, definite minimum 

time or definite time lag characteristics [9, 15].   

 

2.2.1. Setting the auto-recloser  

 
A protection scheme is designed and implemented for over-voltage, under-voltage, over-frequency, under-
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frequency and over-current conditions in the distribution network. The protection philosophy is well 

established for radial distribution networks [16]. The auto-recloser can be programmed to detect over-

current conditions for these network topologies. The auto-recloser has a dual-time operation that utilizes 

two types of overcurrent relay operations. The design and application of these overcurrent relays are 

according to the time-current characteristics. The time-current characteristic curves are designed and 

programmed by using two parameters of the overcurrent relays. These parameters are the time-dial setting 

and the pick-up current setting which can be set at the machine interface. The time-dial and pick-up settings 

have a minimum and maximum range of settings to adjust the time delay before sending trip commands. 

This is the operating time of the auto-recloser. With the use of these parameters to adjust the operating time 

of the auto-recloser, the auto-recloser can be programmed to trip for a fault current flowing downstream 

from the utility generator, and to coordinate with other protection devices. It can be programmed to at least 

one fast mode of operation and one delayed mode of operation [5,8].  A common practice is for a temporary 

fault to be cleared before the final delayed mode of operation and lock-out. The dead-time is also 

programmed to allow for the de-ionization of the fault current before it recloses the feeder. The auto-

recloser can open and isolate the fault and then reclose after the dead-time for up to four shots, it will then 

lock-out the circuit breaker in the final shot [9]. For coordination, the final delayed operation is set to be 

slower than the coordinated devices’ operating time in order to provide backup protection to the device. 

With fuses, this meets the requirement of a fuse saving scheme in the distribution network [13]. 

 

According to [25], relays and auto-reclosers have a set of settings that are pre-calculated so that they fulfil 

primary and back-up protection requirements. Calculations are based on minimum and maximum fault 

currents. The auto-recloser has both a relaying and a reclosing capability. According to [8], the time-dial 

and pick-up settings of the auto-recloser are fixed based on the maximum load and fault current. This is 

done by selecting a fixed time-dial parameter and pick-up parameter for the fast and the delayed mode of 

operation. The dead-time of the auto-recloser is often programmed to make the circuit breaker remain open 

in the ranges of a 100 milliseconds to seconds before a reclosure attempt [17].  

 

In [34], it is stated that in the substation’s primary protection is provided by a circuit breaker and feeder 

relay or, in some cases, by an auto-recloser and a microprocessor-based auto-recloser control. It is stated 

that the auto-recloser relay is comprised of a series trip coil that releases the stored-energy trip mechanism 

when an overcurrent occurs, and a relay that has a closing solenoid which supplies the energy for contact 

closing. It is also stated that the use of microprocessor based auto-recloser controls is accurate and 

repeatable. The reset characteristic of these auto-recloser controls is accurate and repeatable as well. 

Microprocessor-based auto-recloser controls can be coordinated better and there are numerous choices for 
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coordination curves. The auto-recloser can then be programmed to have a characteristic curve and provide 

an intentional time delay, making coordination simpler between devices operating on the fast curve. The 

curve settings are simpler to change using the auto-recloser control software instead of having to physically 

change out mechanical parts. The auto-recloser control overcurrent elements operate on current signals after 

going through a 1-cycle cosine filter. 

 

In [35], the cutout mounted auto-recloser operates with an open-close-open-dropout sequence and has a 5 

second dead-time interval. The auto-reclosers at the feeder source or upstream were re-programmed from 

two-shot reclosing to one fast and one time delayed trip before lock-out. It is noted that the raising of the 

auto-recloser settings reduced the level of back-up protection afforded to other laterals in the main feeder 

not fitted with these auto-reclosers. All the temporary short-circuits that that were monitored by the auto-

recloser were cleared by the auto-recloser before the first 5 second dead-time elapsed. No outage was 

experienced by the main feeder and the 5 second dead-time was the only outage experienced by the lateral 

feeders.  

 

2.2.2. Auto-recloser control circuit 

 
According to [36], the control logic of the auto-recloser performs a vital role in maintaining a power supply. 

With the increasing need for the association between each of the auto-reclosers and advanced calculation devices, 

more and more auto-recloser controls are equipped with advanced features that are similar to modern digital 

protection relays. Typical advanced operations in auto-recloser controls are voltage protection, directional 

overcurrent, sync-check, as well as the latest application of pulse reclosing.  

 

The protection and control operations of the auto-recloser are electronically controlled in an integrated and 

modularized control unit.  The controlling circuit can be illustrated using the block diagram in Fig 2-1. [18- 

19]. The AC source is the supply to the auto-recloser, and normally rated at 230V AC or 110V DC. The 

RMS block is to measure the root mean square of the instantaneous current passing the auto-recloser. The 

peak of the current is computed by the gain block and sends it to the time-current characteristics block. The 

time-current characteristics block is for operating the auto-recloser in fast and delayed modes using the time 

-dial, pick-up setting and the peak of the current. This also allows the auto-recloser to be coordinated with 

other protection. The output of this block is the operating time of the auto-recloser. The relay is to energize 

the circuit breaker when the fault current is greater than the pick-up current, it switches between two binary 

values (i.e. 0 and 1).  The time-delay block delays the binary outputs of the relay. It is in this block that the 

auto-recloser trips the circuit-breaker in fast mode or delayed mode [23-24].  
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Fig. 2-1 Control circuit of auto-recloser [18-19] 

 

2.2.3. Standards for application in distribution networks  

Choosing optimal time-current curves in the auto-recloser for the selection of temporary faults in the 

distribution network must ensure that only a minimum number of customers are disconnected, and are not 

disconnected for long durations. The presence of a DG must not disconnect the customers unnecessarily. 

The IEEE Standard 1547-2003 states that: “Any distributed resource installation connected to a spot 

network shall not cause operation or prevent reclosing of any network protectors installed on the spot 

network. This coordination shall be accomplished without requiring any changes to prevailing network 

protector clearing time practices of the area electric power system” [26]. Auto-reclosers can be designed to 

trip and reclose all three-phases in low voltages ranging between 1 kV to 38 kV to achieve this purpose and 

adhere to the standard. For high voltages, the auto-recloser in the affected distribution feeders can be 

designed to trip and reclose individually [37]. The operator can either program the auto-recloser using the 

IEC 60255, ANSI/IEEE C37.112 or any user defined time-current characteristics. 

2.2.4. Literature review on the application of an auto-recloser  

 
According to [38], the auto-recloser installed in the distribution network can be a Single Pole Auto-Recloser 

(i.e. SPAR) or Three-Pole Auto-Recloser (i.e. TPAR), this will depend on the network necessity. The SPAR 

is applied for single-phase-to-ground faults and the TPAR is applied for all types of faults. In [39], the 

performance of the auto-recloser is evaluated by varying the phase of the fault, and the circuit topology that 

is faulted. The fault location is also varied on the transmission line. The study applies a SPAR for the 

transmission line as this is high voltage. Reference [40] uses a two instantaneous-one-time delay sequence 

and a one instantaneous-one-time delay sequence of the auto-recloser to provide a model for all other auto-

reclosers. The control can be initiated between one to four times before locking out from repeating the open 

and reclosure sequence. The counting mechanism registers these operations and stops according to the 

programmed number of operations. The frequency of reclosing is according to system design. When there 

is a fault in the distribution network, the auto-recloser interrupts the fault current instantaneously or after a 
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time delay. The circuit breaker uses an arc-extinguishing medium to extinguish the arc between the contacts 

during the dead-time of the auto-recloser. In [41], it is stated that the first dead-time of the auto-recloser is 

usually about 100 milliseconds to 300 milliseconds. After the dead-time, the auto-recloser recloses, and 

there is a reclaim time, which can be defined as the time after the auto-recloser had a successful reclosing 

before another opening. If the fault still persists, the auto-recloser opens again after the reclaim time which 

is also the time delay of the auto-recloser. It recloses again after the second dead-time (of about 15 sec), it 

will repeat the same sequence for a third dead-time (of about 45 sec) and if the fault still persists, it locks-

out (i.e. remains open until an operator recloses the breaker).  

 

In [40], the application of the auto-recloser and its performance in a smart grid is conducted. The control 

circuit is observed in order to analyze the control signal sent to the circuit breaker under various fault 

conditions. It is determined that when a DG is present in the distribution network, the level of reactive 

power that is flowing into the distribution network is affected which affects the voltage. This causes the 

auto-recloser and fuse to loose coordination and the performance of the auto-recloser in the distribution 

network is degraded. Reference [42] simulates the operation of the auto-recloser, and the auto-recloser 

modelled as time-current characteristics consisting of fast and delayed time-current curves. When the tests 

of the model are done, the fault is assumed to start at 0.015 seconds and ends at 0.035 seconds, making the 

fault to have a duration of 0.02 seconds. This fault is classified as temporary. Depending on the operating 

time of the fast-curve, tripping of the circuit breaker can be fast or delayed, the auto-recloser will begin to 

operate at the time of the start of the fault with the addition the operating time of the auto-recloser. The 

circuit-breaker status is either 1 or 0, denoting the closed and opened status.  

 

2.3. Auto-recloser mal-operation in active distribution 

networks 

 
In a three-phase balanced radial distribution network, the phase voltages are displaced by 120 degrees. In 

each node, there is power injected by the generators and power drawn by the load.  The vectors of active 

power injection (P), reactive power injection(Q), voltage angle (δ) and voltage magnitude (V) are found in 

the node. The current flowing in a branch between two nodes can be determined by equations 2.1 to 2.3 

[37,43].    

 

𝑃(𝑘) = 𝑃𝐺(𝑘) − 𝑃𝐿(𝑘)                        (2.1) 

 

𝑄(𝑘) = 𝑄𝐺(𝑘) − 𝑄𝐿(𝑘)                           (2.2) 
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 𝐼𝑏(𝑘) = 
(𝑃(𝑘)−𝑗𝑄(𝑘))

𝑉𝑏(𝑘)/δ
                           (2.3) 

 

Where k is the node index; PG  is the active power received by the bus; PL is the active power sent by the  

bus; QG  is the reactive power received by the bus; QL reactive power sent by the bus.  

 

The voltage in the next node is given by 2.4. 

 

 𝑉𝑏(𝑘+1) = 𝑉𝑏(𝑘) − 𝐼𝑏(𝑘)𝑍𝑏(𝑘)                          (2.4) 

 

Where 𝑍𝑏(𝑘) is the impedance of the branch.  

 

The impedance of the branch causes a voltage drop and power losses. Longer feeders increase losses since 

the impedance is determined per kilometre. Voltage and current profiles can be obtained from each node 

[44]. 

 

2.3.1. Fault current level 

 
When a fault occurs in the distribution network, the fault current is limited by the generator impedance, 

transformer impedance and line impedance up to the location of the fault. However, the resistance in the 

line impedance is usually neglected since in most cases the reactance can be three times the resistance. The 

fault current is given by the generator voltage and the reactance of the network or percentage reactance. 

The short-circuit fault can be either symmetrical or unsymmetrical, a symmetrical fault is a fault that gives 

rise to equal phase fault currents displaced by 120 degrees and the example of a symmetrical fault is the 

three-phases shorted together or to ground. Unsymmetrical fault is a fault that gives rise to unequal currents 

with unequal displacement an example of such faults are single-phase-to-ground, phase-to-phase and 

double-phase-to-ground faults. There are three stages to a fault, the sub-transient, transient, and steady-

state. The peak of the fault current during the sub-transient stage is the current detected and used to compute 

an operating time of the auto-recloser. The instantaneous short circuit fault current (𝑖(𝑡)𝑎𝑐) can be 

determined analytically using the equation 2.5 [16,43].     

 

𝑖(𝑡)𝑎𝑐 = √2𝐸𝑔 [(
1

𝑋′′
− 

1

𝑋′
) 𝑒

−𝑡

𝑇′ + (
1

𝑋′
− 

1

𝑋
) 𝑒

−𝑡

𝑇′ + 
1

𝑋
] sin (𝑤𝑡 +  𝛼 −  

𝜋

2
 )                     (2.5) 

 

Where 𝐸𝑔 is the RMS line to neutral pre-fault generator terminal voltage; 𝑋′′ is the direct axis sub-transient 

reactance of the generator; 𝑋′ is the direct axis transient reactance of the generator; 𝑋 is the synchronous 

reactance of the generator; 𝑡 is the duration of the short circuit; 𝑇′′ is the short-circuit sub-transient time 
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constant which is the duration of the sub-transient fault and  𝑇′ is short-circuit transient time constant which 

is the duration of the temporary fault current.  

At 𝑡 = 0, when the fault is at a maximum current, the fault current can be theoretically determined using 

2.6.  

𝐼′′ =  
𝐸𝑔

𝑋′′ 
                        (2.6) 

 

Where 𝐼′′ is the sub-transient fault current.  

Taking into consideration the transformers and feeders, the transformer is represented by its leakage 

reactance and the feeder by it series impedance. The Thevenin’s impedance (𝑍𝑇𝐻) as viewed from the fault 

can then be determined and used to determine the sub-transient fault current (𝐼𝐹
′′) as in 2.7.   

 

𝐼𝐹
′′ = 

𝐸𝑔

𝑍𝑇𝐻
                            (2.7) 

 

For a distribution network with many nodes, the nodal-impedance matrix (𝑍𝑛𝑜𝑑𝑒)  applies and the vector 

of node voltage at the fault (𝐸𝐹). The sub-transient fault current can be determined by 2.8 [43] and the short-

circuit current can be determined by 2.9.  

 𝐼𝐹
′′ = 

𝐸𝐹

𝑍𝑛𝑜𝑑𝑒
                             (2.8) 

𝐼𝑆𝐶 = 
𝑬𝑭

𝑍𝑛𝑜𝑑𝑒+ 𝑍𝑙𝑖𝑛𝑒
                           (2.9) 

 

Each node has a lower voltage limit and an upper voltage limit [44]. The node voltage level in remote nodes 

is low because of the losses along the feeder, but is increased by the adjustment of the tap position of the 

transformer, or integration of DG systems. With the change in the topology caused by the integration of a 

DG, faults also affect the DG system. DG systems were initially configured to adhere to the IEEE 1547 

grid code requirement during faults or temporary disturbances. These voltage sources are to be disconnected 

from the grid quickly during disturbances. However, according to [45], with the increasing penetration of 

DGs in the distribution network, grid codes are being modified in some high and extra high voltage grid 

connection standards (i.e. 1 kV to 60 kV) to enforce the DG to remain grid-connected during disturbances, 

and support the grid voltage by injecting reactive power. The DG system is then configured to deliver the 

maximum output power to the distribution network. The DG penetration level to the distribution network 

is determined by using (2.10).  DG systems are integrated to supply loads locally and make the distribution 

network voltage dependent on the DG penetration level.  
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𝑃𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛−𝑙𝑒𝑣𝑒𝑙 =
𝑃𝐷𝐺

𝑃𝐿𝑜𝑎𝑑
× 100%                        (2.10) 

Where 𝑃𝐷𝐺  and 𝑃𝐿𝑜𝑎𝑑 are the power generated by the distributed generation and the power consumed by 

the loads.  

The three modes can result to the voltage profile of the feeder due to the penetration of the DGs are the 

following [46]:  

 Flat voltage profile mode: in this mode, the penetration rate is equal to 100%, i.e. the power 

consumed is equal to the output power of the DG and the voltage profile is constant throughout the 

entire feeder. 

 Rising voltage profile mode: in this mode the penetration level exceeds 100%. The excess power is 

injected into the upstream network, which leads to a rising voltage profile in the feeder. 

