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Abstract 

Distributed Generation (DG) plays a significant role in improving the reliability of 

a power supply. However, connecting DGs into the network also introduces a 

possibility of islanding that could create power quality issues in the network. A 

400 V microgrid connected to a 22 kV rural network was simulated using 

DIgSILENT PowerFactory software. The microgrid contained a Synchronous 

Generator (SG) with a diesel engine as a prime mover or Solar PhotoVoltaic (SPV) 

or a SG in parallel with SPV. The frequency and voltage disturbances after 

islanding were investigated. The diesel engine was modelled with a governor 

(Degov) and the SG had an Automatic Voltage Regulator (AVR)(AC5A). The SPV 

was modelled using the WECC distributed PV plant generic model (PVD1). Three 

different cases concerning the types of load were analysed: static pure resistance, 

static series RL and composite (both a dynamic load (induction motor) and a static 

load). Various SG active power and SPV active power percentage contributions to 

the load demand during the grid-connected condition were also studied. The voltage 

and frequency behaviour after the islanding varied with both the SPV and the DG 

active power percentage contributions prior to the islanding. The voltage and 

frequency behaviour of the different types of DGs differed based on the cause of 

the islanding: sectionalisation (disconnection without a fault) or clearance of an 

upstream three-phase fault (disconnection with a fault). For a DG of a diesel 

generator and/or SPV, the purely resistive load and the series RL load showed 

similar trends of voltage disturbance (decrease in voltage) and frequency 

disturbance (decrease in frequency) during islanding. It was also observed that the 

voltage disturbance of the network is affected by the location of the three-phase 

short-circuit fault. Power quality issues are mostly observed for DG with a lower 

percentage active power contribution prior to the islanding and for islanding 

following a three-phase short-circuit fault. 
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– Introduction 

 Islanding  

Distributed Generation (DG) (often renewable sources such as wind and solar) are 

becoming more common for environmental and economic reasons. DG is small-

scale generation located at or near the load [1]. DG comes with the disadvantage 

that islanding becomes a possibility. 

Islanding occurs when the DG continues to supply the local load when the utility 

supply becomes intentionally or unintentionally disconnected [2][3] as illustrated 

in Figure 1.1. The utility supply will not be available, for example, when there is a 

scheduled outage, operation of circuit breakers in response to a fault or human error, 

sectionalisation or an act of nature. In most cases, unintentional islanding should be 

detected and terminated immediately [4]. 

 

Figure 1.1: Intentional or unintentional islanding (the DG may not have the 

capability of continuously supplying the load when the microgrid is islanded) 

 

Utility supply  

(Primary source) 

Distributed 

Generation 

(DG) 

Load 

Switching 

device 

Islanded network if 

switching device is open  
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 Anti-islanding techniques  

There are two types of Islanding Detection Methods (IDMs): local islanding 

detection and remote islanding detection. Local islanding detection is further 

divided into three groups: active, passive and hybrid [2]. Figure 1.2 illustrates the 

two types with their differences given in Table 1.1. The IDM depends on the type 

of DG unit (inverter-based or non-inverter-based). 

 

Figure 1.2: Classification of IDMs [2] 

Table 1.1: The differences between the local and remote IDMs [5] 

Local IDMs Remote IDMs  

Monitored on the DG side  Monitored on the utility side  

Allows the disconnection decision to 

be made by the DG 

Allows the disconnection decision to 

be made by the utility 

Restricted by the non-detection zone  Reliable  

Cost-effective  Expensive  

 

 Power quality issues 

Any power system must be able to meet the continually changing load demand for 

active and reactive power. The quality of the power supply must meet specific 

minimum standards with regards to the following factors: 
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• Constant frequency  

• Constant voltage  

• Level of reliability 

The utility is responsible for controlling the voltage and frequency supplied to its 

customers. The utility does not, however, have control of the voltage and frequency 

of the islanded network. Uncontrolled voltage and frequency worsen the power 

quality experienced by the customer. Islanding also carries the risk of damaging 

utility and customer equipment if the voltage and frequency are not adequately 

controlled. Islanding may interfere with the restoration of normal service by the 

utility - reclosing onto an islanded network may result in re-tripping of the line or 

damage to the DG or other equipment due to out-of-phase reclosing  [6], [7]. 

Power quality is a measure of network parameters such as voltage and frequency 

with reference to established specifications. The IEEE definition of power quality 

is the powering and grounding of sensitive equipment in a manner that is suitable 

for the operation of that equipment. Poor power quality can cause malfunction of 

or damage to utility and customer equipment. Customer equipment has become 

more sensitive to voltage disturbances. Voltage sags and frequency deviations 

reduce the power quality experienced by the customer. According to IEEE 1159 

and NRS 048-2, any voltage that is below 0.9 pu is defined as a voltage sag (also 

defined as a voltage dip) and any voltage that is above 1.1 pu is defined as a voltage 

swell [8]. 

Sensitive customer loads include equipment such as Process Controllers (PCs), 

Programmable Logic Controllers (PLCs), Adjustable Speed Drives (ASDs), 

robotics and motors. The customer loads have different sensitivity thresholds. For 

example, in automation facilities, PLCs are sensitive to continuous voltages of less 

than 0.9 pu and motors are sensitive to continuous voltages of less than 0.7 pu.  

An islanding event can be illustrated by voltage versus time and frequency versus 

time graphs, as shown in Figures 1.3 and 1.4. Figure 1.3 demonstrates that when 

the demand for active and reactive power is greater than the output of the DG after 

islanding, undervoltage and underfrequency will result. The voltage and frequency 
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first decrease when islanding is initiated. If there is an Automatic Voltage Regulator 

(AVR) within the islanded network, the AVR will respond to the voltage drop and 

boost the voltage to a level at which the reactive power is balanced (in an AC circuit 

increasing the voltage out of a generator generates capacitive reactive power). The 

active power (frequency) controller (governor for a diesel generator) will also 

respond to the frequency drop. Even though the islanded network has reached its 

steady-state after the active power (frequency) controller and the AVR have 

responded to the frequency and voltage drops, respectively, the frequency can be 

below its set-point. This will trigger the underfrequency relay to trip a preselected 

portion of the load before a typical time of 500 ms if there are underfrequency load 

shedding relays in that particular portion of the network [9]. 

 

Figure 1.3: Undervoltage and underfrequency after islanding (load MW > DG MW) 
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Figure 1.4: Overvoltage and overfrequency after islanding (load MW < DG MW) 

If the frequency is below the nominal value, motors will generally slow down and 

thus consume less active power. If the voltage is significantly below the nominal 

value, this can result in motors stalling, potentially resulting in damage to 

equipment and/or customer complaints. 

Figure 1.4 illustrates when the demand for active and reactive power is less than 

the output of the DG after islanding. The frequency and the voltage first increase 

when islanding is initiated [9]. The frequency controller and AVR will then react 

to the overfrequency and overvoltage, respectively, to return the network to its new 

steady-state condition. 

If the frequency is above the nominal value, motors will run faster and thus consume 

more active power. If the voltage is significantly above the nominal value, this 

could result in equipment damage on the utility and/or customer networks. 
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– Research Issues 

 General issues of islanding  

Some risks associated with islanding are: 

1) Power Quality 

The utility is responsible for maintaining the desired power quality to its customers. 

To maintain the network and manage the availability of the supply to the load, the 

voltage and frequency must be monitored and controlled. The utility has no control 

of the voltage and frequency of an islanded network. Uncontrolled frequencies and 

voltages on the islanded network can damage utility and customer equipment. 

2) Out-of-synchronism reclose 

The problem regarding the utility switching onto an islanded network is 

synchronization. That is, the voltage amplitude, phase angle, phase sequence and 

frequency of the DG and the utility grid must be the same. Out-of-synchronism 

reclosing is also called out-of-phase reclosing. Such an event can potentially cause 

damage to utility and customer equipment, as well as to the DG. 

Out-of-phase re-closing is discussed in [10]. Different types of equipment typically 

found in networks and the potential damage to each type of equipment due to out-

of-phase re-closing are discussed. Islanding and subsequent re-synchronising also 

affects one of the common Reliability Indices, the System Average Interruption 

Duration Index (SAIDI), due to the delay in the restoration of the normal service 

beyond the three second threshold of the SAIDI. 

3) Personnel safety 

Islanding also creates an unsafe condition for utility workers who are unaware that 

the islanded system is energised. 
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 Problem statement  

Many international and national standards, such as the South African Grid Code of 

Renewable Power Plant (SAGCRPP) [11] stipulate that islanding must be detected 

and terminated within two seconds for DGs with rated power greater than 1 MVA 

(categories B and C) and within 0.2 seconds for DG with rated power up to 1 MVA 

(category A). The SAGCRPP anti-islanding requirement is adopted from the IEEE 

1547-2018 standard [3], which requires islanding to be detected and the DG 

disconnected within two seconds. 

The longer the islanding is allowed to continue, the longer the utility and customer 

equipment will experience the RMS voltage and frequency fluctuations.  The power 

quality of an islanded network within the specified islanding detection time is 

becoming a growing concern in the backdrop of increasing susceptibility of 

customer equipment to degraded power quality. The voltage and frequency 

compatibility levels specified in standards are discussed in section 6.1. 

There is, however, no literature that exclusively studies the voltage and frequency 

behaviour after islanding of networks with SG or SPV or SG in parallel with SPV 

of different active power contribution percentages (prior to islanding), supplying 

various types of loads (after islanding) with varying power factors. This dissertation 

investigates the voltage and frequency behaviour after islanding of a power network 

with SG and/or SPV. This dissertation also examines, in terms of power quality, the 

maximum islanding time stipulated by IEEE 1547-2018 and the SACGRPP 

document and proposes ways of reducing the RMS voltage and frequency 

fluctuations after islanding. The voltage and frequency behaviour in a network after 

islanding were studied using the DIgSILENT PowerFactory software. 

The research problem statement includes: 

1. There is a lack of information on the power quality, especially the voltage 

and frequency behaviour, after the initiation of islanding of a network 

supplied by SG and/or SPV with different types of loads 
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2. A smaller maximum islanding time is preferable to a customer. At present, 

there are no attempts made to reduce the time stipulated in the standards 

(IEEE 1547-2018) 

 Objectives 

The issues that come with islanding triggered research into ways to detect and 

terminate islanding. [17] and [18] comprehensively evaluate the types of IDMs, 

including which method is able to detect and terminate islanding almost 

instantaneously, which is a remote (utility) IDM. 

Studies of the impacts and ways to prevent the negative effects of islanding in the 

network have been studied. This dissertation investigates the voltage and frequency 

behaviour following islanding due to sectionalisation (without a fault) or due to 

fault clearance (clearance of an upstream three-phase short-circuit). 

There are four objectives: 

1. To analyse the voltage and frequency behaviour at the customer after 

islanding due to sectionalisation and due to the clearance of an upstream 

three-phase short-circuit, when a diesel generator supplies the islanded 

network. 

2. To analyse the voltage and frequency behaviour at the customer after 

islanding due to sectionalisation and due to the clearance of an upstream 

three-phase short-circuit, when SPV (PVD1 model) supplies the islanded 

network. 

3. To analyse the voltage and frequency behaviour at the customer after 

islanding due to sectionalisation and due to the clearance of an upstream 

three-phase short-circuit, when SPV in parallel with a diesel generator 

supplies the islanded network. 

4. To propose/recommend ways of reducing the RMS voltage and frequency 

fluctuations after islanding. 



 9 

 Research scope  

This dissertation focuses on studying the voltage and frequency behaviour (power 

quality issues) of an SG or SPV or SG in parallel with SPV after islanding for 

different types of loads. 

 A 400 V microgrid connected to a 22 kV rural network was simulated using the 

DIgSILENT PowerFactory software. Two different causes of islanding were 

investigated: islanding due to sectionalisation (no fault present) and islanding due 

to fault clearance (an upstream three-phase short-circuit) where the utility feeder 

protection opens the utility breaker thereby islanding the microgrid. 

