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ABSTRACT 

Globally, the requirement for renewable and clean energy technologies is becoming vastly 

popular. With the high implementation of solar and wind energy systems, together with plug-

in hybrid electric vehicle (PHEV) aggregators, energy costs can be minimised, greenhouse gas 

emissions decrease, and overall maintenance becomes reduced. The constant increase of load 

demand is becoming a challenge for the current power systems, with difficulties including 

stability concerns and excessive regulations by the government. Due to irradiance and wind 

speed fluctuations, the solar and wind energy system’s non-linearity affects the existing power 

system stability. The growth of the electric vehicle industry has also shed new light on potential 

auxiliary services that can be provided, as and when required, to the power system. Hence, this 

research examines the potential control strategies that are required to maintain the system in 

steady-state conditions after disturbances that occur with higher penetration of renewable 

energy systems (RESs) and PHEVs. The case study models a isolated two-area thermal type 

power system that is interconnected through an AC tie-line. Three scenarios are modelled, 

simulated and analysed. The first scenario models a isolated thermal power system with PHEVs 

with two areas which utilises a fractional order proportional integral derivative (FOPID) 

controller in each area. The resulting model is analysed to see the effects of PHEVs coupled 

with FOPID on the power system. The second scenario models a isolated two-area thermal 

power system with RES and utilises a fuzzy type-2 (FT2) FOPID controller in each area. The 

RES penetration is tested for its non-linearity effect on the isolated power system, and the error 

is reduced by an advanced controller that uses artificial intelligence techniques. The third 

scenario is modelled as an isolated two-area thermal power system with PHEVs and RES 

coupled with neural network predictive controller (NNPC) in each area. The three scenarios 

are simulated in MATLAB/Simulink with results displayed graphically and numerically. The 

results show that the integration of PHEVs for load and/or storage in the multi-area power 

system, and the proposed control methods for each scenario, have the best dynamic response 

with the least error, no oscillations and the fastest response to steady state condition. 
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1. INTRODUCTION 
 

1.1  Background 

 

As the global paradigm shifts in the electrical power industry amidst the 4th Industrial 

Revolution, clean renewable energy is becoming a more desirable way to produce power 

to protect the environment by reducing CO2 emissions and the consumption of fossil fuels. 

The present challenge is how to increase the penetration of RESs and PHEV into 

conventional distribution networks without influencing the security, reliability and stability 

of the complete power system. The inclusion of clean energy sources would help reduce 

carbon tax and other penalties that electrical utility companies are charged with. These 

systems are also cost-effective in certain areas where clean energy is being produced. 

 
Currently, South Africa’s power utility, Eskom, cannot expand its generation capacity for 

thermal generation stations at a rapid rate due to the Department of Environmental Affairs’ 

restriction on emitting CO2 into the atmosphere. They are also faced with the increasing 

cost of fossil fuels such as gas and coal.  

 
For generation reserve capacity, where maintenance and breakdowns occur, diesel fuel is 

required for backup. However, this fuel is limited and can only last a certain amount of 

time before being completely depleted. This contributes to load shedding roll-outs across 

South Africa that negatively impact the economy. Therefore, alternative energy sources are 

required to assist in this regard. 

 

The bulk of power produced in South Africa is from coal, which is the highest from other  

power generation. While solar and wind power are becoming desirable in the current era as 

seen in Figure 1.1 below. The majority of South Africa’s renewable energy power comes 

from Solar mainly within the Northern Cape and Wind within the Eastern Cape. The reason 

for this is due to the high output level of power these regions provide which is irradiance 
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and wind speed levels. The other province also generate power from hydro generation 

where the water flow is at a high level and has acceptable efficiencies.    

 

 
Figure 1.1: South Africa's Renewable Energy Power Plant [1] 

 
Coal generation is around 69% of the total generation in South Africa and has only 1479 

MW for solar, and 2096 for wind energy as seen in Figure 1.2. This makes renewable 

energy a high priority for the reduction of CO2 emissions within South Africa. Renewable 

energy power plants currently sit at 11% to 12%, with the intention of growing to 30% by 

2030 [1]. As the injection of renewable energy increases, coal-powered fire stations will 

gradually decrease and become decommissioned. A sudden increase in renewable energy 

will result in a shock to the economic system of fossil fuel and related suppliers of coal-

burning power stations. Therefore, a gradual increase in RESs is required.  

 

 



3 
 

 
Figure 1.2: South Africa’s power system capacities [2]. 

 
The inclusion of RES in the power system contribute to multiple frequency disturbances 

that disrupt the stability of the system. Overload of the microgrid occurs from PHEVs 

irregular charging patterns. To reduce the above-mentioned factors, various types of 

coordinated control methods are required.   

 
In this research, FOPID FT2 control is used for frequency control which has the advantages 

of reducing overshoot, improving system response speed, and accelerating system stability 

time. The control effects are better with this controller compared to others. An optimisation 

technique by using NNPC will help improve the dynamic response.  

 
For load coordination of PHEVs, charging strategies and energy management are required 

to reduce the voltage overload. This could create stress and cause serious damage to 

residential loads when multiple residents use PHEVs at the same time. Therefore, PHEV 

aggregators are used to balance out energy consumption to protect distribution transformers 

and the microgrid when charging and discharging PHEVs. PHEVs can also act as dump 

loads and storage banks which assist the power utility, as and when required, to prevent 

load shedding and its resultant economic losses and downtime.  
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1.2  Research Motivation 

 

Producing clean energy is very important and has become very challenging. The move 

towards solar and wind power was increasing throughout the world. With climate summits 

and conferences calling for changes in the production of energy around the world, the push 

towards renewable energy has become a race to be carbon-free by 2050 [3]. Countries have 

already announced their milestones in percentages for 10-year increments to become clean 

energy producers. The goals of leading countries have encouraged the rest of the world into 

following this trend.  

 
While this is good for one part of the transformation, there are technical complications that 

accompany it. Solar and wind energy sources are highly non-linear and variable, - in other 

words, solar irradiance from the sun and wind speeds cannot be predicted or controlled. 

Only predictive analysis can be used in this regard. This contributes to load and frequency 

variations leading to the tripping of power stations or severe damage to the equipment. 

Frequency load control methods are required with optimisation techniques from artificial 

intelligence or predictive software to stabilise the system. 

 

South Africa, with her vast growing economy, has gradually affected the maintenance of 

load demands in areas. Some of the power stations are still being built in order to reach the 

full capacity, as envisioned. While the remaining turbine generators go online, the growth 

of the country is increasing at a higher rate than the expansion of the supply of power. With 

the addition of degrading and older power station equipment, keeping up with the supply 

has become a real challenge. Load shedding has become frequent, causing disruption to 

economic activities, damage to equipment and a loss of millions of rands in revenue.  

 

1.3  Problem Statement 

 

PHEVs are a new entrant into the power system networks, serving as load or storage, 

thereby altering the normal operation of the network. The following problems and issues 

to be addressed are: 
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1. PHEVs are emerging electrical components being integrated into power system 

networks, therefore, there is need for preliminary research and investigation to analyse 

their performance within the existing electrical grid; 

2. Most countries have set milestones to be carbon-free to address global warming 

challenges by generating clean energy using renewable energy sources. However, 

without appropriate control mechanisms, a high penetration of RES will result in power 

system instability; and 

3. The variable load patterns of consumer PHEVs and RESs make the system highly non-

linear at different times of the day due to intermittent weather conditions. As such, there 

is a need for coordinated control of the resulting hybrid power system to secure its 

stability and reliability. 

 

1.4  Research Aim and Objectives 

 

The research aims to model an interconnected and isolated thermal power system with RES 

(solar and wind power) and PHEV aggregator with appropriate control for system stability. 

The objectives of this research are: 

1. To model an isolated two-area thermal power system with RES and PHEV aggregators 

on each area interconnected with an AC tie-line; 

2. To design and optimise LFC methods to mitigate against high non-linearity through 

penetration of RES, tuning technique applications, and artificial intelligence methods; 

3. To simulate the dynamic responses of the power system with multiple controller 

strategies and frequency/tie-line power stability without the inclusion of RES and 

PHEVs; and 

4. To compare and contrast the performance and response of each proposed controller and 

make recommendations.   
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1.5 Research Methodology 

 

The research methodology is as follows: 

1. Conduct an extensive literature review pertaining to clean energy systems, control 

strategies, optimisation and usability;  

2. An examination of the modelling with the inclusion of RES and PHEVs 

interconnected;  

3. Develop the transfer functions for power systems and clean energy systems for 

initial analysis of the frequency control.; 

4. Design control strategies such as PID and FOPID; 

5. Optimise performance with artificial intelligence such as interval FT2 and NNPC; 

6. Computational modelling of the interconnected system using MATLAB/Simulink; 

7. Graphical simulation for the output results of the two areas and tie-line to be 

analysed; and 

8. Evaluate the performances of the various controllers with a change in demand.  

 

1.6  Dissertation Outline 

 

The subsequent chapters of this dissertation are structured as: 

1. Chapter 2 showcases a comprehensive literature review on topics relating to this 

research. A theoretical discussion provides insight into the requirement for renewable 

energy sources, clean energy and alternative ways to operate the present power systems; 

2. Chapter 3 describes the modelling of thermal power systems and subsystems consisting 

of solar PV systems, wind power systems, and PHEV. Different control strategies and 

methodologies are also presented for a resolution on stability of the system 

improvement; 

3. Chapter 4 presents a simulation results with graphical illustrations and numerical values 

for ease of interpretation, and comparison for the multiple configurations of power 

systems that are interconnected with sub-systems; and 

4. Chapter 5 is the concluding chapter highlighting possible improvements to enhance the 

results and future research work. 
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2. LITERATURE REVIEW 
 

2.1  Frequency Influence on Thermal Power Plants 

 

The balance between load and demand is highly dependent on the power system frequency 

stability. Frequency stability has long-term and short-term stability that can provide a 

variety of influences for the power generation and loss of loads. To ensure that the power 

system is in a stable condition, the balance between supply and load demand is required.  

 
The increase in load demand contributes to the decrease of the system frequency; while the 

decrease in load demand contributes to increasing of the system frequency. Frequency is 

regulated through a band of minimum and maximum limits to protect power system 

equipment.  

 
System frequency is never stable, making it challenging for voltage and frequency to be 

within the stable parameters. The control system frequency of a thermal power plant usually 

has the generator speed varied, with the governor regulating this speed through constant 

monitoring. The generator speeds decrease with an increased load which contributes to 

decreased system frequency. The requirement for control is required to keep the system 

within steady-state conditions after some disturbance.  

 

Figure 2.1: Types of Frequency Control [4] 
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The system has three frequency controls; primary, secondary and tertiary. The primary 

frequency control does not fully return the system frequency to its original condition, but 

assists with stabilisation.  The generator's inertia is used to normalise the system frequency. 

Generator governors have a dead-band region within this control that will activate between 

this region [5].  Droop auxiliary is also made of use to return the frequency to its original 

condition.  

 
The secondary frequency, which commonly is the automatic generation control (AGC), 

returns the system within the balanced region and assists the primary frequency control [6]. 

If the secondary frequency control cannot assist the system frequency to its normal state, a 

tertiary frequency control alters the power interchange, regulating load shedding/reduction 

and manages generator setpoints [7].  

 
Frequency contributes to many demeriting factors, such as frequency regulation that is 

required to protect the blades of the turbine. Power transformers affect flux in the core due 

to frequency fluctuations, and set frequency used to manage motor speeds. 

 
2.2  Renewable Energy Systems Integration 

 

The depletion of fossil fuels and daily increases in pollutant emissions are of great 

importance, which is why countries are employing renewable energy solutions [8]. Germany 

is attempting to become fossil fuel-free by 2030, with the remainder of Europe aiming for 

2050. The movement towards renewable energy has become the world’s mission, 

eradicating fossil fuels that are negatively impacting the environment will possibly be 

depleted in the near future, and the challenge of procurement which decreases power 

capacity when not available at critical moments. At the latest COP26 climate summit, 

countries around the world committed to reducing carbon emissions over the next few years 

[9]. As the horizon of the year 2050 for clean energy approaches, the pressure to implement 

renewable energy is becoming very high.  

 
With South Africa far behind other countries in renewable energy, implementing high-

capacity clean energy remains a challenge. The increase in RESs is becoming very common 

due to the mitigation of carbon emissions and reduction of fossil fuels. However, by 
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increasing clean energy in the power grid, uncertainty is increased in the system. The 

systems that are mainly used include solar, wind and hydropower. These methods are 

highly sought-after but have negative effects, including increasing the system frequency 

disturbances and higher costs [10]. The balance between the interconnected systems is 

required to prevent power loss and disturbances that will bring more harm to the power 

grid.  

