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ABSTRACT 

People living in rural and remote areas of Sub-Saharan Africa generally lack access to 

electricity due to their geographical location and the costs associated with connecting these 

areas to the national electrical grid.  A viable technology to supply electricity to some of these 

areas are stand-alone micro-hydropower systems which harnesses energy from flowing water.  

Self-excited induction generators (SEIGs) are commonly used for the generation of electricity 

in stand-alone micro-hydropower systems.  The electricity supplied by a SEIG to the demand 

side i.e. the load needs to be maintained stable under various consumer load conditions.  This 

can be accomplished with the use of an Electronic Load Controller (ELC).  This dissertation 

presents the design and development of an intelligent ELC that can maintain a stable voltage 

on the demand side of a 3-phase SEIG supplying varying single-phase consumer loads.  The 

intelligent ELC consist of an uncontrolled bridge rectifier, filtering capacitor, chopper switch 

(IGBT), voltage sensor, current sensor, optocoupler, Arduino microcontrollers and a ballast 

load or storage, depending on site-specific requirements and economic viability.  A fuzzy logic 

control method is implemented to maintain stable and reliable voltage supply.  Hardware-in-

the-loop simulations were carried out under various consumer load conditions using 

MATLAB/SIMULINK to analyse and test the efficiency of the system in real-time.  Laboratory 

experiments were carried out and it was found that the Intelligent Electronic Load Controller 

was able to respond quickly and efficiently to changes in the consumer load to maintain the 

voltage on the demand side of the three-phase self-excited induction generator very stable and 

close to the set point voltage value.  The intelligent ELC will contribute towards providing 

reliable and cost-effective means of enhancing the proliferation of micro-hydropower 

particularly in rural and remote applications in Sub-Saharan Africa. 
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CHAPTER 1 

INTRODUCTION 

1.1. INTRODUCTION 

This chapter presents an introduction and overview of the complete dissertation. 

1.2. BACKGROUND INFORMATION 

Electricity is an important factor in the economic development of a country.  One of the major 

challenges in developing countries, especially in Sub-Saharan Africa, is the reliable supply of 

electricity to the people.  According to the International Energy Agency an estimated 625 

million people in Sub-Saharan Africa do not have access to electricity [1].  People living in 

rural and remote areas of Sub-Saharan Africa generally lack access to electricity due to their 

geographical location and the costs associated with connecting these areas to the national 

electrical grid.  A viable technology to supply electricity to some of these areas are stand-alone 

micro-hydropower systems which harnesses energy from flowing water.  Self-excited 

induction generators (SEIGs) are commonly used for the generation of electricity in stand-

alone micro-hydropower systems due to its low cost, high reliability, less maintenance 

required, robust construction, no separate dc source required, brushless rotor operation and 

excellent resilience against overloads and short circuits [2].  The electricity supplied by a SEIG 

to the demand side i.e. the load needs to be maintained stable under various consumer load 

conditions.  This can be accomplished with the use of an Electronic Load Controller (ELC).  

An ELC diverts surplus power to a ballast load or storage to keep the power generated by a 

SEIG constant.  This system needs to contribute towards providing reliable and cost-effective 

means of enhancing the proliferation of micro-hydropower particularly in rural and remote 

applications in Sub-Saharan Africa. 
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1.3. PROBLEM STATEMENT 

People living in rural and remote areas of Sub-Saharan Africa generally lack access to 

electricity due to their geographical location and the costs associated with connecting these 

areas to the national electrical grid.  A viable technology to supply electricity to some of these 

areas are stand-alone micro-hydropower systems with the use of a self-excited induction 

generator.  The electricity supplied by a self-excited induction generator to the demand side 

i.e. the load needs to be maintained stable under various consumer load conditions.  This is 

accomplished with the use of an Electronic Load Controller.  There is a great need for the 

design and development of a simple, reliable and cost-effective Intelligent Electronic Load 

Controller that will contribute towards providing reliable and cost-effective means of 

enhancing the proliferation of micro-hydropower particularly in rural and remote applications 

in Sub-Saharan Africa. 
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1.4. RESEARCH OBJECTIVES 

The main objectives of this research are summarised as follow: 

 Design and develop a simple, reliable and cost-effective Intelligent Electronic Load 

Controller for stand-alone micro-hydropower systems using a fuzzy logic control method. 

 To maintain a stable voltage on the demand side of the three-phase self-excited induction 

generator, while supplying varying single-phase consumer loads. 

 Reduce costs by using a low voltage three-phase self-excited induction generator system to 

supply single-phase consumer loads. 
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1.5. DISSERTATION OVERVIEW 

This dissertation comprises of six chapters which are briefly described below:  

 Chapter 1 – Introduction: Presents an introduction and overview of the complete 

dissertation. 

 

 Chapter 2 – Theoretical Background: Presents an overview of hydropower systems 

together with some of its components and an in-depth discussion on the background of 

Electronic Load Control and fuzzy logic. 

 

 Chapter 3 – Self-Excited Induction Generator: Presents the design and development of 

both the simulation model and experimental configuration of a self-excited induction 

generator. 

 

 Chapter 4 – Design of Electronic Load Controller: Presents the design and development 

of both the hardware-in-the-loop simulation model and experimental configuration of an 

Intelligent Electronic Load Controller using a fuzzy logic control method. 

 

 Chapter 5 – Results and Discussion: Presents the results from simulation and 

experimental testing conducted on the Intelligent Electronic Load Controller. 

 

 Chapter 6 – Conclusion and Recommendations: Presents the summary of key findings 

of the research conducted together with recommendations for future work. 
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CHAPTER 2 

THEORETICAL BACKGROUND 

2.1. INTRODUCTION 

This chapter presents an overview of hydropower systems together with some of its 

components and an in-depth discussion on the background of Electronic Load Control and 

fuzzy logic. 

2.2. GENERAL DESCRIPTION OF HYDROPOWER 

Hydropower is a form of power generation that converts the kinetic energy of flowing water 

into electricity.  Hydropower is produced wherever water flows from a high elevation to a lower 

elevation.  The difference between the two elevations is referred to as the head.  To generate 

electricity both water flow and a head must be available.  The flowing water causes the blades 

of a turbine to spin.  The rotation of the turbine forces the generator to turn in order to generate 

electricity which is transmitted to a power grid or an area where it will be used [3]. 

 

Figure 2.1: Example of micro-hydropower generation (Run-of-River) [4] 
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2.3. FACTORS AFFECTING HYDROPOWER SITE SELECTION 

In order to select a site for a hydropower plant the following factors must be considered: 

2.3.1. Water Resources 

Water availability is the most important aspect when selecting a site for a hydropower plant.  