 Different types of load (static loads, dynamic loads and the combination of the two) 

and different active power percentage contributions of SG and SPV (prior to 

islanding) were also considered. Ways to avoid power quality issues after islanding, 

such as changing the maximum islanding termination time, as well as a controller 

that can be used to regulate the RMS voltage and frequency of the network, are also 

discussed. 

 Limitation of the research 

The limitation of this research includes the absence of measurements to validate the 

simulated results. The simulated network is not an existing network. Hence there is 

no historical data available to validate the simulated results. The simulated network 

represents a standard network topology (in terms of arrangements of nodes and 

equipment used). Studying different MW contribution of the SPV system and diesel 

generator, account for different network sizes within existing networks.  There are 

different types of loads within networks, hence studying the network behaviour 

with different types of load is crucial.   
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– Literature review 

Islanding has been of increasing concern due to the rapidly growing penetration of 

DG into the grid. There have been many studies that have focused on the effect of 

islanding [9]. Islanding carries risks such as damaging the utility and the customer 

equipment. One of the most significant risks of islanding is that it creates an unsafe 

condition for utility workers who may unknowingly try to work on a system that is 

energised during islanding. Standards such as IEEE 1547-2018 [3] are now in place 

to control the maximum time allowed for islanding to occur in a network. 

There are different types of DGs such as traditional synchronous generators (driven 

by combustion engines) and non-traditional sources (such as renewable, storage, 

and electrochemical devices). Different DGs may respond in terms of voltage and 

frequency differently after islanding. Some DG may favour islanding with the help 

of governors and other types of controllers and some may not. Depending on the 

type of DG, the response to islanding (maintaining the state of equilibrium or 

stability) may be different [12], [13]. 

 Governors and AVRs 

In [14] and [15] the authors describe the three-level control hierarchy for voltage 

and frequency stabilization and regulation. During grid-connected conditions where 

the DG is a Synchronous Generator (SG), the functions of the governor and 

Automatic Voltage Regulator (AVR) are to control the active power and reactive 

power flow between the SG and the network. The SG should also be able to 

synchronise with the external grid which is operating at the same frequency and 

phase angle. When the external grid is disconnected, then the whole demand from 

the consumer must be supplied by the DG (SG). 

The SG, in this case, must be able to supply the demand sufficiently during 

islanding. The speed of the SG will be affected in such a case according to the 
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governor behaviour. The three-level control hierarchy is shown in Figure 3.1 [14] 

and [15]. Only primary control (to stabilise the voltage and frequency after 

islanding) is examined in this dissertation with no secondary control to return the 

parameters to their nominal values. 

 

Figure 3.1: Three-level control hierarchy of a microgrid [14] 

Traditionally, the speed of a diesel-generator set has been regulated using a fixed 

droop mechanism. 

A constant frequency ensures a constant speed of induction motors and 

synchronous motors. In a network, a significant drop in frequency could result in a 

high magnetizing current in induction motors and transformers. The frequency of a 

system is dependent on the active power balance. A change in active power demand 

is reflected throughout the system by a change of frequency. 

A governor provides the diesel engine with the feedback mechanism to change the 

speed as needed and maintain the speed/frequency once reached, as illustrated by 

Figure 3.2. 

Tertiary 

controllers:

Power management 

between the external 

grid and the DGs

Secondary controllers: 

Automatic Generation Controllers 

Return the frequency to its nominal value 
after a disturbance

Primary controllers: Automatic Voltage Regulators (AVR) and 
governors

Oppose any change in the voltage and frequency of the grid 
following islanding 
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Figure 3.2: Behaviour of a governor having speed droop [16] 

 Different types of governors  

Governors are classified into four types:  

i. Constant speed: the engine runs at a constant speed regardless of the load  

ii. Speed limiting: the engine runs between some minimum and maximum 

speed  

iii. Load limiting: the fuel-flow rate is limited to ensure that the engine is not 

loaded above some specified value regardless of the speed  

iv. Variable speed: the engine runs at a variable speed 

There are different types of governors for each of the four types listed above: 

i. Mechanical centrifugal: droop not adjustable 

ii. Hydraulic: can include temporal droop (compensation) 

iii. Mechanical: hydraulic amplification 

iv. Electronic: droop easily adjustable 

Time in seconds 

Rotor speed 

or frequency  

Mechanical power 

∆𝑃𝑚 =  ∆𝑃𝐿 

𝑃𝑚0 
𝑃𝑚 

𝑤0 

𝑤𝑟 
∆𝑤 

𝑃𝑚 = Mechanical power 

𝑃𝑚0= Initial mechanical power 

𝑃𝐿 = Load power 

𝑤𝑟 = Rotor speed  

𝑤0 = Initial rotor speed 

∆𝑤 = Change in rotor speed 
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Governors often use Proportional Integral Derivative (PID) controllers [17] 

 

i. Proportional (P) term: produces an output value that is proportional to the 

speed error. 

ii. Integral (I) term: provides an output value that varies with the integral of 

the speed error.  This will eventually drive any residual speed error to zero. 

iii. Derivative (D) term: produces an output value that varies with the rate of 

change of speed error. This provides damping of any speed oscillation. 

There are four characteristics of the controller response (Figure 3.3) 

 

• Rise time 

• Overshoot 

• Settling time 

• Steady-state error 



 14 

 

Figure 3.3: Typical dynamic response of a governor to a step change in reference 

speed 

 Different types of AVRs 

A SG has a rotor field winding supplied with a DC current.  The DC current is generated 

via an excitation system. The excitation system together with the AVR attempts to 

maintain steady-state voltage stability and improve dynamic voltage stability during a 

disturbance. Automatic Voltage Regulators (AVRs) use feedback to maintain a 

constant generator terminal voltage whenever RMS voltage fluctuations occur due to 

varying load [18]. 

The main types of excitation systems are: 

i. Direct current (DC) commutator rotating exciter  

Overshoot 

Time delay 

New steady 

state  

Value (A) 90% of A 

10% of A 

Rise time 

Initial value 

Peak value 

Settling time 

Time 

Output 

Specified band 

for settling time 
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ii. Alternating current (AC) alternator that uses either stationary or 

rotating rectifiers to produce the DC field current [19]. 

iii. Static excitation system (ST) that uses rectifiers, either controlled or 

uncontrolled, to produce the DC field current [19]. The most 

commonly used types of static excitation systems are the STA1 and 

STA2. 

 SPV 

Solar PhotoVoltaic (SPV) uses solar energy as a renewable source. SPV is inverter-

based distributed generation (DG). 

The SPV synchronises with the utility voltage in terms of the frequency and voltage 

phase angle. Therefore, during the interconnection of the SPV system and the utility 

grid, the SPV system will be operating at the same frequency and voltage phase 

angle as the utility voltage. 

The primary function of an inverter is to convert DC to AC. However, its role is 

expanding to help improve grid stability and efficiency. Some inverters come with 

an anti-islanding functionality. There are two types of inverters, grid-following 

inverters and grid-forming inverters (discussed in section 4.2). 

 The probability of continued islanding occurring 

[5] addresses an important concept of islanding, that is the probability of continued 

islanding. The probability of continued islanding is dependent on the relationship 

between the load MW and the DG MW. In cases where the minimum load MW is 

much greater than the maximum DG MW the probability of continued islanding is 

small [5]. In cases where the DG MW is greater than the load MW, the DG will be 

able to continue to supply the load; hence the probability of continued islanding is 

high (the probability is one). 
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Figure 3.4: Probability of islanding occurring versus the relationship between the 

load MW and DG MW [5] 

 History of specifying the maximum islanding time 

Ideally unintentional islanding should be detected and terminated immediately. 

However, during the development of the IEEE 1574-2003 standard, a short 

islanding time of two seconds was allowed. The problems associated with islanding 

were taken into consideration during the choice of the maximum islanding time. 

The open-time settings of the grid auto-reclosers played a major role in determining 

a maximum allowed islanding time, due to the hazards of out-of-phase reclosing. 

The grid auto-recloser open-time setting was assumed to be two seconds which 

differs from that used by utilities, which is ten seconds. When the utility recloser 

opens in response to a fault, the recloser was assumed to wait two seconds (auto-

reclosing open-time setting) and then reclose to restore power. If the recloser closes 

(auto-recloses) more quickly onto an islanded network, it might cause out-of-phase 

reclosing and damage equipment. The two seconds was originally introduced in the 

IEEE 929-1999 standard for PV with ratings of 10 kW and below [10]. The DG 

manufacturers were then required to meet the two seconds maximum islanding time 

requirement. The history of the two seconds maximum islanding requirement is 

shown in Figure 3.5. 

DG MW > load MW Load MW > DG MW 
P

ro
b

ab
il

it
y

 o
f 

co
n

ti
n

u
ed

 i
sl

an
d

in
g

 

MW  

 

DG MW = load MW 

1 



 17 

Figure 3.5: History of the two-second maximum islanding time requirement 

 Different load models in power system studies 

For dynamic power system studies, the transient and steady-state variation of the 

load active power and reactive power with changes in RMS voltage and frequency 

must be modelled. The load characteristics are among the key factors influencing 

the voltage and frequency stability. Stable operation of the power system depends 

on its ability to continuously match the electrical output of generating units to the 

electrical load on the system [16].   

Loads are traditionally classified as either static or dynamic as illustrated in Figure 

3.6 with the advantages and disadvantages listed in Table 3.1. Static loads represent 

the active and reactive power as a function of RMS voltage and frequency. Whereas 

dynamic loads represent active and reactive powers as a function of RMS voltage, 

frequency and time [20] and [21]. 
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Figure 3.6: Classification of load models 

Table 3.1: Load model summary [20]. 

Load model  Advantage  Disadvantage  

Generic Static  Less complex and can be 

applied to a large number of 

loads  

Does not represent dynamic 

load behaviour  

Generic Dynamic  Can be applied to a large 

number of load models  

Model is based on the 

response to a RMS voltage 

disturbance. Will change for 

different conditions  

Composite Dynamic Combines generic static and 

generic dynamic loads  

Dynamic behaviour of many 

loads usually too complicated 

to express in a simple analytic 

form  

Neural Network Dynamic Can map any complex 

relationship between load 

parameters. Ability to learn 

and adapt  

Does not directly model the 

physical load attributes  

 

 Static load  

Static load models are used for static load components such as resistive loads and 

as an approximation for dynamic loads. Static load models include the exponential 

model and the ZIP model, illustrated in Figure 3.6. 

 

 

Load modelling 

Static Model

(Generic static)

ZIP Exponential 

Dynamic Model 

Generic Neural Network

Composite
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A. Exponential load model 

Static load models can be expressed in an exponential form to relate the power 

(reactive and active) and the RMS voltage at a load bus. The load is modelled as a 

voltage dependent load using equation (3.1) and equation (3.2) for the active power 

and the reactive power respectively. The most commonly accepted static load 

model is to represent the active and reactive powers as [22]: 

Constant active power: 𝑝 =  𝑝0 
(3.1) 

Constant current (active power 

proportional to RMS voltage only): 
𝑝 =  𝑝0(

𝑢

𝑢𝑜
) 

 

Constant impedance (active power 

proportional to the square of the RMS 

voltage only) : 

𝑝 =  𝑝0(
𝑢

𝑢𝑜
)2 

 

 

Constant reactive power: 𝑞 =  𝑞0 
(3.2) 

Constant current (active power 

proportional to RMS voltage 

only): 

𝑞 =  𝑞0(
𝑢

𝑢𝑜
) 

 

Constant impedance (active 

power proportional to the square 

of the RMS voltage only) : 

𝑞 =  𝑞0(
𝑢

𝑢𝑜
)2 

 

 

Where 

 𝑢𝑜 = Reference busbar RMS voltage (V) 

 u = Actual busbar RMS voltage (V) 

 𝑝𝑜 = Active power at the reference busbar RMS voltage (W) 

 𝑞𝑜 = Reactive power at the reference busbar RMS voltage (Var) 
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B. ZIP/ Polynomial load model  

The ZIP model is commonly used in both steady-state and dynamic studies [2]. 