 Falling voltage profile mode: in this mode the penetration level below 100%. The voltage reduces 

in the feeder. 

In [47], the relationship between the fault conditions and the variation in the voltage profile is investigated. 

Faults are initiated in different nodes of an active distribution network, it is determined that the DG added 

2% voltage improvement at any severely affected node, however the integration altered the network’s 

impedance matrix. With these two aspects, the variation in voltage profile and alteration of the distribution 

network’s impedance, there is a variation in the fault current level that feeder. In [18], it is stated that the 

contribution of fault current to the fault current level by the synchronous based DGs ranges from 5 to 6 

times their rated current. It is also stated that the contribution of fault current to the fault current level by 

the inverter based DGs ranges from 1.1 to 2 times their rated current. The fault can cause voltage drops in 

the distribution feeder reducing the power quality. This is dependent on the fault current magnitude and 

direction.  

2.3.2. Auto-recloser operation time 
 

Instrument transformers of the auto-recloser continuously monitor all the phase current, voltages and 

neutral current using the current transformers, voltage transformers and earth current sensitive current 

transformers. When the fault is sensed by the current transformer, the auto-recloser trips on the fast curve, 

this curve provides a fast operating time.   

In [48], it is stated that modern microprocessor relays typically have multiple setting groups available, the 

settings can be easily changed by changing the active setting group. This change can move the time-current 

curve. It is explained that when the relay picks up, it starts timing and the change of setting groups can 
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reduce the tripping times of the relay which can be important in the coordination of the protection scheme 

devices. In [26], the operating time of the auto-recloser is expressed as an inverse function of the fault 

current flowing through it. The auto-recloser operates with an and IEC/IEEEE very inverse for the fast 

mode of operation and IEC/IEEE extremely inverse for the delayed mode of operation. These curves can 

be used as a hybrid or homogeneous to design a nonlinear function of the time and the current detected by 

the auto-recloser in the two modes of operation. A time current curve has three main operating regions, 

these regions are the overload region, adjustable instantaneous region, and instantaneous region. The last 

two regions are necessary to clear fault events while the overload region protects the system in cases of 

emergency operation 

According to [49], two factors should be considered in programming auto-reclosers to act on suitable curves 

for optimal operating times, these factors are selecting suitable settings in order to have successful 

operations and limiting the effects of auto-reclosers operations such as over voltages. An optimal fast 

operating time of the auto-recloser should be between 100 milliseconds to 200 milliseconds within the 

instantaneous and adjustable instantaneous region [6,44]. With the integration of DGs, different types of 

DGs contribute different magnitudes of fault current and cause the fault current to be at different levels. 

The variation in the operating time due to the change in the fault current level will conform to the type, 

location and penetration of the DG relative to the fault. A double-fed induction generator wind turbine 

generates high sub-transient fault currents but gradually drops after the first-cycle, requiring a fast operation 

time of the auto-recloser for temporary faults within the first cycle [50]. 

2.3.3. Auto-recloser mal-operation    
 

When there is a high penetration of DGs in the grid, the fault current contribution from the DGs could affect 

the selectivity, sensitivity, security and selectivity of the overcurrent protection [25]. Since grid code 

standards require DGs to remain grid-connected during temporary faults [50], a fault can cause the auto-

recloser on the unaffected feeder to exhibit sympathetic tripping. This is caused by the contribution of the 

DG to the fault if the distributed generator is integrated in that healthy feeder. Inrush currents and temporary 

current increases can also cause this mal-operation [33, 52]. Sympathetic tripping is depicted in Fig. 2-2. 

Another mal-operation of the auto-recloser that may also result with the integration of the DG is the blinding 

of auto-recloser protection. This occurs when the DG and the utility generator feed the fault in parallel [53]. 

When the DG is connected to the distribution network, the utility generator and the DG both contribute to 

the fault. The DG’s contribution to the fault might decrease the fault current level, and it becomes less than 

the pick-up current setting of the auto-recloser. The auto-recloser than does not detect the fault current and 

it does not operate to isolate the fault [22, 49, 54]. 
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Fig. 2-2 Sympathetic tripping of an auto-recloser [50] 

 

All protection scheme devices have to be coordinated for grid-connected mode operation in the expectation 

of large currents. This is because the penetration level of DGs compromises the coordination of the 

protection devices. The auto-recloser may not meet the selection of temporary faults in the coordination if 

the auto-recloser’s trip command is delayed by more than 200 milliseconds [3]. In a traditional distribution 

network where the power flow is radial, and the auto-recloser and fuse detect the same fault current, the 

auto-recloser and the fuse are easily programmed to coordinate such that the auto-recloser operates faster 

than the fuses to check if the fault is temporary. This coordination is determined by the time delay calculated 

through the ratio of the fault current and the pick-up current setting of the auto-recloser. Depending on the 

location of the fault, the coordination can remain the same with the integration of the DG if the fault current 

is greater than the pick-up current. If the auto-recloser detects a smaller fault current compared to the fuse, 

the fast operating mode of the auto-recloser will have an increased time delay as compared to how it was 

conventionally programmed and the fuse may act first. This results in the fuse melting when the fault is 

temporary, this mal-operation is depicted in Fig. 2-3 [5]. 

 

 
Fig. 2-3 Loss of coordination between the auto-recloser and fuse [5] 



  

 

20  

 

2.3.4. Literature review on the mal-operation of the auto-recloser 
 

According to [54], every protection device has an associated maximum distance that it can operate 

efficiently, this is known as the reach of the device. Because of the large distribution network which may 

have feeders that are kilometers long from the substation, it may be challenging to protect the whole feeder 

from the sub-station. In [52], it is stated that the two major impacts of a DG on existing protection schemes 

is the sympathetic tripping of the protection devices and protection blinding. In [50], a model of the wind 

farm is connected on the feeder and this modifies the fault current direction on the line resulting in a relay 

sympathetic trip. The contribution which causes a reduction in the fault current and the long distribution 

lines causes the reduction of reach or protection blinding.  

According to [34], a traditional method to mitigate sympathetic tripping of inverse-time overcurrent relays 

was to raise the pick-up setting, increase the time-dial setting, or both. Although this mitigates sympathetic 

tripping, it decreases the sensitivity and speed of the auto-recloser. The study demonstrates that changing 

the curve setting of the fast curve can be used to successfully mitigate undesired operation of the auto-

recloser and still prevent downline fuses from blowing. This requires additional options for fast curve 

selection, such as those available in a microprocessor-based recloser control. 

In [54] and [55], an investigation of the auto-recloser and fuse loosing coordination is conducted. In [55], 

for the first case, the auto-recloser only detects the current from the utility generator, while the fuse detects 

the current from the utility generator and DG. For the second case, the auto-recloser detects the fault current 

from the DG while the fuses detect the summation of the fault current from the substation and the DG, in 

both cases the fuse operates faster than the auto-recloser, and it melts. In [54], when there is no DG 

connected, the fault current detected by the auto-recloser and the fuse is the same and the auto-recloser 

operates faster than the fuse. A DG is integrated in between the auto-recloser and the fuse, which causes 

the fault current detected to differ. The current through the auto-recloser decreases and the current through 

the fuse increases and the fuse operates faster. The high powered energy storage systems are also stated to 

be the source of fault currents in the grid, according to [56], this also provides an inaccurate fault 

discrimination.  

2.4. Optimizing the protection settings 

The optimization of auto-recloser protection is based on the mitigation or reduction of the mal-operations. 

The requirement includes optimizing selectivity, security, redundancy, speed and dependability of the auto-

recloser. To achieve this, the operating time of the auto-recloser must be minimized to optimal levels for 
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the selectivity, redundancy and sensitivity requirements. The pick-up activity must be assessed for the 

security and dependability requirements. In order to minimize the operating time, optimal time-dial and 

pick-up settings should be selected while satisfying associated constraints. For solving the mal-operations 

problem and objective function, the DE algorithm has a metaheuristic nature which mimics the process of 

a natural selection. It starts with a set of candidate solutions or individuals which shall be the time-dial and 

pick-up settings. The initial population is randomly generated within the constraints of the decision 

variables and the objective function associated with each individual is calculated to produce a fitness 

function value. The selection the best decision variables according to the fitness function is the next step 

followed by the crossing over. The crossed-over decision variables are recombined at random positions, 

exchange information and produce new decision variables. The new decision variables are then mutated to 

produce optimal time-dial and pick-up settings according to the best combination of settings minimizing 

the fitness function [17].   

2.4.1. Formulating the mal-operations 

The constraints in the auto-recloser settings limit the range of applicable settings for optimization. Only 

these settings provided are feasible to reduce the mal-operations. With this regard, the mal-operations of 

the auto-recloser can be formulated and the optimal solutions of these feasible settings obtained to address 

these mal-operations within the constraints. The time-dial and pick-up settings of the fast mode and delayed 

mode of operation can be considered as decision variables in an optimization algorithm. The optimal pick-

up current settings are to be obtained between the maximum full load current and the minimum fault current 

that passes through the auto-recloser. The time-dial settings are to be selected between the minimum and 

the maximum setting range of the auto-recloser. The objectives considered for solving the problem can be 

either singular or multi objectives. For single objective optimization problems, the Pareto optimal solution 

is unique, the search focuses on the decision variable space and compute a single best solution. For multi-

objective optimization problems, the Pareto optimal solutions take the most feasible solution which 

improves one objective function without affecting the rest. The Pareto optimal solutions are located in the 

bounds of feasible outcome region; these are called a Pareto frontier. Pareto-based algorithms search and 

select optimal solutions using the principle of dominance, this is by comparing two feasible solutions and 

only proceed with the most optimal one. The comparison checks which solution performs better in at least 

one objective and is no better than the other solution [57]. 

2.4.2. Literature review on the DE algorithm application   

 
The best minimum operating time possible in voltage conditions and fault conditions can be obtained by 

solving the protection blinding, sympathetic tripping and auto-recloser’s loss of coordination mal-
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operations as an optimization problem. In [58], a relay coordination problem is formulated to obtain the 

minimum possible operating time. The fitness function is defined as the summation of operating times of 

the primary overcurrent relays. It is solved using the DE algorithm and optimal relay settings are obtained 

with a standard inverse time-current characteristic model. The time-dial and pick-up settings are optimized 

for this model. The overcurrent relays had a long operating time when there was the Solar PV system 

integration, but they were optimized with settings obtained by the use of the algorithm. The optimal settings 

reduced the fitness function, which is the summation of the operating times of all primary relays. In [59], 

the coordination of inverse definite minimum time overcurrent relays is formulated as a constrained 

optimization problem, the objective is to minimize the total operating time of all the directional overcurrent 

relays. The optimization problem has twelve decision variables in the first case and twenty-eight decision 

variables in the second case, their optimal settings are obtained by the DE algorithm. The DE algorithm has 

the selection, crossover and mutation steps. The mutation operator affects the working of the DE algorithm. 

However, the DE algorithm converges before the iterations are completed and computes optimal values of 

the time-dial and pick-up settings, this can limit it from searching globally for a solution, and therefore can 

be modified. Optimal time-current characteristics curves are also presented for all optimization cases. In 

[28], the DE algorithm is stated as consistently being ranked one of the best search algorithms for globally 

searching an optimal solution in optimization problems. A mutation to the DE algorithm can be conducted 

and produce five modified schemes, the modification is made on the weighted difference and the scale 

factor can be varied following the Laplace distribution. The DE variant can be denoted as DE/X/Y/Z where 

X is the vector mutated; Y is the number of difference vectors used and Z is the cross over scheme. One of 

the performance metrics considered to determine the scheme that is reliable and efficient is the fitness 

function value. The schemes are applied to optimize the directional over-current relay settings by obtaining 

optimal time-dial and pick-up settings.     

 

2.5. Conclusion  

The application of automatic reclosing in a distribution network allows temporary faults to self-clear 

preceded by re-energizing the feeder and resume the power supply. This improves the reliability of the 

network. The auto-recloser also reduces the duration of a power interruption due the occurrence of 

unsolicited openings of the breaker. But the integration of the DG causes problems in the operation of the 

auto-recloser. Strategies have been developed to mitigate these problems, but they have proven not 

adequate. Since this is degrading the operation of the auto-recloser, there are more studies, investigations 

and experiments that need to be done to optimize the auto-recloser protection. The type, location and 

penetration of the DG should be considered in the operation of the auto-recloser. The location and type of 
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fault should also be considered in the operation of the auto-recloser. The three mal-operations that have 

been understood are blinding of auto-recloser protection, sympathetic tripping of the auto-recloser, and 

auto-recloser loosing coordination with other protection devices. Mitigating or reducing these mal-

operations of the auto-recloser in distribution networks integrated with DGs should optimize the protection 

of an auto-recloser. This shall be done through minimizing the operating time of the auto-recloser.  
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Chapter 3 – Methodology 
 

3.1. Introduction 

 
This chapter presents the methodology of optimizing the protection of an auto-recloser when the 

distribution network conditions change and the auto-recloser mal-operates because of the integration of a 

DG. MATLAB/Simulink/Simscape Power Systems is used to model the auto-recloser and model the 

distribution networks. The IEEE 13 node radial distribution network and IEEE 34 node radial distribution 

network are selected as the distribution networks for evaluating and optimizing the auto-recloser protection. 

The auto-recloser is applied on the passive and active distribution networks. The MATLAB Script is used 

to implement the code of the DE algorithm and to make modifications to the DE algorithm determining the 

most optimal settings. To select the best settings, the settings are applied to the auto-recloser under different 

voltage profiles introduced by the types of the DGs and the best performing optimal settings. These different 

cases for different voltage and fault conditions are performed using the IEEE 34 node radial distribution 

network. An exponential scale factor is applied to further to balance the exploration and exploitation of the 

schemes that provide better performance.     

 

3.2. Modelling of the auto-recloser   

  
The auto-recloser consists of two solenoids, a trip solenoid and a close solenoid. The operation of the trip 

solenoid is modelled using MATLAB/Simulink/Simscape Power Systems environment by a relay with a 

trip functionality operating on time-current characteristics. A same duplicate relay is integrated to the first 

relay but can be programmed to trip at different times. This is to provide a fast and a delayed operating 

modes of the auto-recloser. The first relay is designed to trip on the fast curve of the auto-recloser and the 

second relay is to designed to trip on the delayed curve of the auto-recloser [60]. These curves have the 

ability to compute the operating time of the auto-recloser for both the fast operation and the delayed 

operation and send trip commands as an input to the circuit breaker. The relays have a time-current 

characteristic curve setting, current transformer ratio setting, time-dial setting and pick-up current setting. 

The choice of time-current characteristic curves ranges between definite to extremely inverse of the IEEE 

or IEC characteristic curves. The time-dial setting ranges between 0.05 to 1 with a step size of 0.05 and the 

pick-up setting ranges from 25 % to 200 % of the phase-to-ground or phase-to-phase current with a step 

size of 25%. The logical operator blocks, S-R flip flop blocks and a delay blocks provided by the 

SimPowerSystems Toolbox are connected to make the dead-time and perform the reclosing capabilities of 

the model [61]. In order to investigate the protection ability and performance of the modelled auto-recloser, 
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temporary and permanent faults are simulated on the feeders of the distribution networks and the following 

assumptions are made: 

 

 The auto-recloser is microprocessor based. 

 The auto-recloser provides a single-shot by sending a trip command for the fast operation and if 

the fault is permanent it will send a second trip command for the delayed operation before lock-

out. 

 The types of faults initiated on the distribution line are a three-phase-to-ground fault or a single-

phase-to-ground fault. 