Data such as the amount of water available at the site and the amount of rainfall that occurs in 

the region throughout the year should be known in order to estimate the potential generation 

capacity of the plant [5 - 8]. 

2.3.2. Water Storage 

Due to unpredictable rainfall during the year, water needs to be stored in a dam in order to 

generate and supply a constant power output.  The storage capacity of a dam can be determined 

by using a mass curve [5 - 6].  A mass curve is the cumulative values of a hydrological quantity 

(such as precipitation or runoff) plotted against time [9].   

2.3.3. Water Head 

In order to generate and supply the amount of electricity that is required, a large quantity of 

water is required to flow from a high head.  The quantity of water required to supply the 

powertrain is reduced when there is an increase in the head [5 - 8]. 

2.3.4. Distance from the Load Centre 

The distance between the load centre and the power plant should be as short as possible to 

reduce the maintenance costs [7, 10]. 

2.3.5. Selection of Site  

Access leading to and from the hydropower construction site should be easily accessible.  At 

the ideal geological site, the constructed dam must able to store large quantities of water at a 

high head.  The foundation rocks of the masonry dam must be strong and stable enough to 

withstand water thrust and other stresses exerted on it [5 - 8]. 
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2.3.6. Environmental Impacts 

The impact on the environment must be considered when selecting a hydropower site. 

Important considerations that needs to be considered are [5 - 8]: 

 Deforestation 

 Protection of fauna and flora 

 Protection of historical, religious and cultural sites 

 Degradation of catchment area 

 Low oxygen levels in water 

 Earthquake disasters 
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2.4. HYDROPOWER CLASSIFICATION 

2.4.1. Run-of-River System 

Run-of-River is one of the cheapest hydropower systems to implement since it does not require 

any significant water storage or the construction of a dam.  Instead natural flowing water is 

diverted from a river into a channel and into a penstock where the water will flow down to the 

powerhouse where electricity will be generated.  Run-of-River hydropower systems require a 

high head with a low flow rate or a low head with a high flow rate to generate electricity.  If 

the flow rate of the water is insufficient due to a dry season, the Run-of-River hydropower 

system will be unable to generate electricity.  The amount of electricity being generated is 

dependent on the head and flow rate of the system.  One major advantage of this system is that 

it causes minimal environmental disruptions [7, 8, 11]. 

2.4.2. Impoundment System 

An impoundment or storage system is the most commonly used type of operation for 

hydropower systems.  In this system water gets stored in a large dam and only when there is 

high electricity demand or to maintain the dam level, the stored water gets released [7, 12].  

During a high rainfall season water can be conserved in the dam, which provides some sort of 

security in the dry season [8].  One major advantage of this system is that the stored water 

(energy) can be used when necessary. 

2.4.3. Pumped Storage System 

A pumped storage hydropower system needs to be located between an upper and lower 

reservoir.  During off-peak periods the water that is stored in the lower reservoir is pumped to 

the upper reservoir by the reversible pumping turbine to increase the volume of water in the 

upper reservoir for generating purposes during the peak demand periods.  Around 70% of the 

power used during the pumping of water from the lower to upper reservoir can be recovered 

during the generating phase of electricity [7, 11, 12]. 
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2.4.4. Tidal System 

A tidal hydropower system needs to be located along the coastline.  In a tidal system the energy 

obtained from the rise and fall of tides are converted into electricity.  Tidal energy can be 

generated in the following ways [8, 11]:  

 Tidal Turbines: Place a turbine below the water surface to harness the energy from the 

tidal streams [8].   

 Tidal Barrage: A tidal barrage is a dam constructed across a suitable ocean inlet, river, 

bay or estuary.  The barrage consists of sluice gates that are used to control water levels 

and water flow rates.  As the tide rises, seawater flows into the reservoir to create a 

difference in the water levels.  The sluice gates are closed at high tides.  When the tides 

turn, the sluice gates are opened and the water flows back into the ocean through the turbine 

to create tidal energy [8]. 

2.4.5. Wave System 

A wave hydropower system needs to be located at the coast.  Large amounts of energy can be 

generated from waves [12].  There are three main wave energy systems used: 

 Float Ball System: This system consists of a float ball device that is anchored to the ocean 

floor.  The float ball moves up and down due to the rising and falling of waves.  This 

movement drives a turbine [11 - 12]. 

 Oscillating Water Column System: This system consists of a chamber that has an opening 

beneath the ocean to allow seawater to flow in and out of the chamber.  Air is compressed 

inside the chamber by the oscillation of the waves.  Air is either forced out of the top 

opening of the chamber or drawn back into the chamber depending on the waves.  A rising 

wave forces air out of the chamber and a falling wave draws air back into the chamber.  

This process drives a bi-directional turbine [11 - 12]. 

 Tapered Channel System: This system consists of an elevated reservoir and a tapered 

channel.  The reservoir is filled with the water waves through the narrowing channel.  By 

releasing water from the reservoir back into the ocean causes a turbine to turn [11 - 12]. 
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2.5. GENERATORS 

An electrical generator is a device that converts mechanical energy into electrical energy.  In 

hydropower systems the following generators are commonly used: 

 Synchronous generators: These generators are typically used for larger micro-

hydropower systems. 

 

 Induction generators: These generators are typically used for smaller micro-hydropower 

systems. 

2.5.1. Basic Operation of an Induction Machine 

An induction machine can be operated either as a generator or a motor.  In order to understand 

the operating principle of an induction generator, the operating principle of an induction motor 

will be explained [13]: A three-phase AC voltage is applied to the stator of the induction motor 

and as soon as current starts to flow, a stator rotating magnetic field (Bs) is produced.  The 

rotating magnetic field cuts the rotor bars, inducing a voltage in the rotor.  The induced voltage 

results in currents flowing in the rotor windings which lags behind the voltage.  These currents 

interact with the rotating stator magnetic field and produces a torque.  The induced torque 

resulting from the magnetic fields drag the rotor round with the field.  In contrast to an induction 

motor whose rotor rotates slower than synchronous speed, an induction generator driven by a 

prime mover (turbine) produces electricity by rotating its rotor faster than synchronous speed, 

which is referred to as negative slip.  Slip is the difference between the synchronous rotation 

speed and the rotor rotation speed.  Slip can be calculated using equation 2.1: 

s = 
ns-nr

ns
 

Where, 

s  = Slip 

ns  = Synchronous Rotation Speed (RPM) 

nr   = Rotor Rotation Speed (RPM) 
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The rotor frequency is related to the electric frequency and the slip and can be calculated using 

equation 2.2: 

fr = sf 

Where, 

fr   = Rotor Frequency (Hz) 

s  = Slip 

f  = Frequency (Hz) 