This model represents the relationship between the RMS voltage magnitude and 

power as a polynomial equation. It combines constant impedance (Z), constant 

current (I) and constant power (P) components, using the exponential 

parameters described as equation (3.3) and (3.4). For composite loads, their 

value depends on the aggregate characteristic of the load. 

 𝑝 =  𝑝0(𝑎 +  𝑏(
𝑢

𝑢𝑜
) + 𝑐 (

𝑢

𝑢𝑜
)

2

) 
(3.3) 

 

 𝑞 =  𝑞0(𝑑 +  𝑒(
𝑢

𝑢𝑜
) + 𝑓 (

𝑢

𝑢𝑜
)

2

) 
(3.4) 

 

Where; 𝑎, 𝑏, 𝑐, 𝑑, 𝑒 𝑎𝑛𝑑 𝑓 are the constants of proportionality of the static 

parts of the load. 

 𝑢𝑜 = Reference busbar RMS voltage (V) 

 u = Actual busbar voltage (V) 

 𝑝𝑜 = Active power at the reference busbar voltage (W) 

 𝑞𝑜 = Reactive power at the reference busbar voltage (Var) 

 

C. Frequency dependency  

The frequency dependency of the load is presented by multiplying the exponential 

or ZIP model by a factor that depends on the frequency of the RMS voltage applied 

[22]. The factor can be represented using equation (3.5). 

 ffactor = [1 + 𝑎𝑓(f − 𝑓0)] (3.5) 

 𝑎𝑓 = Frequency coefficient 

 𝑓 = 
Frequency of the busbar RMS voltage 

(Hz)  

  𝑓0 = Nominal frequency (50 Hz)  
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[22] recommends that if nothing is known about the load characteristics, then a 

constant current model can be used for the active power and a constant impedance 

model can be used for the reactive power. All modelled loads within this document 

are modelled based on equations (3.3), (3.4) and (3.5). 

Table 3.2 summarizes the ideal circuit element versus the real-world circuit 

element, to justify the implemented load models.  

Table 3.2: Ideal circuit element versus real-world circuit element 

Load type  Description V and I 

relationship  

Real-world examples  

Pure 

resistance   

Loads consisting of 

heating elements are 

classified as resistive 

loads 

𝑉𝑅 = 𝐼𝑅 × R Electric heaters  

Cookers 

Incandescent lamps 

Irons 

Geysers 
 

Series RL  An inductive load is 

a load that requires a 

magnetic field to 

operate. 

𝑉 =  𝑉𝑅 + 𝑉𝐿 

𝑉𝑅 = 𝐼𝑅  × R 

𝑉𝐿 = 𝐼 × 2𝜋𝑓𝐿  

Fans  

Air conditioners  

Dishwashers 

Electric motors  Parallel RL 𝑉 =  𝑉𝑅 =  𝑉𝐿 

𝑉𝑅 = 𝐼𝑅 × 𝑅  
 𝑉𝐿 =  𝐼𝐿 × 2𝜋𝑓𝐿 
 

Parallel RC  Shunt capacitors are 

used in distribution 

systems for power 

factor correction and 

feeder voltage 

control.   
 

𝑉 = 𝑉𝑅 = 𝑉𝐶 

𝑉𝑅 = 𝐼𝑅 × R 

 𝑉𝐶 =  𝐼𝐶 ×  
1

2𝜋𝑓𝐶
 

Resistive loads with shunt 

capacitors 

 Dynamic loads 

For loads that are subjected to large fluctuations in RMS voltage and/or frequency, 

dynamic load modelling becomes important [22], [23]. The equivalent circuit of the 

induction motor, shown in Figure 3.7 is one type of dynamic load model.  
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Rs and Rr’ are the stator and (referred) rotor winding resistances respectively Xs, 

Xr’ and Xm are the stator leakage, (referred) rotor leakage and magnetizing 

reactances, respectively and s is the rotor slip.  

 

Figure 3.7: Equivalent circuit of a three-phase induction motor 

An induction motor is the most commonly used motor for industrial drives [24]. Its 

dynamic behaviour has a significant influence on the transient behaviour of the 

power system [25]. During start-up and other disturbances, the induction motor 

draws large current, produces voltage dips, oscillatory torques and current 

harmonics.  

There are two important curves describing the induction motor steady-state 

behaviour: the current-speed curve and the torque-speed curve.  

A. Current-speed curve of the induction motor  

The current-speed curve is obtained from the equivalent circuit of the induction 

motor by substituting different values of slip. The typical current-speed curve of 

the induction motor is shown in Figure 3.8.  

’ 

’ 
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Figure 3.8: Typical current-speed curve of an induction motor 

B. The torque-speed curve of the induction motor 

The typical torque-speed curve of the induction motor is shown in Figure 3.9 and 

is also obtained from the equivalent circuit. The pull-out torque is the maximum 

possible torque that the motor can produce. 

 

Figure 3.9: Typical torque-speed curve of an induction motor 
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C. The mechanical load connected to the induction motor  

The type of mechanical load of interest in this dissertation was the centrifugal 

pump. The centrifugal pump has a torque-speed curve where the torque is 

proportional to the square of the speed and the mechanical power is proportional 

to the cube of the speed. The rating of the pump at synchronous speed is set equal 

to the power rating of the motor.  
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– Methodology 

This chapter describes the methodology used to investigate the RMS voltage and 

frequency behaviour of a 400 V microgrid containing SG and/or SPV after 

islanding. 

 SG Only 

The RMS voltage and frequency behaviour after islanding of a 400 V microgrid 

previously connected to a 22 kV rural network was simulated. The load types 

(purely resistive, series RL, or series RL plus induction motor) and SG active power 

percentage contribution were modelled as variables in the islanded network. Figure 

4.1 illustrates the scenarios studied in diagrammatic form. The simulated network 

diagram is shown in Figure 4.2. 

The power quality assessment was performed using the DIgSILENT PowerFactory 

software. To model the equivalent source or the external grid, the following was 

required: pre-fault voltage, short-circuit current and the source impedance of the 

utility grid at the point of supply. 

The Root Mean Square (RMS) simulation tool within DIgSILENT PowerFactory 

was used to analyse the RMS voltage and frequency behaviour after islanding. 
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Figure 4.1: Synchronous Generator scenarios studied   

The governor responds to the underfrequencies associated with the low SG initial 

percentage MW contributions and raises the MW contribution up to 100% so that 

no load needs to be shed. 

In South Africa, power factors between 0.95 and 1.0 lagging are regarded as good. 

The utility (Eskom) charges an additional reactive power fee where a facility’s 

power factor is less than 0.95. A lower inductive power factor causes higher current 

flow for a given active power load, reduces the distribution network voltage and 

increases the network losses. 

 

 Initial 

percentage MW 

contribution  Load type   
Causes of 

islanding   

90% 

50% 

10% 

Purely 

resistive load  

Series RL load 

of   three 

different power 

factors (0.996, 

0.95 and 0.9) 

Composite load 

with an induction 

motor driving a 

centrifugal pump 

Sectionalisation   

Three-phase 

short-circuit   
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Figure 4.2: Diesel Generator simulated network diagram 

 Purely resistive load 

A purely resistive load was kept constant and the SG initial (prior to islanding) 

percentage MW contributions were 10%, 50% and 90%, as illustrated by 50% in 

Figure 4.3.  

Islanding was initiated at 10s of the simulation run by creating an event that opened 

the utility breaker. The event was either a fault on the incoming 22 kV feeder, which 

causes the feeder protection to operate, which causes islanding, or it was due to 

PC 
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sectionalisation (no fault present). The RMS voltage and frequency behaviours 

were measured at the Point of Connection (PC). 

 

Figure 4.3: Network diagram illustrating the purely resistive load 

 Series RL load  

In this case, the resistance was kept constant while the SG initial percentage MW 

contribution and the power factor of the series RL load were varied. The SG initial 

percentage MW contributions were 10%, 50%, and 90% and the power factors were 

0.996, 0.95 and 0.9. 

 Composite load   

In this analysis, the frequency, RMS voltage and RMS current as a function of time 

during islanding were of interest. The SG initial percentage MW contributions were 

10%, 50% and 90%. The speed and mechanical load of the induction motor were 

also studied. The network diagram is shown in Figure 4.4 and shows the 

combination of the static load model and the induction motor model. 

Static load 

50% 

contribution 

50% contribution 
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Figure 4.4: Composite network diagram for the static and dynamic load 

The mechanical load was modelled as a centrifugal pump rated at 200 kW, with the 

torque-speed curve shown in Figure 4.5. The torque-speed curve shape is similar 

for all centrifugal pumps (the pump torque varies as the square of its speed).  

 

 

Figure 4.5: Torque-speed curve of a pump mechanical load  

 Governor model  

The governor model used was the Degov (diesel governor) model, shown in Figure 

4.6, with the recommended parameter values [26] tabulated in Table 4.1.  

Induction motor 
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Figure 4.6: Degov diesel engine governor model  

Table 4.1: Degov recommended parameter values [26] 

Degov 

Name Value Unit Description 

𝑇1 0,01 [s] Controller time constant 

𝑇2 0,02 [s] Controller time constant 

𝑇3 0,2 [s] Controller time constant 

K 20 [pu] Actuator gain 

𝑇4 0,025 [s] Actuator time constant 

𝑇5 0,009 [s] Actuator time constant 

𝑇6 0,0384 [s] Actuator time constant 

𝑇𝑑 0,0208 [s] Engine delay 

𝑇𝑀𝐼𝑁 0 [pu] Actuator min output 

𝑇𝑀𝐴𝑋 1,1 [pu] Actuator max output 

 

 AVR model  

The AVR excitation system model used was the AC5A. The AC5A model is an 

IEEE standard simplified brushless excitation control system model with a rotating 

rectifier, described in IEEE standard 421.5. This model is widely used in industry. 
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Figure 4.7: AC5A AVR model  

The AC5A AVR model is shown in Figure 4.7 and the parameter values are 

tabulated in Table 4.2. 

The output of the amplifier model highlighted in Figure 4.7 includes the saturation 

characteristic of the controller. The transfer function of the compensator is also 

highlighted in the model. The compensator allows the process variable output to be 

measured such that the input variable can be manipulated as needed to drive the 

process variable towards the reference value. The controller adds integral and 

derivative terms to improve the damping, steady-state error, overshoot and settling 

time.  

The closed-loop AVR model transfer function (assuming no saturation) is described 

in equation (4.1). The simulated step response of the controller is illustrated in 

Figure 4.8, which shows the response from the initial value of 0, to the desired value 

(approximately 1 pu). 

 

Amplifier 

Compensator 
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 Closed loop Tf =  
𝑘𝑎(𝑠𝑇𝑓1 + 1)

𝑇𝑎𝑇𝑓1𝑠2 + (𝑇𝑎 + 𝑇𝑓1 + 𝑘𝑎𝑘𝑓)𝑠 + 1
 (4.1) 

 

 

Figure 4.8: Step response of the AC5A AVR model (equation (4.1)) 

Table 4.2: Typical values for type AC5A excitation systems [19] 

Name Value Unit Description 

𝐾𝑎 400 [pu] Controller Gain 

𝑇𝑎 0,02 [s] Controller Time Constant 

𝐾𝑒 1 [pu] Excitor Constant 

𝑇𝑒 0,25 [s] Excitor Time Constant 

𝐾𝑓 0,03 [pu] Compensator Gain 

𝑇𝑓1 1 [s] Compensator Time Constant 

𝐸𝐹𝐷 5,6 [pu] Saturation Factor 1 

𝑆𝐸[𝐸𝐹𝐷]] 0,86 [pu] Saturation Factor 2 

𝐸𝐹𝐷2 4,2 [pu] Saturation Factor 3 

𝑆𝐸[𝐸𝐹𝐷2] 0,5 [pu] Saturation Factor 4 

𝑉𝑀𝐼𝑁 -7,3 [pu] Controller Minimum Output 

𝑉𝑀𝐴𝑋 7,3 [pu] Controller Maximum Output 
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The above typical values were adjusted to improve the step response during the 

simulation (Figure 5.2 and 5.3). 