 

 
RESs are known to affect power quality issues. For solar and wind power, the wind speeds 

and solar radiation vary, resulting in inconsistent generation to power electronic devices. 

The power electronics do provide has challenges with inrush currents, resonance 

phenomena and harmonic injection [11]. RESs also have voltage fluctuations and 

frequency deviations. Due to low synchronous power generators in the power network, 

which influences the rate of change of frequency, the penetration contributes to instability 

from its power electronics, such as inverters.  

 

RESs cannot provide inertia naturally like synchronous generators which change according 

to demand. For instance, using doubly-fed induction generators, the active and reactive 

power flow is regulated on the rotor side. A constant DC link is managed by the converter 

on the grid side, which ensures the rotor side maintains the unity power factor. This wind-

powered system doesn’t affect the performance of wind speeds due to its arrangement, 

which assists the supply of power at grid frequency from the stator area. The rotor side 

manages the rated power by reducing losses which, in turn, reduces the cost. The reason 

for this is that the mechanical stresses of the wind turbine are decreased due to managing 

high wind speeds using the controlled operating point of the turbine [12].  

 

Wind power is also becoming popular in China and other regions where good wind speeds 

are available. The improvement of wind turbine capacity and penetration of wind power 

into the power grid is increasing rapidly, curbing the uncertainty and output variance of 

these systems [13]. Inertia control is one of the proposed analyses for control in wind power 

systems [14].  
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Analysis of wind power variation with annual horizons are being undertaken to reveal a 

coefficient of variation and standard deviation of wind power ramping rate, so as to 

understand wind power fluctuations. This analysis will assist with control methods and 

investment reduction [15]. Control strategies, such as closed-loop proportional-integral 

load frequency controllers, are also utilised as a way to maintain the stability of current and 

voltage in the power system with the penetrator of clean energy systems [16].  

 

Similar to solar power, the seasons also affect wind power systems due to the wind speeds 

which, in turn, requires statistics to be undertaken to assist with power outputs [17]. The 

transient stability control of wind turbines can be understood through formulated 

performance criteria to deduce the outcomes of stability in interconnected power systems 

[18]. Limiters are employed in the wind power system, such as maximum power point 

limiter and power smoothing, to enable operational stability. The energy yield can be 

increased by 6% through control structures [19].   

 

DFIG wind-based energy schemes have been shown to assist with system stability after a 

fault has occurred, but rely on the type of control method option. One of the phenomena 

experienced by series-compensated wind power systems is sub-synchronous resonance. 

Dynamic reactive power reference signals at the point of common coupling are required to 

ensure that the reactive power supply is upheld [20, 21]. DFIG shares properties of 

inductive and synchronous generators which further contribute to the power system 

stability. Without interfering with voltage control, the damping of power variations in the 

power system can be improved through effective control. One of the control methods 

researchers use is diode rectifiers for wind power systems which contribute to stability error 

reduction while increasing output active power. With active and reactive power playing an 

important role, information gathered from scholars indicates that wind turbines, with 

varying wind speed over time, reduces voltage fluctuations [22-25]. The governors of 

thermal power units do not have the necessary measures to reduce frequency deviations 

because of their stagnant response and lack of control.  
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RESs fluctuations are removed due to the control systems that provide flat voltage on the 

DC link [26]. By imitating a conventional control framework with parallel synchronous 

generators, the distributed generation shares the load request without communication, 

which is the function of a droop control to control renewable energy integration into the 

grid. An improvement of this is the robust droop control which enhances accuracy and 

fluctuation reduction [27]. Controllers, such as virtual synchronous generator controllers, 

have many configurations. Their main function is to provide “virtual inertia” that slows 

down change of speed by providing the rotor swing equation [28, 29]. This assists in 

providing more usable energy while reducing costs. The systems are becoming more 

advanced with the increased involvement of solar power in the industry. 

 
 

Using advanced algorithms such as particle swarm optimisation (PSO) for maximum power 

point tracking (MPPT) can assist in maximising the efficiency of clean energy generation 

[30]. Another method relating to solar power systems is IGBTs which assist with the 

distorted load currents through the coordinated control of unbalanced loads with high 

variation of irradiance [31]. The irradiance is known to be higher in spring and summer, 

which offer better conditions for irradiance harnessing. This contributes to the non-linearity 

of the variations of output power at different seasons [32]. The operational cost and 

maintenance are deemed important for feasibility studies, with the variation of irradiance 

across different seasons [33]. Solar PV has also known to assist with desalination plants - 

another renewable method of obtaining safe and clean water. The grid-connected solar PV 

was shown to assist the RODP in Sharjah greatly by reducing the cost of power by 70% 

and emissions of CO2 by 78.8%. This is a great achievement and proof that solar power is 

one of the best alternative sources of clean energy [34]. 

 
 

PV-based solar incorporates an inverter within its system, which reduces system inertia and 

makes the system more susceptible to disturbances. While disturbances pose a problem to 

the power grid, the efficiency of wind and solar systems is very low, and they are proposed 

depending on the application to be used as a coupled generation system. Maximum power 

point tracking (MPPT) control for the renewable system is an effective way to maximise 

the low efficiency given while connected to the power grid [16, 32, 35-40]. This system 
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inertia was responsible, in conventional power systems, for suppressing the small 

frequency excursions in the wake of unexpected load alterations.  

  

 
The cost of solar power is also reducing because of the mass usage of this technology, 

helping developing countries such as South Africa. Even though this is the case, it is still 

difficult to consider a rapid change that can affect other stakeholders such as coal 

distributors, system professionals, government-based entities, etc. The answer to this 

problem was to implement a gradual change to clean energy while decommissioning fossil 

fuels at a slower rate. This assists with the mitigation of non-linearity by introducing AI 

techniques, frequency controllers, and automatic voltage regulators for the smaller 

disturbances which are possible to control.  

 

 
International funding from first-world countries is encouraging neighbouring countries to 

move towards renewable energy, since this is going to be the dominant generation of power 

worldwide [41]. This is necessary as the fossil fuel production and supply will moderately 

decrease, leaving behind countries that are still reliant on fossil fuel-powered stations. 

 

2.3  Applications of Plug-in Hybrid Electric Vehicles in the Power Grid 

 

With the current fuels prices for petrol and diesel rising due to disturbances in high-capacity 

distributors of crude oil, the promise of the implementation of electric vehicles is becoming 

more attractive. Governments also have concerns about air-polluting emissions that require 

the private and public sectors to contribute to air purification. The transportation sector 

contributes to 14 to 19% of greenhouse gas emissions [42, 43]. Even though the production 

of the combustion engine for vehicles has become more efficient in the release of CO2, the 

increasing annual number of motorists on the road is keeping emissions in a constant state. 

PHEVs are currently becoming popular as we strive towards zero carbon emissions into 

the atmosphere. EVs are also known to provide an adequate, reliable supply of power 

through smart grid applications combined with RESs [44]. Therefore, PHEVs will assist in 

the transition to a low-carbon economy that will improve air quality, reduce noise levels, 
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lower traffic congestion, and improve the safety of roads through advanced monitoring 

systems. 

 
 

The possibility of using PHEVs has become a major topic in the modern age where clean 

energy and the reduction of carbon footprints are required. The use of these vehicles in 

recent years has shown that they can assist with power system stability. With an increased 

number of electric vehicles being bought every year; the grid needs to be managed through 

coordinated control methods. PHEVs have double the benefits as they compensate for clean 

energy and have zero carbon emissions. This plays a major role in the production of 

electricity and lowering transportation costs [45].  

 

The inclusion of the PHEV system needs to be integrated in a way to achieve the benefits of 

frequency stability. PHEVs can be utilised as a quick power source to support the frequency 

control loops for frequency response improvement of power systems and RES.  PHEVs are 

an excellent option due to their fast-acting capability, distribution availability and slow 

discharge rate while in idle condition. To incorporate this, charging stations for electric 

vehicles are a critical component for allowing the smooth functioning of an electric vehicles 

(EVs) state-of-charge patterns [46-51]. Charging of PHEVs is also considered of high 

importance due to potential harmonics and stability issues [52]. Strategies of charging 

management are shown to reduce cost, especially when PHEVs are connected to the grid 

and help with two-way power flow auxiliary services that can potentially provide 

reimbursement [45]. 

 
 
The ancillary services of using PHEV are similar to battery systems that are capable of 

frequency support to the power grid. PHEV’s owners can be remunerated for the auxiliary 

services they can provide to the power grid. These have been shown in [53] to have effective 

balancing properties for load and demand, with faster response times. However, there are 

uncertainties when bulk EVs are charging on the grid. Power management and SOC-based 

coordination are crucial for power at peak times and line loading. They are known to assist 

with shaving off additional power at peak load conditions which, in turn, increases efficiency 

while reducing cost [54], also shown in [55] to reduce the grid dependency. 
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While incorporating PHEVs, secondary control action plays a pivotal role in achieving high-

speed restoration of the system frequency to steady-state conditions. The power generation 

areas are capable of exchanging power with the help of an AC tie-line, resulting in an 

interconnected network that is highly reliable and cost-effective - commonly referred to as 

control areas. It is, however, recommended that each generation area meet its demand for 

power while controlling the power exchange between tie-lines [32].  

 
 
The LFC regulators are implemented in the power system to manage the frequency 

deviations. Their role is to link the electrically generated power with the present load to 

minimise or set the area control error (ACE) to zero value. LFC schemes based on optimal 

control provide the optimum performance by minimising the certain performance index.  

Extensive research was done on the LFC and many renewable-based power generation 

technologies capable of improving the LFC performance, such as wind and photovoltaic 

power for the LFC of an electrical energy system [56, 57].  

 

 
The connection of PHEVs can affect the low voltage grid negatively,  creating voltage 

instability [58]. The PHEVs can assist the grid when idle, and offer or remove additional 

energy through the vehicle-to-grid (V2G) concept. The management of the charging 

patterns of these vehicles is important for penetration into the grid, as this can affect 

transmission through the electrical grids and economic markets. Control strategy designs 

are required to manage energy performances by communicating between V2G [59]. 

Through optimisation using hybrid energy storage systems (HESS) and energy 

management strategies, the PHEV energy efficiency was shown to increase by 2.5% [60]. 

Using V2G system applications, the technology is known to assist with the reduction of 

equipment failure in the power grid and provide protection through peak load mitigation 

[61].  

 

 
The high drivable range for PHEVs is a major advantage, especially on longer trips, as well 

as fuel-efficient backup combustion engines in case of difficulty in locating a charging 

station [62].  PHEVs are known to be more efficient than gasoline-powered vehicles by 

two-to-three times. However, it can be argued that the hybrid generation of power sources 



15 
 

required to charge these vehicles can also result in greenhouse gas emissions. This is when 

RESs are needed to counteract such challenges.  

 
 
If a large fleet of PHEVs connects to the grid at once for charging, a large spike could occur 

which will overload the grid. Therefore, a centralised communication system, such as a 

charging station, is required to manage the electric vehicles. The centralised system, while 

connected to the electric vehicles, can also stabilise the load curve of the power grid by 

reducing the loss of energy [63]. It’s also noted that charging electric vehicles at night can 

sync well with wind power outputs, while daytime charging syncs well with peak solar 

outputs. The connection between PHEVs and RESs appears to work well in the supply and 

demand of power.  

 

 
While the cost of electrical vehicles is high at the moment, there’s a possibility that the cost 

of lithium-ion batteries will reduce further if there’s an increase in electric vehicle 

production. It was stated that almost 50% of the cost comes from the battery, which has a 

major impact on consumers who purchase these vehicles and contribute to clean energy 

usage. A study done indicates that the daily cost of energy, when linked with vehicle-to-

home (V2H) technology, has great economic profitability potential [64].  

 

 
The additional power required by the grid can be sold from PHEVs to offset energy bills 

or generate an income for consumers. For these benefits to become a reality, government 

policies have to cater to these changes, with adjustments to the market and social 

acceptability of fossil fuels  [65]. 

 

2.4  Area Control Error through Optimised Frequency Controllers 

 

The change of the indirect shape amount from the load frequency control strategy is known 

as area control error. The area control error monitors parameters through closed-loop vector 

feedback and restores systems to normal operating conditions through corrective actions 

for parameters. The area control error is generally installed in each area.  Techniques that 

perform well against non-linear systems and multiple scenarios include artificial 
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intelligence, such as article bee colony, ant colony, particle swarm optimisation, neural 

networks, fuzzy logic systems and other optimisation algorithms. These optimised 

coordinated controllers assists with the reduction of operational costs [66].   