The per-phase equivalent circuit of an induction generator is show in figure 2.2: 

 

Figure 2.2: Induction generator per-phase equivalent circuit 

Where, 

VS  = Supply Voltage 

RS   = Stator Resistance 

IS   = Stator Current 

X1            = Stator Reactance 

Im   = Magnetizing Current 

RC   = Core Loss Resistance 

Xm  = Magnetizing Reactance 

E1   = Induced Voltage 

IR   = Rotor Current 

X2            = Rotor Reactance 

RR   = Rotor Resistance 
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2.5.2. Self-Excited Induction Generator 

In order for an induction machine to get started, reactive power is required.  When an induction 

machine is connected to a grid, reactive power is automatically supplied at a fixed voltage and 

frequency.  However, when an induction machine is not connected to a grid (stand-alone), an 

alternative method is required to supply the required reactive power.  This is accomplished by 

connecting a capacitor bank to the stator terminals of an induction generator (self-excited 

induction generator).  For a three-phase generation output, capacitors can be connected either 

in star or delta.  For economical purposes the capacitor bank is connected in delta.  If the 

capacitor bank is connected in star, the required capacitance to supply the same amount of 

reactive power is three times more in comparison to a delta connected capacitor bank.  For a 

single-phase generation output, a three-phase induction generator is used as a single-phase 

induction generator.  This is accomplished by connecting a three-phase induction generation in 

delta and instead of connecting a capacitor to each phase, the capacitors are connected in the 

C-2C configuration: 

 Phase 1      -      Capacitor 1 

 Phase 2    -      Capacitor 2 (Twice the size of Capacitor 1) 

 Phase 3 -      No capacitor 

In stand-alone micro-hydropower systems, induction generators are often preferred for the 

generation of electricity due to [2]: 

 Relatively low cost 

 Less maintenance required 

 High reliability 

 Robust construction 

 Brushless rotor operation 

 No separate DC excitation required 

 Excellent protection against overloads and short circuits 
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2.6. LOADS 

2.6.1. Consumer Loads 

Consumer loads used in a micro-hydropower system are typically small household appliances 

and electrical devices such as [14]: microwave ovens, toasters, fans, lights, radios, mobile 

phone chargers, televisions, laptops etc. 

2.6.2. Ballast Load 

A ballast load (also known as a dump load) is used to absorb any surplus energy that is not 

required or used by the consumers, so that, the total output power of the SEIG remains constant 

[15].  The surplus energy can be used for example to charge battery banks or for air/water 

heating purposes.  The size of the ballast load is typically equal to or slightly greater than the 

rated output value of the generator [16]. 

2.6.3. Storage 

A storage typically consists of a battery bank and is used to store any surplus energy that is not 

required or used by the consumer.  When the demand for electricity increases beyond what the 

micro-hydropower system is generating, the battery bank is used to supply “extra” energy to 

keep the consumer loads running. 
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2.7. ELECTRONIC LOAD CONTROLLER 

An Electronic Load Controller (ELC) is a device used to ensure that the generator output power 

remains constant under varying consumer loads.  This is accomplished by diverting any surplus 

power to a ballast load or storage [17 - 18].  Equation 2.3 and figure 2.3 shows the following: 

PG = PC + PB 

Where, 

PG  =  Generated Power (W)  

PC  =  Consumer Load Power (W) 

PB  =  Ballast Load Power (W) 

 

Figure 2.3: ELC principle of operation 

The most commonly used methods to design an ELC are the following: 

 Binary-Weighted Load Regulation 

 Phase Angle Regulation 

 Mark-Space Ratio Regulation 

 Controlled Bridge Rectifier Regulation 

 Uncontrolled Rectifier with a Chopper Regulation 
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2.7.1. Binary-Weighted Load Regulation 

In a binary-weighted load regulation the ballast load comprises of multiple resistive loads.  

Each resistive load is twice the size of the previous resistive load.  In order to keep the power 

output constant, a combination of resistive loads is either switched on or off (binary) according 

to changes in the consumer load [13].  The switching operation of resistive loads occur only 

during the transient period.  Solid-state relays which include a zero-voltage switching circuit 

are used for the switching operation to reduce harmonic distortion [16].  During steady-state, 

no harmonic distortion is produced.  The binary-weighted load regulation is very complex and 

expensive as it requires several resistive loads, each with its own connections, wires and solid-

state relays [13]. 

 

Figure 2.4: Binary-weighted load regulation 
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2.7.2. Phase Angle Regulation 

A phase angle regulation comprises of a single resistive ballast load of magnitude equal to or 

slightly greater than the rated output value of the generator.  Any change in the consumer load 

will result in the adjustment of the firing angle (α) of the switching device (thyristor or triac) 

and therefor current flowing through the ballast load is varied, thus maintaining a constant 

power output [16].  The delay in the firing angle (α) results in the demand for reactive power 

loading and produces harmonics, which can cause overheating in the generator windings [16], 

[18].  The phase angle regulation is generally used for synchronous generators and not for 

induction generators.  When using an induction generator, the ballast load current can lag 

behind the voltage, effectively resulting in a variable lagging power factor [13].  

 

Figure 2.5: Phase angle regulation 
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2.7.3. Mark-Space Ratio Regulation 

The Mark-Space ratio regulation comprises of only a single ballast load.  The ballast load is 

connected across an uncontrolled bridge rectifier that converts AC voltage produced by the 

generator to DC voltage.  A transistor is used to switch the ballast load on and off with variable 

duty cycle.  Any change in the consumer load will result in the varying of the on and off times 

(duty cycle) of the PWM output in order to achieve a constant power output.  The duty cycle 

can be varied from 0% to 100%.  The Mark-Space ratio regulation is often favoured due to its 

good voltage and frequency regulation [13, 19]. 

 

Figure 2.6: Single-phase Mark-Space ratio regulation 

 

Figure 2.7: Three-phase Mark-Space ratio regulation 
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Figure 2.8: Mark-Space ratio regulation waveform 
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2.7.4. Controlled Bridge Rectifier Regulation 

A controlled bridge rectifier regulation comprises of only a single ballast load.  The ballast load 

is connected across a controlled bridge rectifier consisting of controllable thyristors that 

converts AC voltage produced by the generator to DC voltage.  The thyristors are also used as 

control elements.  Any change in the consumer load will result in the adjustment of the firing 

angle (α) of the thyristor and therefor current flowing through the ballast load is varied, thus 

maintaining a constant power output.  The controlled bridge rectifier regulation is very 

complex, demands reactive power and inject harmonics onto the system [18]. 