 Assumption  

The generator output power can ramp up to supply the full load demand during 

islanding. 

The simulation results are in section 5.1. 

 SPV only 

There are two types of PV inverters namely [27]; 

• Grid-forming (GFM) 

• Grid-following (GFW) 

The grid-forming (GFM) inverter maintains a constant microgrid frequency and 

voltage. The grid-following (GFW) inverter dispatches active and/or reactive power 

into an existing grid. Typical active power versus frequency droop curves of the 

GFM and GFW inverters are shown in Figure 4.9 and their differences are tabulated 

in Table 4.3. Grid-forming inverters are used to improve the transient stability of 

autonomous microgrids and active distribution systems [27].  

Table 4.3: Grid following versus grid forming 

Grid-following (GFW) Grid-forming (GFM) 

Modelled as a current source Modelled as a voltage source 

Current Control (active and reactive) Voltage and frequency control 

Cannot work in islanded mode Can work in islanded mode 

 

The majority of grid-tied inverters operate as GFW inverters that track the phase 

angle of the grid voltage to control their output current. 
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Figure 4.9: (a) active power versus frequency droop characteristic for grid-

following units with dead-band and (b) active power versus frequency droop 

characteristic for grid-forming units without dead-band 

 

Figure 4.10: SPV scenarios 
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Sectionalisation   

Three-phase 

short circuit 

fault    
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To understand how the SPV responds to islanding in terms of RMS voltage and 

frequency, three load conditions were considered (purely resistive load, series RL 

load and the combination of an induction motor and a series RL load). The scenarios 

studied are shown in Figure 4.10. The simulated network is shown in Figure 4.11.  

The SPV was simulated for an initial percentage MW contribution of 90% of the 

load demand (SPV initially curtailed by 10%). When the microgrid was islanded 

the SPV was able to ramp up to the full 100% load demand. For an initial percentage 

MW contribution of 10% (SPV also initially curtailed by 10%) the SPV was able 

to ramp up to only 11% of the load demand and the balance of the load had to be 

shed. For an initial contribution of 50% (SPV also initially curtailed by 10%) the 

SPV was able to ramp up to only 55% of the load demand and the balance of the 

load was shed. 

 

Figure 4.11: SPV system simulated network diagram 

 



 36 

  SPV GFW inverter Model 

The WECC SPV GFW model (PVD1) was employed for the following conditions. 

i. The undervoltage and underfrequency ramp-down functionalities were 

disabled [28] [29]. 

ii. The zero-voltage ride-through capability was enabled 

The PVD1 model shown in Figure 4.12 represents small-scale distributed PV 

aggregated at the distribution level. The PVD1 model includes both active and 

reactive power control. The IEEE/WECC recommended parameter values are 

tabulated in Table 4.4. 

 

Figure 4.12: Block diagram of the WECC distributed PV (PVD1) model [28]. 

Active frequency control 

Active frequency control 

Reactive 

power control 

Protection  
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Table 4.4: PVD1 IEEE/WECC recommended values 

Name Value Unit Description 

Pqflag 1  
Priority on current limit flag: 1=P priority.; 0=Q 
priority 

𝐼𝑚𝑎𝑥  10 [pu] Maximum allowable total converter current 

𝑇𝑔 0,02 [s] Inverter current regulator time constant 

𝑋𝑐 0 [pu] Line drop compensation reactance 

𝑄𝑚𝑥 10 [pu] Maximum reactive power 

𝑄𝑚𝑛 -10 [pu] Minimum reactive power 

𝑉0 0,3 [pu] Low voltage threshold for Volt/Var Control 

𝑉1 1,9 [pu] High voltage threshold for Volt/Var Control 

Dqdv 0 [pu] Voltage/Var droop compensation 

Fdbd -99 [pu] Frequency deadband over-frequency response 

Ddn 0  Down regulation droop [pu Power/pu Frequency] 

 

4.2.1.1 Active power-frequency (P-f) control and Voltage-var control (VCC) 

The majority of SPV grid-connected inverters operate in the GFW mode. This type 

of current control (active and reactive) is unable to control the voltage and 

frequency of the islanded microgrid without another voltage source it can 

synchronise with.  

Active power-frequency (P-f) control allows the SPV to participate in frequency 

control when the microgrid is grid-connected by adjusting the output active power 

according to a droop curve (also known as Frequency-Watt (FW) control).  Voltage-

var control (VVC) allows the SPV to control its voltage when the microgrid is grid-

connected by adjusting the output reactive power according to the droop curve. 

A. Principle of FW control 

FW control measures the variation of the grid frequency and subsequently changes 

the power output, as shown in Figures 4.9 and 4.13. The disadvantage of using the 

GFW inverter with FW is that it introduces unwanted oscillation in the frequency 

response due to the time delay between the measured frequency and the change of 

the output power [30]. 
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One of the fundamental concepts of using the GFW with FW is the dynamic, 

curtailed output power of the source, in this case, the SPV. The curtailed power 

enables the SPV to regulate the frequency. Without the curtailed power, the system 

would not be able to participate in frequency regulation (this behaviour is later 

simulated). 

 

Figure 4.13: Distributed inverter PV model including FW function 

B. Principle of Volt-Var control (VCC)  

Generally, the problem with SPV is the voltage rise due to reverse power flow and 

volt-var control is typically used to maintain the voltage within acceptable ranges 

[31]. Similar to FW, the VVC measures the variation of the grid voltage and 

subsequently changes the reactive power output. 

4.2.1.2 PVD1 model 

The PVD1 model models the current source behaviour of the GFW inverter. 

The inputs of the PVD1 are 𝑃𝑟𝑒𝑞  (the required power), 𝐹𝑟𝑒𝑞𝑟𝑒𝑞  (the required 

frequency) and 𝑉𝑡 (terminal voltage) to determine the required output current. 

The two control modes are: 

A. Active power control  

The active power control determines the active current that is injected by the SPV, 

it is shown in Figure 4.12. 

The difference between the Freqref and the Freq gives the frequency deviation. 

This error signal passes through a dead-band block, so only negative results 

1

1 + 𝑇1𝑠
 FW function 

 

1

1 + 𝑇2𝑠
 X 

𝐹𝑚𝑒𝑎𝑠 

𝑃𝑠𝑒𝑡 

𝑃𝑜𝑢𝑡 
f ∆𝑃𝐹𝑊 
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(overfrequency) will take effect in the control as per the dead-band (Figure 4.12). 

The output signal passes through a gain block (Ddn), providing the adjustment that 

is applied to the reference power in order to eliminate the overfrequency. The result 

is divided by the terminal voltage, giving the active current to be injected into the 

network [32]. 

B. Reactive power control  

The reactive power control determines the reactive current that is injected by the 

SPV. The control logic is shown in Figure 4.12. The terminal voltage (𝑉𝑡) is added 

to the line drop compensation (𝐼𝑡 × 𝑋𝑐) to produce the internal voltage. The result 

is used to determine the reactive power droop that is added to the reactive power 

reference (𝑄𝑟𝑒𝑓). In this way, the reactive current to be injected into the system is 

computed by dividing the reference reactive power (𝑄𝑟𝑒𝑓) by the terminal voltage. 

The two parameters that are relevant for modelling the partial loss of SPV due to 

voltage sags are 𝑉𝑡1 and 𝑉𝑡0. Between the voltage levels bound by 𝑉𝑡1 and 𝑉𝑡0 a 

linear function is implemented so that an increasing amount of DPV is disconnected 

as the voltage decreases. This functionality was disabled in this study. 

Voltage stability is usually expressed in terms of a stability margin. It is defined as 

the difference between the loadability limit and the current operating load level. 

The reserved loadability limit in the simulations is 10% of the initial operating load 

level.  

 Purely resistive load  

The SPV initial percentage MW contributions were 10%, 50%, and 90%. The SPV 

supplying a purely resistive load is shown in Figure 4.14. Islanding was initiated by 

creating an event to open the utility breaker after 10 seconds into the simulation. 

The voltage and frequency behaviour were measured at the point of connection 

(PC). 
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Figure 4.14: Network overview of SPV supplying a purely resistive load during 

islanding 

 Series RL load  

In this case, the resistance and reactance were kept constant while the MW 

contribution of the PV was varied. The SPV MW contributions were 10%, 50%, 

and 90% and the power factor of the load was set at 0.9. 

 Composite load  

As described in section 4.1.3, the same simulation model was used. The simulation 

results are in section 5.2 

 

 

 

 

 

 

 

 

PC 
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 SG and SPV in parallel 

 

Figure 4.15: Diesel generator in parallel with SPV system network diagram 

The voltage and frequency behaviour following islanding of a 400 V microgrid 

previously connected to a 22 kV rural network was investigated. The load types 

(purely resistive, series RL, or series RL plus induction motor) and SG and SPV 

initial percentage MW contributions were modelled as variables in the islanded 

network. The simulated network diagram is shown in Figure 4.15. The simulation 

results are shown in section 5.3. 

 

Induction motor 

PC 
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– Simulation results   

The RMS voltage and frequency behaviour of a 400 V microgrid containing SG 

(diesel generator) and/or SPV after islanding due to sectionalisation or due to an 

upstream three-phase short-circuit fault was investigated. The simulation scenarios 

are tabulated in Table 5.1. 

Table 5.1: Simulation scenarios  

Parameter  Value 

SG/SPV MW set value  50 kW (10% initial contribution), 

250 kW (50% initial contribution) and,  

450 kW (90% initial contribution) 

Purely resistive load  0.5 MW 

Series RL load  0.5 MW (with pf=0.9, 0.95 and 0.996) 

Induction motor 0.1 MW and 0.05 Mvar 

 

 SG simulations results  

 Purely resistive load 

The RMS voltage and frequency behaviour of an SG supplying a purely resistive 

load after islanding due to sectionalisation or due to an upstream three-phase short-

circuit fault were studied. 

5.1.1.1 Islanding due to sectionalisation  

At ten seconds, sectionalisation was initiated (by opening the utility breaker), which 

can either be intentional or unintentional. The SG was then forced to operate as a 

standalone supply (islanded mode). Given a SG with an initial contribution of 0.25 

MW at nominal frequency of 50 Hz, the active power of the SG increased due to 

the change in load demand from 0.25 MW to 0.5 MW from the SG.  

Based on equation (5.1) and as illustrated by Figure 5.1 (c), an increase in speed is 

expected when 𝑃𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 >  𝑃𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙  and when 𝑃𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 <  𝑃𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 a 

decrease in speed is expected to compensate for the load change. When 
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𝑃𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 =  𝑃𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙  constant speed is expected from the diesel engine as 

shown in Figure 5.1. The load increase caused the diesel engine to slow down. The 

Degov responds by increasing the control valve position until the reference speed 

was attained. 

 𝑃𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 −  𝑃𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 = 𝐽𝑤
𝑑𝑤

𝑑𝑡
 (5.1) 

Where;  

 𝑃𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 = Generator mechanical power [MW] 

 𝑃𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙  = Generator electrical power [MW] 

 𝐽 = Generator inertia  

 W = Angular speed  

 

The speed/frequency of the network should be maintained at 1 pu. The proportional 

term reduces the speed error but does not prevent overshoot. The derivative term 

reduces the overshoot. The integral term reduces any long-term speed error.  

It is observed that the RMS output voltage and speed of the SG during islanding is 

affected by the SG initial percentage MW contribution. For a 10% SG initial 

percentage MW contribution, a nadir RMS voltage and frequency of 0.955 pu and 

0.953 pu are observed, respectively. 
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Figure 5.1: (a) shows the RMS voltage at the SG prior to and during islanding due 

to sectionalisation, (b) shows the speed of the diesel engine prior to and during 

islanding due to sectionalisation, (c) shows the mechanical power versus the 

electrical power prior to and during islanding due to sectionalisation with an SG 

MW percentage contribution of 10%.   