 The IEEE 13 node radial distribution and IEEE 34 node radial distribution feeders are considered 

as radial distribution networks.  

 Auto-reclosers are applied in two lateral feeders of the IEEE 13 node radial distribution network 

and on the beginning of the IEEE 34 radial distribution network main feeder. 

 

3.3. Circuit breaker control design         

     
To model the signal of the auto-recloser which shall control the circuit breaker, the microprocessor output 

is designed and depicted to show how the state of the auto-recloser should change between 0 and 1 in the 

event of a temporary or permanent fault. The signal that it should feed to the circuit breaker is the control 

signal with a fast or delayed operating time and a dead-time. The closed state of the auto-recloser is logic 

high of a 1 for the circuit breaker and the opened state is the logic low of a 0 for the circuit breaker. The 

following control commands are received by the auto-recloser; a trip command, a dead-time, a close 

command, and a lock-out [1]. 

 

3.4. Settings and operability design 

   
The operation of the microprocessor is modelled by using the time-current characteristic equation. The two 

settings that are used to program the microprocessor is the time-dial setting and the pick-up setting. The 

aim is to ensure the response of the auto-recloser is selective, secure, redundant, sensitive and dependable 

when there is a temporary fault. The auto-recloser should be able to reclose after the dead-time and restore 

the power supply. The settings are designed for over-current conditions. A flow chart is designed to map 

the steps that the microprocessor needs to go through in order to fulfil its operation in the auto-recloser. 

The microprocessor is designed to count the number of attempts it performs and locks-out after the 

programmed number of attempts [14].
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3.5. Auto-recloser performance evaluation 
 
This sub-section describes a method used to evaluate the performance of the auto-recloser applied in a 

passive distribution network and an active distribution network. It also describes how the analysis of the 

control circuit output is conducted when there is a change in the voltage profile, magnitude of the current 

and the direction of the current. The two evaluations are for an auto-recloser applied in a distribution 

network without a DG and in a distribution network with a DG. Simulations are performed for the signal 

fed into the circuit breaker after the detection of the rise in the feeder current. The voltage is also simulated 

to note the voltage profile of the feeder in a passive and active distribution network [61].    

 

3.5.1. Auto-recloser simulation in a passive distribution network       

                     
Auto-reclosers are applied with the time-dial set as 0.1 for the fast operating mode curve and 0.6 for the 

delayed operating mode curve. These are taken as the conventional time-dial settings. The pick-up current 

is set to a 150% for both trip commands, this is the conventional pick-up current setting. The distribution 

network is the IEEE 13 node radial distribution feeder, which is a three-phase, radial distribution feeder 

having pre-existing voltage level. The radial distribution feeder is fed by a step-up transformer of 5 kVA, 

4.16 /12.45 kV grounded wye, and distributes power to various constant currents, constant impedance, and 

constant power loads. A single line diagram of this distribution feeder is depicted in Fig. 3-2. 

MATLAB/Simulink/Simscape Power Systems utilized to model this topology, study the worst-case fault 

current at nodes 34 and 75 and analyze the protection performance of the auto-reclosers under two types of 

fault durations [62].   

Two fault locations are chosen for the evaluation of the auto-recloser performance when applied in these 

active and passive distribution networks. The fault duration is set between 0.1 sec and 0.2 sec when it is 

temporary. The fault is changed between temporary and permanent for the auto-recloser performance 

analysis [38]. The auto-recloser is applied in two lateral feeders in order to compare the protection and 

determine if it mal-operates when the DG is integrated into the network. Only the voltage and the current 

in the red-phase are monitored to ease the analysis and comparison of the results. The control circuit output 

signal is simulated to show how the state of the auto-recloser is changing between 0 and 1 in the event of a 

temporary and permanent fault. The signal that it sends to the circuit breaker is the control signal with a 

fast or delayed operating time after the fault was initiated. The control circuit output signals are analyzed 

[9]. Since this is the distribution network with a voltage of 12.45kV, the applied auto-recloser is a Three-

Phase auto-recloser.   
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Fig. 3-1 IEEE 13 node radial distribution test feeder with faults in node 34 and node 75 [62] 

 

3.5.2. Auto- recloser simulation in an active distribution network     

 
The DGs are obtained from the SimPowerSystems toolbox. The chosen DGs for this sub-section is the 

Wind Turbine system and the energy storage system to supplement it. The Wind Turbine system is 

integrated in node 33 of the distribution network and the energy storage system is integrated in node 75 of 

the distribution network. In this sub-section, the performance of the auto-recloser is evaluated when the DG 

is integrated. The performance is analyzed to identify if the auto-recloser performs optimally with 

conventional settings [61]. Node 33 is the common coupling node for the Wind Turbine distributed 

generation system (i.e. DG 1) and node 75 is a common coupling node for the energy storage system (i.e. 

DG 2) [47]. The auto-reclosers are applied between nodes 32 and 33 (i.e. R1) and 71 and 92 (i.e. R2). The 

impact of the voltage support and fault current injection by the DG on the auto-recloser is assessed. 

The simulations are performed for the two auto-reclosers by varying the fault location between two feeders. 

The first fault is initiated in node 34 of the active distribution network and the second fault is initiated in 

node 75 of the active distribution network. The first case is for the auto-recloser performance for a fault at 

node 34 with DG and the second case is for the auto-recloser performance for a fault at node 75 with DG. 

An analysis is performed in order to compare and identify mal-operations in the protection provided by the 

auto-recloser between the two distribution network topologies. The comparison of the results is done for 

four cases of the auto-recloser performance in order to detect any variance in the operating time and 
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determine the mal-operations. Three mal-operations are assessed and their causes. These mal-operations 

are protection blinding, sympathetic tripping, and loss of coordination between the auto-recloser and other 

protection devices [62]. 

 

Fig. 3-2 IEEE 13 node radial distribution test feeder with faults in node 34 and node 75 [62] 

 

3.6. Auto-recloser protection optimization approach    

 
The code of the DE algorithm shall be written in the MATLAB Script using the MATLAB syntax. The 

function of this code is the objective function stated in the problem formulation. The objective function 

takes the time-dial setting and the pick-up setting as the inputs and outputs the optimal operating times with 

the relevant optimal time-dial and pick-up settings. The peak of the fault current is determined when there 

is an integration of the DG into the radial distribution network, this peak of the fault current is during the 

sub-transient state of the fault current. The extremely inverse time-current characteristics equation is used 

in the objective function for the minimizing of the operating time [63]. 

 

3.6.1. Problem formulation 

 
In order to obtain an objective function for the algorithm, the cause of the three mal-operations is 

investigated by comparison of the results between a distribution network without the DG and a distribution 

network with the DG. The cause of the mal-operations is the operating time, and the problems are 
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formulated. Since the operating time of the auto-recloser is determined by the time-current characteristic 

curves, the formula used is the time-current characteristic equation. The objective of applying the 

optimization algorithm is to quickly obtain optimal time-dial setting and the pick-up current setting [26]. 

The function is to be applied within the relevant constraints of the decision variables. 

 

3.6.2. DE algorithm approach 

 
The decision to solve the problems and meet the objective using the DE algorithm approach is based on an 

analysis between three optimization algorithms. The optimization algorithms that were reviewed with their 

applications are PSO, ACO and DE algorithms. The factors that are used to determine the selection of a 

robust optimization algorithm are the capability of the algorithm to not converge early, therefore producing 

limited optimal settings, computation speed and searching globally for the optimal settings instead of 

remaining local [64]. The search space should provide more accurate solutions for the optimal settings. The 

DE algorithm was a more robust choice from the literature reviewed and the presented findings on the 

algorithms for the settings that are to be optimized when there is a DG integrated into the distribution 

network. The capability of the auto-recloser to optimally protect the network when there is a temporary and 

permanent fault are tested through comparing the optimal settings with the conventional settings. The new 

feeder current and the fault current detected by the auto-recloser when there is an integration of a DG is 

used as input to the function of the DE algorithm code. The code is run to obtain optimal time-dial and 

pick-up settings. These settings are implemented in the distribution network integrated with the DG and the 

operating time-current characteristics curves are obtained for the optimal settings. The optimized curves 

are compared with the not optimized curves to analyze the difference. Simulations are performed using the 

optimal settings and they are compared with the settings that were not-optimized [65]. 

 

3.7. Determination of the distribution network conditions 
 
To optimize the auto-recloser for a varied voltage and fault conditions caused by the integration of DGs 

into a distribution network, different types of DGs which either deliver active power or reactive power or 

consume active power or reactive power are connected to the feeder used as a network. This is to show that 

DGs can improve the voltage profile and evaluate the impact they have on the auto-recloser when there is 

a temporary fault in the distribution feeder [60, 66].  

 

The IEEE 34 node distribution feeder is adopted as a benchmark passive distribution network for existing 

load flow and network conditions. The feeder has three-phases, two-phases and single-phase distribution 

lines. This feeder operates with a 12 MVA, 60Hz, 60/24.9kV step-down transformer in the sub-station. It 
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has various fixed and distributed constant current, constant impedance and constant power loads. The 

components of the feeder are protected by auto-recloser R1 for selecting temporary faults. The single line 

diagram of the feeder used as a distribution network is depicted in Fig. 3-4. The data for this feeder can be 

found in the IEEE Distribution Analysis Subcommittee article. The interfacing transformer for the Wind 

Turbine is a 0.48kV/24.9kV delta on the low voltage side, which is the Wind Turbine side and wye 

grounded on the high voltage side which is the distribution network side. The Wind Turbine and Solar PV 

systems are integrated as a phase-to-phase in the ungrounded three-phases section of the feeder. They are 

integrated in node 812 and node 860. The energy storage system is integrated as a single-phase to the second 

phase of the distribution feeder in node 856. These active distribution network conditions are simulated in 

MATLAB Simulink [63, 67].   

 

 
Fig. 3-3 Application of the auto-recloser in the IEEE 34 node radial distribution feeder with DGs [67] 

 

3.7.1. Voltage conditions   

 
The DG systems integrated in the distribution network depicted in Fig. 3-3 are configured to operate by 

supporting the voltage drops in the distribution network and improve the voltage profile. The configuration 

of both systems is conducted for their operation in the distribution network. The DGs are assumed to have 

a low-voltage ride through in the event of a fault. The energy storage system is integrated as a 

supplementary back-up for backing the DGs when there is no power injected. These all cause the voltage 

profiles to vary dependent on the type of DG. The investigation shall be conducted for six case studies of 

the integration and fault location. The base case study with no DG integration, the second case study with 

the integration of the Solar PV system and the third case study of the integration of the Solar PV system 

and Wind Turbine system. The fault location and type is varied for each case study. The difference in the 
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voltage profiles is noted as a result of the integration of the DG systems. Simulations on the protection of 

the auto-recloser are conducted under the varying voltage profiles to see performance of the auto-recloser 

with conventional settings and optimal settings [63].   

The voltage profile of the distribution network is depicted in Fig. 3-4 for the case studies chosen when there 

is no fault on the distribution feeder. The distribution network’s RMS voltage is 0,74235 p.u. before the 

integration of the DG. When the Solar PV system is integrated, the voltage profile shows a flat, falling and 

rising voltage profile mode. When the Wind Turbine system is integrated, the voltage profile shows a flat, 

falling and rising voltage profile mode as well. The integration of the Wind Turbine system or both DGs 

shows an increase in the level of the voltage compared to no DG and the Solar PV system integration. The 

voltages at the point of common couplings are given in Table 3-1. 

Table 3-1 Voltages at the common couplings in per unit 

Distributed generator Node RMS voltage (p.u.) 

Solar photovoltaic system 860 0,6652 

Wind turbine system 812 0,7945 

 

 

 
Fig. 3-4 Distribution Network's voltage profiles 

 

3.7.2. Fault conditions   

 
A short circuit was simulated to see the minimum and the maximum short circuit current that will flow in 
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all the nodes of the distribution network and in the node after the auto-recloser. This node shall be the 

subject of the voltage and current profile for the auto-recloser. This is taken as the installation point of the 

auto-recloser when there is no DG and when there is or are DGs integrated. The fault current variation that 

is detected by the auto-recloser in the installation point is investigated to find optimal settings [46].  

For analysing fault conditions, two locations were chosen to observe the minimum and maximum fault 

current that will flow through the feeder when there is no DG and when there is DG integrated. For the 

minimum fault current detected by R1, the fault is simulated in node 826 and for the maximum fault current 

detected by R1, the fault is simulated in node 802. The fault in node 826 is a single-phase-to-ground fault 

and the fault in node 802 is a three-phase-to-ground fault. The fault currents are tabulated without the auto-

recloser operation in Table 3-2. The fault current is determined when there is no DG integrated and when 

the Solar PV and Wind Turbine systems are integrated [66-67].  

The table shows that the current that is passing between node 800 to node 802 is altered when there is an 

integration of a DG both near the auto-recloser and far from the auto-recloser. When there is a Solar PV 

system, there is a minor variation in the fault current compared to the fault current when no DG is integrated. 

When the Wind Turbine is integrated, the fault near the auto-recloser increases the current from 0.02 p.u. 

to 0.08 p.u. and when the fault that is far from the auto-recloser decreases the fault current from 0.08 p.u. 

to 0.05 p.u. When both DGs are integrated the current increases from 0.02 p.u. to 0.07 p.u. for the fault at 

node 802 near the auto-recloser and from 0.08 p.u. to 0.1 p.u. for the fault at node 826 far from the auto-

recloser [66].   

 

Table 3-2 Fault currents for fault located in node 802 and node 826 

Nod

e 

No DG (p.u.) Solar PV (p.u.)  Wind turbine 

(p.u.) 

Both DG (p.u.) 