 

 
One of the load frequency controllers, known as “PID controllers”, are commonly used. 

Three constants are included in PID which are; proportional gain, integral gain and 

derivative gain. They can also be used as PD controllers or PI controllers, depending on the 

output results required [67]. PI controller has shown, in previous research, to have a 

significant disadvantage due to poor damping, thereby requiring refined-tuning formula to 

improve performance. The PI controller with optimisation - called particle swarm 

optimisation (PSO) - is used to obtain optimum values for the coefficients [68]. This 

optimisation comes from artificial intelligence strategies used by researchers for enhancing 

output results. The measurement of performance has commonly incorporated integral of 

time absolute error (ITAE) for minimising error used by researchers for its high accuracy in 

LFC [69].  

 

An upgrade of the PID is the FOPID, with two more degrees of freedom used in load 

frequency control. PID controllers have the disadvantage of noise occurring in the derivative 

area of the equation. They are also linear and symmetric, which makes the performance of 

the controller vary. Therefore, the additional parameters for FOPID are input into the 

formula to help mitigate these [70]. This controller was seen to work on multi-area power 

systems successfully. FOPID has also been known to work well with uncertainty. FOPID is 

shown in [71] to provide positive effects with RESs, contributing to highly non-linear 

systems. FOPID has proven to be efficient in uncertain environments as have PHEVs with 

frequency enhancements which are rarely seen in two-area network research, therefore these 

components will be utilised in this paper for their benefits, presented in the literature [70, 72-

75].  

 

Further enhancement and optimisation such as AI techniques i.e., FL have been integrated 

and tested successfully for applications that require control. The control algorithm has 

shown to be highly effective and contributes to a significant performance increase 

regarding settling times, overshoots, and other performance criteria [56, 76-80]. This 
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controller can assist non-linear systems greatly, rather than the slower traditional 

controllers available. When combining the PID and fuzzy logic, the advantages increased 

when is better control available. A two-input fuzzy PID controller can be obtained by using 

a fuzzy PI or fuzzy PD controller. Depending on the output desired, the controller 

configuration is selected [81, 82].  

 

 
An extension and advancement to conventional FL is the fuzzy type-2 which includes an 

NT type reduction process that converts type-2 to type-1 and then gets the final 

defuzzification result. The FT2 is much more suited to highly non-linear systems than to 

renewable interlinked power systems. FT2 has shown to have better performance than FT1 

and PI controller methods in multi-area power systems. By adjusting or including an 

increased number of rules for the interference mechanism, the controller performance can 

be increased in fuzzy logic systems, according to some researchers. A high complex fuzzy 

logic system is the FT2 provides more computational iterations and greater results to 

uncertainty. The optimal gains and parameters of these controllers can be achieved through 

optimisations methods such as particle swarm optimisation, genetic algorithm, artificial bee 

colony, and others available [83]. This assists with achieving the best performance the 

controller can offer to the power system.  

 

 
Another controller, known as the neural network using predictive technology, was known 

to predict simulation outputs of the power system and provide optimal responses with less 

error available. The neural network controller is also able to overcome drawbacks of limited 

real-time availability of data, and has operating conditions over a wide range dynamic 

performance that are highly suitable for load frequency control. The neural network with a 

recurrent link has a feedback connection which allows the network to generate time-varying 

patterns that can improve load frequency control in the power system through the optimal 

control design [84]. The NNPC controller uses a method called online training that runs 

iterations of the output which can be tuned [85]. The online learning training algorithm for 

NNPC under different types of fault conditions is highly effective and offers global stability 

to the power system. The dynamics are also captured more effectively [86]. An offline 

predictive controller can be incorporated to produce higher power outputs with fewer online 
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calculations, but this requires higher control actions through auxiliary equipment that can 

be costly [87].  

 

Even if the system parameters have uncertainty involved, the neural network can retain the 

robustness of the system [88]. The superior neural network has also been compared with 

load frequency controllers (LFC), such as PI controllers, which resulted in better 

performance under varying load conditions and are suitable for renewable energy 

technologies [89]. Further enhancement of control strategies are required to assist with the 

gradual increase of the renewable energy included in the power system [71], therefore 

making the neural network is a good approach to obtaining stability. 

 

Performance criterias are used to prove this by calculating the area of the control. One such 

method is used is Integral Time Absolute Error (ITAE) which can be tabulated to evaluate 

with ease of understanding [73, 90-92]. It is important that, if fluctuations occur, the system 

returns to its nominal value. In a two-area power system, the controllers are required in 

both areas to maintain the power interchange at scheduled values, as well as to minimise 

the frequency deviations for unexpected load alterations.  

 
 
Multiple control methods can be utilised, depending on the power system reaction to 

disturbance that needs to be corrected. Depending on the structure and processes of the 

controller, the error can be reduced and/or eliminated. 

 

2.5  Chapter Summary 

 

In this chapter, the reasons for issues of the power grid are explained, with suggestions for 

potential sub-systems that could assist with additional energy and control. Since the effects 

of climate change are becoming more evident through adverse weather conditions, clean, 

renewable energies are the next sources for the generation of power - but these pose 

challenges with the integration into the current power system. 
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3. DESIGN AND METHODOLOGY 
 

3.1  Design of an Isolated Thermal Power System with PHEVs and Application of 

Fractional Order PID Controller 

 

3.1.1 Introduction 

 

As the world moves towards a cleaner environment by reducing carbon emissions, clean 

energy is becoming more desirable with the usage of RESs, hydropower and electric vehicles. 

Directives from world bodies have obliged members to achieve 20% shares of energy from 

renewable energy sources in communities. With the major demand for energy in developing 

countries, alternative solutions are required to help reduce the current system instability, 

while moving towards a clean way of producing electricity. The maintenance needed to keep 

South Africa’s 50Hz frequency regulation to the end-user is of the utmost importance. 

Therefore, the requirement of LFC becomes imperative for the regulation of frequency. 

 

Currently, the concepts of reduced-order modelling and internal model control have been 

researched frequently. However, there are limitations in certain environments that require 

improvements. An LFC application is FOPID which offers more freedom, flexibility and 

dynamic responses than traditional PI and PID controllers in terms of non-linearities and 

uncertainties. These, in turn, enhance the stability of the power system. For this research the 

following will be covered:  

1. Develop an isolated two-area thermal power system used for frequency stability 

studies utilising the first-order linear transfer function approach; 

2. The isolated power system is thereafter injected with PHEVs on each area of the 

isolated thermal power plant and interconnected via an AC tie-line;  

3. Multiple secondary controllers are designed with their relevant gain values such as 

PD, PI, PID and FOPID; 

4. Manual tuning and system tuning are done to acquire the optimum value of gains for 

the controllers; 
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5. Step load alterations are done on the power systems for behavioural patterns; 

6. Data is presented graphically for 1% load disturbance in area 1. Then graphical results 

for both area 1 and 2, with 1% and 2% respectively, are shown for confirmation of 

output results. ITAE performance criteria are tabulated for 1% load change. 

7. Analysis of the results, compared with the various controllers under the same 

conditions, show the discovery of the research done by achieving steady state at the 

quickest time. 

 

 
3.1.2 Isolated Power System Model 

 

The tie-line for two isolated power systems is interconnected to allow two-way power flow 

between the two areas. This is represented in a simplified Figure 3.1 below. The model shown 

in Figure 3.2 displays the transfer functions with the inclusion of PHEVs. 

 

Figure 3.1: Two-area isolated power systems interconnected via tie-line. 

 
The isolated two-area thermal power system is illustrated below, showing the basic process 

of the generation of power using the primary equipment for analysis purposes such as the 

governor, turbine and generator. The isolated power system is integrated with a PHEV 

aggregator in each area to assist the system with supply and load demand scenarios at various 

patterns during the day. An LFC of various configurations and types is used in each area to 

control uncertainties and disturbances from the system. These controllers are used to compare 

the performances and behaviour of frequency, which will bring the system back to steady-

state conditions. In this research, the isolated power systems for each area are identical, with 

varying changes in power demands 
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Figure 3.2: Two-area system model with PHEVs. 

 
The control area consists of generators that maintain the relative power angles, either by 

increasing or decreasing their speed. The LFC maintains a turbine speed governing system 

for steady-state conditions due to load demand changes. This system of a steam turbine has 

four components which are: 

1. Fly ball speed governor that senses the change in speed/frequency; 

2. A hydraulic amplifier that has main piston and a pilot valve that opens or closes the 

steam valve against the pressure steam; 

3. Linkage mechanism that provides movement to the control valve in proportion to 

change in speed and feedback from the steam valve movement; and 

4. A speed changer which provides a steady state power output setting of the turbine.  
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The speed governing system model, and derivation of the transfer function, considers the 

system initially operating at steady-state, with the linkage mechanism unvarying, pilot valve 

closed, opened position of steam valve by a certain magnitude, and constant speed of turbine 

while the generator load is balanced due to turbine output power. A linear incremental model 

is determined using the conditions mentioned. By making assumptions about the behaviour 

of the turbine speed governing system, a Laplace transformation of the equations is 

generated. From here, the governor speed regulation, the speed governor gain, and the time 

constant of the speed governor are derived.  

 
The steam turbine model considered is a non-reheat turbine which will consist of a single 

equivalent time constant for ease of analysis. The turbine time constant and gain can be seen 

in Table 3.1. 

Table 3.1: System parameters for isolated thermal power system. 

Parameters Values 

Governor time constant 0.4 sec 
Turbine time constant 0.5 sec 

Generator time constant 20 sec 
Governor/turbine gain 1 

Generator gain 100 

Speed regulation 3 

Area size ration coefficient 0.425 

2𝜋𝜋𝑇𝑇12 0.05 
 
 

The generator load model is derived using the incremental turbine power output where 

generator losses are assumed to be negligible, the rate of change of kinetic energy in the 

generator rotor, and the rate of change of load due to frequency changes. The generator gain 

of the power system, and time constant, are thereafter derived. A two-area interconnected 

power system, the tie-line connects the two areas where power is transported in and out. The 

equation for tie-line power is: 

 

𝑃𝑃𝑡𝑡𝑡𝑡𝑒𝑒,12 =  
|𝑉𝑉1||𝑉𝑉2|
𝑋𝑋12

sin(𝛿𝛿1𝑜𝑜 − 𝛿𝛿2𝑜𝑜)                                             (1)  
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 Where: 

    𝑉𝑉1 = Voltage magnitude in Area 1 

    𝑉𝑉2 = Voltage magnitude in Area 2 

    𝑋𝑋12 = Net reactance of the tie line 

    𝛿𝛿1𝑜𝑜 = Power angle in Area 1 machine 

    𝛿𝛿2𝑜𝑜 = Power angle in Area 2 machine 

 
 
By using the incremental changes of frequency and Laplace transformation, the 

synchronising coefficient equation is used as part of the simulation. The area control error is 

redefined as a linear combination of incremental frequency and tie-line power which is: 

 
𝐴𝐴𝐴𝐴𝐴𝐴 =  ∆𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡(𝑠𝑠) +  𝑏𝑏1∆𝑓𝑓1(𝑠𝑠)                                              (2) 

Where: 

    ∆𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡  = Tie Line power 

    𝑏𝑏1 = Area frequency bias 

    ∆𝑓𝑓1 = Frequency Change 

    
 
Where frequency bias is included in equation (2), the determination of area size ratio 

coefficient is determined from the change of power tie-line in area 1 and area 2. The speed 

changer provides a frequency of 100% at full load, while at steady-state load frequency, 

characteristics between frequency and load for free governor operation show a linear 

relationship which is represented in the droop. 
 

 
3.1.3 PHEV Aggregator Model 

 

The PHEV aggregator behaves as a centralised communication centre between electric 

vehicles and the power grid. This system manages the charge and discharge of electric 

vehicles. The aggregator consists of a primary frequency control (PFC), LFC signal from 

area 1 or 2 controllers, and a battery charger model. The participation factor has also been 

included as part of the model due to considering PHEV’s state of charge (SOC) which 

varies during the day. According to the PHEVs operating modes, the participation factor 
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Ki is used to determine the participation of each electric vehicle in the primary frequency 

control area. Depending on the state of charge, which changes from zero to one, the 

participation factor can change according to the usage during the day, which affects the 

PHEV’s operating modes. The PHEV can operate in three modes; disconnected mode, 

charging mode, and idle mode. Parameters used for the purpose of this model were obtained 

from [45] and can be seen in Table 3.2. 