An integral term was used to drive the process towards the set-point but can cause 

an oscillation. The smaller the integral-term gain, the more the response is prone to 

(a) 

(b) 

(c) 

Transient time constant = 1s 
Synchronise reactants= 2.5 pu 
Reactants = 0,222 pu 
Inertia constant H = 1.6s 

Transient time constant = 1s 
Synchronise reactants= 2.5 pu 
Reactants = 0,222 pu 
Inertia constant H = 1.6s 
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oscillation. However, the critical factor in this analysis was the RMS voltage and 

frequency nadir (the minimum RMS voltage and frequency of the system and not 

necessarily the transient settling time of the signal), which is not significantly 

affected by the integral term of the controller as illustrated by Figure 5.2. Hence the 

recommended parameters from IEEE 421.5 were used in the simulations. 

 

Figure 5.2: Illustration of the effect of the integral-term gain on the oscillation of 

the signal 

Figure 5.3 illustrates the influence of the controller gain 𝐾𝑎 It is shown that higher 

values of 𝐾𝑎 shifted the stabilised value closer to unity. [33] recommends 𝐾𝑎>100 

to be used for the AC5A AVR.  

Less oscillations and 

overshoot  
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Figure 5.3: Illustration of the effect of the controller gain (Ka) 

5.1.1.2 Islanding due to an upstream three-phase short-circuit fault 

An upstream three-phase short-circuit fault was introduced at nine seconds at the 

incoming feeder of the external grid (utility). A three-phase short-circuit fault is 

considered to be the most severe condition that an SG can experience. The 

protection setting of the utility breaker were set to operate after one second of the 

initiated three-phase short-circuit fault. Thus, at ten seconds the utility breaker 

opened to clear the three-phase short-circuit fault, which establishes islanding.  

The RMS voltage of the network collapses during the three-phase short-circuit, as 

shown in Figure 5.4 (a). After the fault is cleared, the governor and the AVR operate 

to try and bring the frequency and RMS voltage back to the nominal values and 

maintain those parameters, respectively, as shown in Figure 5.4. During the three-

phase short-circuit fault, the SG electrical power output dropped due to the low fault 

voltage. Hence, this causes the speed of the diesel engine to increase as shown in 

Figure 5.4 (b). 
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Figure 5.4 (a) shows that for all SG MW percentage contributions, when an 

upstream three-phase short-circuit fault is introduced into the network, the RMS 

voltage drops to 0.2 pu. 

 

Figure 5.4: Purely resistive load: (a) shows the RMS voltage of the SG prior to and 

during islanding due to an upstream three-phase short-circuit fault, (b) shows the 

speed of the diesel engine prior to and during islanding due to an upstream three-

phase short-circuit fault. 

 Series RL load  

The RMS voltage and frequency behaviour of an SG supplying a series RL load (of 

different power factors: 0.9, 0.95 and 0.996) during islanding due to sectionalisation 

and an upstream three-phase short-circuit fault were studied. 

 

(b) 

(a) 
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5.1.2.1 Sectionalisation  

The RMS voltage and frequency behaviour of the SG supplying a series RL load 

during islanding due to sectionalisation were studied. Islanding is initiated at ten 

seconds by opening the utility breaker (sectionalisation). 

A. RL load with a power factor of 0.996 

 

Figure 5.5: Series RL load (pf=0.996): (a) shows the RMS voltage of the SG prior 

to and during islanding due to sectionalisation, (b) shows the speed of the diesel 

engine prior to and during islanding due to sectionalisation. 

Figure 5.5 shows the RMS voltage and speed/frequency behaviour of the SG 

supplying a series RL load with a power factor of 0.996, prior to and during 

islanding due to sectionalisation. It is observed that the RMS voltage and speed of 

the diesel engine during islanding are affected by the SG initial percentage MW 

(b) 

(a) 
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contribution. For a 10% SG initial percentage MW contribution, a nadir RMS 

voltage and frequency of 0.951 pu and 0.953 pu were observed, respectively. 

B. Series RL load with 0.95 power factor 

 

Figure 5.6: Series RL load (pf=0.95): (a) shows the RMS voltage of the SG prior to 

and during islanding due to sectionalisation, (b) shows the speed of the diesel 

engine prior to and during islanding due to sectionalisation 

Figure 5.6 shows the RMS voltage and speed/frequency behaviour of the SG 

supplying a series RL load with a power factor of 0.950, prior to and during 

islanding due to sectionalisation. It is observed that the output RMS voltage and 

speed of the diesel engine during islanding are affected by the SG initial percentage 

MW contribution. For a 10% SG initial percentage MW contribution, a nadir RMS 

voltage and frequency of 0.946 pu and 0.955 pu were observed, respectively. The 

(b) 

(a) 



 50 

network RMS voltage is less affected when the SG initial MW contribution is closer 

to the load MW demand as compared to when the SG initial  MW contribution is 

less than the load MW demand. 

C. Series RL load with power factor of 0.9 

 

Figure 5.7: Series RL load (pf=0.9): (a) shows the RMS voltage at the SG prior to 

and during islanding due to sectionalisation, (b) shows the speed of the diesel 

generator prior to and during islanding due to sectionalisation. 

Figure 5.7 shows the RMS voltage and speed/frequency behaviour of the SG 

supplying a series RL load with a power factor of 0.9, prior to and during islanding 

due to sectionalisation. It is observed that the output RMS voltage and speed of the 

SG during islanding are affected by the SG initial percentage MW contribution. For 

(b) 

(a) 
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a 10% SG initial percentage MW contribution, a nadir RMS voltage and frequency 

of 0.942 pu and 0.955 pu were observed, respectively.   

5.1.2.2 Upstream three-phase short-circuit fault 

The RMS voltage and frequency behaviour of the SG supplying a series RL load 

(of different power factors) prior to and during islanding due to an upstream three-

phase short-circuit fault were studied. 

The upstream three-phase short-circuit fault was introduced at nine seconds at the 

upstream feeder of the external grid. The protection settings of the utility breaker 

were set to operate one second after the initiation of the three-phase short-circuit 

fault. Thus, at ten seconds, the utility breaker opens, which establishes islanding. 

The RMS voltage of the network collapsed to 0.2 pu during the three-phase short-

circuit fault, as expected and as shown in Figure 5.8 (a). After the fault was cleared, 

the governor and the AVR operated to bring the frequency and RMS voltage back 

to the nominal values and maintain those parameters, respectively, as shown in 

Figure 5.8. During the three-phase short-circuit fault, the SG electrical power output 

dropped due to the low fault voltage. An upstream three-phase short-circuit analysis 

was performed on the simulated network and a short-circuit current value of 7.795 

kA was expected at the load bus bar. 

As shown in Figure 5.8 (a), for all SG initial percentage MW contributions, when 

an upstream three-phase short-circuit fault is introduced into the network, the output 

voltage collapses to the same value. The output RMS voltage behaviour of the SG 

prior to the termination of islanding was the same for all series RL loads with 

different power factors. 
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Figure 5.8: Series RL load (pf=0.9) (a) shows the RMS voltage of the SG prior to 

and during islanding due to an upstream three-phase short-circuit fault, (b) shows 

the speed of the diesel engine prior to and during islanding due to an upstream three-

phase short-circuit fault. 

 Induction motor 

The RMS voltage and speed/frequency behaviour of the SG as well the speed 

behaviour of the induction motor prior to and during islanding due to 

sectionalisation and upstream three-phase short-circuit fault were investigated. The 

induction motor in this section was modelled without the mechanical load. 

This condition is used in a no-load test performed on induction motors.  

A. Islanding due to sectionalisation 

Figure 5.9 shows the RMS voltage and the speed of the diesel engine versus that of 

the induction motor prior to and during islanding due to sectionalisation. It is 

(a) 

(b) 
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observed that the RMS voltage and the speed of the induction motor follow that of 

the diesel engine prior to and during islanding due to sectionalisation.  

 

Figure 5.9: Unloaded induction motor (a) shows the RMS voltage at the SG and the 

RMS voltage at the induction motor prior to and during islanding due to 

sectionalisation, (b) shows the speed of the diesel engine and of the induction motor 

prior to and during islanding due to sectionalisation.  

 

B. Islanding following an upstream three-phase short-circuit fault 

The three-phase short-circuit fault was introduced at nine seconds and islanding 

introduced at ten seconds by opening the utility breaker. 

Figure 5.10 shows the RMS voltage and speed/frequency of the SG versus the speed 

of the induction motor prior to and during islanding following an upstream three-

phase short-circuit fault. 

(a) 

(b) 
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Figure 5.10:Unloaded induction motor (a) shows the RMS voltage at the SG and 

the voltage at the induction motor prior to and during islanding due to an upstream 

three-phase short-circuit fault, (b) shows the speed of the diesel engine and the 

speed of the induction motor prior to and during islanding following an upstream 

three-phase short-circuit fault. 

(b) 

(a) 



 55 

 

Figure 5.11:Unloaded induction motor versus series RL load (pf=0.9) (a) shows the 

RMS output current from the SG prior to and during islanding due to a three-phase 

short-circuit current fault, (b) shows the RMS voltage at the SG prior to and during 

islanding due to an upstream three-phase short-circuit fault. 

Figure 5.11 illustrates the RMS output current and RMS voltage of the SG prior to 

and during islanding, in which the SG is supplying two different loads (series RL 

load and composite load with an induction motor). From Figure 5.11 (a) and (b), it 

is observed that when the three-phase short-circuit fault is introduced at nine 

seconds, there is an inrush current (approximately 30 times the network current 

prior to the fault) and a voltage collapse is experienced by the network. When the 

fault is cleared/isolated at ten seconds due to the protection settings of the utility 

breaker operating, the SG then tries to compensate for the load demand. The SG is 

able to meet the demand of the load and still be able to meet the voltage and 

frequency level of the network through the help of the governors and AVRs. 

(a) 

(b) 
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It is also observed that for a network with an induction motor, the voltage takes 

about 4.95 seconds to rise, whereas, for the network with just an RL load it takes 

about 1.2 seconds (4 times lesser) to stabilise. Hence, the network with an induction 

motor prior to islanding detection and termination, is exposed to poor power quality 

longer as opposed to a network without an induction motor. 

 Induction motor driving a pump 

The RMS voltage and speed/frequency behaviour of the SG, as well as the speed 

and RMS current of the induction motor driving a centrifugal pump, was 

investigated during islanding due to sectionalisation and an upstream three-phase 

short-circuit fault. The mechanical load of the induction motor was assumed to be 

0.1 MW (pf=0.9) and the RL load was 0.4 MW (pf=0.9). 

A. Islanding due to sectionalisation 

Figure 5.12 shows the RMS voltage and speed/frequency behaviour of the SG prior 

to and during islanding due to sectionalisation. It is observed that the 

speed/frequency and RMS voltage nadir of the SG during islanding is more 

favoured by a diesel generator supplying an induction load of a mechanical load 

driving a centrifugal pump.  

The induction motor with a mechanical load of a centrifugal pump improves the 

RMS voltage and speed/frequency during islanding due to sectionalisation (no fault 

present). Since the induction motor is simulated with less demand as compared to 

the series RL load, it is expected to have an improved RMS voltage and 

speed/frequency behaviour as compared to the latter.  
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Figure 5.12: Induction motor driving a pump in parallel with a series RL load 

(pf=0.9) versus series RL load (pf=0.9) only (a) shows the RMS voltage behaviour 

of the SG prior to and during islanding due to sectionalisation. (b) shows the speed 

behaviour of the diesel engine prior to and during islanding due to sectionalisation. 