Inom IF1 IF2 Inom IF1 IF2 Inom IF1 IF2 Inom IF1 IF2 

800 0.014 0.73 0.08 0.0135 0.74 0.08 0.020 0.74 0.05 0.021 0.74 0.1 
802 0.014 0.02 0.08 0.0135 0.02 0.08 0.020 0.08 0.05 0.021 0.07 0.1 
806 0.014 0.02 0.08 0.0135 0.02 0.08 0.020 0.08 0.05 0.021 0.07 0.1 
810 0.014 0.02 0.08 0.0135 0.02 0.08 0.020 0.08 0.00 0.021 0.07 0.0 
812 0.014 0.00 0.00 0.0000 0.00 0.00 0.000 0.00 0.05 0.000 0.00 0.1 
814 0.014 0.02 0.08 0.0136 0.01 0.08 0.020 0.08 0.10 0.021 0.07 0.1 
816 0.014 0.02 0.08 0.0136 0.01 0.08 0.015 0.03 0.10 0.014 0.02 0.1 
818 0.006 0.01 0.01 0.0136 0.00 0.01 0.015 0.02 0.01 0.014 0.02 0.0 
820 0.005 0.01 0.01 0.0056 0.01 0.01 0.006 0.02 0.01 0.006 0.02 0.1 
822 0.000 0.00 0.00 0.0048 0.00 0.00 0.005 0.02 0.00 0.005 0.00 0.0 
824 0.010 0.01 0.07 0.0000 0.01 0.07 0.000 0.00 0.90 0.000 0.01 0.1 
826 0.001 0.00 0.00 0.0000 0.01 0.00 0.012 0.02 0.00 0.010 0.00 0.1 
828 0.011 0.06 0.08 0.0111 0.01 0.08 0.000 0.00 0.10 0.000 0.01 0.1 
830 0.102 0.01 0.08 0.0106 0.01 0.08 0.012 0.01 0.10 0.012 0.01 0.1 
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832 0.010 0.01 0.07 0.0105 0.00 0.07 0.011 0.01 0.10 0.011 0.01 0.0 
834 0.007 0.01 0.07 0.0067 0.00 0.07 0.011 0.01 0.10 0.011 0.00 0.0 
836 0.001 0.00 0.08 0.0005 0.00 0.08 0.008 0.01 0.10 0.008 0.00 0.0 
838 0.000 0.00 0.00 0.0000 0.00 0.00 0.001 0.00 0.00 0.001 0.00 0.0 
840 0.000 0.00 0.00 0.0000 0.00 0.00 0.000 0.00 0.00 0.000 0.00 0.0 
842 0.004 0.00 0.01 0.0042 0.00 0.02 0.005 0.00 0.01 0.005 0.00 0.0 
844 0.003 0.00 0.01 0.0027 0.00 0.01 0.003 0.00 0.01 0.003 0.00 0.1 
846 0.003 0.00 0.01 0.0027 0.02 0.01 0.003 0.00 0.01 0.003 0.02 0.1 
848 0.000 0.00 0.00 0.0000 0.01 0.00 0.000 0.00 0.00 0.000 0.01 0.1 
850 0.0 14 0.02 0.08 0.0136 0.01 0.08 0.015 0.02 0.10 0.014 0.01 0.0 
852 0.010 0.01 0.08 0.0106 0.01 0.08 0.011 0.01 0.10 0.011 0.01 0.1 
854 0.010 0.01 0.08 0.0106 0.01 0.08 0.011 0.01 0.10 0.011 0.01 0.1 
856 0.000 0.00 0.00 0.0000 0.00 0.00 0.000 0.01 0.01 0.001 0.00 0.1 
858 0.007 0.01 0.07 0.0073 0.00 0.07 0.008 0.01 0.10 0.008 0.00 0.1 
860 0.001 0.00 0.06 0.0019 0.00 0.06 0.001 0.00 0.10 0.002 0.00 0.1 
862 0.000 0.00 0.00 0.0000 0.00 0.00 0.000 0.00 0.00 0.000 0.00 0.0 
864 0.000 0.00 0.00 0.0000 0.00 0.00 0.000 0.00 0.00 0.000 0.00 0.0 
888 0.004 0.00 0.00 0.0036 0.00 0.00 0.004 0.00 0.00 0.004 0.00 0.0 
890 0.004 0.00 0.00 0.0036 0.00 0.00 0.004 0.00 0.00 0.004 0.00 0.0 

 

3.8. Auto-recloser protection optimization case studies   

  
The simulations of the case studies shall be conducted in voltage conditions investigated in sub-section 3.7 

and fault conditions investigated in sub-section 3.8. To obtain the best optimal settings of the DE algorithm 

in optimizing the auto-recloser protection under these network conditions, the DE algorithm is modified 

into three more schemes. The settings computed by each scheme shall be compared to determine which 

scheme and settings optimize the protection of the auto-recloser. The modification is performed in the 

mutation strategy of the original code in the DE algorithm [26, 68].  

  

There are three case studies that the auto-recloser is optimized for, these cases are for a temporary fault 

isolation when there is no DG, a temporary fault isolation for a Solar PV system integration and a temporary 

fault isolation for the integration of a Solar PV and Wind Turbine systems. The main reason behind the 

case studies is to observe the protection of the auto-recloser with different settings, and analyze the fast 

operating time that can eliminate or reduce protection blinding, sympathetic-tripping and loss of 

coordination. A three-phase-to-ground and a single-phase-to-ground fault are simulated in different 

locations. The red phase of the distribution line is analyzed to observe the performance of the auto-recloser. 

The fault is initiated at 0.1 sec, and when the current rises from the rated current to its peak in all the cases, 

the auto-recloser is observed to see the operation time. The simulated fault is a temporary fault lasting for 

only 0.1 sec [66].  
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An exponential scale factor is applied to balance the exploration and exploitation of the schemes that 

provide the most optimal settings and optimize the auto-recloser protection. Simulations shall be performed 

to observe the improvements that might take place in the auto-recloser if there is a balance in exploring 

more candidate solutions that are not local and in exploiting the local candidate solutions using the selected 

schemes for the optimization of the auto-recloser protection [68]. The operating time of the auto-recloser 

is then compared for all the case studies. The comparison is done to see which settings give a better 

performance and optimize the protection of the auto-recloser.  

 

3.9. Conclusion 

 
The selection of optimal settings that can optimize the protection of the auto-recloser shall be done through 

performance simulation of the auto-recloser and application of a robust optimization algorithm. The factors 

that are investigated which cause mal-operations in the auto-recloser are type and location of the DG system 

as well as the type and location of the fault. The following conclusions have been drawn from this chapter:  

 

 The integration of a DG into the distribution network changes the fault current level, and this 

changes the operating time of the auto-recloser. The voltage profile is impacted by the integration 

of a DG, a change in the fault type and location. Mal-operations arise in the auto-recloser caused 

by the reverse current contribution, this affects the requirements that must be met in the operation 

of the auto-recloser.  

 Voltage and fault conditions present different cases that can reduce the optimal operation of the 

auto-recloser. This can make the auto-recloser not meet the selectivity, security, redundancy, 

sensitivity and dependability requirements.    

 An optimization algorithm can have shortcomings that can cause it to compute less optimal settings. 

It is necessary to assess these issues and refactor the algorithm to solve the issues for optimal 

computation.  

 

The conclusions drawn in this chapter serve as a basis for the auto-recloser performance evaluation and 

settings optimization in chapter  4.
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Chapter 4 Auto-Recloser Performance Evaluation and 

Settings Optimization 

 
4.1. Introduction 

 
An optimal protection of the auto-recloser depends on three-parameter settings viz. time-dial, pick-up and 

dead-time settings [12]. The settings design a fast time-current curve, re-closure time delay, and the delayed 

time-current curve. This has to meet the auto-recloser protection requirements, ensure a reduced power 

interruption duration and provide network security against temporary faults [61, 69]. In the case of the auto-

recloser mal-operating and not meeting the requirements, various optimization algorithms can be utilized 

for selecting optimal settings. PSO, ACO, and DE algorithms are commonly applied for the protection 

scheme optimization to reduce the mal-operations. The following subsections present an auto-recloser 

model, performance evaluation and algorithm used for the optimization of auto-recloser protection when 

there is protection blinding, sympathetic tripping, and potential loss of coordination with other protection 

devices. The operating times are quantified, pick-up activities analyzed and issues identified through 

preliminary tests when the DG is integrated in the distribution network. The DE algorithm is evaluated for 

optimizing the auto-recloser protection by using it to select optimal time-dial and pick-up settings [21].    

 

4.2. Auto-recloser model 

 
The auto-recloser’s trip and automatic reclosing should provide optimal selectivity, security, redundancy, 

sensitivity, and dependability for the distribution network in the occurrence of a symmetrical or 

asymmetrical temporary fault [70]. It should trip and reclose only on faulted feeders and remain inactive in 

healthy feeders. The auto-recloser shall be microprocessor-based with embedded numerical relays, this 

allows the device to be time-graded with the fuse, sectionalizing links or other auto-reclosers for the 

provision of backup protection in permanent fault conditions [71]. The standard of the auto-recloser should 

comply with the IEC 62271-111 standard for design, operation, and application. As depicted in Fig. 4-1, 

the trip solenoid and the close solenoid are energized by the power supply in the auto-recloser to control 

the trip and reclosing operation. For symmetrical faults, the auto-recloser should be applied as a three-phase 

auto-recloser, with three-poles of the circuit breaker simultaneously tripping and reclosing. For 

asymmetrical faults, the auto-recloser should be applied as a single-phase auto-recloser, tripping one, two, 

or three poles of the circuit breaker independently and reclosing them independently. The auto-recloser 

shall be rated at a frequency of 60 Hz [72-73].  
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As depicted in Fig. 4-1, the analog to digital converter performs continuous to discrete (i.e. 0 and 1) 

conversions of the current signal from the analog current transformer, this is the current signal input into 

the microprocessor. All monitoring and control operations that energize the solenoids are performed in the 

microprocessor. It switches on or off the power supply of the solenoids independently [7,21,74]. The signal 

interface (i.e. human and machine interface) allows the operator to set the microprocessor according to the 

control requirements for the auto-recloser in the feeders. The calibration of the operating time for tripping 

is in conformance to the IEEE extremely inverse time-current characteristics curve. This is to program the 

auto-recloser to have a fast and delayed time-current curves for its timed responses [71].  

 

Fig. 4-1 Auto-recloser construction overview [73] 

 

4.3. Auto-recloser output 
 

The auto-recloser can allow between one to four reclosing attempts. It shall be according to the operator 

settings. It should only open and reclose according to settings and lock-out after the attempts have been 

completed [11]. Fig. 4-2 depicts the trip and close command in the control signal of the auto-recloser [75]. 

The auto-recloser outputs binary commands that are recognized by the circuit breaker which energize and 

de-energizes solenoids. When there is a temporary (i.e. transient) fault, the auto-recloser only operates in 

the red zone [24] and when there is a permanent fault, the auto-recloser operates in the blue zone. The time 

it takes to send a trip command is the operating time of the auto-recloser [76]. The calculation of the 

operating time is by the microprocessor. It converts numerical values of the time-dial and pick-up setting 

to operate the solenoids in a predetermined trip time. 
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Fig. 4-2 Control signal of the auto-recloser [75] 

 

4.4. Settings and operation 

 
Considering the voltage level and fault current level of the utility generator, the distribution network 

requires optimal adaptability of the auto-recloser settings to provide the distribution network with optimal 

selectivity, redundancy, security, sensitivity, and dependability [70]. The auto-recloser is required to 

operate with a high degree of availability which is dependent on the human-machine interface (i.e. HMI) 

settings of the device. The pick-up and time-dial settings are to be optimized in a selection based on the 

prevailing conditions of the distribution network. The settings are for overcurrent relay protection and 

automatic reclosing of the distribution feeders.  Fig. 4-3 presents a flow chart for the operation of the auto-

recloser when there is a temporary and permanent fault [1]. The count represents the increment of reclosing 

attempts performed by the auto-recloser. In this study, it is assumed that the auto-recloser performs a single 

attempt and lock-outs at the second attempt. The first trip is set to a time-dial setting of 0.1 and the second 

trip is set to a time-dial setting of 0.6. The pick-up setting of both relays is set to 150% of the distribution 

line current. These two parameters can also adjust time-current characteristics curves to determine the 

operation time of the auto-recloser [77]. 
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Fig. 4-3 Flow chart of the auto-recloser operation [1] 

 

4.5. Operating time and dead-time 

 
The equations used to calculate the operating time are presented from (4.1) to (4.3). Equation (4.1) is a non-

linear function of the time-dial and the pick-up setting and mathematically defined by the IEEE C37.112. 

The time-dial and pick-up settings are chosen by the operator to design suitable fast or delayed time-current 

characteristic curves for controlling the circuit breaker’s operating time [9, 57]. The delayed operating time 

is also the time-delay and reclaim time of the auto-recloser. A dead-time is set to allow the fault arc to be 

de-ionized and allow a temporary fault to self-clear. The length of the dead-time is selected using the 

equation depicted in (4.4) and (4.5), this is to ensure successful reclosing for faults not greater than 0.2 sec 
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in duration [78 - 79].  

 

𝑇𝑅 = (
𝐴

𝑀𝑝−1
+ 𝐵)TD                           (4.1) 

M = 
𝐼𝑅

𝐼𝑃
                                         (4.2) 

𝐼𝑅 =
𝐼𝐿

𝐶𝑇𝑟𝑎𝑡𝑖𝑜
                                                                                                                            (4.3) 

𝐼𝑃 = 𝑘 × 𝐼𝑅                              (4.4) 

𝑡 = 10.5 + 
𝑉𝐿−𝐿

34.5
  (𝑐𝑦𝑐𝑙𝑒𝑠)                            (4.5) 

𝑡𝑑𝑒𝑎𝑑 = 
𝑡

𝑓𝐺
 (𝑠𝑒𝑐𝑜𝑛𝑑𝑠)                              (4.6) 

Where TR is the operating time of the auto-recloser; TD is the time dial setting; M is the ratio of the current 

detected by the auto-recloser (i.e. IR) to the pick-up setting (i.e. IP); the parameters A, B, and p are the 

constants for a particular time-current characteristic curve; the  𝐶𝑇𝑟𝑎𝑡𝑖𝑜 is the current transformer ratio; IL 

is the distribution line current;  k is the overload factor; t is the dead time expressed in cycles; VL-L is the 

rated line-to-line voltage (kV); tdead is the dead time in seconds and fG is the rated frequency. 

   

4.6. Application in a passive distribution network 

 
The results for the evaluation of the auto-recloser performance when there is no DG are presented in this 

subsection. The analysis of the results is conducted in order to observe whether the faults are optimally 

cleared using the selected settings. The set-up for the simulations is depicted in Fig 3-1.  

 

4.6.1. Auto-recloser performance for a fault at node 34 
 

Fig. 4-4 shows the voltage profile at node 33 and node 92. There is a voltage drop at 0.1 sec and a voltage 

rise after a time of 0.1 sec when the fault is temporary for both auto-reclosers. There is also a voltage drop 

at 0.1 sec when the fault is permanent and the voltage is not restored for both auto-reclosers. This is a result 

of the short-circuit in node 34 and shows that a temporary fault causes a temporary drop and a permanent 

fault causes a permanent drop in the voltage level. Fig. 4-5 shows the current profile of the current detected 

by R1 and R2. For the feeder protected by R1, there is a line current of 80 A before the fault and a peak 

fault current of 2.951kA when there is a temporary or permanent fault. For the feeder protected by R2, there 

is a line current of 250 A and the line current remains at 250 A during fault conditions. The control signals 

of R1 and R2 shown in response to the current detected by each device are presented in Fig. 4-5. It can be 

observed that R1 trips after a fast operation time of 0.086 sec when the fault is temporary and isolates the 
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faulted section from the healthy section for a dead time of 0.200 sec. The fault clears within this period and 

R1 has a successful reclosure. R2 does not operate during this fault. When the fault duration is changed to 

permanent, it can be observed that R1 operates at the same time as when there was a temporary fault, which 

is 0.086 sec, it recloses after the dead time of 0.200 sec and operates again after a delayed operation time 

of 0.800 sec. After this final operation, R1 locks-out the circuit breaker, which can be observed that the 

fault did not clear. R2 again shows no operation. It can be observed that no auto-recloser is mal-operating 

[80]. 

 

 
 

Fig. 4-4 Voltage profiles during a temporary and permanent fault at node 34 

 

 
 

Fig. 4-5 Current profile and control signals for R1 and R2 during a temporary and permanent fault at node 34 
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4.6.2. Auto-recloser performance for a fault at node 75 

 
This case is simulated to compare the responses of the auto-reclosers when the fault is on a different feeder. 

This is to determine if the auto-reclosers maintain their performance when there is a change in the location 

of the fault. Fig. 4-6 shows the current profile for the fault at node 75. It can be observed that a peak fault 

current of 10.22 kA is detected by R2 for both the temporary fault and a permanent fault in node 75. The 

control signals of R1 and R2 are shown in response to the fault. It can be observed that R1 shows no rise in 

current and no operation. R2 trips after a fast operation time of 0.027 sec when the fault is temporary and 

recloses after the dead-time. When the fault is permanent, it is observed that R2 trips after a fast operation 

time of 0.027 sec as it did for a temporary fault and recloses after the dead-time, and trips again after a 

delayed operation time of 0.161 sec and locks-out. The auto-reclosers maintain their performance and 

exhibit no mal-operation [80]. 