 

 

Figure 3.3: PHEVs aggregator model including average participation factor. 

 

Table 3.2: System parameters for PHEV. 

Parameters Values 

Dead Band ±10mHz 

1/R 100 

SOCav 76% 

Kav 0.9 

Tconv,av 50ms 

∆𝐼𝐼𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 10A 

∆𝐼𝐼𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 -11A 

Vd,av 391.2V 
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Components of the aggregator are explained for the requirement and operation of EV 

connected to the grid. The dead-band function is utilised by all generating units involving 

primary frequency control (PFC) with the upper ∆𝑓𝑓𝑢𝑢 and lower ∆𝑓𝑓𝑙𝑙 limits. This is used to 

avoid uninvited small frequency perturbations that may cause excessive wear and tear in the 

turbine, which, in turn, increases maintenance costs. The frequency droop coefficient 𝑅𝑅𝑖𝑖  

controls the output active power according to the input frequency deviations. This controls 

the increases in the PHEV power by ∆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 for the frequency drop of ∆𝑓𝑓. PFC loop 

integrates participation factor 𝑘𝑘𝑖𝑖 . The participation is determined by the PHEVs operating 

modes. This value, which varies from zero to one, is dependent on varying SOC. The 

average power for a PHEV is within the primary reserves of the upper limit ∆𝑃𝑃𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 and 

lower limit  ∆𝑃𝑃𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚. This represents the number of reserves which can be consumed over 

the frequency nominal value, and the reserves that can be injected back into the grid when 

the frequency drops below the nominal value. The transfer function is modelled as a first-

order with a small-scale time constant. Fast dynamics, such as pulse-width modulation 

(PWM), have been neglected in this model. If the time constant has a higher value, the 

frequency response could be affected, which influences the PFC response. 

 
When the PHEV is in disconnected mode, there is no primary frequency control due to the 

disconnection from the grid, which implies that the participation factor is equal to zero. But 

from the behaviour patterns of PHEV uses, there will be a few vehicles connected during 

the day that will be involved in the primary frequency control.  

 
The PHEVs state of charge asynchronously differs over time when in charging mode. 

Depending on the battery type, the charging could be constant voltage (CV) or constant 

current (CC) modes, as can be seen in Figure 3.4. These modes affect the participation of 

the PHEVs. During charging mode, the PHEV battery charger controls the DC link voltage. 
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Figure 3.4: Li-ion battery vs state of charge – charging of power. 

 
Due to the smart energy management of the aggregator, the PHEV can come to a halt when 

charging is completed or temporarily stopped for other reasons. The PHEV charging power 

could be equal to zero, even though they are connected to the power grid. During idle mode, 

the DC link voltage is equal to the terminal voltage of the battery. The idle mode can 

provide vehicle-to-grid services even though the charging power is equal to zero.  

 
The graph in Figure 3.4 shows the PHEV being charged in constant charging mode from 

SOC0 to SOC3. The battery voltage slowly rises as the charging current remains constant. 

Steady increases of the SOC for the charging power of the PHEV occur. The charging 

modes change from constant current to constant voltage due to the PHEV reaching the 

voltage maximum threshold. The terminal voltage slightly increases and is near-constant 

for the PHEV until the batteries are fully charged and the SOC is equal to 1. 

 

The graph in Figure 3.5 shows the charging mode of a typical Li-ion battery. Using the 

increase and decrease of the slope, the changes of the participation factor are avoided for 

SOCa to SOCb and SOCc to SOCd. Before the SOCa, there is no primary frequency control 

due to the minimum state of charge of the battery. Charging power is fully controlled when 

in constant current charging mode between SOCa to SOCd. The charging mode changes 

from constant current to constant voltage when the state of charge is more than SOCd in an 

open-loop configuration. When the battery is fully charged, at rated voltage, the control 
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secures the battery terminal voltage. Due to the open-loop, it is deduced that the 

participation factor is zero and the PHEV doesn’t contribute to primary frequency control. 

 

Figure 3.5: Charging mode showing participation factor vs state of charge. 

 

3.1.4 Fractional Order PID Controller 

 

The FOPID was widely used for methods in control theory and improved expiation of 

results. Similarly, the controller has the same benefits as conventional PID controllers, 

utilising proportional control to provide an immediate action to control error, integral 

control to use the constant error by driving it near to zero, and derivation control which acts 

upon the change of the error. The PID controller has the advantages of reducing steady-

state error to zero, moderate peak overshoot, and moderate stability, and can be used for 

fast/slow process variables. The FOPID has similar characteristics, with the inclusion of 

integral and differential order λ and μ. This provides two additional adjustable parameters 

compared to the traditional PID controller as seen in the arrangement in Figure 3.6. The 

controller becomes more flexible in a control structure and can obtain a better control effect. 

The various control structures encompass gains for KP, KI and KD as depicted in the figure 

below which were obtained using trial and error, and tuning app PID on MATLAB for the 

experimental study of the research. The arrangement of the controller modelled on 

MATHLAB is depicted below showing the five gains. Multiple iterations of the controller 

were done to discover optimal gain values. 
 

                                              𝐾𝐾𝑐𝑐(𝑠𝑠) =  𝐾𝐾𝑃𝑃 + 𝐾𝐾𝐼𝐼
𝑆𝑆𝜆𝜆

+  𝐾𝐾𝐷𝐷𝑆𝑆𝜇𝜇 ,   𝜆𝜆,𝜇𝜇 > 0   (3)
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Figure 3.6: Arrangement and structure of FOPID controller. 

 
3.1.5 Performance Index 

 

The overall performance of the system can be accurately determined by the use of indices 

that can calculate the area of the error. It becomes difficult to compare the behaviour of 

signals through the illustration of the results and by doing an analysis of performance. 

These indices can assist researchers in optimisation and fine-tuning parameters to improve 

the results of isolated power system simulations. This will be dependent on whether a faster 

computational rate or less cost is required. In this research, the indices are used for 

comparison of the controller performance for ease of analysis. The formulas for the indices 

can be seen below: 

 
Integral Square Error has less overshoot and undershoot in steady-state regions. They also 

have better robustness in steady states. This criterion can penalize large errors, particularly 

those that occur initially. The equation can be seen below: 

 
                                                           𝐼𝐼𝐼𝐼𝐼𝐼 =  ∫ 𝑒𝑒2(𝑡𝑡) 𝑑𝑑𝑑𝑑∞

0     (4) 

 
Integral Absolute Error has a higher convergence rate to achieve the best cost. This criterion 

treats all errors (large and small) the same. The equation can be seen below: 
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                                                         𝐼𝐼𝐼𝐼𝐼𝐼 =  ∫ │𝑒𝑒(𝑡𝑡)│𝑑𝑑𝑑𝑑∞
0     (5) 

 
Integral Time Square Error has better robustness in steady states. The equation can be seen 

below: 

 
                                                         𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =  ∫ 𝑡𝑡𝑒𝑒2(𝑡𝑡)𝑑𝑑𝑑𝑑∞

0     (6) 

 
Integral of Time Absolute Error has less overshoot and undershoot in steady-state regions. 

This index also has a higher convergence rate to achieve the best cost and penalizes errors 

that persist for a long time. The equation can be seen below: 

 
                                                       𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =  ∫ 𝑡𝑡│𝑒𝑒(𝑡𝑡)│𝑑𝑑𝑑𝑑∞

0     (7) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 
 

3.2  Design of an Isolated Thermal Power System with RES and Application of 

Fuzzy Type-2 Fractional Order PID Controller 

 

3.2.1 Introduction 

 

The implementation of clean energy into the power system is the focus of the modern era. 

Multiple applications such as hydro, wind, and solar power are being interconnected with 

the existing power system to help curb some of the negative environmental effects. 

Renewable energy is known for its highly non-linear contribution to the grid. PV-based 

solar energy makes use of unlimited light energy from the sun, called irradiance. The 

energy output is dependent on the amount of irradiance that can be produced. This 

contributes to a highly variable system due to the fluctuations of sunlight that are available 

in a particular area. Further, wind energy has shown to have a similar effect with wind 

being highly unpredictable through constant wind speed variations. Even though this is the 

case, the global temperature was rising every year, making solar energy a good alternative 

for energy generation. Similarly, studies have shown that wind levels are bound to increase 

in the future.  

 

When the RES systems are coupled with existing power plants, one of the frequency control 

methods used in this research is FOPID. This controller is shown to positively abolish 

steady-state error, transient disturbance reduction, system non-linearities, and uncertainties. 

With its multiple parameters that are required, but difficult to determine, manual tuning or 

algorithms are used to decipher the appropriate gains. The system’s robustness and dynamic 

characteristics improve to a certain extent.  

 

Optimisation techniques applied, such as particle swarm optimisation, have proven to 

positively affect results. Artificial intelligence used for this research optimisation has 

shown to utilise multiple methods structured from behavioural patterns of living organisms 

as a way to successfully solve uncertainties in the power system. Tuning of adaptive 

parameters by performing an input delay has also been illustrated to produce positive results 

for the load frequency of a two-area power system. By utilising a PID controller with FT2, 
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the output scaling factor has increased this research system performance and kept stability 

with input delay and uncertainties.  

 

3.2.2 Isolated Power System Model 

 
An interlinked isolated thermal power system with solar farms and wind farms connected 

to each area is shown in Figure 3.7, and an electrical single line diagram done on ETAP in 

Figure 3.8 to overview the arrangement in the power grid transmission. These areas are 

interconnected via an AC tie-line. Both areas have a isolated thermal power system which 

consist of a governor, turbine, and generator model that have the relevant parameter for 

gains and time constants.  

 

The non-linearities present such as governor dead-band (GDB) and generation rate constant 

(GRC) have been included to consider the ramp rate constraints and upper-to-lower bound 

constraints. The signal from both areas connects to the synchronising coefficient via the 

tie-line and provides the relevant inputs and outputs for the rest of the isolated 

interconnected power system. The interconnected system integrates with primary control 

action, known as the speed governor mechanism, and the proposed FT2 FOPID. This 

controller uses multiple parameters for fine-tuning to reduce the uncertainties and 

disturbances in the system. The change in power demand is present in both area 1 and area 

2 for analysis of the controller performance to bring the system back to steady-state 

condition i.e., frequency and tie-power deviations. 
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Figure 3.7: System model with RES. 

 

 

Figure 3.8: Single-line electrical diagram of interconnected system using ETAP software. 
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3.2.2.1 Governor Dead-band and Generation Rate Constant 

 

A consideration called governor deadband (GDB) is integrated when there is minimum 

change in the turbine valve position due to undergoing speed fluctuations. The phenomenon 

of this non-linearity is as shown below: 0.05% 

                                                                 𝑦𝑦 = 𝐹𝐹 (𝑥𝑥,𝑑𝑑𝑑𝑑)     (8) 

The hypothesis of 𝑥𝑥 as a sinusoidal oscillation is justified due to the continuation of 

oscillations with a period of 2 seconds which can be seen in equation (9) where A is 

amplitude, 𝜔𝜔𝑜𝑜 is frequency oscillations where by 𝜔𝜔𝑜𝑜 = 2𝜋𝜋(0.5) =  𝜋𝜋. 

                                                                𝑥𝑥 = 𝐴𝐴 sin𝜔𝜔𝑜𝑜𝑡𝑡     (9) 

The Fourier series for the function 𝐹𝐹 (𝑥𝑥, 𝑑𝑑𝑑𝑑) is shown as: 

                                              𝐹𝐹 (𝑥𝑥,𝑑𝑑𝑑𝑑) = 𝐹𝐹𝑜𝑜 + 𝑍𝑍1𝑥𝑥 +  𝑍𝑍2
𝜔𝜔𝑜𝑜
𝑑𝑑𝑑𝑑 + −−− −−            (10) 

It is considered sufficient to take into account the starting three terms since the non-linearity 

is symmetrical about the origin, DB represents the dead-band and 𝐹𝐹𝑜𝑜  is zero. This can be 

seen in equation (11) below: 

                                   𝐹𝐹 (𝑥𝑥, 𝑑𝑑𝑑𝑑) = 𝑍𝑍1𝑥𝑥 +  𝑍𝑍2
𝜔𝜔𝑜𝑜
𝑑𝑑𝑑𝑑 = �𝑍𝑍1 +  𝑍𝑍2

𝜔𝜔𝑜𝑜

𝑑𝑑
𝑑𝑑𝑡𝑡
� 𝑥𝑥 = 𝐷𝐷𝐷𝐷𝐷𝐷            (11) 

The Fourier coefficients are Z1 = 0.8 and Z2 = -0.2. The dead-band is set at 0.05% in the 

isolated thermal power system model. 