B. Islanding due to a three-phase short-circuit fault 

Figure 5.13 shows the RMS current and speed/frequency behaviour of the SG 

before and during islanding due to an upstream three-phase short-circuit fault. It is 

observed that the induction motor increases the maximum RMS three-phase short-

circuit fault by about 50%. Synchronous motors are known to contribute about 4-6 

times their full load current, as opposed to the previous induction motor.  

(a) 

(b) 
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Figure 5.13: Induction motor driving a pump in parallel with a series RL load 

(pf=0.9) versus series RL load (pf=0.9) only. (a) shows the RMS current behaviour 

of the SG prior to and during islanding due to an upstream three-phase short-circuit 

fault, (b) shows the RMS voltage behaviour of the SG prior to and during islanding 

due to an upstream three-phase short-circuit fault. 

 Figure 5.14 illustrates the speed of the induction motor during islanding due to 

sectionalisation versus the speed due to an upstream three-phase short-circuit fault.  

(a) 

(b) 
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Figure 5.14: Induction motor driving a pump. Illustrates the speed behaviour of the 

SG prior to and during islanding due to an upstream three-phase short-circuit fault 

versus sectionalisation. 

 Solar PV Generation simulations results 

The RMS voltage and frequency of the SPV prior to and during islanding supplying 

three different load conditions (purely resistive, series RL load (pf=0.9) and 

induction motor load) are studied. 

 Purely resistive load  

The RMS voltage and frequency behaviour of a SPV supplying a purely resistive 

load during islanding due to sectionalisation and an upstream three-phase short-

circuit fault were studied. 

A. Islanding due to sectionalisation 

At ten seconds, sectionalisation was initiated, which could be either intentional or 

un-intentional islanding. The SPV after ten seconds was forced to operate as a 

standalone supply (islanded mode) This implies the PowerFactory SPV model had 

grid-forming functionality after islanding. Figure 5.15 shows the RMS voltage and 

frequency behaviour of the SPV system supplying a purely resistive load, prior to 

and during islanding due to sectionalisation. 

It is observed that the SPV tries to maintain the RMS voltage and frequency at their 

nominal values as expected for a GFW with VCC and FW controller, respectively. 
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Figure 5.15: Purely resistive load (a) shows the RMS voltage of the SPV prior to 

and during islanding due to sectionalisation, (b) shows the frequency behaviour of 

the SPV prior to and during islanding due to sectionalisation. 

The SPV is able to maintain the RMS voltage and frequency due to the SPV’s 

ability to participate in the system inertia. That is, the SPV can self-sufficiently 

supply the load during the islanding for SPV initial percentage MW contributions 

of 90% and 50% (voltage slightly above 0.9 pu). Figure 5.16 shows the difference 

between when the SPV rated power can self-sufficiently supply the load 

(PVMWrated
≥  load MW) versus when it is not able to self-sufficiently supply the 

(a) 

(b) 
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load. It is observed that the power quality is greatly compromised when the SPV 

cannot self-sufficiently supply the load during islanding. 

 

Figure 5.16: Purely resistive load (a) shows the RMS voltage behaviour of the SPV 

capable of supplying the load, (b) shows the frequency behaviour of the SPV 

capable of supplying the load, (c) shows the RMS voltage behaviour of the SPV not 

capable of supplying the load, (d) shows the frequency behaviour of the SPV not 

capable of supplying the load. 

B. Islanding due to an upstream three-phase short-circuit fault 

At nine seconds, an upstream three-phase short-circuit was initiated. The upstream 

breaker protection settings were set to operate at ten seconds. The SPV at ten 

seconds is forced to operate as a standalone supply. Figure 5.17 illustrates the RMS 

voltage and frequency behaviour of the SPV system supplying a purely resistive 

(a) (c) 

(b) (d) 
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load, prior to and during islanding due to an upstream three-phase short-circuit 

fault. 

 

Figure 5.17: Purely resistive load (a) shows the frequency behaviour of the SPV 

prior to and during islanding due to an upstream three-phase short-circuit fault, (b) 

shows the voltage of the SPV prior to and during islanding due to an upstream three-

phase short-circuit fault. 

The PV can control and return the RMS voltage and the frequency of the network 

to values above 0 pu (depending on the SPV initial percentage MW contribution) 

due to the zero-fault ride-through capability. Without the ability to ride through, the 

RMS voltage and frequency of the network are expected to collapse, due to the 

inability of the SPV to stay connected during such faults. 

(a) 

(b) 
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 Series RL load 

Figure 5.18 shows the RMS voltage and frequency of the SPV supplying a series 

RL load prior to and during islanding due to sectionalisation.  

 

Figure 5.18: Series RL load (pf=0.9) (a) shows the RMS voltage of the SPV prior 

to and during islanding due to sectionalisation, (b) shows the frequency behaviour 

of the SPV prior to and during islanding due to sectionalisation. 

The volt-var control of the PVD1 model allows an inductive or capacitive output 

current based on the SPV terminal voltage. Between the dead band limits v1 and v0 

(If v1=v0 there is no dead band), the inverter will effectively provide no reactive 

power and the voltage will remain constant. Outside the dead band, the PV exports 

or imports reactive power based upon the SPV terminal voltage. This is shown in 

Figure 5.19. 

(a) 

(b) 
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Figure 5.19: PVD1 volt-var control (VCC) curve 

 

Figure 5.20: (a) shows the RMS voltage behaviour in pu of the SPV, (b) shows the 

RMS reactive current behaviour in pu of the SPV based on different reactive load 

demand, (c) shows the reactive load demand in pu.  
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terminal 
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Reactive power 
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Figure 5.20 shows how the VVC of the PVD1 model behaves. Initially, when grid-

connected, the SPV is exporting only active power and the reactive load demand is 

supplied by the external grid. When islanding occurs at ten seconds, the SPV must 

meet the load demand (both active and reactive power). During islanding, the load 

is simulated as a step load, in which the reactive component of the load doubles up 

every two seconds (at 12 and 14 seconds). Every time the reactive load power is 

increased, this forces the SPV voltage to drop if the SPV is not able to supply the 

reactive power demanded (Figure 5.20). 

 

Figure 5.21: Series RL load (pf=0.9) (a) shows the RMS voltage of the SPV prior 

to and during islanding due to an upstream three-phase short circuit fault, (b) shows 

the frequency behaviour of the SPV prior to and during islanding due to an upstream 

three-phase short circuit fault. 

 

(a) 

(b) 
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Figure 5.21 shows the RMS voltage and frequency behavior of the SPV during 

islanding due to an upstream three-phase short-circuit fault. It is observed that the 

voltage collapses during the three-phase short-circuit fault and the SPV tries to 

regain the voltage after islanding is initiated. 

The frequency in the electrical system affects the reactive and capacitive reactance, 

therefore for a purely resistive load, the frequency will have little effect.  

 The frequency of the system decreases gradually due to loss of generation or 

overload. Smaller system inertia tends to cause a quicker frequency drop. It is 

observed from Figure 5.21, due to the fault-ride-through capability of the SPV, the 

system is able to pick up its frequency.  

 Induction motor 

The RMS voltage and frequency behaviour of the SPV supplying a composite load 

(static and dynamic load), during islanding due to sectionalisation and an upstream 

three-phase short-circuit fault, is studied. The simulated network diagram is shown 

in Figure 5.22 and the simulated parameters are tabulated in Table 5.2. 

Table 5.2: Simulated parameters 

Parameter  Value  

PV dispatched power 0.45 MW (10% curtailed) 

RL load 0.4 MW (pf=0.9) 

Induction motor  0.1 MW and 0.05 Mvar 
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Figure 5.22: SPV supplying both series RL load and an induction motor 

A. Islanding due to sectionalisation  

Islanding was initiated at ten seconds by operating the utility breaker. Two 

scenarios were simulated: 

• Scenario A: SPV simulated without an initial injection of reactive power 

into the network, and load shedding initiated at 11 seconds to allow the 

voltage of the SPV to be within the acceptable limits (according to IEEE 

1159). 
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• Scenario B: SPV simulated with an initial additional reactive power (of 0.2 

Mvar) that is able to supply the network (or capable of supplying) without 

load shedding.  

Figure 5.23 (b) shows the RMS voltage behaviour of the SPV based on scenario A 

and Figure 5.24 (a) shows the RMS voltage behaviour of the SPV based on scenario 

B. It is observed that a network with SPV that initially exports the reactive power 

improves the network. Allowing the SPV to initially distribute reactive power is 

basically shifting the volt-var control up as indicated by Figure 5.25.  

 

Figure 5.23: (a) shows the speed of the induction motor prior to and during islanding 

due to sectionalisation, (b) shows the RMS voltage behaviour prior to and during 

islanding due to sectionalisation.  

(a) 

(b) 
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Figure 5.24: (a) shows the RMS voltage behaviour of the SPV prior to and during 

islanding due to sectionalisation, (b) shows the reactive current injected by the SPV 

prior to and during islanding due to sectionalisation. 

(a) 

(b) 
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Figure 5.25: Modified volt-var controller for the PVD1 system 

B. Islanding due to an upstream three-phase short-circuit fault 

An upstream three-phase short-circuit fault is introduced at nine seconds and the 

islanding is initiated at ten seconds by opening the utility breaker to clear the fault. 

Figure 5.26 illustrates the induction motor speed and the RMS voltage behaviour 

prior to and during islanding due to an upstream three-phase short-circuit fault. It 

is observed that the speed of the induction motor decreases with the decrease of the 

RMS voltage. When the fault is cleared at ten seconds by opening the utility 

breaker, the SPV system then tries to control the RMS voltage back to its nominal 

value.  
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Figure 5.26: (a) shows the speed behaviour of the induction motor prior to and 

during islanding due to an upstream three-phase short-circuit fault, (b) shows the 

RMS voltage behaviour of the SPV prior to and during islanding due to an upstream 

three-phase short-circuit fault. 

 

 

 

 

 

 

(a) 

(b) 



 72 

 SG in parallel with SPV simulations 

In this section, the SG is connected in parallel with the SPV. The frequency and the 

RMS voltage of the network at the Point of Connection (PC) are analysed. The 

simulation parameters are tabulated in Table 5.3. 

Table 5.3: Simulation parameters (SG and PV system in parallel) 

Parameter  Value  

PV dispatched power 0.5 MW 

SG dispatched power 0.45 MW 

RL load 0.5 MW (pf=0.9) 

Purely resistive load 0.5 MW 

Induction motor  0.1 MW and 0.2 Mvar 

 Islanding due to sectionalisation  

Three different cases were studied: the network is supplying a purely resistive load, 

a series RL load, and a composite load that comprises a series RL load in parallel 

with the induction motor.  

All the described cases showed similar frequency and RMS voltage behaviour at 

the CP, that is unity prior to and during the islanding due to sectionalisation. Figure 

5.27 shows the RMS voltage and frequency behaviour of the network at the CP 

when the SG in parallel with the SPV system are supplying a series RL load in 

parallel with the induction motor. 
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Figure 5.27: Series RL in parallel with induction motor (a) shows the RMS voltage 

behaviour of the network at the PC prior to and during islanding. (b) Illustrates the 

frequency behaviour of the network at the CP prior to and during islanding. 

 Islanding due to an upstream three-phase short-circuit fault 

The upstream three-phase short-circuit fault was introduced at nine seconds and 

islanding was initiated at ten seconds by opening the utility breaker in order to clear 

the fault. The simulated results of the RMS voltage and frequency behaviour of the 

network at the CP are shown in Figure 5.28. It is indicated that the voltage nadir of 

the network within two seconds of islanding is 0.4 pu. At normal operation of the 

network, that is, there is no fault in the network, the voltage drop in the network is 

affected by; 

• The type of cable used and the length of the cable between the source and 

the load (impedance)  

• The transformer loading between the source and the load  

(a) 

(b) 
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However, when there is a fault in the network, the voltage drop is also affected by 

the location of the fault. The short-circuit current decreases as you move further 

away from the location of the fault (this analogy is used commonly for fault location 

detection on radial networks, by performing a distance equation as a function of the 

fault) [34]. Figure 5.29 shows the difference between the network voltage 

behaviour when the fault has occurred close by or at some distance from the PV 

and SG in parallel.  