 

Fig. 4-6 Current profile and control signals of R1 and R2 during a temporary and permanent fault at node 75 

 

4.7. DG integration   

 
The integration of a DG changes the network topology. The new network topology can be represented 

mathematically by (4.7). The terminal voltages of the utility generator and the DG, their impedance, line 

impedance, and their current injection are presented in a 2x2 matrix by (4.7). Equation (4.8) to (4.9) is the 

Thevenin's impedance of the distribution network integrated with the DG when viewed from the location 

of the fault. The Thevenin's voltage and Thevenin’s impedance determine the fault current level on the line 

to the fault as presented in (4.10) [62, 78-79,81]. Equations (4.11) to (4.12) are the current injections to the 
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fault by the two voltage sources. Equations (4.13) to (4.14) is the current detected by the auto-recloser 

dependent on the location of the DG relative to the fault [47,74,82].  The operation of the auto-recloser is 

subject to the following changes [18,58,83]:  

 A decrease in the auto-recloser current can cause the operating time of the auto-recloser to be in 

excess compared to the fuses operating time according to the IEEE extremely inverse time-current 

characteristics curve.  

 An increase in the auto-recloser current can cause the auto-recloser to trip unnecessarily on healthy 

a feeder thereby isolating that part of the distribution network without a fault.  

 A drop in voltage on a healthy feeder can cause an increase in the auto-recloser current without the 

fault and can result in a trip. This drop is caused by a fault on an adjacent line.   

 The location of the DG can vary the auto-recloser current since the impedance from the DG to the 

fault location can vary causing the current detected by the auto-recloser to vary.   
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Where 𝑉𝑔 is the utility generator voltage; 𝑉𝑑𝑔 is the DG voltage; 𝑍𝑔 is the utility generator impedance; 𝑍𝑑𝑔 

is the DG impedance and 𝑍𝑙 is the network impedance. 𝑍𝑡ℎ is the Thevenin's equivalent impedance of the 

active distribution network; 𝑝 is the line impedance from utility generator to point of the DG; 𝑑 is the all 

feeder impedance from the utility generator to the fault and 𝐼𝑓𝑎𝑢𝑙𝑡 is the fault current.   
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4.7.1. Auto-recloser performance for a fault at node 34 with DGs 
 

This case is simulated to analyse the voltage profile, current profile, and operation of the auto-recloser when 

DGs is integrated into the passive distribution system. Fig. 4-7 depicts the voltage profiles in nodes 33 and 

92 when the fault is temporary and permanent. It is observed that the voltage profile of node 33 is fluctuating 

which is caused by the integration of the Wind Turbine system. It is observed that a temporary fault causes 

a temporary drop in the voltage and a permanent fault causes a permanent drop in the voltage. Fig. 4-8 

shows the current detected by R1 and R2. It is observed that there is a peak in the fault current detected by 

R1 of 2.930 kA when there is a temporary and a permanent fault at node 34. When the fault is temporary, 

R1 responds with a fast operation time of 0.182 sec followed by reclosure after the dead-time. When the 

fault is permanent, it responds again with a fast operation of 0.182 sec, recloses after the dead-time, and 

has a delayed operation time of 0.818 sec. There is an excess time delay of R1 for both fast and delayed 

operating times. For auto-recloser R2, it is observed that the current drops during fault conditions for both 

durations of the fault. R2 shows no response or mal-operation [80].  

 

 

 

Fig. 4-7 Voltage profiles for a temporary and permanent fault with DGs integrated 
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Fig. 4-8 Current profile and control signals for R1 and R2 during a temporary and permanent fault at node 34 with DGs 

  

4.7.2. Auto-recloser performance for a fault at node 75 with DGs 
 

This case is simulated to compare the response of the auto-reclosers when the fault is on a different feeder. 

Fig. 4-9 shows the current profile of R1 and R2. It is observed that R1 has a drop in current to 836 A in 

both durations of the fault and R1 operates in a fast operation time of 0.184 sec for a temporary fault and 

recloses after the dead-time. For a permanent fault, it again operates after a fast operation time of 0.184 sec, 

recloses after the dead-time, and operates after a delayed operation time of 19.1 sec. However, the fault is 

not in node 34 where R1 is applied, but there is current flowing in this feeder initiating a trip. It can also be 

observed that R2 has a peak in the fault current of 1.649 kA when there is a temporary fault and a permanent 

fault at node 75. This auto-recloser operates after a fast operation time of 0.214 sec when the fault is 

temporary and recloses after the dead-time. When the fault is permanent, it operates again after a fast 

operation time of 0.214 sec, recloses after the dead-time, operates after a delayed operation time of 1.853 

sec, and locks out. There is an excess in the operating time when compared to the passive distribution 

network operating times [80]. 
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Fig. 4-9 Current profile and control signals for R1 and R2 during a temporary and permanent fault at node 75 with DGs 

 

4.8. Comparison of auto-recloser performance   

 
In Fig. 4-10, the operation times of R1 are compared for the four cases. The first case results can be used 

to grade the auto-recloser with other protection devices. The third case shows an increase of 109% for the 

fast operating time and 350% for the delayed operating time when compared to the first case. This can 

result in a loss of coordination, which is caused by the increased delays in operation. It shows that there 

was decreased in dependability and can be loss of selectivity in terms of the requirements for the auto-

recloser. Case four shows a trip in R1 when compared to the second case and there is no fault on the feeder. 

This trip is unwanted as the feeder is healthy. This is a sympathetic trip and the auto-recloser is failing the 

security, dependability, and selectivity requirement in a healthy feeder.  

 

In Fig. 4-11, the operating times of R2 are compared. For the first case and the third case, R2 proves to 

operate optimally, the feeder is healthy and the auto-recloser does not exhibit a protection blinding or 

sympathetic tripping. The operating times have not increased from the conventional settings in the passive 

distribution network. The current contribution of the DG has not affected the operation of this auto-recloser, 

it has not affected its security, dependability, and selectiveness. In the second case, R2’s fast operating time 

is 0.03 sec and delayed operating time is 0.161 sec, the auto-recloser performs optimally in this case. 

However, In the fourth case, the fast operating time is 0.214 sec, this is a 613% increase in the operating 

time when compared to the second case. This can cause a loss of coordination between the auto-recloser 

and other protection devices. There is also a 1049% increase in the delayed operating time when compared 
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to the second case.  

 

 
 

Fig. 4-10 Comparison of the fast and delayed operation times for R1 in the four case studies 

 
 

Fig. 4-11 Comparison of the fast and delayed operation times for auto-recloser R2 in the four case studies 

 

4.9. Optimization framework 

 
The search and selection of optimal settings for an auto-recloser applied in a distribution network integrated 

with DGs shall be conducted using a robust optimization algorithm. This research study uses the DE 

algorithm to globally search for the optimal settings of the auto-recloser. These settings should minimize 

the operating time when applied to the distribution network integrated with a DG. An optimization model 

is framed in this subsection by formulating the problem and stating the objective. The time-dial and pick-

up decision variables are subject to design constraints which limit the search within their minimum and 

maximum parameter setting [84-85].   
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4.9.1. Problem formulation  

 
The blinding of protection, sympathetic tripping, and loss of coordination with other protection devices 

mal-operations of the auto-recloser are non-linear optimization problems since the auto-recloser’s operation 

time is determined from a non-linear function expressed in (4.15). The problem with the operating time is 

an increase of the operating time in a faulted feeder, which requires minimization. Only the TD and Ip are 

unknown independent decision variables. A, B, and p are known [86].  

 

𝑇𝑅𝑖 = (
𝐴

 (
𝐼𝑅
𝐼𝑃𝑖
)𝑝−1

+ 𝐵)𝑇𝐷𝑖                        (4.15)  

 
Where 𝑖 is the auto-recloser identifier.  

 

The objective is to minimize the operating time [12]. The form of the objective function is expressed in 

(4.16) 

 

OF = Min 𝑇𝑅𝑖                                      (4.16) 

 

4.9.2. Auto-recloser settings constraints 

 
The range of auto-recloser settings from which feasible solutions are encountered is presented as constraints 

in (4.17) and (4.18) [78]. These are the constraints of the time-dial and pick-up of the auto-recloser.  

 

𝑇𝐷𝑚𝑖𝑛 ≤ 𝑇𝐷 ≤ 𝑇𝐷𝑚𝑎𝑥                                     (4.17) 

 

𝐼𝑃𝑚𝑖𝑛 ≤ 𝐼𝑃 ≤ 𝐼𝑃𝑚𝑎𝑥                         (4.18) 

 

Where, TDmin is the minimum limit of the time-dial setting; TDmax is the maximum limit of the time-dial 

setting, IPmin is the minimum limit of the pick-up setting and IPmax is the maximum limit of pickup setting. 

 

4.9.3. DE algorithm application  

     
This optimization problem is a single-objective optimization problem and the global search for optimal 

settings of the time-dial and pick-up that should minimize the operating time and reduces the mal-operations 

of the auto-recloser in a distribution network integrated with DGs. This shall optimize the protection of the 

auto-recloser in prevailing voltage and fault conditions. The three commonly applied algorithms to optimize 

protection settings are the PSO, ACO, and DE algorithms. These algorithms can be applied to search for 

the Pareto optimal solutions of these settings [87]. With the PSO algorithm, the search continues only with 

the same particles and no other particles are substituted during iterations, which can limit its global search 
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for optimal solutions of the objective function [82]. The ACO algorithm performs better for a local search 

than for a global search and this is a shortfall for a global search of the time dial setting and pick-up setting 

[88-89]. The DE algorithm is a method that was proposed by Kenneth V. Price and R. Storn in 1997 [84]. 

It is a child of the Genetic Algorithm annealing, by the addition of the differential mutation operator. The 

DE algorithm was proposed for minimizing non-linear functions, it is a simple and efficient meta-heuristic 

algorithm for globally searching optimal solutions. The DE algorithm continues the search with the best 

vectors through mutation and selection operations and computes optimal solutions. Joymala Moirangthem, 

et. al [90] applies it to search for the optimal relay coordination settings in a DG network. There are four 

steps in the DE algorithm to achieve stochastic optimal solutions viz. Initialization, differential mutation, 

crossover, and selection. Initialization generates an initial population P0, which the three steps after the 

initialization of the setting parameters evolve P0 to P1 and P1 to P2 until the termination conditions are 

fulfilled (14) [85]. The best solution is given in the final generation of the decision variables that best meet 

the objective for the fitness function. 

   

The algorithm used is the DE/rand/1/bin. The inputs of the DE algorithm are the lower bound 

(𝑇𝐷𝑚𝑖𝑛, 𝐼𝑃𝑚𝑖𝑛), upper bound (𝑇𝐷𝑚𝑖𝑛, 𝐼𝑃𝑚𝑖𝑛) of the decision variables, population size (𝑃), number of 

generations (𝐺), scaling factor (𝐹)  and cross-over the property (𝐶𝑟)[85-86,91].   

Step 1: Initializing the differential evolution parameters (random).  

The target vectors in (4.19) are initialized randomly in (4.20) to create a random population [84].  This is 

the random selection of the initial population for optimal solutions of the decision variables. These values 

are selected between their minimum and maximum limits.  

(
𝑇𝐷(𝑘)

𝑔

𝐼𝑝(𝑘)
𝑔 ) = {

𝑡𝑑(𝑘,1)
𝑔

, 𝑡𝑑(𝑘,2)
𝑔

……… , 𝑡𝑑(𝑘,𝑖)
𝑔

, …… . , 𝑡𝑑(𝑃,𝐷)
𝑔

𝐼𝑝(𝑘,1)
𝑔

, 𝐼𝑃(𝑘,2)
𝑔

……… , 𝐼𝑃(𝑘,𝑖)
𝑔

, …… . , 𝐼𝑝(𝑃,𝐷)
𝑔

  
}                                    (4.19) 

(
𝑡𝑑(𝑘,𝑖)

𝑔

𝐼𝑃(𝑘,𝑖)
𝑔 ) = (

𝑡𝑑𝑖
𝑚𝑖𝑛

𝐼𝑝𝑖
𝑚𝑖𝑛 ) + (𝑟𝑎𝑛𝑑(𝑘,𝑗)) × (

𝑡𝑑𝑖
𝑚𝑎𝑥 − 𝑡𝑑𝑖

𝑚𝑖𝑛

𝐼𝑝𝑖
𝑚𝑎𝑥 − 𝐼𝑝𝑖

𝑚𝑖𝑛 )                                                  (4.20) 

Where, g = 1, 2, ……., G is the maximum number of generations; 𝑖 = 1, 2, ……., D is the dimension of the 

problem and 𝑟𝑎𝑛𝑑(𝑘,𝑖) is the uniformly distributed random variable within the range of (0,1).  

Step 2:  Differential mutation (one differential operator) 

For g = 1 to G do                                                                                                    loop for generation. 

 For k = 1 to P do                          loop for the population size. 

The mutated vectors of the time-dial and pick-up decision variables are generated by using (4.21).  
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(
𝑡𝑑𝑣(𝑘,𝑖)

𝑔+1

𝐼𝑝𝑣(𝑘,𝑖)
𝑔+1 ) =  (

𝑡𝑑𝑟1
𝑔

𝐼𝑝𝑟1
𝑔 ) +  𝐹 × (

𝑡𝑑𝑟2
𝑔
− 𝑡𝑑𝑟3

𝑔

𝐼𝑝𝑟2
𝑔

− 𝐼𝑝𝑟3
𝑔 )                          (4.21) 

Where, r1, r2 and r3 ϵ {1, 2.…. P} are randomly chosen integers, different from each other and different 

from the running index 𝑖 [91].  

The mutated decision variables are presented in (4.22). 

(
𝑇𝐷𝑣(𝑘)

𝑔+1

𝐼𝑝𝑣(𝑘)
𝑔+1 ) = {

𝑡𝑑𝑣(𝑘,1)
𝑔+1

, 𝑡𝑑𝑣(𝑘,2)
𝑔+1

……… , 𝑡𝑑𝑣(𝑘,𝑖)
𝑔+1

, …… . , 𝑡𝑑𝑣(𝑘,𝐷)
𝑔+1

𝐼𝑝𝑣(𝑘,1)
𝑔+1

, 𝐼𝑣(𝑘,2)
𝑔+1

……… , 𝐼𝑝𝑣(𝑘,𝑖)
𝑔+1

, …… . , 𝐼𝑝𝑣(𝑘,𝐷)
𝑔+1 }                     (4.22) 

Step 3: Crossover 

In the crossover, a trial vector is generated using an if statement. A trial vector is selected by (4.23) [92]. 

(
𝑡𝑑𝑣𝑛𝑒𝑤(𝑘,𝑖)

𝑔+1

𝐼𝑝𝑣𝑛𝑒𝑤(𝑘,𝑖)
𝑔+1 ) =

{
 
 

 
 (

𝑡𝑑𝑣(𝑘,𝑖)
𝑔+1

𝐼𝑝𝑣(𝑘,𝑖)
𝑔+1 )        𝑖𝑓 𝑟𝑎𝑛𝑑(𝑘,𝑖) ≤ 𝐶𝑟 𝑜𝑟 𝑖 =  𝑖𝑟𝑎𝑛𝑑  

(
𝑡𝑑(𝑘,𝑖)

𝑔

𝐼𝑝(𝑘,𝑖)
𝑔 )                 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                     

}
 
 

 
 

                                  (4.23) 

 end                                  end loop for the population size. 

Step 4: Selection (binomial)  

For i = 1 to D do  

To generate a new population with optimal solutions, the differential evolution replaces the target vector 

with the trial vector using (4.24). 