 

Figure 2.9: Single-phase controlled bridge rectifier regulation 

 

Figure 2.10: Three-phase controlled bridge rectifier regulation 
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2.7.5. Uncontrolled Bridge Rectifier with a Chopper Regulation 

An uncontrolled bridge rectifier with a chopper regulation comprises of only a single ballast 

load.  The ballast load is connected across an uncontrolled bridge rectifier that converts AC 

voltage produced by the generator to DC voltage.  An IGBT/MOSFET is used as a chopper 

(self-commutating switching device) to switch the ballast load on and off with variable duty 

cycle.  Any change in the consumer load will result in the varying of the on and off times (duty 

cycle) of the PWM output in order to achieve a constant power output.  The duty cycle can be 

varied from 0% to 100%.  The uncontrolled bridge rectifier with a chopper regulation is often 

favoured due to its good voltage and frequency regulation as well as a very cost-effective 

control method [18, 20]. 

 

Figure 2.11: Single-phase uncontrolled bridge rectifier with a chopper regulation 

 

Figure 2.12: Three-phase uncontrolled bridge rectifier with a chopper regulation 
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2.8. FUZZY LOGIC CONTROL 

In crisp logic, variables can only have true (1) values or false (0) values, no values in between.  

In fuzzy logic, variables can have values ranging between true (1) values and false values (0) 

[19].   An example of the difference between crisp logic and fuzzy logic is shown in table 2.1: 

Table 2.1: Crisp logic vs Fuzzy logic 

Crisp Logic Fuzzy Logic 

Cold Cold 

Hot Cool 
 

Mild 
 

Warm 
 

Hot 

 

Control systems use fuzzy logic due to the following reasons: 

 Development is cheaper 

 Cover a large selection of operating conditions 

 Fast response times with virtually no overshoot 

 Flexible in design and implementation 

A block diagram of a typical fuzzy logic control system is shown in figure 2.13: 

 

Figure 2.13: Fuzzy logic system  
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Each of the major components of the fuzzy logic controller, as shown in figure 2.13, are 

described in the subsequent sections. 

2.8.1. Fuzzification Interface 

The fuzzification interface is the process of converting crisp input values into fuzzy input 

values.  Each crisp input value is assigned to its own group of membership functions.  This 

group of membership functions exists within a universe of discourse that holds all relevant 

values that the crisp input can possess [21].  Figure 2.14 shows an example of a membership 

function curve: 

 

Figure 2.14: Membership function example [21] 

 Crisp Input Values: Measurable variables such as voltage or temperature. 

 

 Domain: Range/width over which a membership function is mapped. 

 

 Degree of Membership: Expression of how true a membership function is between zero 

and one. 

 

 Labels: Descriptive words used to identify different membership functions. 
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 Membership Function: A curve that defines how each point in the universe of discourse 

are assigned to a degree of membership.  The most common shapes of a membership 

function are shown in figure 2.15:  

 

Figure 2.15: Membership function shapes 

 Universe of Discourse: Range of all possible values that the crisp input can have. 
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2.8.2. Rule Base 

The rule base consists of a collection of control rules that form the basis to obtain the fuzzy 

output values.  The rules are expressed in “IF-THEN” format.  An example of a simple fuzzy 

rule is expressed as [19]: 

IF x is A, THEN y is B 

Where x and y are defined as the input and output variables of a system, A and B are linguistic 

values defined by fuzzy sets on the universes of discourse.  The IF-part (x is A) is called the 

“antecedent” and the THEN-part (y is B) is called the “consequent”.   

A fuzzy rule can also have multiple antecedents and consequents: 

 Antecedents can be joined by logical operators such as AND or OR. 

 Consequents can be joined by the logical operator AND. 

All the rules get evaluated in order to control and obtain a fuzzy output value. 
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2.8.3. Inference Engine 

The inference engine is the process of mapping input data to an output space via the rule base.  

There are primarily two types of inference engine methods used [22]: 

 Mamdani fuzzy inference method 

 Takagi-Sugeno-Kang fuzzy inference method 

The operating procedure of the two fuzzy inference methods are very similar.  The main 

difference between the two methods are the way in which the crisp output values are generated 

from the fuzzy input values.  The Mamdani fuzzy inference method generates crisp output 

values by using different defuzzification methods.  The output membership functions of this 

method are expected to be fuzzy sets.  The Takagi-Sugeno-Kang fuzzy inference method 

differs in that it uses a weighted method for generating crisp output values.  The output 

membership functions of this method are either linear or constant [19]. 
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2.8.4. Defuzzification Interface 

The defuzzification interface is the process of converting fuzzy output values into crisp output 

values.  The following methods are commonly used for defuzzification [19]: 

 Max-membership method: This method generates crisp output values by choosing the 

point at which membership functions reach their maximum values.  The max-membership 

method is given by equation 2.4: 

µC̰
(z*) ≥ µC̰

(z)          for all z ∈ Z 

Where, 

µC̰ =  Membership Function 

z*  =  Defuzzified Value 

z  =  Element 

Z = Universe of Discourse 

 

Figure 2.16: Max-membership method 
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 Centroid method: This method generates a crisp output value based on the centroid of a 

fuzzy set.  For a discrete membership function, the centroid method is given by equation 

2.5: 

z*=
∑ µC̰

(z).z

∑ µC̰
(z)

 

Where, 

z*  =  Defuzzified Value 

∑   =  Algebraic Sum  

µC̰ =  Membership Function 

z  =  Element 

For a continuous membership function, the centroid method is given by equation 2.6: 

z*=
∫ µC̰

(z).zdz

∫ µC̰
(z)dz

 

Where, 

z*  =  Defuzzified Value 

∫    =  Algebraic Integration 

µC̰ =  Membership Function 

z  =  Element 
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Figure 2.17: Centroid method 
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 Weighted average method: Each membership function in this method is weighted by its 

corresponding maximum membership function value and is only valid for symmetrical 

output membership functions.  The weighted average method is given by equation 2.7: 

z*=
∑ µC̰

(z̄).z̄

∑ µC̰
(z̄)

     

Where, 

z*  =  Defuzzified Value 

∑   =  Algebraic Sum  

µC̰ =  Membership Function 

z̄  =  Centroid of Each Symmetric Membership Function 

 

Figure 2.18: Weighted average method 
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 Mean-max membership method: This method generates crisp output values by choosing 

the point at which membership functions reach their maximum values.  The mean value of 

the maxima is taken in cases where more than one of the membership functions have 

maximum membership values.  The mean-max membership method is given by equation 

2.8: 

z*=
a + b

2
     

Where, 

z*  =  Defuzzified Value 

a  =  Maximum Value 1 

b  =  Maximum Value 2 

 