 

Figure 5.28: Series RL in parallel with induction motor (a) shows the RMS voltage 

behaviour of the network at the CP prior to and during islanding due to an upstream 

three-phase short-circuit fault, (b) shows the frequency behaviour of the network at 

the CP prior to and during islanding due an upstream three-phase short-circuit fault. 

(a) 

(b) 
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Figure 5.29: Series RL load in parallel with an induction motor (a) shows the RMS 

voltage behaviour of the network with the fault at different distances, (b) shows the 

RMS current behaviour of the SG with the fault at different distances. 

 

(a) 

(b) 
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– Discussion 

 RMS voltage and frequency compatibility levels  

There are national and international standards that bind network operators to 

acceptable values of RMS voltage and frequency during normal conditions and 

disturbances. 

The compatibility levels for the RMS supply voltage shall be as specified in Table 

6.1 unless otherwise agreed in a supply contract. In this study, assuming there is an 

absence of any agreement to the contrary, the supply voltage shall not deviate from 

the declared or agreed voltage by more than 10% for any period longer than 10 

consecutive minutes. 

Where the voltage supplied reduces to a value less than 0.9 pu of the standard or 

declared value for more than 3 seconds on one or more phases, the event shall be 

logged as an undervoltage event, otherwise the event shall be logged as a voltage 

dip [8], [35]. Undervoltage might occur when there is a disturbance (in this case: 

islanding due to sectionalisation or islanding due to an upstream three-phase short-

circuit fault). 

Table 6.1: Deviation from standard or declared voltage [8], [35]  

Voltage level (V) Limit % 

<500 ±10 

≥500 ±5 

 

The nominal frequency in the country where the study is conducted, South Africa, 

is 50 Hz during normal operation [35]. The compatibility levels for the supply 

frequency shall be as specified in Table 6.2. The frequency shall not deviate from 

the declared or agreed frequency by more than 2% and 2.5% respectively during 

islanding for the grid and for the island.  
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Table 6.2: Deviation from nominal frequency [35] 

Network type  Limit % 

Grid ±2 

Island ±2.5 

 

 SG discussion 

The RMS voltage and frequency behaviour of the SG during islanding are analysed 

and discussed. 

 RMS voltage and frequency behaviour analysis  

The primary operational droop of the diesel engine is summarised in Figure 6.1 (for 

speed/frequency versus load demand) and Figure 6.2 (for RMS voltage versus 

reactive power demand) [36]. When the load demands more active power, the 

frequency of the system will decrease [13]. Similarly, when the load demands more 

reactive power, the RMS voltage of the system will decrease [37].  

For simulated results 𝑃𝑆𝐺 <  𝑃𝑙𝑜𝑎𝑑 , therefore, there will always be an initial 

frequency decrease (below the nominal frequency value) before the degov takes 

corrective action. For an diesel engine without a governor, the speed/frequency will 

decrease below its nominal value and not recover. The summary of the frequency 

behaviour of an SG is illustrated in Figure 6.3 in correspondence to equation (6.1). 

According to reference [35] the supply frequency shall not deviate from the 

declared frequency to less than 0.975 pu. It is observed from Figure 6.3 that the 

supply frequency is violated for SG with initial contribution of 10% and 50% for 

all previously mentioned power factors (pf = 0.9, 0.95 and 0.996).  

As per the simulation, the SG has the ability to supply reactive power. Depending 

on the SG reactive power export or import, there will be an increase or decrease of 

RMS voltage during islanding. 

The RMS voltage was observed for times between the initiation of islanding and 

two seconds of islanding, and the RMS voltage nadir occurs at about 0.5 seconds. 



 78 

Hence, the analysis only accounts for the RMS voltage and frequency after 0.5 

seconds of islanding. 

 fsystem =  fnominal −
Pload

Sg
 (6.1) 

Where;  

 fsystem = System frequency [Hz] 

 fnominal = System frequency when there is no load demand [Hz] 

  Pload = Load active power [MW] 

 Sg = droop slope (frequency bias) [MW/Hz] 

           

 

Figure 6.1: Frequency versus active power droop relationship  

The network can experience both an increase or decrease of reactive power 

depending on the type of load (inductive or capacitive) and the percentage MW 

contribution of the diesel generator prior to islanding. For a series RL load there is 

a decrease in voltage as illustrated by Figure 6.4. According to reference [35] the 

Power (MW) 
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RMS supply voltage shall not drop to less than 0.9 pu of the declared voltage. It is 

observed from Figure 6.4 that the voltage limit is only reached during islanding due 

to an upstream three-phase short-circuit fault. 

 

Figure 6.2: Reactive power versus voltage droop relationship  
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Figure 6.3: Frequency versus series RL load power factor, supplied by different 

SG initial percentage MW contributions (10%, 50%, and 90%), at 0.5 seconds 

after islanding 

 

Figure 6.4: RMS voltage versus series RL load power factor on an islanded 

network, supplied by different SG initial percentage MW contributions (10%, 50%, 

and 90%) at 0.5 seconds after islanding 

 RMS voltage and frequency percentage reduction (normal versus 

islanding) 

To determine and evaluate how critical it is to reduce the islanding time, a 

percentage reduction analysis with respect to the RMS voltage before islanding is 

used. The percentage reduction is used to represent a reduction value in relation to 

the initial value. Positive value represents an increase in percentage and a negative 

value represents a reduction in percentage in relation to the initial voltage value 

before islanding. 

The percentage reduction equation is shown in equation (6.2). From the previous 
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voltage issues (provided there is a governor and AVR implemented and the SG is 

able to ramp up to 100% of the load demand). 

 ∆Vx(%) =
Vx −  Vinitial 

Vinitial 
∗ 100 (6.2) 

                                                                  = (Vx − 1) *100 

Where;  

 𝑉𝑥 = Voltage during islanding [pu] 

 x =    0.5 seconds islanding time  

 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = Voltage before islanding = 1 pu [pu] 

 ∆𝑉𝑥(%) = Voltage percentage reduction in relation to 1 pu [%] 

 

The frequency percentage reduction is also analysed to determine how the 

frequency deviates from the nominal value (50 Hz) during islanding. The equation 

used to calculate the frequency percentage reduction is shown in equation (6.3) 

 ∆𝑓𝑥(%) =
𝑓𝑥 −  𝑓𝑖𝑛𝑖𝑡𝑖𝑎𝑙 

𝑓𝑖𝑛𝑖𝑡𝑖𝑎𝑙 
∗ 100 (6.3) 

                            =
𝑓𝑥− 50

50
 *100 

Where;  

 𝑓𝑥 = Frequency during islanding [Hz] 

 x =    0.5 seconds islanding time  

 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = Frequency before islanding = 50 Hz  
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 ∆𝑓𝑥(%) = 
Frequency percentage reduction in relation to 50 

Hz [%] 

 

6.2.2.1 Sectionalisation and upstream three-phase short-circuit fault 

The RMS voltage and frequency percentage reduction of the SG supplying an RL 

load is illustrated in Figure 6.5 and 6.6, respectively. As previously mentioned, the 

negative value of ∆𝑉𝑥(%) and  ∆𝑓𝑥(%) illustrates a reduction of the initial value of 

RMS voltage after the specified seconds of islanding. 

As illustrated in Figure 6.5, the RMS voltage drops by about 5.8% during 

sectionalisation and by about 88.4% during an upstream three-phase short-circuit 

fault. Similarly, as illustrated in Figure 6.6, the frequency of the network drops by 

4.5%, 2.9% and 1.9% for 10%, 50% and 90% SG initial percentage MW 

contributions respectively during sectionalization. 

 

 

Figure 6.5: RMS voltage percentage reduction for different SG initial percentage MW 

contributions (10%, 50%, and 90%) for sectionalisation that leads to islanding for a series 

RL load (pf=0.9) 
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Figure 6.6: Frequency percentage reduction of different SG initial percentage MW 

contributions (10%, 50%, and 90%) for sectionalisation that leads to islanding for a series 

RL load (pf=0.9) 

 SPV discussion   

The RMS voltage and frequency behaviour of the SPV during islanding are 

analysed and discussed. 

 RMS voltage and frequency behaviour analysis 

SPV is normally made to work at its maximum power point so it can export 

maximum power into the network. SPV will always track the maximum power 

point and will give a fixed output if the ambient condition remains constant. SPV 

has no rotating parts and no mechanical inertia like synchronous generators and its 

output MW is solely dependent on the solar irradiance.  

The SPV system is simulated with “synthetic” inertia control, to either decrease or 

increase the power export based on the change of nominal frequency of the primary 

source (external grid). The SPV, therefore, does have the capability to contribute to 

the inertia of the system. In such a situation, there is frequency control from the 

SPV and this is because there is power reserved for frequency control. The 
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maximum reserved power used during the simulation is 10% (SPV initially 

curtailed by 10%), as illustrated by Figure 6.7. 

 

Figure 6.7: SPV power versus voltage curve 

 

 

Figure 6.8: RMS voltage behaviour for a series RL load (pf=0.9), supplied by 

different PV initial percentage MW contributions (10%, 50%, and 90%) at 0.5 

seconds after islanding due to sectionalisation or a three-phase short-circuit fault 
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Figure 6.9: Frequency behaviour for a series RL load (pf=0.9), supplied by different 

solar PV initial percentage MW contributions (10%, 50%, and 90%) at 0.5 seconds 

after islanding due to either sectionalisation or a three-phase short-circuit fault 

Figure 6.8 shows the RMS voltage behaviour of the SPV system of different initial 

percentage MW contributions (10%, 50%, and 90%) supplying a series RL load 

with a power factor of 0.9 at 0.5 seconds of islanding due to either sectionalisation 

or a three-phase short-circuit fault. It indicates the SPV system tries to maintain its 

voltage for islanding due to sectionalisation (with lower voltage behaviour for 10% 

initial percentage MW contribution) and the voltage collapses for islanding due to 

an upstream three-phase short-circuit fault. 

Figure 6.9 shows the frequency behaviour of different SPV initial percentage MW 

contributions (10%, 50%, and 90%) supplying a series RL load of a power factor 

of 0.900 at 0.5 seconds after islanding. It is observed that the frequency of the 

network mostly remains close to the nominal value of 50 Hz for islanding due to 

sectionalisation and the frequency drops to a value of 49.45 Hz for islanding due to 

an upstream three-phase short-circuit fault. 
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 RMS voltage and frequency percentage reduction (normal versus 

islanding)  

To determine and evaluate how critical the RMS voltage behaviour of the SPV 

during islanding is, a percentage reduction analysis in comparison with the RMS 

voltage before islanding is used. The percentage reduction is used to represent a 

reduction value in relation to the initial value. A positive value represents an 

increase in percentage and a negative value represents a reduction in percentage in 

relation to the initial voltage value before islanding. The voltage percentage 

reduction formula used is shown in equation (6.4). The islanding time of focus is 

0.5 seconds. 

 

 ∆𝑉𝑥(%) =
𝑉𝑥 −  𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 

𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 
∗ 100 

(6.4) 

= (𝑉𝑥 − 1) *100 

Where; 

 𝑉𝑥 = Voltage during islanding [pu] 

 x =    0.5 seconds islanding time  

 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = Voltage before islanding = 1 pu [pu] 

 ∆𝑉𝑥(%) = Voltage percentage reduction in relation to 1 pu [%] 

 

The frequency percentage reduction is also analysed to determine how the 

frequency deviates from the nominal value (50 Hz) during islanding. The equation 

used to calculate the frequency percentage reduction is shown in equation (6.5). 