(
𝑇𝐷(𝑘)

𝑔+1

𝐼𝑝(𝑘)
𝑔+1 ) =

{
 
 

 
   (

𝑡𝑑𝑣𝑛𝑒𝑤(𝑘,𝑖)
𝑔+1

𝐼𝑝𝑣𝑛𝑒𝑤(𝑘,𝑖)
𝑔+1 )        𝑖𝑓 𝑇𝑟 (

𝑡𝑑𝑣𝑛𝑒𝑤(𝑘,𝑖)
𝑔+1

𝐼𝑝𝑣𝑛𝑒𝑤(𝑘,𝑖)
𝑔+1 ) ≤ 𝑇𝑟 (

𝑡𝑑(𝑘,𝑖)
𝑔

𝐼𝑝(𝑘,𝑖)
𝑔 ) 

(
𝑡𝑑(𝑘)

𝑔

𝐼𝑝(𝑘)
𝑔 )               𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                     

}
 
 

 
 

                                  (4.24) 

 end                   end loop for selection. 

 

end                                                                                                       end loop for generation. 

 

4.10. Optimal settings and operation 

 
The new line current and fault current detected by the auto-recloser in the presence of DG are used to obtain 

the optimal time-dial and pick-up settings for the third case and the fourth case. To obtain the best time-

dial and pick-up setting, the code of the DE algorithm in subsection 4.9 is implemented in the MATLAB 

Script and runs for the network conditions of the third and fourth cases. Table 4-1 presents the results of 

the algorithm under these voltage and fault conditions. The performance of these settings is simulated and 
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compared with the conventional settings performance. The extremely inverse time-current characteristic 

curves of the conventional settings (not-optimized curves) and optimal settings (optimized curves) are 

presented in Fig. 14. The optimal settings show improved response compared to the conventional settings.  

 
Table 4-1 Optimal settings 

CT 

ratio 

(𝐴) 

Peak fault 

current (𝐴)  
Auto-

recloser 

current 

 (𝐴) 

Pick-up 

setting 

 (𝐼𝑝𝑣𝑛𝑒𝑤 𝑖𝑛 %)  

Time-dial 

setting 

(𝑡𝑑𝑣𝑛𝑒𝑤)  

300/5 2930 1860 100 0.1 

300/5 1649 80 100 0.45 

 

 
 
Fig. 4-12 Comparison of the fast and delayed curves with conventional and optimal settings in case 3 and case 4 

 

4.10.1. Optimal performance analysis for a temporary fault 
 

The optimal settings are programmed in auto-recloser R1 to validate that they produce an improved 

performance for the new conditions of the distribution network. A temporary fault is simulated and the 

results are depicted in Fig. 4-13. It can be observed that the conventional settings do not clear the temporary 

fault and have a delayed response while the optimal settings can isolate the fault until it self clears and 

restore service. There is a difference of 0.1 sec in the operation time of the auto-recloser between the 

conventional settings and optimal settings. The requirements for selectivity, security, dependability and 

sensitivity are met [93].  
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Fig. 4-14 Comparison of the not-optimized  and optimized operation of auto-recloser R1 for a permanent fault 

 

4.11. Conclusion 

 
The current contribution of DGs and its effects on the auto-recloser the pick-up and operating times have 

been investigated. An IEEE 13 node radial distribution feeder is used and the developed auto-recloser 

applied in two lateral feeders. DGs are integrated into nodes 33 and 75. Four cases were investigated by 

changing the location of the fault on the lateral feeders for auto-reclosers in a network with and without 

DGs. Each fault location yielded a different result of the voltage profile, current profile, pick-up activity, 

and operating times of auto-reclosers. These results were compared and it was found that the auto-recloser 

operates according to the set pick-up and time-dial in the passive distribution system. However, the 

integration of DGs showed mal-operations in the auto-reclosers, there was an abnormal pick-up in a healthy 

feeder and the operation times increased. The selectivity, security, dependability, sensitivity, and 

redundancy of the auto-recloser was degraded, this results in the blinding of protection, sympathetic 

tripping and loss of coordination with other protection devices. This required a search of optimal settings 

that shall mitigate or reduce the mal-operations. The DE algorithm was applied to search for optimal time-

dial and pick-up settings. These settings were tested and the pick-up activity as well as the operating times 

improved.  

The conclusions drawn in this chapter serve as a basis for optimizing the protection of the auto-recloser 

under different case studies presented in chapter 5.
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Chapter 5 Optimizing Auto-recloser Protection 
 

5.1. Introduction 

 
There are four types of DG systems that can be integrated into the distribution network. The first type is 

capable of delivering only active power but may be required to deliver reactive power, the second type 

delivers both active and reactive power, the third type delivers only reactive power and the fourth type 

delivers active power and consumes reactive power [92]. The type and location of these DG systems 

determines their fault current contribution to the fault current level. Type one and type two supply additional 

active power into the grid for power loss reduction and are enabled to support the voltage profile through 

injection of the reactive power [94]. Each system can be configured to have a low voltage ride-through and 

can alter the voltage profile [27]. With the variation in the voltage profile, the optimization of the auto-

recloser protection must be adequate to meet the requirements. This chapter applies the auto-recloser model 

of chapter four in different DG location, DG type, fault location and fault type case studies. The selection 

of optimal settings is performed by the DE algorithm and the modified DE algorithm schemes. The 

exploration and exploitation of the best performing schemes is balanced with the use of an exponential scale 

factor.     

 

5.2. DG systems     
 

Type one and type four are to be integrated. Type one is a Solar PV system and type four is the Wind 

Turbine system. Each type of DG system operates to meet the requirements for supplying active power into 

the grid and to inject or absorb reactive power for voltage support in a grid-connected mode. The voltage, 

frequency and power factor requirements for distribution network integration shall be met to enable a 

synchronous voltage support in the case of voltage disturbances, voltage drops and voltage instability [95-

96].  

5.2.1. Solar PV system   

 
The output power of the Solar PV system is dependent on the size, number, temperature of the Solar PV 

panels and the solar irradiance. The inverter provides a two-way flow of power and communication between 

the distribution network and the Solar PV system [97]. The Solar PV system supports the distribution 

network voltage by supplying constant power at a unity power factor. It delivers the maximum available 

power to the distribution network by increasing the inverter output current even during faults or voltage 
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drop conditions [98].  

 

5.2.2. Wind Turbine system 

 
The mode of the interfacing transformer for the Wind Turbine system is a neutral grounding by small 

resistance of 20 ohms, this is installed at the neutral point of the grounding transformer [99]. The output 

power is dependent on the wind speed. These are the conditions that the Wind Turbine system introduces 

into the distribution network. An appropriate interfacing transformer configuration and grounding scheme 

compatible with the distribution network is applied. The Wind Turbine system’s power factor is also set to 

unity.  

 

5.3. Integration 

 
The active distribution network is a local electrical power system 4 which is given in the IEEE 1547 

standard [100]. The DG systems are hybridized by the integration of the energy storage system to balance 

the power supply, reduce intermittency and level the load [101]. The capacity factors of the Solar PV and 

Wind Turbine systems are taken to be 0.097 and 0.43 [29]. According to the IEEE 1547 standard, when a 

fault occurs, it is required that the low voltage ride-through is initiated for the DG system. This low voltage 

ride-through can be initiated for each system individually or for both systems [30].  

 

5.4. DE modified schemes   

 
The auto-recloser is required to have an optimal fast operating time for temporary faults when DG remains 

grid-connected. To facilitate this optimal auto-recloser protection, the auto-recloser operation should be 

based on the minimum and maximum fault currents experienced by the feeder [24,93,102-103]. The auto-

recloser should trip and relcose before the temporary fault extinguishes, it should operate to extinguish the 

fault prohibiting the operation of downstream protection devices. The auto-recloser should act selectively 

to clear temporary faults on the first shot [104]. The DE algorithm has been modified to design three 

schemes which should each individually enhance the protection of the auto-recloser to meet the 

requirements and reduce mal-operations. This is to find the best scheme and optimal settings for the 

different voltage and fault conditions case studies. The schemes make use of the weighted difference 

between two points. The mutation strategies and modification are presented in Table 5-1 and the time-dial 

and pick-up settings for optimizing auto-recloser protection are presented in Tables 5-2.   
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Table 0-1 DE modified schemes 

DE scheme Mutation 

strategy 

Modification 

MDE 1 DE/rand/2 
(
𝑡𝑑𝑣(𝑘,𝑖)

𝑔+1

𝐼𝑝𝑣(𝑘,𝑖)
𝑔+1 ) = (

𝑡𝑑𝑟1
𝑔

𝐼𝑝𝑟1
𝑔 ) +  𝐹 × (

𝑡𝑑𝑟2
𝑔
− 𝑡𝑑𝑟3

𝑔

𝐼𝑝𝑟2
𝑔

− 𝐼𝑝𝑟3
𝑔 ) +  𝐹 × (

𝑡𝑑𝑟4
𝑔
− 𝑡𝑑𝑟5

𝑔

𝐼𝑝𝑟4
𝑔

− 𝐼𝑝𝑟5
𝑔 ) 

 

MDE 2 DE/best/1 
(
𝑡𝑑𝑣(𝑘,𝑖)

𝑔+1

𝐼𝑝𝑣(𝑘,𝑖)
𝑔+1 ) = (

𝑡𝑑𝑏𝑒𝑠𝑡
𝑔

𝐼𝑝𝑏𝑒𝑠𝑡
𝑔 ) +  𝐹 × (

𝑡𝑑𝑟1
𝑔
− 𝑡𝑑𝑟2

𝑔

𝐼𝑝𝑟1
𝑔

− 𝐼𝑝𝑟2
𝑔 ) 

 

MDE 3 DE/best/2 
(
𝑡𝑑𝑣(𝑘,𝑖)

𝑔+1

𝐼𝑝𝑣(𝑘,𝑖)
𝑔+1 ) = (

𝑡𝑑𝑏𝑒𝑠𝑡
𝑔

𝐼𝑝𝑏𝑒𝑠𝑡
𝑔 ) +  𝐹 × (

𝑡𝑑𝑟1
𝑔
− 𝑡𝑑𝑟2

𝑔

𝐼𝑝𝑟1
𝑔

− 𝐼𝑝𝑟2
𝑔 ) +  𝐹 × (

𝑡𝑑𝑟3
𝑔
− 𝑡𝑑𝑟4

𝑔

𝐼𝑝𝑟3
𝑔

− 𝐼𝑝𝑟4
𝑔 ) 

 

 

 
 Table 0-2 Conventional and Optimal Settings 

Scheme Fast 

Time 

Dial 

setting 

(seconds) 

Fast 

Pickup 

setting 

(%) 

Delayed 

Time Dial 

setting 

(seconds) 

Delayed 

Pickup 

setting 

(%) 

Conventional 0.10 150 0.6 150 

DE 0.15 150 0.45 100 

MDE1 0.05 100 0.3 150 

MDE2 0.8 100 0.6 150 

MDE3 0.3 50 0.45 150 

 

5.5. Case studies for optimal auto-recloser protection   
 

This assessment of the auto-recloser when there is a variation in the voltage and fault current caused by the 

integration of DGs of two different types. This is to observe whether the injection of reactive power causes 

the voltage to remain steady, rise or fall. The voltage rise or fall must remain within the +/- 6% of the 

variation from the nominal voltage. The auto-recloser performance is assessed under the change of the 

voltage and fault current conditions. The mal-operations that may occur in the auto-recloser are assessed to 

identify the scheme settings can optimize the protection of the auto-recloser [93].  

 

5.5.1. Case study 1: Temporary fault at F1 for no DG 

 
In this case study, the distribution network does not have DGs integrated. The settings given in Table 5-2 
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are tested in a voltage profile depicted in Fig. 5-1. The performance of the protection settings provided by 

each scheme shall be observed and compared to determine which scheme can be used to obtain optimal 

settings in this case. When the fault strikes in the F1 location as depicted in Fig. 3-3, the voltage drops to 0 

V, but does not remain at 0, there are transient rises in the voltage from 0 V. This is not caused by an 

integration of a DG as there is no DG connected. However, this only occurs during the temporary fault. The 

drop in the voltage shows that there is a short-circuit in the distribution feeder. The fault has a duration of 

0.1 sec and the voltage rises back to the 14.6 kV RMS. There is no variation in the voltage. It can be 

observed in Fig. 5-2 how the current behaves in these voltage and fault conditions. It can be observed that 

the magnitude of the current rises to 23.110 kA at 0.1 sec. This is the peak of the fault current. The auto-

recloser determines its operating time through the scheme settings it has been programmed. The pick-up 

activity of the auto-recloser can be observed in Fig. 5-2 according to these settings. The settings computed 

the operating times presented in Table 5-3 [93].   

 

Table 0-3 Auto-recloser operating times in case study 1 

Scheme Fast Operating Time 

(msec) 

Conventional 13.9  

DE 20.9 

MDE1 6.5 

MDE2 103.7 

MDE3 37.1 

 

It can be observed in Fig. 5-3 and Table 5-3 that all the schemes cause the pick-up of the auto-recloser to 

remain within 200 msec. Therefore, they all provide an optimal operating time for the auto-recloser when 

there is no DG integrated. The scheme that had optimal settings when compared to all the schemes is MDE1. 

The auto-recloser responded the fastest compared to all the schemes when programmed with the settings 

computed by this scheme. There was no protection blinding or sympathetic tripping mal-operations for all 

the schemes [93].  
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Fig. 0-1 Voltage profile with no DG for a temporary fault in the F1 fault location 

 

  

Fig. 0-2 Auto-recloser pick-up activity for different schemes and settings in case study 1 

 

5.5.2. Case study 2:  Temporary fault at F1 for the Solar PV system 

integration     
 
In this case study, the distribution network has a Solar PV system integrated into it. The settings are tested 

in a voltage profile depicted in Fig. 5-3. The performance of the protection settings provided by each scheme 
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shall be observed and compared to determine which scheme can be used to obtain optimal settings in this 

case study. There is a minor increase in the voltage to 14.7 kV RMS from the first case study. The increase 

is 0.7% which is within the +/- 6% variation standard. When the fault strikes in the F1 location as depicted 

in Fig. 3-3, the voltage drops to 0 V, but it not steady at 0 V. This shows that there is a short-circuit in the 

distribution feeder. The fault has a duration of 0.1 sec and the voltage rises back its 14.7 kV when the fault 

ceases. The Solar PV system does not provide much support during the voltage drop. It can be observed in 

Fig. 5-4 how the current behaves in these voltage and fault conditions. It can be observed that the magnitude 

of the fault current is similar to the first case. The auto-recloser determines it’s operating time through the 

settings it has been programmed with. The pick-up activity of the auto-recloser can be observed in Fig. 5-

4 according to the settings from each scheme. The settings computed the operating times in Table 5-4 [93].    

 

Table 0-4 Auto-recloser operating times in case study 2 

 

 

 

 

 

 

It can be observed in Fig. 5-4 that all the schemes stay within the optimal operating time as in the first case. 

There was not much change in the operating times. However, the Solar PV system is integrated far from 

the fault, this caused minor effect on the voltage and the fault current. The contribution of the Solar PV 

system did not cause any mal-operations using any of the settings in the auto-recloser, but it did reduce the 

operating times provided by DE and MDE1 settings. MDE1 still remained the scheme that had optimal 

settings when compared to all the schemes. There was no protection blinding or sympathetic tripping mal-

operations for all the schemes.  