Figure 2.19: Mean-max membership method 
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 Centre of sums method: This method generates crisp output values by adding the 

intersecting area of membership functions twice.  The centre of sums method is given by 

equation 2.9: 

z*=
∑ µC̰k

(z) ∫ z̄
 

z
dzn

k=1

∑ µC̰k
(z) ∫ dz

 

z
n
k=1

 

Where, 

z*  =  Defuzzified Value 

∑   =  Algebraic Sum  

k  =  Fuzzy Set Number 

n  =  Number of Fuzzy Sets 

µC̰k
 =  Membership Function for the k-th Fuzzy Set 

∫    =  Algebraic Integration 

z̄  =  Distance to the Centroid of Each of the Membership Functions 

 

Figure 2.20: Centre of sums method 
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 Centre of largest area method: The output fuzzy set of this method requires at least two 

convex subregions.  The centre of gravity of the subregion with the largest area is used to 

generate crisp output values.  The centre of largest area method is given by equation 2.10: 

z*=
∫ µC̰m

(z).zdz

∫ µC̰m
(z)dz

 

Where, 

z*  =  Defuzzified Value 

∫    =  Algebraic Integration 

µC̰m
  =  Membership Function for the Convex Subregion that has the Largest 

            Area Making Up C̰k 

z  =  Element 

 

Figure 2.21: Centre of largest area method 
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 First of maxima method: This method determines the smallest value of the domain with 

maximum membership value.  The largest height in the union is determined first before the 

first of maxima can be determined by using equation 2.11: 

hgt(C̰k) = sup µC̰k
(z)

 
 

Where, 

      hgt(C̰k) =  Largest Height in the Union 

sup  =  Supremum (Least Upper Bound) 

µC̰k
  =  Membership Function for the k-th Fuzzy Set 

The first of maxima method is given by equation 2.12: 

z*= inf ቄz ∈ ZቚµC̰k
(z) = hgt(C̰k)ቅ 

Where, 

z*  =  Defuzzified Value 

inf =  Infimum (Greatest lower bound) 

z  =  Element 

Z  =  Universe of Discourse 

µC̰k
 =  Membership Function for the k-th Fuzzy Set  

      hgt(C̰k) =  Largest Height in the Union 
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Figure 2.22: First of maxima method 
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 Last of maxima method: This method determines the largest value of the domain with 

maximum membership value.  The largest height in the union is determined first before the 

last of maxima can be determined by using equation 2.13: 

hgt(C̰k) = sup µC̰k
(z)

 
 

Where, 

      hgt(C̰k) =  Largest Height in the Union 

sup  =  Supremum (Least Upper Bound) 

µC̰k
  =  Membership Function for the k-th Fuzzy Set 

The last of maxima method is given by equation 2.14: 

z*= sup ቄz ∈ ZቚµC̰k
(z) = hgt(C̰k)ቅ 

Where, 

z*  =  Defuzzified Value 

sup =  Supremum (Least Upper Bound)  

z  =  Element 

Z  =  Universe of Discourse 

µC̰k
 =  Membership Function for the k-th Fuzzy Set 

      hgt(C̰k) =  Largest Height in the Union 
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Figure 2.23: Last of maxima method 
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CHAPTER 3 

SELF-EXCITED INDUCTION GENERATOR 

3.1. INTRODUCTION 

This chapter presents the design and development of both the simulation model and 

experimental configuration of a self-excited induction generator. 

3.2. INDUCTION MACHINE TESTS 

The following tests need to be performed on the induction machine in order to determine the 

parameters as well as the performance thereof [23]: 

 DC test 

 No-load test 

 Blocked rotor test 

These parameters and performance data assist with the design of the configuration of the 

induction machine as a self-excited induction generator. The induction machine nameplate 

parameters are listed in table 3.1: 

Table 3.1: Experimental induction machine nameplate parameters 

3-Phase Induction Machine 

  Υ Δ 

Phase 3 3 

Frequency (Hz) 50 50 

Voltage (V) 400 230 

Current (A) 1.45 2.5 

Power (W) 550 550 

Speed (RPM) 1395 1395 

Power Factor 0.82 0.82 
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3.2.1. DC Test 

The purpose of the DC test is to determine the stator resistance (RS).  To perform the DC test, 

a variable DC power supply is connected to the induction machine.  The current flowing in the 

stator winding is adjusted to the rated value and the voltage between the terminals are 

measured.  The results of the DC test are listed in table 3.2: 

Table 3.2: Experimental DC test results 

Parameter Value 

VDC 35 V 

IDC 2.5 A 

 

The stator resistance (RS) is calculated as follow: 

RS = 
3VDC

2VDC
 

   RS = 
(3)(25)

(2)(25)
 

 RS = 21 Ω   

Where, 

RS  =  Stator Resistance (Ω) 

VDC  =  DC Voltage (V) 

IDC  =  DC Current (A) 
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3.2.2. No-Load Test 

The purpose of the no-load test is to determine the magnetizing reactance (Xm), iron loss (PIron) 

and stator core resistance (RIron).  To perform the no-load test, the rated voltage is applied to 

the induction machine without any load connected.  The results of the no-load test are listed in 

table 3.3: 

Table 3.3: Experimental no-load test results 

Parameter Value 

VPhase 230 V 

IPhase 1.366 A 

Pin 204 W 

PF 0.217 

 

The magnetizing reactance (Xm) is calculated as follow: 

Xm = 
VPhaseඥ1 - PF2

IPhase
 - X1 

                Xm = 
(230)(ට1 - (0.2172)

1.366
 - 10.949  

Xm = 154.009 Ω                    

Where, 

Xm  =  Magnetizing Reactance (Ω) 

VPhase  =  Phase Voltage (V) 

PF  =  Power Factor 

IPhase =  Phase Current (A) 

X1           =  Stator Reactance (Ω) 
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The iron loss (PIron) is calculated as follow: 

PIron = Pin - 3RSIPhase
2 

          PIron = 204 - (3)(21)(1.366)2 

PIron = 86.376 W            

Where, 

PIron  =  Iron Losses (W) 

Pin  =  Input Power (W) 

RS  =  Stator Resistance (Ω) 

IPhase =  Phase Current (A) 

The stator core resistance (RIron) is calculated as follow: 

RIron = 
PIron

3IPhase
2 

      RIron = 
86.376

(3)(1.366)2 

  RIron = 15.421 Ω 

Where, 

RIron  =  Stator Core Resistance (Ω) 