 ∆𝑓𝑥(%) =
𝑓𝑥 −  𝑓𝑖𝑛𝑖𝑡𝑖𝑎𝑙 

𝑓𝑖𝑛𝑖𝑡𝑖𝑎𝑙 
∗ 100 (6.5) 

                                                           =
𝑓𝑥− 50

50
 *100 
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Where;  

 𝑓𝑥 = Frequency during islanding [Hz] 

 x =    0.5 seconds islanding time  

 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = Frequency before islanding = 50 Hz [Hz] 

 ∆𝑓𝑥(%) = 
Frequency percentage reduction in relation to 50 

Hz [%] 

 

6.2.2.1 Sectionalisation and three-phase short-circuit fault  

 

 

Figure 6.10: Percentage reduction of RMS voltage at 0.5 seconds after islanding of 

an RL load (pf=0.9) supplied by different PV initial percentage MW contributions.  

The percentage RMS voltage reduction of a series RL load with 0.9 power factor, 

exposed to three different (10%, 50%, and 90%) PV initial percentage MW 

contributions, is shown in Figure 6.10. As previously mentioned, the negative value 

of ∆𝑉𝑥(%) illustrates a reduction of the initial value of voltage after the specified 

seconds of islanding.  
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From Figure 6.11, it can be observed that the voltage percentage reduction is 100% 

for islanding due to an upstream three-phase short-circuit fault. Due to the type of 

SPV system used it is shown that the voltage deviation of islanding due to 

sectionalisation is minimal for an initial percentage MW contribution of 90% and 

50% and critical for an initial percentage MW contribution of 10%. 

 

Figure 6.11: Percentage reduction of frequency at 0.5 seconds after islanding with 

RL load (pf=0.9) supplied by different SPV initial percentage MW contributions 

and following sectionalisation or a three-phase short circuit fault. 

The percentage frequency reduction for a series RL load with 0.9 power factor, 

exposed to three different (10%, 50%, and 90%) SPV initial percentage MW 

contributions, is shown in Figure 6.11. As previously mentioned, the negative value 

of an  ∆𝑓𝑥(%)  shows a reduction of the initial value of voltage after the specified 

seconds of islanding. From Figure 6.11, it can be observed that the maximum 

frequency percentage reduction is 1.1% for islanding due to an upstream three-

phase short-circuit fault.
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– Power quality versus IDM 

reliability    

There is a trade-off of power quality versus reliability of the IDM used. In this 

chapter, the reliability of the islanding detection methods will be discussed. For the 

purpose of simplicity, only the Rate of Change of Frequency (ROCOF) type of IDM 

will be considered. A case study will be used to demonstrate the effect on the power 

quality during islanding versus the reliability of IDMs, in particular the ROCOF 

method. 

 

Figure 7.1: Geographical area of Estancia/Estancia North 22 kV  

A sample network was chosen called Estancia/Estancia north. It is an Eskom 22 kV 

network in Mpumalanga. For the study the load was chosen to be 0.6 MVA. The 

geographical view of the network is shown in Figure 7.1. For research purposes, 

the DGs will be installed at Estancia/Estancia north 92 T-off pole 7 (ETN 92/7), 



 90 

shown in Figure 7.1. The RMS tool within PowerFactory DIgSILENT was be used 

to analyze the mid-term and long-term transients during balanced or unbalanced 

conditions. This function allows the voltage and frequency profile to be analyzed 

in the time domain. 

The aim of the RMS analysis was to determine how the network behaves in terms 

of frequency and RMS voltage during islanding. 

 

Figure 7.2: Research approach to simulated network 

 

Figure 7.3: SG network diagram   

The methodology of this chapter is illustrated in Figure 7.2 with the case study and 

the network diagram of interest shown in Figure 7.3, which consists of a SG (varied 
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parameter) and load in a radial network to determine the minimum islanding and 

detection time using a passive IDM. This is to demonstrate the impact of power 

mismatch between the load MW and SG MW while keeping other variables 

unchanged. The load was 0.6 MVA and the SG size was varied between 1 MVA, 

2.25 MVA, 3.5 MVA and 5 MVA with a power factor of 0.8. 

 

Figure 7.4: The frequency behaviour of the SG during islanding 

Figure 7.4 shows the over-frequency behaviour of the simulated network. For all 

the three case scenarios of different SG size, the SG MW > the load MW. To 

determine if islanding can be detected on the specified network, a Rate of Change 

of Frequency (ROCOF) passive type IDM was used. The ROCOF method uses a 

frequency derivative threshold value determined by equation (7.1) to initiate a trip 

signal to terminate islanding. The frequency derivative threshold value was 

calculated to ensure that the ROCOF relay is triggered for islanding and not for load 

changes  [38] . The minimum calculated frequency derivative threshold value is 

given by the minimum SG size simulated as tabulated in Table 7.1. 
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Figure 7.5: Frequency derivative behaviour   

 ROCOF =  
∆f

∆t
=

∆𝑃∗ 𝑓

2∗𝑆𝑁∗𝐻
  

(7.1) 

Where;   
 

 f = Rated frequency, Hz 

 ∆P = 
The difference between the SG output and the load power, 

MW 

  SN = Distributed Generator apparent power, VA 

 H = Rotor inertia constant of the generator 
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Table 7.1: ROCOF value of a load of 0.6 MVA, nominal frequency of 50 Hz and 

rotor inertia constant of 5  

DG rating (MW) ∆𝐏 (MW) ROCOF (1/s) 

theoretical 

threshold value 

ROCOF (1/s) 

simulated value  

1 0.013 0.065 0.046 

2.25 0.021 0.047 0.112 

3.5 0.024 0.034 0.129 

5 0.026 0.026 0.145 

 

At normal operation (when both SG and utility are supplying the load), the 

frequency derivative is expected to be zero as shown in Figure 7.5. The system 

disturbance was initiated at two seconds. It is observed in Figure 7.5 that there is a 

rapid change of frequency for 0.052 seconds as the SG and load try to find a balance 

condition on a different rate of change of frequency. For the 2.25 MVA rated SG, 

it is also illustrated that the minimum measured frequency derivative after the rapid 

change is 0.112 1/s at 0.062 seconds after initiated islanding. Hence the minimum 

anti-islanding time of 0.062 seconds can be achieved with the specified network 

topology, SG type, ∆P and IDM. 

For the 5 MVA rated SG, it is also shown that the minimum measured frequency 

derivative after the rapid change is 0.145 1/s at 0.072 seconds after the initiation of 

islanding. Hence the minimum anti-islanding detection time of 0.072 seconds can 

be achieved with the specified network topology, SG type, ∆P and IDM.  

It is also observed that for a 1 MVA SG, the measured frequency derivative (0.046 

1/s) is smaller than the calculated ROCOF (0.065 1/s). Hence this will result in 

continued islanding due to a smaller power mismatch ∆P. 

Islanding is a crucial condition within the network, posing a risk to the utility 

workers, customer and utility equipment. Reference [11] stipulates that islanding 

must be terminated within a maximum time of two seconds. Reducing the 

maximum islanding time below two seconds with respect to network topology, type 
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of SG, type of IDM and the power mismatch between the load MW and the SG 

MW are considered. It is shown that the power mismatch does have an impact on 

the islanding detection time and continued islanding. The smaller the power 

mismatch, the smaller the frequency and RMS voltage percentage fluctuations. For 

smaller frequency fluctuations, continued islanding becomes a possibility. 

Therefore, if power quality of islanded network has to be considered, the type of 

IDM to be used must also be considered to avoid continued islanding. 
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– Conclusion  

The RMS voltage and frequency behaviour of a 400 V microgrid of different initial 

percentage MW contributions (10%, 50% and 90%) connected to a 22 kV rural 

network supplying three different load types: purely resistive load, series RL load 

(pf=0.9, 0.95 and 0.996), and composite load (static load in parallel with a 

dynamic), prior to and during islanding were investigated. Islanding can be due to 

sectionalisation or due to an upstream three-phase short-circuit fault that is cleared 

by the utility breaker. 

The purely resistive load and the series RL load show similar linear trends of 

voltage behaviour. That is, as the load demand increases or as the power factor 

decreases, there is also a decrease in voltage during islanding. If the DG is capable 

of self-sufficiently (with the help of voltage and frequency controllers) supplying 

the load during islanding, then poor power quality issues can be eliminated. 

The voltage and frequency behaviour of a SPV of different initial percentage MW 

contributions during grid-tied operation supplying three load types were also 

investigated. Similarly, the three different load types of interest are purely resistive, 

series RL, and composite load (introduction of an induction motor). There is a 

moderate change in SPV frequency behaviour during islanding for all cases. 

Similarly, power quality issues are mostly observed for a SPV with a lower initial 

percentage contribution and in general islanding due to an upstream three-phase 

short-circuit fault. 

The type of SPV system used in a network also plays a significant role in the power 

quality prior to and during islanding. The type of SPV system used for this study 

(PVD1) has the capability to monitor and control the voltage and frequency 

behaviour based on the reactive and active power demand, respectively. It is also 

observed that SPV operating without the help of reactive power compensation can 

compromise the SPV RMS voltage during islanding. 
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It is also observed that the RMS voltage behaviour of the network is also affected 

by the location of the three-phase short-circuit fault. The greater the fault distance 

from the microgrid, the smaller the probability of the islanded network being 

exposed to power quality issues. A lot of factors need to be taken into consideration 

for a network exposed to a three-phase short-circuit fault prior to and during 

islanding. Such factors are, where the fault is and the network withstand capability 

to supply the load. 
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– Recommendations  

There are several ways to improve the RMS voltage and frequency fluctuation of 

the network during islanding. This includes making sure that the DG MW is self-

sufficient to supply the load, through the DG inertia or external source. The other 

way is to make sure that islanding is detected and terminated at minimal time to 

avoid RMS voltage and frequency dips and/or swells. 

The advantage of an SG is its inertia, to allow it to contribute to the frequency 

behaviour of the network. The disadvantage of SPV is that SPV has no rotating 

parts and no mechanical inertia, as the SPV MW is solely dependent on the solar 

irradiance. Hence, they cannot contribute to the inertia of the system unless they 

have reserved power.  

For a network that comprises SPV, careful network design must be in place, such 

as having reactive power compensators and reserved active power to avoid poor 

power quality issues during islanding. A network with only SPV is more prone to 

poor power quality as opposed to SG networks. 

PV inverters are capable of injecting reactive power to support voltage sags in the 

network. PV inverters are also capable of absorbing reactive power to counteract 

voltage rise at the point of connection. 

Most PV inverters are only set up to operate at unity power factor, meaning they 

only supply active power. However, PV inverters have been designed for 

deployment in the distribution system, where applicable interconnection standards 

(IEEE 1547-2003) do not currently allow for voltage regulation. Inverters for that 

application are designed to operate at unity power factor and are sold with a kilowatt 

(kW) rating, as opposed to a kilovolt-ampere (kVA) rating. 

 

http://grouper.ieee.org/groups/scc21/1547/1547_index.html
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 If there is an inadequate or no dynamic reactive capability available from the SPV, 

it may be necessary to supplement the SPV with dynamic reactive power 

controllers. 

Different types of dynamic reactive power controllers are namely:  

• Synchronous condenser 

• Static var compensators  

• Static synchronous compensator  

There reason for reactive management is that if the reactive power is not managed 

the following will results  

• Too much reactive power can lead to an inefficient power flow  

• Too little reactive power can create an instability in the network 

 

Running on diesel at normal condition or during islanding can be expensive; hence 

consideration of having both SG and PV in parallel can eliminate both cost and poor 

power quality issues. A network diagram with both SG and PV in parallel was 

investigated in section 5.3 It is observed that there is power quality improvement 

when a PV is connected in parallel with the SG.  

 Reducing the RMS voltage and frequency fluctuations after 

islanding  

The dynamic behaviour of the primary and secondary controller influences the 

RMS voltage and frequency behaviour of the network during islanding. 

Determining which level of controller for a different application to be implemented 

is critical to avoid unnecessary poor-quality issues within the network. 

There are different levels of controller hierarchy, namely primary, secondary and 

tertiary, as illustrated in Figure 3.1 from section 3.1. The interest of this research 

was in the primary level. 
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