 
For protection of the electrical power system equipment from continues damage, the lower 

and upper generations can be changed only at a set out maximum rate. This is called 

generation rate constraint (GRC) which is coupled with the turbine of a isolated thermal 

power system. The GRC is adjusted at 3% for the isolated thermal power system. A basic 

block diagram can be seen in Figure 3.9 below: 
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Figure 3.9: GRC non-linearity connected with turbine model. 

 

3.2.3 Solar Farm Model 

 

A PV system consists of the PV panel, maximum power point tracking (MPPT), sinusoidal 

pulse width modulation (SPWM) inverter, and filter. A solar cell panel is made up of 

semiconductors that have been doped to contribute to the deficit of free electrons on the 

reverse side, and surplus on the front side. This panel works with the photovoltaic process 

where photons are absorbed in the solar cells. The solar cell can produce an output voltage 

of 0.3-0.6V. This is dependent on the temperature and irradiance [31, 49-50]. An equation 

for the solar panel can be derived from equations (12) and (13) and shown below: 

 

Figure 3.10: Solar cell equivalent circuit. 

                                               𝐼𝐼 =  𝐼𝐼1 −  𝐼𝐼0  �𝑒𝑒
�𝑉𝑉−𝐼𝐼𝑅𝑅𝑆𝑆�
𝐴𝐴𝐴𝐴𝐴𝐴 − 1� −  𝑉𝑉−𝐼𝐼𝑅𝑅𝑆𝑆

𝑅𝑅𝑆𝑆𝑆𝑆
                (12) 

    

 Where: 

    𝐼𝐼 = PV array output current 

    𝐼𝐼1 = Incident sunlight generated to array current  

    𝐼𝐼0 = Reverse saturation current of the PV array 

    𝑉𝑉 = Output voltage of the PV array 
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    𝑅𝑅𝑆𝑆  = Equivalent series resistance of the array 

    𝑅𝑅𝑆𝑆𝑆𝑆  = Equivalent parallel resistance of the array 

    𝐴𝐴 = Diode quality factor (ranging 0 - 2) 

    𝑘𝑘 = Boltzmann constant (1.380649 × 10-23 m2 kg s-2 K-1) 

    𝑇𝑇 = Temperature (o C or K) 
 

                                                          𝐼𝐼1 = � 𝜆𝜆
1000

� [𝐼𝐼𝑆𝑆𝑆𝑆 +  𝑘𝑘1(𝑇𝑇 − 25)]              (13) 
 

Where: 

𝜆𝜆 = Irradiance (0 - 2500 W.m-2) 

𝐼𝐼𝑆𝑆𝑆𝑆 = Short circuit current 

 

The solar equivalent circuit is shown in Figure 3.10. To harness the maximum power from a 

solar panel, a method called maximum power point tracking (MPPT) is utilised to provide input 

voltage regulation and improve efficiency. The voltage can be regulated through a booster 

DC/DC converter to deliver maximum power to the load. This type of converter can provide a 

higher output voltage than input voltage, which is discovered with the duty cycle of the gate 

pulse to the MOSFET switch [36]. Boost converters have two modes - ON and OFF state modes 

- which are shown in equations (14) and (15) respectively. 

 

                                               𝑂𝑂𝑂𝑂 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  �𝐿𝐿 𝑑𝑑𝑖𝑖1
𝑑𝑑𝑑𝑑

=  𝑉𝑉𝑃𝑃𝑃𝑃 ,𝐶𝐶 𝑑𝑑𝑉𝑉0
𝑑𝑑𝑑𝑑

+ 𝑉𝑉0
𝑅𝑅

= 0              (14) 

 

 

Figure 3.11: ON state operation. 
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                               𝑂𝑂𝑂𝑂𝑂𝑂  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 �𝐿𝐿 𝑑𝑑𝑖𝑖2
𝑑𝑑𝑑𝑑

+ 𝑉𝑉0 =  𝑉𝑉𝑃𝑃𝑃𝑃 , 𝑖𝑖2 + 𝐶𝐶 𝑑𝑑𝑉𝑉0
𝑑𝑑𝑑𝑑

+  𝑉𝑉0
𝑅𝑅

= 0             (15) 

 
Where: 

 𝑖𝑖2 = Current in the inductor (A) 
 

 

Figure 3.12: OFF state operation. 

 

The ON and OFF state operations are shown in Figure 3.11 and 3.12. For the conversion of 

DC to AC power, an inverter is utilised in this application. The sinusoidal pulse width 

modulation inverter is used to maintain the constant voltage. Finally, a filter is used to 

remove disturbances within the output power signal. From these components, a transfer 

function equation is derived, seen in equation (16), with the structure of the equation can be 

seen in Figure 3.13. 

 

 

Figure 3.13: Model of photovoltaic panel transfer function. 

 

Depending on the type of PV cell being used, the PV panels in general have a very low 

efficiency, which is approximately 18 to 30%. To maximise the power output and make the 

most of the solar energy given from the sun, maximum power point tracking is required. 
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From the information shown in Figure 3.14, the irradiance levels indicate that South Africa 

can use solar energy. While the panel generation factor (PGF) for desert locations is 3.86, 

and tropical coastal climate is 3.43, the cloud cover can affect the irradiance levels of areas. 

This has an impact on the power produced by solar panels. The tilt angle of the panels has 

to be considered for maximum power output due to the changing seasons throughout the 

year. The recommended angles for solar panels are 49o tilt for winter, and 19o for summer, 

to have the most irradiance that can be harnessed by the panels. Considering all these factors, 

for the modelling of solar PV, an average of 1000W/m2 for solar radiation is considered. 

The transfer function for a solar PV system considering the PV panel, MPPT, sinusoidal 

pulse width inverter and filter can be seen in equation (16) obtained from [32].  

 

                                                             𝑃𝑃𝑃𝑃𝑃𝑃 = −18𝑠𝑠+900
𝑠𝑠2+100𝑠𝑠+50

               (16) 

 

 

Figure 3.14: Irradiance level of South African multiple regions taken from Solar GIS 2022 online software [93]. 
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3.2.4 Wind Farm Model 

 

DFIG can contribute to frequency regulation, but the frequency changes of the wind turbine 

were ignored earlier due to the separate inertia. The operations are controlled via electronic 

controllers for communication between the grids. Power reserve control using speed and 

pitch can assist with frequency control in the power system.  

 
The DFIG releases kinetic energy to support system inertia due to the additional inertia 

control loop that creates frequency sensitivity in the system. Governor setting and system 

inertial response is researched for the frequency control of DFIG. Extracting the kinetic 

energy of the turbine blades from DFIG-based wind turbines contributes to the reduction of 

the rotor speed, which responds to the deviation of frequency to improve the frequency of 

the power system [21-23]. When only tracking using non-conventional machine-equivalent 

controllers, the inertial control adds a signal to the power reference output in equation (17) 

according to [23]. The frequency behind a high-pass filter is represented as ∆𝑓𝑓, constant 

weighting the frequency deviation derivative is 𝐾𝐾𝑑𝑑𝑑𝑑 , and the frequency deviation as 𝐾𝐾𝑝𝑝𝑝𝑝 . 

When the frequency transient is over, the equivalent non-conventional machine moves back 

to the optimal speeds. By forcing the speed to track the desired speed reference, a power 

reference is used in equation (18). The PI controller is utilised with design constants of 𝐾𝐾𝑃𝑃  

and 𝐾𝐾𝐼𝐼 . This controller is for fast recovery speeds and transient speed variations. For non-

conventional generators, from equations (17) and (18), the total active power reference for 

non-conventional generators is in equation (19). In a short period of time, frequency 

transients generally occur. A slow PI controller is provided by 𝑝𝑝𝜔𝜔∗ . There are no dynamics 

in the power reference 𝑝𝑝𝑓𝑓∗ and non-conventional total power injection if the power 𝑝𝑝𝑁𝑁𝑁𝑁 is 

regulated by high-speed power electronics. The equation can be seen in (20). The injected 

power before the frequency transient is shown as 𝑝𝑝𝑁𝑁𝑁𝑁0 . The inertial control affects the power 

system. The system damping is provided by 𝐾𝐾𝑝𝑝𝑝𝑝  and system inertia is regulated by 𝐾𝐾𝑑𝑑𝑑𝑑 . The 

non-conventional generating machine contributes to system inertia and, in conventional 

inertial control, the system inertia converts to 𝐻𝐻∗ as shown in the equation (21). The 

modified inertial control for a DFIG is given in equation (22). Using a washout filter for the 

change in frequency having time constant 𝑇𝑇𝜔𝜔. The reference point is shown in equation (23). 

The frequency change measured where the wind turbine connects to the network is ∆𝑋𝑋2, and 

𝑅𝑅 is the speed regulation. Using the stored kinetic energy, the change in frequency during 
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load disturbance is detected by the DFIG. The proposed controller provides fast, active 

power injection control. During any disturbance, active power is injected by the wind 

turbine is ∆𝑃𝑃𝑁𝑁𝑁𝑁 . By maintaining the reference rotor speed where maximum output power is 

obtained, the power injected by wind turbine is differentiated with ∆𝑃𝑃𝑁𝑁𝑁𝑁 ,𝑟𝑟𝑟𝑟𝑟𝑟. The wind 

turbine mechanical power is shown in equation (24). The model of the DFIG system shown 

in Figure 3.15. The wind model is made up of frequency measurement, washout filter, 

droop, speed controller, mechanical inertia, and finally, the wind turbine. 

 

                                                     𝑃𝑃𝑓𝑓∗ =  − 𝐾𝐾𝑑𝑑𝑑𝑑
𝑑𝑑∆𝑓𝑓
𝑑𝑑𝑑𝑑

−  𝐾𝐾𝑝𝑝𝑝𝑝∆𝑓𝑓              (17) 

                                        𝑃𝑃𝜔𝜔∗ = 𝐾𝐾𝑃𝑃(𝜔𝜔𝑒𝑒∗ −  𝜔𝜔𝑒𝑒) +  𝐾𝐾𝐼𝐼 ∫(𝜔𝜔𝑒𝑒∗ −  𝜔𝜔𝑒𝑒)𝑑𝑑𝑑𝑑             (18) 

                𝑃𝑃𝑓𝑓𝑓𝑓∗ = �− 𝐾𝐾𝑑𝑑𝑑𝑑
𝑑𝑑∆𝑓𝑓
𝑑𝑑𝑑𝑑

−  𝐾𝐾𝑝𝑝𝑝𝑝∆𝑓𝑓� − [𝐾𝐾𝑃𝑃(𝜔𝜔𝑒𝑒∗ −  𝜔𝜔𝑒𝑒) + 𝐾𝐾𝐼𝐼 ∫(𝜔𝜔𝑒𝑒∗ −  𝜔𝜔𝑒𝑒)𝑑𝑑𝑑𝑑]          (19) 

                                           𝑃𝑃𝑁𝑁𝑁𝑁 =  �− 𝐾𝐾𝑑𝑑𝑑𝑑
𝑑𝑑∆𝑓𝑓
𝑑𝑑𝑑𝑑

−  𝐾𝐾𝑝𝑝𝑝𝑝∆𝑓𝑓� −  𝑃𝑃𝑁𝑁𝑁𝑁0               (20)         

                 �2𝐻𝐻 + 𝐾𝐾𝑑𝑑𝑑𝑑�
𝑑𝑑∆𝑓𝑓
𝑑𝑑𝑑𝑑

= 𝑃𝑃𝑓𝑓 − 𝐷𝐷∆𝑓𝑓 =  𝑃𝑃𝐺𝐺 +  𝑃𝑃𝑁𝑁𝑁𝑁 +  𝑃𝑃𝑇𝑇 −  𝑃𝑃𝐿𝐿 − �𝐾𝐾𝑝𝑝𝑝𝑝 + 𝐷𝐷�∆𝑓𝑓       (21) 

                            2𝐻𝐻
𝑓𝑓

𝑑𝑑∆𝑓𝑓
𝑑𝑑𝑑𝑑

= 𝑃𝑃𝑓𝑓 − 𝐷𝐷∆𝑓𝑓 =  𝑃𝑃𝐺𝐺 +  𝑃𝑃𝑁𝑁𝑁𝑁 +  𝑃𝑃𝑇𝑇 −  𝑃𝑃𝐿𝐿 − 𝐷𝐷∆𝑓𝑓                            (22) 

                                                                   𝑃𝑃𝑓𝑓∗ = 1
𝑅𝑅

(∆𝑋𝑋2)                                                              (23) 

                                                  𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ = �
1
2 (𝜌𝜌𝜌𝜌𝜌𝜌)

𝑆𝑆𝑛𝑛
 𝐶𝐶𝑝𝑝.𝑜𝑜𝑜𝑜𝑜𝑜�𝜔𝜔𝑠𝑠3                                                (24) 
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Figure 3.15: DFIG wind turbine model with inertia control. 