PIron  =  Iron Losses (W) 

IPhase =  Phase Current (A) 
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3.2.3. Blocked Rotor Test 

The purpose of the blocked rotor test is to determine the rotor resistance (RR) and the stator 

and rotor reactance (X1 & X2).  To perform the blocked rotor test, the rotor of the induction 

machine is blocked so that it’s unable to rotate when the rated current is applied.  The results 

of the blocked rotor test are listed in table 3.4: 

Table 3.4: Experimental blocked rotor test results 

Parameter Value 

VPhase 57.8 V 

IPhase 1.428 A 

Pin 208 W 

PF 0.842 

 

The rotor resistance (RR) is calculated as follow: 

ZBlock = 
VPhase

IPhase
 

ZBlock = 
57.8

1.428
  

     ZBlock = 40.477 Ω 

Where, 

  ZBlock  =  Impedance (Ω) 

VPhase  =  Phase Voltage (V) 

IPhase =  Phase Current (A) 
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cos θ  = 
Pin

3VPhaseIPhase

 

      cos θ  = 
208

(3)(57.7)(1.428)
 

cos θ  = 0.841               

Where, 

cos θ  =  Power Factor 

Pin  =  Input Power (W) 

VPhase  =  Phase Voltage (V) 

IPhase  =  Phase Current (A) 

RS + RR =  (ZBlock)cos θ 

      21 + RR = (40.477) (0.841) 

 RR = 13.04 Ω 

Where, 

RS  =  Stator Resistance (Ω) 

RR  =  Rotor Resistance (Ω)  

ZBlock  =  Impedance (Ω) 

cos θ  =  Power Factor 
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The stator and rotor reactance (X1 & X2) are calculated as follow: 

ZBlock = 
VPhase

IPhase
 

          ZBlock = 
57.8

1.2 - j0.773
 

                        ZBlock = 34.040 + j21.899 Ω 

Where, 

ZBlock  =  Impedance (Ω) 

VPhase  =  Phase Voltage (V) 

IPhase =  Phase Current (A) 

j =  Imaginary Number 

X1 = X2 = 
Rj

2
 

        X1 = X2 = 
21.899

2
 

            X1 = X2 = 10.949 Ω 

Where, 

X1 =  Stator Reactance (Ω) 

X2 =  Rotor Reactance (Ω) 

Rj =  Resistance 
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3.3. EXCITATION CAPACITORS 

Excitation capacitors are used by the induction generator to generate the rated voltage under a 

specific load.  The calculations for the required excitation capacitance for this system is shown 

below [13]: 

QPhase = 
QTotal

3
 

QPhase = 
924

3
     

      QPhase = 308 VAR 

Where, 

QPhase =  Reactive Power per Phase (VAR) 

QTotal =  Total Reactive Power (VAR) - Obtained value from laboratory tests 

IPhase = 
QPhase

VPhase
 

IPhase = 
308

230
      

  IPhase = 1.333 A 

Where, 

IPhase =  Phase Current (A) 

QPhase =  Reactive Power per Phase (VAR) 

VPhase  =  Phase Voltage (V) 
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C1 = 
IPhase

2πfVPhase
 

        C1 = 
1.333

(2π)(50)(230)
 

C1 = 18.38 μF  

Where, 

C1 =  Capacitor 1 (μF) 

IPhase =  Phase Current (A) 

f =  Frequency (Hz) 

VPhase  =  Phase Voltage (V) 

C2 = 2C1 

           C2 = (2)(18.38) 

         C2 = 36.77 μF 

Where, 

C2 =  Capacitor 2 (μF) 

C1 =  Capacitor 1 (μF) 
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3.4. SEIG CONNECTION 

A three-phase induction generator is connected in delta together with two capacitors in the C-

2C configuration to supply single-phase loads as shown in figure 3.1.  It is very important to 

connect capacitor C2 across phases b and c in order for the induction generator to run as a 

balanced system.  By converting from a three-phase output to a single-phase output the 

induction generator will produce approximately 80% of its rating [24]. 

 

Figure 3.1: SEIG connection 
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3.5. SEIG SIMULATION MODEL 

A SEIG simulation model as shown in figure 3.2 was developed using MATLAB/SIMULINK.  

The simulation model parameters of the SEIG are derived from the no-load and blocked rotor 

tests.  This model was specifically developed to simulate and observe the voltage build-up of 

the induction generator at asynchronous speed. 

 

Figure 3.2: SEIG simulation model 
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The voltage build-up of the induction generator is shown in figure 3.3.  A steady state voltage 

of 230 V is reached within 4 seconds. 

 

Figure 3.3: SEIG simulation voltage build-up 
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3.6. SEIG EXPERIMENTAL MODEL 

The experimental setup is shown in figure 3.4 where the self-excited induction generator is 

driven by a prime mover.  A variable speed drive (VSD) is used to control the speed of the 

prime mover.  The experimental model is used to validate the results obtained from the 

simulation model. 

 

Figure 3.4: SEIG experimental model 

The prime mover nameplate parameters are listed in table 3.5: 

Table 3.5: Experimental prime mover nameplate parameters 

3-Phase Induction Motor 

  Υ Δ 

Phase 3 3 

Frequency (Hz) 50 50 

Voltage (V) 400 230 

Current (A) 2.66 4.63 

Power (W) 1100 1100 

Speed (RPM) 1420 1420 

Power Factor 0.79 0.79 
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The voltage build-up of the induction generator is shown in figure 3.5.  A steady state voltage 

of 230 V is reached within 4 seconds. 

 

Figure 3.5: SEIG experimental voltage build-up 
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CHAPTER 4 

DESIGN OF ELECTRONIC LOAD CONTROLLER 

4.1. INTRODUCTION 

This chapter presents the design and development of both the hardware-in-the-loop simulation 

model and experimental configuration of an Intelligent Electronic Load Controller using a 

fuzzy logic control method. 

4.2. ELECTRONIC LOAD CONTROLLER COMPONENTS 

The designed Electronic Load Controller consist of the following components as shown in 

figure 4.1: 

 

Figure 4.1: Electronic Load Controller 



52 
 

4.2.1. Voltage Sensor 

The voltage sensor is connected to an Arduino microcontroller used to sense the terminal 

voltage produced by the self-excited induction generator and consist of the following 

components as shown in figure 4.2: 

 

Figure 4.2: Voltage sensor 

 Step-Down Transformer: A step-down transformer with a ratio of 92:5 is used to convert 

the 230 V AC produced by the SEIG to 12.5 V AC.   