Scheme Fast Operating Time 

(msec) 

Conventional 13.90  

DE 20.85 

MDE1 6.481 

MDE2 103.7 

MDE3 37.13 
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Fig. 0-3 Voltage profile with Solar PV system integration  for a temporary fault in the F1 fault location 

 

 

Fig. 0-4 Auto-recloser pick-up activity for different schemes and settings in case study 2 

 

5.5.3. Case study 3: Temporary fault at F1 for the Solar PV and Wind 

Turbine systems integration 
 
In case study 1, the pick-up activity of the auto-recloser was tested with no DG and in case study 2 the pick-

up activity of the auto-recloser was tested when the distribution network is integrated with a Solar PV 
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system. The pick-up activity was tested with the settings computed by the schemes. The fault location 

remained the same. This case study is to test for an optimal protection of the auto-recloser when there is a 

different type of a DG system integrated in a different location.  

 

The distribution network has a Wind Turbine system added. The settings are tested in a voltage profile 

depicted in Fig. 5-5. The voltage is not steady. There is a falling and a rising voltage profile in the 

distribution feeder. It rises to 16 kV between 0 to 3.25 sec, this is a 9.6 % voltage rise and false to 14 kV 

which is a 4.1 % fall. It rises to 16.2 kV at 3.25 sec, this is a 11 % voltage rise and begins to becomes steady. 

The performance of the protection settings provided by each scheme shall be observed and compared to 

determine which scheme can be used to obtain optimal settings in these conditions. When the fault strikes 

in the F1 location as depicted in Fig. 3-3, the voltage drops to 2 kV in this case study. This shows that there 

is a short-circuit in the distribution feeder but the Wind Turbine system remaining grid connected supports 

the utility generator by supplying a voltage of 2 kV during the temporary fault. The fault has a duration of 

0.1 sec and the voltage rises back after the fault ceases. It can be observed in Fig. 5-6 how the current 

behaves in these voltage and fault conditions. It can be observed that the magnitude of the current rises to 

23.11 kA at 0.1 sec. This is the peak of the fault current. The auto-recloser determines its operating time 

through the settings it has been programmed with. The pick-up activity of the auto-recloser can be observed 

in Fig. 5-6 according to the settings from each scheme. The settings computed the operating times in Table 

5-5 [93].   

 

Table 0-5 Auto-recloser operating times in case study 3 

Scheme Fast Operating Time 

(msec) 

Conventional 3901  

DE 5851 

MDE1 786.6 

MDE2 12080 

MDE3 967.2 

 

It can be observed in Fig. 5-6 that all schemes with their settings compute an operating time greater than 

200 msec. But the two schemes that had a better performance amongst all the schemes are MDE1 and 

MDE3. The scheme that had optimal settings when compared to all the schemes is MDE1. The auto-recloser 

responded the fastest with these settings but it experienced sympathetic tripping in its delayed operating 

mode. The conventional, DE and MDE2 computed slower operating times which may cause a loss of 

coordination with other protection devices.   
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Fig. 0-5 Voltage profile with Solar PV and Wind Turbine system integration for a temporary fault in the F1 fault location 

 

 

Fig. 0-6 Auto-recloser pick-up activity for Conventional, MDE1 and MDE3 schemes and settings in case study 3 

 

5.5.4. Case study 4: Temporary fault at F2 for no DG 
 

In this case study the distribution network does not have DGs integrated. The settings are tested in a voltage 

profile depicted in Fig. 5-7. The location of the fault is changed to test the pick-up activity of the auto-

recloser under new fault conditions. The performance of the protection settings provided by each scheme 
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shall be observed and compared to determine which scheme can be used to obtain optimal settings in this 

case. When the fault strikes in the F2 location as depicted in Fig. 3-3, the voltage drops to 11 kV. The fault 

has a duration of 0.1 sec and the voltage rises back to the 14.6 kV after the fault ceases. The change in the 

location of the fault caused the voltage to have a reduced voltage drop. It can be observed in Fig. 5-8 how 

the current behaves in these voltage and fault conditions. It can be observed that the magnitude of the 

current rises to 360 A at 0.1 sec which is a 22.75 kA reduction from case study 1. This is the new peak in 

the fault current. The auto-recloser determines it’s operating time through the settings it has been 

programmed with. The pick-up activity of the auto-recloser can be observed in Fig. 5-8 according to the 

settings from each scheme. The settings computed the operating times in Table 5-6 [93].   

 

Table 0-6 Auto-recloser operating times in case study 4 

Scheme Fast Operating Time 

(msec) 

Conventional Infinity 

DE Infinity 

MDE1 3979 

MDE2 63660 

MDE3 1939 

 

In Fig. 5-8 it can be observed that only MDE1 and MDE3 provide settings that react the fastest. The 

conventional and DE schemes compute infinite operating times. Therefore, they cause the auto-recloser to 

mal-operate with protection blinding. The scheme that had settings that operate the auto-recloser faster 

when compared to all the schemes is MDE1. However, these settings do not isolate the 0.1 sec temporary 

fault and can cause a loss in coordination with other protection devices. MDE2 had a delayed reaction 

which can cause a loss of coordination with other protection devices.  
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Fig. 0-7 Voltage profile with no DG for a temporary fault in the F2 fault location 

 

 
 

Fig. 0-8 Auto-recloser pick-up activity for MDE1 and MDE3 schemes and settings in case study 4 

 

5.5.5. Case study 5: Temporary fault at F2 for a Solar PV system integration 
 

In this case study the distribution network has a Solar PV system integrated into it and the fault location is 

changed from F1 to F2 as can be seen in Fig. 3-3. The settings are tested in a voltage profile depicted in 
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Fig. 5-9. The impact on the voltage caused by the change in the fault location can be observed. The voltage 

drops to 10.9 kV. The location of the fault reduced the voltage drop. These are the voltage conditions that 

the auto-recloser is operating in. The performance of the protection settings provided by each scheme shall 

be observed and compared to determine which scheme can be used to obtain optimal settings in this case. 

The fault has a duration of 0.1 sec and the voltage rises back to 14.6 kV when the fault ceases. It can be 

observed in Fig. 5-10 how the current behaves in these voltage fault conditions. It can be observed that the 

magnitude of the fault current rises to 395 A. The pick-up activity of the auto-recloser can be observed in 

Fig. 5-10 according to the settings from each scheme. The settings computed the operating times in Table 

5-7 [93].    

 

Table 0-7 Auto-recloser operating times in case study 5 

Scheme Fast Operating Time 

(msec) 

Conventional Infinity 

DE Infinity 

MDE1 2093 

MDE2 32540 

MDE3 1503 

 

It can be observed in Fig. 5-10 and Table 5-7 that the two schemes that provide settings with better responses 

are MDE1 and MDE3 but they do not operate the auto-recloser to isolate the 0.1 sec temporary fault. The 

settings from the conventional and DE schemes give an infinite operating time. This is protection blinding. 

MDE2 settings may cause the loss of coordination because of the delayed response. The scheme that 

provided a faster operating time in this case is MDE3.   
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Fig. 0-9 Voltage profile with Solar PV system integration  for a temporary fault in the F2 fault location 

 

 

 
Fig. 0-10 Auto-recloser pick-up activity for MDE1 and MDE3 schemes and settings in case study 5 

  

5.5.6. Case study 6: Temporary fault at F2 for a Solar PV and Wind Turbine 

system integration 
 

As in case studies 4 and 5, the fault location is changed and a new fault location is F2 as depicted in Fig. 3-
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3. The protection of the auto-recloser is tested in this new fault location and the settings are tested to find 

an optimal performance that can handle the temporary fault location. The location and type of the DG 

remains the same as in case study 3.   

 

The distribution network has a Wind Turbine system added. The settings are tested in a voltage profile 

depicted in Fig. 5-11. The voltage is not steady.  The performance of the protection settings provided by 

each scheme shall be observed and compared to determine which scheme can be used to obtain optimal 

settings in this case. When the fault strikes the voltage drops to 10 kV. The change in the location and type 

of the fault reduces the impact on the voltage drop. The fault has a duration of 0.1 sec and the voltage rises 

but it is not stable. It is fluctuating between 12 kV and 18 kV. It can be observed in Fig. 5-12 how the 

current behaves in these voltage and fault conditions. It can be observed that the magnitude of the current 

rises to 550 A at 0.1 sec, but the current is not in a steady state. The auto-recloser determines it’s operating 

time through the settings it has been programmed with. The settings computed the operating times in Table 

5-8. Only the settings from MDE1 scheme showed a faster response to the fault, but not in the optimal 

operating time.   

 

Table 0-8 Auto-recloser operating times in case study 6 

Scheme Fast Operating Time 

(msec) 

Conventional Infinity 

DE Infinity 

MDE1 888.1 

MDE2 14210 

MDE3 7887 

 

It can be observed in Fig. 5-12 and Table 5-8 that the only scheme that provides a faster operating time for 

the auto-recloser is MDE1. The fault location and type change has caused protection blinding when using 

settings from the conventional and DE schemes. They showed infinite operating times which caused the 

auto-recloser to not operate. The settings from the MDE2 and MDE3 schemes show that they can be a loss 

of coordination with other protection devices, as these reach thousand milliseconds. MDE1 showed a faster 

response compared to all the settings but exhibited sympathetic tripping. The fault ceased after 0.1 sec, but 

the delayed operating mode was triggered.   
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Fig. 0-11 Voltage profile with Solar PV and Wind Turbine system integration for a temporary fault in the F2 fault 

location 

 

 

Fig. 0-12 Auto-recloser pick-up activity for MDE1 scheme and settings in case study 6 

 

5.6. Case studies for the exponential scale factor application  

 
The differential mutation is varied by applying a varied scale factor. The exploration and exploitation of 
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the DE algorithm shall be balanced by the scale factor variation. The DE algorithm has to be able to explore 

the time-dial and pick-up settings search space while having an optimal ability to refine the identified search 

area and find the optimal settings. To ensure a balanced exploration and exploitation ability, the scale factor 

is modified according to the equation (5.1). High values of the scale factor will enhance the exploration of 

the search space, as the scale factor decreases exponentially, the exploitation will be enhanced [19, 93]. 

 

𝐹 = 
1

𝑒
(1−

(𝐼𝑡𝑚𝑎𝑥−𝐼𝑡)
𝐼𝑡𝑚𝑎𝑥

)
                              (5.1) 

 

 

Where 𝐼𝑡𝑚𝑎𝑥 is the maximum number of iterations and 𝐼𝑡 is the current iteration.  

 

The two best performing schemes that have been identified are MDE1 and MDE3. For the MDE1 the new 

time-dial and pick-up settings using the exponential scale factor are 0,05 and 175 and for MDE3 the new 

time-dial and pick-up settings are 0.15 and 100. These settings are for the fast operating mode of the auto-

recloser.    

 

5.6.1. Exponential scale factor application for case study 1   
 

The exponential scale factor is applied in case study 1. The voltage and fault conditions remain the same as 

in case study 1. The settings have changed for two schemes to be used in optimizing the protection of the 

auto-recloser. The pick-up activity of the auto-recloser can be observed in Fig. 5-13 according to the settings 

from each scheme. The settings computed the operating times presented in Table 5-9.   

 

Table 0-9 Auto-recloser operating times for exponential scale factor application in case study 1 

Scheme Fast Operating Time 

(msec) 

MDE1 7.244 

MDE3 19.44 

 

It can be observed in Fig. 5-13 that these settings from the two schemes cause the auto-recloser to operate 

within 200 msec. Therefore, they provide an optimal operating time for the auto-recloser when there is no 

DG integrated. The scheme that provided optimal protection is MDE1. It responded faster than MDE3. 

There was no protection blinding or sympathetic tripping mal-operations cause by the application of these 

settings.  
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Fig. 0-13 Auto-recloser pick-up activity for MDE1 and MDE3 schemes and settings with exponential scale factor in case 

study 1 

 

5.6.2. Exponential scale factor application for case study 2   
 

The exponential scale factor is applied in case study 2. The voltage and fault conditions remain the same as 

in case study 2. The settings for two schemes have changed from the case study 2. The pick-up activity of 

the auto-recloser can be observed in Fig. 5-14 according to the settings from each scheme. The settings 

computed the operating times presented in Table 5-10. These operating times are similar to the application 

of the exponential scale factor in case study 1.    

 

Table 0-10 Auto-recloser operating times for exponential scale factor application in case study 2 

Scheme Fast Operating Time 

(msec) 

MDE1 7.244 

MDE3 19.44 

 

It can be observed in Fig. 5-14 that the settings from the two schemes are within 200 msec. Therefore, they 

provide an optimal operating time for the auto-recloser when there is a Solar Photovoltaic system integrated. 

The scheme that provided optimal protection is MDE1. It responded faster than MDE3. There was no 

protection blinding or sympathetic tripping mal-operations caused by the schemes.  
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Fig. 0-14 Auto-recloser pick-up activity for MDE1 and MDE3 schemes and settings with exponential scale factor in case 

study 2 

 

5.6.3. Exponential scale factor application for case study 3 

 
The exponential scale factor is applied in case study 3. The voltage and fault conditions remain the same as 

in case study 3. The settings have changed for two schemes to be used for the MDE1 and MDE3 schemes. 

The performance of the auto-recloser can be observed in Fig. 5-15 according to the settings from each 

scheme. The settings computed the operating times in Table 5-9.   

 

Table 0-11 Auto-recloser operating times for exponential scale factor application in case study 3 

Scheme Fast Operating Time 

(msec) 

MDE1 5310 

MDE3 2360 

 

It can be observed in Fig. 5-15 that MDE3 has a delayed response and in Table 5-11 that the settings from 

the two schemes surpass 200 msec. The settings in this case are not optimal according to the 100 msec to 

200 msec target to isolate the 0.1 sec temporary fault. The MDE3 scheme settings operated the auto-recloser 

faster than the MD1 scheme settings but did not provide optimal protection. There was no protection 

blinding or sympathetic tripping mal-operations in the auto-recloser using this scheme’s settings but there 

could be a loss of coordination because of the increased delay in the pick-up activity.  
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Fig. 0-15 Auto-recloser pick-up activity for MDE3 scheme and settings for the exponential scale factor in case study 3 

 

5.6.4. Exponential scale factor application for case study 4 

 
The exponential scale factor is applied in case study 4. The voltage and fault conditions remain the same as 

in case study 4. The settings have changed for the MDE1 and MDE3 schemes. The pick-up activity is not 

shown for this case study. The settings computed the operating times in Table 5-12.   

 

Table 0-12 Auto-recloser operating times for exponential scale factor application in case study 4 

Scheme Fast Operating Time 

(msec) 

MDE1 Infinity 

MDE3 11940 

 

It can be observed in Table 5-12 that MD1 provides settings that do not cause the auto-recloser to operate, 

this is protection blinding. MDE3 does provide settings that can operate the auto-recloser, but with a very 

delayed operating time. This time can cause a loss of coordination with other protection devices. The 

settings do not isolate the 0.1 sec temporary fault.  

 

5.6.5. Exponential scale factor application for case study 5 

 
The exponential scale factor is applied in case study 5. The voltage and fault conditions remain the same as 

in case study 5. The settings for MDE1 and MDE2 scheme have been changed. The pick-up activity of the 
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auto-recloser can be observed in Fig. 5-16 according to the scheme settings of MDE3. The pick-up activity 

of the auto-recloser with MDE1 scheme settings is not available because the auto-recloser does not operate.  

The settings computed the operating times in Table 5-13.   

 

Table 0-13 Auto-recloser operating times for exponential scale factor application in case study 5 

Scheme Fast Operating Time 

(msec) 

MDE1 Infinity 

MDE3 6100 

 

It can be observed in Fig. 5-17 how the auto-recloser responds with MDE3 settings. The settings from the 

two schemes do not operate the auto-recloser optimally in this case but MDE3 does provide a faster 

operating time compared to MDE1. MDE1 scheme settings cause the auto-recloser to have protection 

blinding, and MDE3 can cause loss of coordination.  