 

The winds levels as shown in Figure 3.16 provides as indication in which month the wind 

power system becomes more desirable which is September, October and November. The 

wind speeds fluctuate and rarely go above 38 km/h which shows its inconsistency, efficiency 

and non-linearity that it provides to the power generation therefore proving that coordinated 

control is required.  

 

Figure 3.16: Wind speed levels during the course of the year for South Africa 2021 taken from Meteoblue weather online 
monitoring [94] 
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3.2.5 Fuzzy Type 2 Fractional Order PID Controller 

 

The controller consists of a FOPID together with fuzzy action due to its positive advantages 

in solving disturbances and stability applications. The tuning of FOPID consists of five 

parameters which are KP, KI, KD, λ, and μ. These parameters are highly variable to the 

output, and complex so they require tuning via the well-known particle swarm optimisation 

(PSO).  

 
The chosen variables are selected to provide the best possible outcome for the controller. 

Further various optimisation techniques can be utilised, but are not guaranteed to provide 

optimal outputs. Through fractional calculus, more adjustable parameters can be provided, 

which assist with tuning the controllers. The flexibility, stability, and control effect are 

improved with FOPID, which acts as a filter for an infinite dimension. FOPID has a 

memory function that is related to all history in the fractional differentiation. The far and 

close errors have smaller and larger response factors respectively. The future and present 

information are influenced through this. Therefore, this provides good applications for 

boiler-turbine systems. The arrangement done on MATHLAB of the controller can be seen 

below in Figure 3.17. 

 

 

Figure 3.17: Fractional order fuzzy logic controller. 

 

The FT2 controller consists of five elements that make up this controller. Those elements 

are fuzzifier, fuzzy interference, fuzzy rules, type-reducer and defuzzifier as seen on Figure 
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3.18. Each process contributes an important role in the output of data. The input of data is 

fuzzified through the introduction of membership functions for ease of understanding and 

classification. The data is changed to a fuzzifying input through the use of fuzzy 

applications into membership functions to establish a rule strength. The Mamdani fuzzy 

interference system is used due to its advantages such as intuitiveness, widespread 

acceptance, and interpretable rule base. Combining the rule strength and the output 

membership function to find the consequence of the rule is Mamdani FIS. The structure of 

a fuzzy type-2 is similar to FT1 as seen on the figure below, with the only difference being 

the type reduction process function, which provides better controller handling system 

uncertainty because it can model them and minimise their effect. If all uncertainties 

disappear, the FT2 sets convert to type-1 which thereafter gets the final defuzzification 

result. 

 

Figure 3.18: Fuzzy type-2 logic system block diagram [80] 

 

For this research, the Nie-Tan method (NT) type reduction was utilised with no iterative 

process which improves type reduction efficiency. A FT2 has more design degrees of 

freedom than a FT1 because type-2 has more parameters than type-1. As random 

uncertainties flow through a system, their effects can be evaluated using the mean and the 

variance. Linguistic and random uncertainties flow through a FT2, and their effects can be 

evaluated using the defuzzified output and the type-reduced output of that system. Often 
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used in intervals, the variance provides a measure of dispersion about the mean. The 

defuzzified output, which provides a measure of dispersion, is the interpretation of the type-

reduced output. The type-reduced set also increases as linguistic or random uncertainties 

increase, and the variance increases as the random uncertainty increases. A FT1 is 

comparable to a probabilistic system through the first moment, whereas a FT2 is 

comparable through the first and second moments. The rules are based on the individual’s 

application of the information data. The fuzzy yield is made up of 49 laws from seven 

triangular membership functions on information and yield data. The logic statements “if” 

and “then” are used to determine the yield at that point. These rule base have been utilised 

for FT2-FOPID which can be seen in Tables 3.3. The output distribution is defuzzified to 

produce crisp outputs. The membership functions are generally used from negative one to 

positive one, and the design membership functions for error and error deviation are shown 

in Figure 3.19.  

Table 3.3: Fuzzy type-2 FOPID rule base. 

ACE/ 

dACE 
NB NM NS ZE PS PM PB 

NB NB NB NB NB NM NS ZE 

NM NB NB NB NM NS ZE PS 

NS NB NB NM NS ZE PS PM 

ZE NL NM NS ZE PS PM PB 

PS NM NS ZE PS PM PB PB 

PM NS ZE PS PM PB PB PB 

PB ZE PS PM PB PB PB PB 
 

 

The rules are based on the Boolean system of true or false statements to provide valuable 

flexibility for reasoning, thereby considering the inaccuracies and uncertainties in the 

system. In a fuzzy logic system, there is no absolute true or false, but it is partially true or 

false. The rule base contains “if” and “then” conditions to govern the decision-making 

system, which is very important for the output results. The rules are inputted into the 

interference that matches the current fuzzy inputs, with each rule statement that produces 

the required outputs to perform control actions. This helps remove uncertainties and 

disturbance to a level that is acceptable. Some of the rule base statements are shown in 
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Table 3.4 where the two inputs are checked against the interference system, which consists 

of the set of rules and the output of the type reducer. 

Table 3.4: Rule base statements. 

Rule Statement 

1 If ACE is A and dACE is A then dACE is NB 

2 If ACE is B and dACE is A then dACE is NM 

3 If ACE is C and dACE is A then dACE is NS 

4 If ACE is D and dACE is A then dACE is ZE 

5 If ACE is E and dACE is A then dACE is PS 

6 If ACE is F and dACE is A then dACE is PM 

7 If ACE is G and dACE is A then dACE is PB 

 
 

The input values of a FT2 have membership functions ranging from upper membership 

function to lower membership function. This provides two fuzzy values for each type-2 

membership function. With the rules discussed previously, the fuzzy operator is applied to 

the fuzzified values of the membership functions. The minimum and maximum output 

value for the fuzzy set of each rule is the result of the fuzzy operator to the fuzzy values of 

upper and lower membership functions.  

 

Figure 3.19: Fuzzy type-2 primary membership function of error and error deviation. 
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3.3  Design of an Isolated Thermal Power System with PHEVs and RES Using the 

Application of Neural Network Predictive Controller 

 

3.3.1 Introduction 

 

The expansion of clean energy is becoming more relevant to society as we strive to become 

a fossil fuel-free country and reduce carbon emissions to zero. Excessive costs have derived 

from the release of greenhouse gases, and the availability of crude oil used for multiple 

types of transportation. Alternative resources are been researched daily to transfer into a 

new way of energy generation and mobility.   

 
RESs, such as wind and solar energy systems, are considered unpredictable, with 

fluctuations occurring due to the changes in seasonal characteristics. Coordination is 

thereby required to manage and control these fluctuations to obtain the highest efficiency 

for power generation. Recently PHEV aggregator has become a part of the power system 

with the introduction of smart technologies providing two-way power flow. The PHEVs 

are becoming more commonly used in society where fossil fuel costs are exceedingly high 

and CO2 reduction is of high importance. 

 

By utilising advanced control methods in this research such as FOPID, Fuzzy integrated 

control and NNPC, the system is able to return to its original state at a faster rate. While 

the PHEVs does support the power grid to some extent, when multiple systems are 

connected together, additional control is still required. The analysis of each controller has 

on the system is therefore analysed in this research to understand the behaviour, outcome 

and effectiveness to curb disturbances in the system.  

 

3.3.2 Isolated Power System Model 

 

The tie-line for two isolated power systems is interconnected to allow two-way power flow 

between the two areas. The model shown in Figure 3.20 displays the transfer functions with 

the inclusion of the PHEVs. 
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A reheat turbine is part of the isolated thermal power system with its interconnected clean 

energy systems, due to its capability of increasing efficiency by returning the steam to the 

steam generator for reheating to the set temperature. Thereafter, the steam will be sent back 

to the turbine. This high-temperature steam is released as excess from the turbine due to 

high pressure 

 

Figure 3.20: Clean energy systems interconnected with an isolated thermal power system. 
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3.3.3 Neural Network Predictive Controller 

 

The controller used to remove the isolated interconnected power system non-linearity is 

called a NNPC, which predicts future power system performance. The controller over a 

stated future time horizon calculates the control input that will optimise the isolated power 

system execution. The controller, firstly, trains a neural network to represent the forward 

dynamic of the isolated power system. The predictive error between the neural network 

output and isolated power system output is used as the neural network training signal. This 

can be seen in Figure 3.21. 

 

Figure 3.21: Simulink block of neural network control. 

 

The future values of the isolated power system output utilise earlier inputs and outputs from 

the neural network isolated power system model. The network can be offline trained using 

the previously collected data from the operation of the isolated power system. The batch 

training algorithm used in the isolated power system is called multilayer shallow neural 

networks and backpropagation training. The workflow can be seen in Figure 3.22.  
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Figure 3.22: Workflow of general neural network architecture. 

 

For a multilayer shallow neural network architecture, a logsig neuron with Z number of 

inputs, is weighted with an appropriate Y. The total of the weighted inputs and the bias 

forms the input to the transfer function, as seen in Figure 3.23. An output layer of linear 

neurons has more than one hidden layer of sigmoid neurons for feedback networks. Log 

sigmond transfer function generates outputs from 0 to 1 as the neuron’s total input goes 

from negative to positive infinity. The network is allowed to learn non-linear connections 

between input and output vectors from multiple layers of neurons with non-linear transfer 

functions.  

Collection of Data

Create the plant 
model

Configure the plant 
model

Initialize the weights 
and biases

Train the plant

Validate the plant 
(post-training analysis)

Use the plant
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Figure 3.23: Feedback neural network structure. 

 

3.4 Chapter Summary 
 

This chapter discusses the isolated power system setup for each scenario with the RES and 

PHEV sub-systems modelled. The controllers used for each configuration explain the 

arrangement and the method of how they work to improve output. These designs are 

modelled in MATLAB/Simulink, and a comparison of performance is simulated and 

analysed in the next chapter. 
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4. RESULTS AND DISCUSSION 
 

4.1  Isolated Two Area Thermal Power System with PHEV 

 

The study work focal point is to determine the analysis of the different controllers being used 

and the effect of PHEVs on the isolated thermal power systems which are interconnected via 

a tie-line to satisfy the demand of the control areas. The model is used for evaluation of the 

demand change of 1% in area 1 within the two-area interconnected system. This is compared 

with the various PD, PI, PID, FOPID and finally FOPID controllers with PHEVs. The 

simulated results showcasing the frequency variations in area 1, area 2 and tie-line are 

displayed in Figures 4.1 to 4.3. For further comparison and results, a change in demand for 

both area 1 and area 2, with 1% and 2% respectively, were modelled for the study, which is 

graphically displayed in Figures 4.4 to 4.6. This was done to understand the behaviour of the 

controllers and the performance influence of the PHEVs in both areas. 

 
Table 4.1: ITAE results obtained for various controllers for demand change of 1% in area 1. 

Controllers 
Two-area System 

Area 1 Area 2 Tie-line 

PD 

 
16.68 16.25 6.17 

PI 

 
0.6433 1.656 0.7546 

PID 

 
1.104 0.5053 0.07105 

FOPID 

 
0.2165 0.1392 0.06173 

FOPID with 

PHEV 0.1042 0.07045 0.02994 
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Figure 4.1: Area 1 - System frequency results for 1% load disturbance in area 1 using various controllers. 

 

 

 
Figure 4.2: Area 1 - System frequency results for 1% load disturbance in area 1, and 2% load disturbance in area 2 using 

various controllers. 

 



52 
 

 

Figure 4.3: Area 2 - System frequency results for 1% load disturbance in area 1 using various controllers. 

 

 
Figure 4.4: Area 2 - System frequency results for 1% load disturbance in area 1, and 2% load disturbance in area 2 using 

various controllers. 
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Figure 4.5: Tie-line - System frequency results for 1% load disturbance in area 1 using various controllers. 

 

 

Figure 4.6: Tie-line - System frequency results for 1% load disturbance in area 1, and 2% load disturbance in area 2 using 
various controllers. 
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For simulation 1 where the load demand changes in Area 1 only and simulation 2 where the 

load demand is changed in both areas , the responses of PI, PD, PID, FOPID and FOPID 

PHEV is similar but has minimum changes for certain controllers. 