 Full Wave Bridge Rectifier: A full wave bridge rectifier is used to rectify the 12.5 V AC 

produced by the step-down transformer to 12.5 V DC.  

 Filtering Capacitor: A 1000 μF 25 V electrolytic filtering capacitor is connected across 

the full wave bridge rectifier to filter out ripples that the output voltage contains in order to 

supply an almost constant DC voltage. 
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 Voltage Divider: A voltage divider consisting of two resistors R1 and R2 are connected in 

series across the output of the 12.5 V DC supply voltage.  The 12.5 V DC supply voltage 

is divided between the two resistances to give a 5 V DC output across R2, which is fed to 

the analog input of the Arduino microcontroller.  Equation 4.1 is used for the voltage 

divider circuit: 

VO = 
VSR2

(R1+R2)
 

Where, 

VO  =  Output Voltage (V) 

VS  =  Supply Voltage (V) 

R1  =  Resistor 1 (Ω) 

R2  =  Resistor 2 (Ω) 

 Zener Diode: A 5.1 V Zener diode (see Appendix A.1.) is connected after the voltage 

divider circuit in order to provide additional protection against overvoltage for the Arduino 

input pins. 
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4.2.2. Current Sensor 

The current sensor (see Appendix A.2.) is connected to a second Arduino microcontroller used 

to sense the current of the system.  The reason for using an additional Arduino microcontroller 

for measuring purposes is that the first Arduino microcontroller consumes a lot of memory for 

the measurement and control of the system.  A Hall-Effect current sensor is used to measure 

the current of the system.  A 5.1 V Zener diode (see Appendix A.1.) is connected to provide 

additional protection for the Arduino input pins.  The Arduino microcontroller can only handle 

voltage inputs (0 V – 5 V).  Due to this reason, the current being measured must be converted 

to a voltage, this is accomplished by adding in a burden resistor.  A voltage divider is added to 

the current sensor circuit in order to measure negative voltage, as the Arduino microcontroller 

is unable to measure negative voltage directly.  Both resistors are equal to each other in order 

to divide the 5 V from the Arduino microcontroller by 2.  The Arduino microcontroller will 

sense the following: 

 0 V as the maximum negative AC voltage for maximum negative AC current 

 2.5 V as zero AC voltage for zero AC current 

 5 V as the maximum positive AC voltage for maximum AC current 

 

Figure 4.3: Current sensor 
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4.2.3. Arduino Microcontroller 

An Arduino Mega 2560 microcontroller (see Appendix A.3.) is used to provide control to the 

system.  The Arduino Mega 2560 microcontroller consist of the following important technical 

specifications [25]: 

 Microcontroller     ATmega2560  

 Operating Voltage    5 V  

 Input Voltage (recommended)   7 – 12 V Input  

 Voltage (limits)     6 – 20 V  

 Digital I/O Pins     54 (of which 14 provide PWM output) 

 Analog Input Pins    16  

 DC Current per I/O Pin    40 mA  

 DC Current for 3.3V Pin    50 mA  

 Flash Memory     256 KB of which 8 KB is used by bootloader  

 SRAM      8 KB  

 EEPROM      4 KB  

 Clock Speed     16 MHz 

The Arduino microcontroller used for this system is shown in figure 4.4: 

 

Figure 4.4: Arduino mega 2560 microcontroller [25] 
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4.2.4. Programming of Arduino Microcontroller – Voltage 

MATLAB/SIMULINK was used to program the 1st Arduino microcontroller.  The voltage of 

the system is fed to analog input pin 0 of the Arduino microcontroller.  The analog values are 

converted into digital values by the Arduino microcontroller.  The Arduino microcontroller 

generates a 10-bit value, ranging from 0 – 1023 for the analog inputs.  This means that when 

the Arduino microcontroller senses 1023, the analog inputs equal 100% of the measured 

voltage.  When the Arduino microcontroller senses 511.5, the analog inputs equal 50% of the 

measured voltage.  When the Arduino microcontroller senses 0, the analog inputs equal 0% of 

the measured voltage.  A gain function is used to scale down the 0 – 1023 values of the voltage 

input, in order to display the correct values being measured.  The 1st gain function (Gain) is as 

follow: 0 – 1023 is scaled to 0 – 240 V.  The actual measured voltage value is then compared 

with the reference voltage of 220 V.  An error signal and change in error signal is generated 

after the comparison.  These 2 signals are then multiplexed and fed to the fuzzy logic controller 

block.  The fuzzy logic controller block generates an appropriate PWM output signal that is 

sent to the PWM output pin 8 of the Arduino microcontroller.  A gain function is used to scale 

up the 0 – 1 values produced by the fuzzy logic controller block.  The 2nd gain function (Gain1) 

is as follow: 0 – 1 is scaled to 0 – 255.  The Arduino microcontroller generates an 8-bit value, 

ranging from 0 – 255 for the PWM output.  This means that when the Arduino microcontroller 

generates a PWM output of 255, the PWM signal has a 100% duty cycle.  When the Arduino 

microcontroller generates a PWM output of 127.5, the PWM signal has a 50% duty cycle.  

When the Arduino microcontroller generates a PWM output of 0, the PWM signal has a 0% 

duty cycle.  The voltage programming model is shown in figure 4.5: 
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Figure 4.5: Arduino microcontroller programming model – Voltage 
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4.2.5. Programming of Arduino Microcontroller – Current 

MATLAB/SIMULINK was used to program the 2nd Arduino microcontroller.  The current of 

the system is fed to analog input pin 0 of the arduino microcontroller.  The analog values are 

converted into digital values by the Arduino microcontroller.  The Arduino microcontroller 

generates a 10-bit value, ranging from 0 – 1023 for the analog inputs.  This means that when 

the Arduino microcontroller senses 1023, the analog inputs equal 100% of the measured 

current.  When the Arduino microcontroller senses 511.5, the analog inputs equal 50% of the 

measured current.  When the Arduino microcontroller senses 0, the analog inputs equal 0% of 

the measured current.  A gain function is used to scale down the 0 – 1023 values of the current 

inputs, in order to display the correct values being measured.  The gain function (Gain) is as 

follow: 0 – 1023 is scaled to 0 – 5 A.  The current programming model is shown in figure 4.6: 

 

Figure 4.6: Arduino microcontroller programming model – Current 
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4.2.6. Optocoupler 

A TLP250 optocoupler (see Appendix A.4.) is used as a gate driving circuit of the IGBT.  An 

optocoupler is an electronic component that uses light to transfer electrical signals between two 

isolated circuits.  The optocoupler consist of an input stage, an output stage and a power supply 

connection.  The input stage consists of an infrared LED that is triggered by the Arduino 

microcontroller.  The intensity of the infrared light being emitted is proportional to the PWM 

signal produced by the Arduino microcontroller.  The output stage consists of a phototransistor.  