 

Fig. 0-16 Auto-recloser pick-up activity for MDE3 scheme and settings with exponential scale factor in case study 5 

 

5.6.6. Exponential scale factor application for case study 6         
 

The exponential scale factor is applied in case study 6. The voltage and fault conditions remain the same as 

in case study 6. The settings are changed for MDE1 and MDE3. The pick-up activity of the auto-recloser 

can be observed in Fig. 5-17 according to the settings from each scheme. The settings computed the 

operating times in Table 5-14.   
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Table 0-14 Auto-recloser operating times for exponential scale factor application in case study 6 

Scheme Fast Operating Time 

(msec) 

MDE1 5361 

MDE3 2361 

 

It can be observed in Fig. 5-17 that the auto-recloser responds with a delayed operating time greater than 

200 msec using the MDE1 and MDE3 scheme settings. They do not clear the 0.1 sec temporary fault. MDE3 

scheme settings responds the fastest compared to the MDE1 scheme settings. Both of the scheme settings 

can cause a loss of coordination.   

 

Fig. 0-17 Auto-recloser pick-up activity for MDE1 and MDE3 schemes and settings with exponential scale factor in case 

study 6 

  

5.7. Discussion 
 

Six case studies with different voltage and fault conditions in the distribution network have been simulated. 

The voltage profiles show the voltages at the node number 802 when there is a temporary fault. The fault 

is assumed to be 0.1 sec of duration. The temporary fault is located in F1 for three case studies and F2 for 

another three case studies. The fault located in F1 is a three-phase-to-ground fault and the fault located in 

F2 is a single-phase-to-ground fault. Five types of settings are applied to the auto-recloser to test the 

protection of the auto-recloser and obtain the settings that can best operate the auto-recloser to protect the 

distribution network under the conditions. These five set of settings are from the conventional method, DE 
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algorithm and MDE algorithms. The response of the current was taken from a single-phase to observe what 

the current level rises to. The pick-up activity of the auto-recloser was observed for different settings. 

  

5.7.1. Comparison of scheme and settings performance for F1 fault location 

 
Fig. 5-18 presents the comparison of the auto-recloser operating time for the pick-up of the temporary fault 

in the location F1. The comparison is for each scheme and settings applied on the auto-recloser for the three 

case studies. The response of the auto-recloser is determined during the sub-transient state of the fault 

current. The conventional settings cause the auto-recloser to perform optimally in the first case study and 

in the second case study when there is an integration of the Solar PV system, but when the Wind Turbine 

system is integrated, the performance of the auto-recloser is degraded. The auto-recloser is not dependable 

in case study 3. The DE scheme settings show optimal operating times for case study 1 and case study 2 

but show a delayed response in case study 3, they perform worse than the conventional settings. MDE1 

scheme settings show an optimal performance for case study 1 and case study 2, but they also show a 

delayed response in case study 3. However, the operating time greatly reduced when compared to the 

conventional and DE schemes. This scheme can optimize the protection of the auto-recloser through the 

reduction of the operating time. MDE2 operates optimally for case study 1 and case study 2, but performs 

worse when compared to the conventional, DE and MDE1 schemes. In case study 3, the scheme computed 

the worst results of the operating time than all the schemes. The MDE3 scheme and settings computed 

optimal results for the first and the second case studies, but gave a delayed response in case study 3. All 

schemes and their settings in case study 3 surpass the 200 msec target for optimal protection of the auto-

recloser. For faults that are within the 200 msec duration, this keeps the auto-recloser fault clearance within 

the instantaneous and adjustable instantaneous operating region. Integrating a Wind Turbine system proves 

to cause delayed pick-up on the auto-recloser, but for faults within 1 second, the MDE1 and MDE3 schemes 

can be applied, but MDE1 scheme causes the auto-recloser to have sympathetic tripping, the auto-recloser 

is sensitive to the voltage rise and falls introduced by the Wind Turbine system.   
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Fig. 0-18 Scheme and settings performance for temporary fault at F1 location 

 

5.7.2. Comparison of scheme and settings performance for F2 fault location 

 
Fig. 5-19 presents the comparison of the auto-recloser operating time for the pick-up of the temporary fault 

in the location F2 for the three case studies. The response of the auto-recloser is determined during the sub-

transient state of the fault current. The conventional and DE scheme settings cause the auto-recloser to 

compute an infinite operating time. The protection of the auto-recloser is blinded when there is a fault and 

it mal-operates for all three case studies. MDE1 scheme settings compute operating times for all the three 

cases but they are delayed responses and they surpass the 200 msec target for a fault lasting 0.1 sec. 

However, they cause a reduction in the operating time for case study 3 compared to the other two case 

studies. MDE2 gives high operating times for all the case studies, but performs better in case study 3 than 

in the other two case studies.  MDE3 scheme settings computed delayed operating times for all the cases, 

but they showed a reduced operating time in case study 2. The MDE1, MDE2 and MDE3 scheme settings 

are likely to cause a loss of coordination depending on the coordination time interval. But for faults reaching 

up to a second of duration, MDE1 scheme settings can isolate the faults in case study 3. For faults that are 
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within the 200 msec duration, the auto-recloser does not have fault isolation within the instantaneous and 

adjustable instantaneous operating region for all the scheme settings. Changing the fault location caused a 

varied operating time for the pick-up of the auto-recloser for MDE1, MDE2 and MDE3. For the 

conventional and DE scheme settings it caused the auto-recloser to not pick-up the fault at all.  

 

 
 

Fig. 0-19 Scheme and settings performance for temporary fault at F2 location 

 

5.7.3. Comparison of scheme and settings performance with an exponential 

scale factor for F1 fault location  

 
MDE1 and MDE3 are compared with each other in Fig. 5-20. The application of an exponential scale factor 

was to obtain balanced exploration and exploitation of the schemes. This is to obtain balanced settings that 

shall be tested for optimal protection in the auto-recloser. For case study 1, both scheme settings compute 

optimal operating times within the 200 msec target for a 0.1 sec temporary fault. When the Solar PV system 

is integrated in case study 2, both scheme settings compute optimal operating times for the auto-recloser, 

the time is within the 200 msec target. For faults that are within the 200 msec duration, this keeps the auto-
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recloser fault isolation within the instantaneous and adjustable instantaneous operating region. In case study 

3, the settings for both schemes gave a delayed pick-up of the auto-recloser, greater than the 200 msec 

target. The optimal scheme for settings is MDE3, but a better selection needs to be done for the change of 

type, location and increase in penetration of the distributed generation.  

 

 
 

Fig. 5-20 Scheme and settings performance with an exponential scale factor for temporary fault at F1 location 

 

5.7.4. Comparison of scheme and settings performance with an exponential 

scale factor for F2 fault location 

 
MDE1 and MDE3 are compared with each other for a change in the fault location as depicted in Fig. 5-21. 

For case study 1, MDE1 computes faster operating time than MDE3 but the operating time surpasses the 

200 msec target and cannot isolate the temporary fault. For case study 2 and case study 3, MDE 1 computes 

an infinite operating time and mal-operates the auto-recloser. There is protection blinding. MDE3 computes 

high operating times for the auto-recloser, and they are not optimal. They may cause a loss of coordination. 
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For faults that are within the 200 msec duration, the auto-recloser fault isolation is not within the 

instantaneous and adjustable instantaneous operating region. The change in the fault location degraded the 

protection of the auto-recloser.   

 
 

 Fig. 0-21 Scheme and settings performance with an exponential scale factor for temporary fault at F2 location 

 

5.8. Conclusion  
 

Different case studies presented different scenarios of the factors that can cause an auto-recloser to mal-

operate in a distribution network integrated with DG. This formed a foundation to optimize the auto-recloser 

in this distribution network for the automated responses in protecting it against temporary faults. The 

change in a type, location and penetration of DG systems in the IEEE 34 node distribution feeder presented 

voltage conditions that required settings to reduce the operating time for the pick-up activity in the auto-

recloser. The fault location also became a factor in the operating time of the auto-recloser. This presented 

varied fault conditions. The requirement for an optimal protection of the auto-recloser is that the fast 

operating time should be in the range of 100 msec to 200 msec. This is to keep it from having mal-operations 

such as protection blinding and loss of coordination with other protection devices. Five settings were tested 
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and analysed in six case studies. Two of the settings from the MDE algorithm showed a better performance 

for these factors that can cause mal-operations. However, the scheme settings could not perform optimally 

for the change in type, location, increase in penetration of the DG and change in fault location and type.  

The two modified schemes of the DE algorithm demonstrated capability to search and select optimal 

settings that can optimize the protection of the auto-recloser when there is an integration of the Solar PV 

system. However, there were mal-operations when there was an integration of the Wind Turbine system 

and change in the fault location and type. The selection, security, redundancy, sensitivity and dependability 

requirements were met for the integration of the Solar Photovoltaic but they were not met when the Wind 

Turbine system was integrated.  
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Chapter 6 Conclusion and Recommendation for future 

Research Works 

 
6.1. Introduction 
 

An auto-recloser, DE algorithm and MDE algorithm schemes have been successfully modelled in 

MATLAB Simulink and in the MATLAB Script. There were simulated performance results of the schemes 

settings that computed optimal performance but other results did not improve the performance to the 

optimal range of 100 msec to 200 msec. A DG integration, change in fault location and fault type case 

studies have been performed on the existing IEEE 34 node distribution feeder. This was to assess the impact 

of the settings obtained through the conventional settings and different DE algorithm schemes, in particular 

the pick-up activity of the auto-recloser when there is a temporary fault in an active distribution network. 

The feasibility of using the DE algorithm to obtain settings that can optimize the protection of the auto-

recloser when a temporary fault occurs has been investigated.  

 

6.2. Integration of DGs for the F1 fault location case studies  
 

Optimization of the auto-recloser protection for the integration of the Solar PV system was successfully 

performed when the temporary fault was a fault near the auto-recloser in the F1 location. With the 

constraints on settings of auto-recloser, the settings selected caused the pick-up activity of the auto-recloser 

to respond with an operating time within 200 msec during the temporary fault. The auto-recloser reclosed 

successfully and continued the supply of power. The MDE1 scheme settings showed a significant reduction 

in the operating time and became one of the schemes that can be applied to optimize the settings of the 

auto-recloser when there is an integration of a Solar PV system. This ensures that the requirements for 

selectivity, security, dependability, sensitivity and redundancy of the auto-recloser are met. However, when 

there was an integration of the Wind Turbine system, there was significant increase in the operating time 

of the auto-recloser and there was also sympathetic tripping in some cases. MDE1 scheme settings 

continued to show a reduction in the operating time compared to other scheme settings. The pick-up activity 

of the auto-recloser was delayed and surpassed the 200 msec target. The selectivity, dependability and 

security requirements were not met. The constant rise and fall voltage profile modes introduced by the Wind 

Turbine system caused the current to have the same profile. This caused the sympathetic tripping and failure 

of the auto-recloser to discriminate between a temporary fault and a permanent fault with the MDE1 scheme 

settings. But the reduction in the operating time of the auto-recloser by MDE1 and MDE3 give a possibility 

to apply the settings for temporary fault with a longer duration than 200 msec and within 1 sec. Therefore, 
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MDE1 and MDE3 are the recommended schemes in these case studies to optimize the auto-recloser 

protection.       

 

6.3. Integration of DGs for the F2 fault location case studies 

 
Optimization of the auto-recloser protection for the integration of the Solar PV system was not successfully 

performed when the temporary fault was a fault far from the auto-recloser in the F2 location. The auto-

recloser reclosed successfully and continued the supply of power, however with high operating times. The 

conventional and DE scheme settings had infinite operating times which cause the auto-recloser to have 

protection blinding. MDE1 and MDE3 scheme settings showed a reduced operating time compared to the 

MDE2 scheme settings and can be used for to optimizing the protection of the auto-recloser when there is 

an integration of a Solar PV system and Wind Turbine system. Although the requirements for selectivity, 

security, dependability, sensitivity and redundancy of the auto-recloser are not all met. The settings reduced 

the operating time of the auto-recloser when there was an integration of the Wind Turbine system. The 

constant rise and fall voltage profile modes introduced by the Wind Turbine system caused the current to 

have the same profile. This caused the sympathetic tripping and failure of the auto-recloser to discriminate 

between a temporary fault and a permanent fault for MDE1 scheme. But the reduction in the operating time 

of the auto-recloser by MDE1 give a possibility to apply the settings for temporary fault with a longer 

duration than 200 msec and within 1 sec. Therefore, MDE1 is the recommended scheme in these case 

studies to optimize the auto-recloser protection.       

 

6.4. Integration of DGs with exponential scale factor 

application for the F1 fault location case studies 

 
These case studies investigated the feasibility of balancing the exploration and exploitation of the two 

schemes that performed better for obtaining optimal settings of the auto-recloser. This is to check the 

possibility of improving the schemes searching ability for balanced settings. The voltage and fault 

conditions remained the same as in the case studies that had the temporary fault in the F1 location. The 

scale factor of the schemes was exponentially varied. In these case studies, the MDE1 and MDE3 scheme 

settings were successfully applied to optimize the protection of the auto-recloser when the Solar PV systems 

was integrated. Again, MDE1 scheme exhibited best performance with regards to minimizing the operating 

time during the temporary fault, the operating time was within the 200 msec target. The scheme did not 

cause mal-operations and fully met the selectivity, security, dependability, sensitivity and redundancy 

requirements. However, when the Wind Turbine system was integrated, MDE1 scheme settings cause 
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protection blinding. MDE3 settings operate the auto-recloser without protection blinding in the case of the 

DGs having a change of type, location and penetration, but the operating time is not within the optimal 

target of 200 msec. MDE1 is recommended for the integration of a Solar PV system but MDE3 is 

recommended for the integration of the Wind Turbine system.  

 

6.5. Integration of DGs with exponential scale factor 

application for F2 fault location case studies 

 
These case studies are to check the impact of a change in the fault location on auto-recloser when it is set 

with the MDE1 and MDE3 scheme settings obtained through the application of an exponential scale factor. 

The voltage and fault conditions remained the same as in the case studies that had the temporary fault in 

the F2 location. In these case studies, the MDE1 and MDE3 scheme settings did not perform optimally for 

both integrations of the DGs. When the auto-recloser was set with MDE1 scheme settings, it exhibited 

protection blinding when there was integration of the Solar PV system. The auto-recloser also exhibited 

protection blinding when there was an addition of the Wind Turbine system. MDE3 did not have protection 

blinding, but gave high operating times, however they reduced with the integration of the Solar PV system 

and addition of the Wind Turbine system. MDE3 is the scheme recommended in these case studies.   

 

6.6. Recommendation for future Research Work 

 
The following future research work is proposed: 

 Hardware-in-the-loop simulation and testing of the auto-recloser’s pick-up activity. 

 Applying adaptive protection scheme methods and use the schemes that optimized the protection 

of the auto-recloser. This is to automate the update of optimal settings in the auto-recloser when 

there is a change of conditions.  

 Coordinating multiple auto-reclosers and finding the optimal coordination time interval for them 

to improve the distribution network response to different fault locations and types. The reach of the 

auto-recloser reduces when the fault is located far from the auto-recloser. This was evident when 

the fault location was changed to F2 and the fault current decreased. To further mitigate the blinding 

of protection due to the reach of the auto-recloser, future work on installing other auto-reclosers in 

a DG integrated network and optimizing them is proposed.    
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