 

From the data on Table 4.1, the results display that there is a scaled-down value of ITAE for 

FOPID with PHEV compared to the other controllers for differentiation and performance of 

the LFC. The FOPID tie-line (0.06173) is shown to have a low value compared to PI (0.7546) 

and PD (6.17).  

 
The PD controller has a huge ITAE, and the results are clearly shown that the error still exists 

in the system response, which is not suitable for consideration. PI has displayed multiple 

oscillation for a duration of 20 seconds, which is not recommended. The ITAE for PID in 

area 1 (1.104) is very high compared to the few other controllers, due to the overshoot.  

 
 
When comparing demand changes for the two simulations, PD is not returning to steady state 

and exceeds the run time of 50 seconds. The overshoot in Figures 4.6 and undershoot in 

Figures 4.1 to 4.5 is the highest compared to the other controllers but oscillations are not 

present. The PI controller has overshoot in Figures 4.6 and undershoot in Figures 4.1 to 4.5 

which is the second highest and has 15 seconds of oscillations that are present. The 

wavelength is also greater for the dual load demand change simulation. The system comes 

back to steady state in Area 1 for the single load demand change at 30 seconds and Area 2 

for the load demand change in the two areas at 45 seconds. The tie-line graphical outputs 

show that PI doesn’t come back to it original state.  

 

The PID controller brings the system back to steady state in all the simulation outputs. The 

graphical outputs for Area 1 and Area 2 shows that the system returns at 40 seconds whereas 

the Tie line graphical outputs returns at 30 seconds. The results for Figures 4.1 to 4.6 show 

that PID controller has oscillations, overshoot and undershoot that are present. The FOPID 

controller has minimum overshoot and undershoot in all graphical outputs. The output has 

also shown that the FOPID with PHEVs is free from oscillations for frequency and tie-line 

power, which is favourable for the power quality of the system.  
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Area 1 for the two load change simulations has a settling time of 15 seconds. The Area 2 for 

the load change simulations differ with the single load demand change output has a settling 

time of 17 seconds and dual load demand change outputs has a settling time of 13 seconds. 

The frequency doesn’t exceed (±0.02) Hz in both areas. 

 

With the inclusion of PHEVs, the results is similar to FOPID but with a drastic decrease to 

the overall error. With minimum overshoot and speedy settling time at 7 and 11 seconds, the 

PHEVs still show an enhancement of stability for both areas with load disturbances on single 

or both isolated power systems. The PHEVs have been shown to assist the frequency 

positively for both areas and tie-line, by reducing the overshoot and steady-state error at a 

moderate value. The controllers have been shown to have different overshoot peaks. The 

controller selected has shown to be superior to other controllers in its performance while 

introducing load alteration in both areas. 
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4.2 Isolated Two Area Thermal Power System with RESs 

 

The research work displayed shows the analysis of the isolated thermal power system 

integrated with PV and wind-based power generation in each area, which is connected via 

an AC tie-line that contributes to the role of balancing supply and demand loads. The 

frequency of the designed interconnected system is analysed and studied for the behaviour 

of the signal. The investigation is meant to demonstrate the integration of clean energy 

through renewable energy sources effectively, within existing isolated thermal power 

systems, while assisting with variable load changes within the grid. Analysis with thermal 

power system no RES was used as a control to demonstrate the effects of RES penetration 

into the system and validate researched literature. Each control area action is limited by 

using the GDB and GRC non-linearities as it makes the action of secondary controllers 

more practical and realisable. 

 
For this work, the controller FT2-FOPID is showcased. While the FT2 can be coupled with 

either PI, PD or PID, the FOPID was proven to provide favourable results in control 

problems due to the two additional freedom adjustable parameters. FOPID and FT1-FOPID 

are shown to have difficulty in dealing with the uncertainty of systems, therefore FOPID 

with type-2 fuzzy was applied. The controllers aim to restore the frequency and power 

deviations over tie-lines to their original state, within the least amount of time, while 

producing less settling time, low overshoot, and no oscillations. The different types of 

controller configurations are used for the comparison of the outputs. The ACE and dACE 

are inputs of the fuzzy system. 

 
The output of the fuzzy is made of seven areas; NB, NM, NS, ZE, PS, PM, and PB. These 

are used within the triangular uncertainty member function class for ease of understanding. 

The reduced rule base with non-linear membership functions for FT2 is shown in Table 3.4 

and Figure 3.19 in Chapter 3. The output of the fuzzy logic is defuzzified as type-1 reduced 

sets, which produce real values from crisp values. The input of the FOPID is coming from 

the output signal of the fuzzy logic system. The parameter gains for the FOPID that is KP, 

KI, KD, λ, and μ are calculated through PSO with 50 iterations to produce the best results. 

 
The simulated results are quantitatively given using the performance index Integral of Time 

Absolute Error (ITAE) and Integral Absolute Error (IAE). These indices can calculate the 
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area of the error which assist with higher accuracy for the analysis of the controller 

performance, especially in graphical representations. The comparison of performances was 

done using the output values given in Tables 4.2 to 4.5. 

 
Table 4.2: ITAE results obtained for various controllers for demand change of 1% in area 1. 

Controllers ITAE 

PID with no RES 0.9433 

PID with RES 2.269 

FOPID with RES 0.02066 

FT1-FOPID with RES 0.01362 

FT2-FOPID with RES 0.009286 

 

Table 4.3: ITAE results obtained for various controllers for demand change of 1% in area 1, and 2% in area 2. 

Controllers ITAE 

PID with no RES 2.093 

PID with RES 4.057 

FOPID with RES 0.06176 

FT1-FOPID with RES 0.0401 

FT2-FOPID with RES 0.02749 

 

Table 4.4: IAE results obtained for various controllers for demand change of 1% in area 1. 

Controllers IAE 

PID with no RES 0.05726 

PID with RES 0.08157 

FOPID with RES 0.007249 

FT1-FOPID with RES 0.001953 

FT2-FOPID with RES 0.001161 
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Table 4.5: IAE results obtained for various controllers for demand change of 1% in area 1, and 2% in area 2. 

Controllers IAE 

PID with no RES 0.1139 

PID with RES 0.1638 

FOPID with RES 0.02205 

FT1-FOPID with RES 0.005757 

FT2-FOPID with RES 0.00347 

 

The integrated and isolated power system is simulated using a 1% load demand change in 

area 1 for analysis purposes. The results of all the areas can be seen and arranged in a way 

that is easy to analyse, as viewed in Figures 4.7, 4.9 and 4.11, especially with the ITAE and 

IAE values. Figures 4.8, 4.10 and 4.12 are graphically represented to show the load 

disturbance of both areas in the isolated power system using 1% and 2% respectively. The 

results displayed are similar to the load disturbance in a single area. From the first overview 

of the graphical representation, the results can be easily seen where the penetration of RES 

affects the system negatively by providing high oscillations and making the system 

extremely non-linear in all the simulation outputs  

 

When comparing the results in area 1, PID with RES has displayed higher overshoots than 

the rest of the controller configurations for the full 50 second runtime with an ITAE 

performance of 2.269. PID was shown to produce multiple larger oscillations in all three 

depictions and cannot overcome the fluctuations from the high penetration of RESs. 

Therefore, this type of controller is not suitable for these applications. The PID controller 

time response for single load demand change in Area 1, Area 2 and Tie-line exceeds 50 

seconds run time and doesn’t approach steady state conditions. The PID controller time 

response for Area 1, Area 2 and Tie-line exceeds 50 seconds run time and doesn’t approach 

steady state conditions for the load change of 1% in Area 1 and load demand change of 2% 

in Area 2. However, comparing the Figure 4.11 and Figure 4.12 tie-line representations, 

Figure 4.12 showcases fewer oscillations with the inclusion of RES than no RES for 50 

seconds. 
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The FOPID with RES is able to bring the system back to steady state in all graphical 

outputs. The results show that the FOPID with RES has a settling time for all 6 graphical 

outputs at 8 seconds. However, there is multiple oscillations for 8 seconds that are present 

and the overshoot and undershoot is high in all the outputs which differs greatly. The 

FOPID has displayed better performance than the PID controller with the inclusion of the 

additional fractional order parameters. Proof of this is shown in Table 4.3.  

 

For comparison, the error is simulated as 0.06176 for FOPID with RES, and 4.057 for PID 

with RES. This can be confirmed by the second performance criteria in Table 4.5 with 

0.02205 for FOPID with RES, and 0.1638 for PID with RES. The controller brings the 

system to normal conditions with a lower wavelength and quicker response time. There are 

still minimum oscillations present, but much less than the PID controller. The overshoot in 

area 2 is shown to be very high due to the 2% load disturbance present, which contributed 

to the negative display of results. In the graphs presented, the settling time has an average 

of 8 seconds for FOPID.  

 

In Area 1, Area 2, and for tie-line deviations, the FT1-FOPID with RES have shown good 

results, with the least settling time at 3.5 seconds and returning to steady state, little to no 

oscillations, and minimum overshoot of these controllers. The FT2-FOPID with RES has a 

settling time of 3 seconds for Area 1 and Area 2 graphical outputs. The tie-line graphical 

outputs have a settling time of 1.5 seconds for both the load demand change simulations. 

The controllers, including fuzzy, do not exceed 0.015, as displayed in the stand-alone 

FOPID and PID controllers for the area of error using ITAE. The stand-alone FOPID 

controller does return to the initial state, but takes a long time, which is 8 seconds with the 

error of 0.02066 using ITAE. The FT2-FOPID has shown to have the best results using 

IAE with the least error of 0.001161 and returns the system to steady state below 3 seconds. 

Therefore, the response time and performance of the FT2-FOPID are far superior to the 

traditional frequency controllers and FT1 logic systems. It is still evident that the inclusion 

of the RES in both areas contributes to a highly non-linear system which negatively impacts 

the isolated power system as shown in Tables 4.4 and 4.5.   
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Figure 4.7: Results for 1% load alteration in area 1. 

 

Figure 4.8: Results for 1% and 2% load alteration in area 1. 
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Figure 4.9: Results for 1% load alteration in area 2. 

 

 

 

Figure 4.10: Results for 1% and 2% load alteration in area 2. 
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Figure 4.11: Results for 1% load alteration in tie-line. 

 

 
Figure 4.12: Results for 1% and 2% load alteration in tie-line. 
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The integration of fuzzy logic in the system has drastically improved the performance of 

the controllers, with the additional iterations of the logical system processes. With the 

fastest response time, least overshoot, best settling time, and no oscillations, the fuzzy logic 

controllers have the best performance with the least error for the two areas and tie-line 

region.  

 

The FT2 system has a superior performance than type-1 which is evident in the depictions 

and the ITAE/IAE error values. With the NT reduction in type-2, the results are further 

fine-tuned to provide optimal performance. Wind and solar power have made the system 

highly non-linear due to the changing of wind rotor speeds and the irradiance from the solar 

panels, shading of panels, and inverters. The individual RES does have components and 

mechanisms in place to help curb these disturbances, but doesn’t fully reduce them to zero. 

Therefore, the requirement for a secondary controller is required for additional assistance 

to mitigate these disturbances. Even though RES provides clean and renewable energy to 

the system, the higher the RES capacity, the greater the control is required for 

interconnected systems to work together.  

 
 
From all the results displayed, the FT2-FOPID has the greatest performance of the rest of 

the controllers, with a slightly better edge than the FT1, which does not exceed ±0.005 Hz 

and has a 1 second less settling time than FT1. The error between the FT1 and FT2 has a 

difference of approximately 0.02 for change in demand for area 1 and area 2. The results 

illustrated on the above graph, and ITAE/IAE values, clearly show that RES creates 

disturbances when coupled with the isolated power system.  

 

With the introduction of PID, the results had some control, but didn’t come to steady-state 

conditions. FOPID with RES was shown to provide better results than PID with or without 

RES, therefore FOPID was used as the coupling controller for the fuzzy logic systems. The 

FT2-FOPID has proven itself to have lower overshoot and almost non-existent oscillations 

present. Even with the penetration of RES, the FT2 controller can handle the non-linearity 

which could harm the isolated power system. The applications of artificial intelligence can 

assist with control methods and solve unprecedented causes. With more processes being 

introduced, the controller can obtain better outputs and help the isolated power system 

overcome the disturbances as soon as possible.  
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4.3  Isolated Two Area Thermal Power System with PHEVs and RESs 

 

The interconnected system was simulated on MATLAB/Simulink for the outcome and 

results of the isolated power system, without any errors occurring. The isolated power 

system consists of a solar-powered system, a wind-powered system, and a PHEV 

aggregator in each area. Both areas were controlled by a NNPC which predicts future 

possibilities when trained at 50 iterations to produce the best possible outcome. The system 

was then run for a time period of 50 seconds for change in load demand in area 1 to give 

results presented in Figures 4.13, 4.15 and 4.17. The system was run for a second time, but 

with a change in load demand in both areas, shown in Figures 4.14, 4.16 and 4.18. This 

was done to compare reasons for the performance of the controllers. The performance 

criterion is used for a clear view and interpretation of the results.  

 
Table 4.6: Performance criterion results obtained for NNPC for demand change of 1% in area 1. 

Controllers 
Performance 

Criterion 

Isolated Two 

Area Power 

System 

Fractional Order 

PID 

 

ISE 6.081x10-6 

IAE 0.00506 

ITSE -0.002587 

ITAE 0.01547 

Interval Fuzzy 

Type-2 

 

ISE 4.279x10-7 

IAE 0.001187 

ITSE -0.006353 

ITAE 0.007312 

Neutral Network 

Predictive 

Controller 

ISE 3.398x10-7 

IAE 0.001086 

ITSE -0.005285 
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Controllers 
Performance 

Criterion 

Isolated Two 

Area Power 

System 

 ITAE 0.006013 

 

Table 4.7: Performance criterion results obtained for NNPC for demand change of 1% in area 1, and 2% in area 
2. 

Controllers 
Performance 

Criterion 

Isolated Two 

Area Power 

System 

 

Fractional Order 

PID 

 

ISE 7.377x10-5 

IAE 0.01483 

ITSE -0.01807 

ITAE 0.04482 

Interval Fuzzy 

Type-2 

 

ISE 4.034x10-6 

IAE 0.003609 

ITSE -0.01939 

ITAE 0.02222 

Neutral Network 

Predictive 

Controller 

 

ISE 3.106x10-6 

IAE 0.003095 

ITSE -0.01541 

ITAE 0.01904 
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Figure 4.13: Area 1 output for a 1% demand change in area 1. 

 

Figure 4.14: Area 1 output for a 1% demand change in area 1, and 2% demand change in area 2. 
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Figure 4.15: Area 2 output for a 1% demand change in area 1. 

 

Figure 4.16: Area 2 output for a 1% demand change in area 1, and 2% demand change in area 2. 
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Figure 4.17: Tie-line output for a 1% demand change in area 1. 

 

 

Figure 4.18: Tie-line output for a 1% demand change in area 1, and 2% demand change in area 2. 
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From the output illustrations shown above, for the load demand change in area 1 only, it is 

easily noticeable that the NNPC has superiority over the FOPID and interval FT2. This is 

similar for the load demand change in Area 1 and Area 2 simulations also. The reason for 

this can be explained in the performance criterion’s values. The ISE shows that the 

overshoots to be the least for NNPC with 3.398x10-7 for single load demand change and 

3.106x10-6 for a dual demand change when compared to the other controllers. That’s 

approximately a 5% to 7% indifference from the controllers.   

 
 
For area 1, the FOPID has a very high overshoot with 15 seconds of oscillation present that 

settles at 16 seconds. This is similar in area 2, but not in tie-line with a familiar behaviour 

but settling at 21 seconds. The interval FT2 presents a better output than the NNPC, with 

low oscillations presented in Figures 4.13, 4.15 and 4.17. The settling time is superior in 

area 1 but difficult to notice in area 2 and tie-line. According to the ITAE, the results for 

interval FT2 (0.007312) are better than FOPID (0.01547). The output is similar to the tie-

line illustration. The error is reduced significantly but the settling time is similar. This is 

due to the complexity of the interconnected systems, which contributes to non-linearity and 

disturbances. The neural network has the fastest response time that reaches the steady state 

with minimum error and oscillations present. The peak overshoot is the lowest in Figures 

4.13, 4.15 and 4.17. The settling time is similar to the FOPID. 

 

For a load demand change in both areas, the oscillations for FOPID have displayed an 

increase in the results present in Figures 4.14, 4.16  and  4.18. The settling time ranges from 

13 seconds in areas 1 and 2, and tie-line with 18 seconds, have the worst results compared 

to the other controllers used. The peak overshoot is the highest, for example as seen in 

Figure 4.17, with a value of 0.015 Hz. The ITSE result is shown to be 100% more than the 

NNPC. This makes the controller unsuitable for oscillation reduction. 

 
 
The internal FT2 has presented much better results compared to the FOPID, with similar 

outcomes as the results in the simulation where there’s load demand change for area 1 only. 

The IAE is very close, with values of 0.003609 for internal FT2 and 0.003095 for NNPC. 

The controller also shows better in results for tie-line error. 
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With the lowest overshoot, no oscillations present, fastest response and speedy settling 

time, the NNPC has the best output result overall. Area 1 displays the controller settling at 

4 seconds, which shows the response of this controller. It is capable of tackling disturbance 

at a high-speed rate due to the predictive technology and analysis done through multiple 

iterations of future possibilities. Overall, this AI controller is superior to other controllers 

presented when it comes to steady-state stability and disturbances. 

 

4.4 Chapter Summary 
 

This chapter presents simulated results of three different scenarios utilising RES and PHEV 

configurations. The frequency is controlled via PID, FOPID, fuzzy logic and NNPC 

systems. The observations indicate that the interconnected system is improved using 

different control mechanisms in each scenario, while providing additional clean energy 

systems and disturbances. The RES has verified the fact that isolated power systems 

become highly non-linear due to their penetration, but can be brought to a steady state 

through systems on control. The PHEV has also demonstrated that it can assist with load 

variation in the isolated power systems. The conclusion and future improvements are 

discussed in the next chapter. 
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5. CONCLUSION AND RECOMMENDATIONS 
 

5.1 Conclusion  

 

This dissertation succeeded in an isolated two-area thermal power system integrated with 

RES and clean energy sources such as wind power, solar power and PHEV. Multiple 

arrangements and control strategies were used to assist with the frequency fluctuations of 

the interconnected systems, and a comparison was carried out to identify the best-

performing controller. 

 
For the first study involving PHEV, the inclusion of PHEVs into a conventional and isolated 

thermal power plant that is interconnected through an AC tie-line and controlled with 

FOPID, is modelled.  To match the varying load demand in one or both areas with the 

generated power, multiple controllers - such as proportional, integral, and derivative 

controls - were used to establish the results of the isolated interconnected power system. 

Frequency studies have been done to verify the best controller design option through its 

performance. FOPID with PHEVs have shown to positively affect the control zones through 

stability enhancement, the least overshoot, and the provision of oscillation free for frequency 

and tie-line power deviations in LFC responses. Furthermore, PHEVs have enhanced the 

capacity of LFC which can act as a load or storage bank. This shows that incorporating them 

is possible through a centralised control system and an LFC which is utilised efficiently in 

the power grid, as and when required.  

 
For the second study involving RES, the isolated thermal power system is interconnected 

via an AC tie-line to other areas with the isolated thermal power generation, resulting in an 

interconnected system. This system is controlled with the assistance of a FT2 logic 

controller, together with FOPID. Multiple configurations of controllers have been 

simulated, compared, and analysed to produce the most efficient output. The controller’s 

main objective is to highlight the best performance in the overshoot, oscillations, and 

settling time of the frequency and power interchange over tie-lines, while experiencing a 

sudden change in load demand. The addition of DFIG-based wind turbines assists with the 

stability of the isolated power system, while the PV-based solar system introduces 
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fluctuations into the system due to its inverter, contributing to the slight disturbances even 

after the signal was filtered. The system, when interconnected with clean energy systems, 

can still become stable through the introduction of auxiliary control methods utilising type-

2 fuzzy logic with FOPID, developed via PSO. The results guaranteed that the proposed 

design is well-suited for a renewable interlinked power system in comparison to results 

obtained via other control techniques. Further, the inclusion of non-linearities has shown a 

negative impact on all controllers’ output, but still, type-2 fuzzy logic with FOPID is 

effective in providing the acceptable results for the isolated power system.  

 
For the final study involving the RES and PHEVs, the scrutinised performance of the NNPC 

can be achieved for interconnected and isolated two-area power with RES and PHEV 

aggregators in each area. To confirm the effectiveness of the proposed controller, a 

comparison is done using FOPID, Interval FT2 and NNPC. The system performance is 

analysed with load disturbances in a single area, and then both areas. According to the 

outputs of the simulation, the system has a high penetration of RESs that contribute to 

multiple disturbances from changes in wind speeds, irradiance and load demand patterns. 

The system shows that RES contributes to non-linearity, therefore, load frequency 

controllers with optimisation are required. The NNPC contributes to a better overall result 

in terms of response and settling time, with better transient and steady-state responses. 

 

5.2  Recommendation for Future Research 

 

The need for clean, renewable energy with advanced control is vital for isolated power 

system stability. This study can be expanded for future research by considering the 

following suggestions: 

1. Implementing a higher number of interconnected systems to increase the multi-area 

network and higher penetration of RES. 

2. Further influential parameters that affect the current isolated power systems and 

RES can be introduced into the system to produce more accurate results. 

3. Load demand change is highly variable creating random changes in isolated power 

systems, therefore a controller design for this variability is required to tackle 

random changes at any given point. 
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4. Design to consider load forecast of the isolated power systems and RES. 

5. Further iterations of NNPC for more network training to achieve near-optimal 

control performance. 

6. Possibility of future AI techniques that are more advanced and accurate for 

parameter development and non-linearity changes that can be integrated in the 

design model. 
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APPENDIX 
 

Appendix A: System Parameters  
 

No. Symbols Name of parameter/constant 
1 ∆𝑃𝑃𝐺𝐺1  Power of Governor 1 
2 ∆𝑃𝑃𝐺𝐺2 Power of Governor 2 
3 ∆𝑃𝑃𝑇𝑇1 Power of Turbine 1 
4 ∆𝑃𝑃𝑇𝑇2 Power of Turbine 2 
5 ∆𝑃𝑃𝑇𝑇𝑇𝑇𝑇𝑇12  Power of Tie-line 
6 ∆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃1 Power of Plug in Hybrid Electric 

Vehicles Aggregator 1 
7 ∆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃2 Power of Plug in Hybrid Electric 

Vehicles Aggregator 2 
8 ∆𝑓𝑓1 Frequency in Area 1 
9 ∆𝑓𝑓2 Frequency in Area 2 
10 2𝜋𝜋𝑇𝑇12

𝑠𝑠
 

Synchronizing Coefficient 

11 𝐾𝐾𝐺𝐺1
1 + 𝑠𝑠𝑇𝑇𝐺𝐺1

 
Generator Transfer Function 1 

12 𝐾𝐾𝐺𝐺2
1 + 𝑠𝑠𝑇𝑇𝐺𝐺2

 
Generator Transfer Function 2 

13 1 + 𝑠𝑠𝑠𝑠𝑇𝑇1𝑇𝑇𝑇𝑇1
1 + 𝑠𝑠𝑇𝑇𝑇𝑇1

 
Reheat Turbine Transfer Function 1 

14 1 + 𝑠𝑠𝑠𝑠𝑇𝑇2𝑇𝑇𝑇𝑇2
1 + 𝑠𝑠𝑇𝑇𝑇𝑇2

 
Reheat Turbine Transfer Function 2 

15 𝐾𝐾𝑃𝑃2
1 + 𝑠𝑠𝑇𝑇𝑃𝑃2

 
Generator Transfer Function 1 

16 𝐾𝐾𝑃𝑃2
1 + 𝑠𝑠𝑇𝑇𝑃𝑃2

 
Generator Transfer Function 2 

17 𝛽𝛽1 Bias Coefficient 1 
18 𝛽𝛽2 Bias Coefficient 2 
19 𝑎𝑎12 Area Size Ratio Coefficient 
20 ∆𝑃𝑃𝑆𝑆𝑆𝑆  

 
Power from Solar Farm 1 

21 ∆𝑃𝑃𝑆𝑆𝑆𝑆2  
 

Power from Solar Farm 2 

22 ∆𝑃𝑃𝑊𝑊𝑊𝑊1  
 

Power from Wind Farm 1 

23 ∆𝑃𝑃𝑊𝑊𝑊𝑊2  
 

Power from Wind Farm 2 

24 ∆𝑃𝑃𝐷𝐷2 Change in Demand in Area 1 



B 
 

 
25 ∆𝑃𝑃𝐷𝐷2 

 
Change in Demand in Area 2 
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