As soon as the LED starts to emit infrared light, a phototransistor switches on and produce the 

same voltage applied to its collector pin by the power supply.  A ceramic capacitor (0.1 μF) 

must be connected across the power supply to stabilize the operation of the high gain linear 

amplifier.  The ceramic capacitor must also be placed as close as possible to the optocoupler 

[26].  The ground of the input stage and the output stage must be different for isolation 

purposes.  

 

Figure 4.7: Optocoupler circuit 
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4.2.7. Insulated Gate Bipolar Transistor 

An Insulated Gate Bipolar Transistor (IGBT) (see Appendix A.5.) is used as the chopper switch 

(switching device) of the system.  The IGBT will switch the supply voltage (uncontrolled 

bridge rectifier) on and off according to the duty cycle of the PWM signal that the Arduino 

microcontroller generates. 

4.2.8. Uncontrolled Bridge Rectifier 

An uncontrolled bridge rectifier is used to rectify the 230 V AC produced by SEIG to 230 V 

DC.  

4.2.9. Filtering Capacitor 

A 330 μF 250 V electrolytic filtering capacitor (see equation 4.10) is connected across the 

uncontrolled bridge rectifier to filter out ripples that the output voltage contains in order to 

supply an almost constant DC voltage. 

4.2.10.   Ballast Load 

A purely resistive ballast load is connected to the system to dump surplus power that is not 

required or used.  By using a purely resistive ballast load, enables the self-excited induction 

generator to operate at a unity power factor.  
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4.3. FUZZY LOGIC DESIGN 

A fuzzy logic system is designed using the MATLAB Fuzzy Logic Toolbox.  A fuzzy logic 

system consists of the following four main parts used in the design procedure: 

 Fuzzification 

 Rule base 

 Inference Engine 

 Defuzzification 

 

Figure 4.8: Fuzzy logic system 
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4.3.1. Fuzzification Design 

This fuzzy logic system consists of two inputs.  The 1st input is error (ek), which is the 

difference between the voltage set point (VSP) and the actual voltage measured (VMS), the 2nd 

input is change in error (Δek), which is the difference between the current voltage error (ek) 

and the previous voltage error (ek-1).  The following equations describes the two inputs: 

ek = VSP - VMS 

Δek = ek - ek-1         

Both inputs consist of nine triangular membership functions as shown in figure 4.9 and figure 

4.10.  A triangular membership function is a collection of 3 points forming a triangle using 

straight lines.  Triangular membership functions are often used due to its simplicity, accuracy 

and efficiency.   

For the two inputs these triangular membership functions are: 

 Negative Big (NB) 

 Negative Medium (NM) 

 Negative Small (NS) 

 Negative Very Small (NVS) 

 Zero (Z) 

 Positive Very Small (PVS) 

 Positive Small (PS) 

 Positive Medium (PM) 

 Positive Big (PB) 

The input range of the fuzzy logic system is between -20 and 20. 
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Figure 4.9: Error membership functions 

 

Figure 4.10: Change of error membership functions 
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4.3.2. Rule Base Design 

The rule base for a fuzzy logic system is built upon IF-THEN statements.  An example of these 

conditional statements used for control is if the error (ek) is negative big (NB) and the change 

in error (Δek) is negative big (NB), then the controller should send a positive big (PB) output 

signal to bring the voltage of the system to the set point.  If the error (ek) is negative small (NS) 

and the change in error (Δek) is negative medium (NM), then the controller should send a 

positive medium (PM) output signal to bring the voltage of the system to the set point.  If the 

error (ek) is positive big (PB) and the change in error (Δek) is positive big (PB), then the 

controller should send a negative big (NB) output signal to bring the voltage of the system to 

the set point. 

 

Figure 4.11: Fuzzy rule editor 
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The rule base design for the fuzzy logic system contains 81 fuzzy rules, as shown in table 4.1: 

Table 4.1: Rule base design for fuzzy logic system 

 

 

 

 

 

 

 

 

 

 

 

4.3.3. Inference Engine 

The Takagi-Sugeno-Kang inference system develops a systematic approach in order to 

generate fuzzy rules from the input-output data sets.  This inference system is used in the design 

due to its computational efficiency, flexibility in design and improvement in response to fast-

changing variables [27]. 

 

 

 

 



66 
 

4.3.4. Defuzzification Design 

The defuzzification method used to obtain crisp output values from the inference engine is the 

weighted average method.  The weighted average method is chosen due to its computational 

efficiency.  This fuzzy logic system consists of one output.  The output (O) produces pulse 

width modulation (PWM) signals used for system control.  The output consists of nine 

singleton membership functions as shown in figure 4.12.  For the one output these membership 

functions are: 

 Negative Big (NB) 

 Negative Medium (NM) 

 Negative Small (NS) 

 Negative Very Small (NVS) 

 Zero (Z) 

 Positive Very Small (PVS) 

 Positive Small (PS) 

 Positive Medium (PM) 

 Positive Big (PB) 

The output range of the fuzzy logic system is between 0 and 255. 
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Figure 4.12: Output membership functions 
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4.4. FUZZY LOGIC CONTROL SURFACE  

The control surface of the fuzzy logic system gives the two input membership functions and 

the output membership functions guided by the 81 fuzzy rules.  The behaviour of the control 

surface matches the rule base design.  The control surface of the fuzzy logic system is shown 

in figure 4.13: 

  

Figure 4.13: Control surface of the fuzzy logic system 
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4.5. ELECTRONIC LOAD CONTROLLER CALCULATIONS 

The following calculations were performed to design the components of the Electronic Load 

Controller [18]: 

4.5.1. Power Calculation 

The power produced by the generator is kept constant by increasing the ballast load power to 

compensate for any drop in the consumer power. 

PG = PB + PC 

Where, 

PG  =  Generated Power (W) 

PB  =  Ballast Load Power (W) 

PC  =  Consumer Load Power (W) 

4.5.2. Uncontrolled Rectifier and Chopper Switch Voltage Rating 

The voltage rating of the uncontrolled bridge rectifier and chopper switch (IGBT) will be the 

same.  The DC output voltage is calculated as: 

VDC = 
2√2VL

π
 

           VDC = 
(2)(√2)(230)

π
 

    VDC = 207.07 V 

Where, 

VDC  =  DC Voltage (V) 

VL  =  AC Input Voltage (V) 
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An overvoltage of 10% of the rated voltage is considered for the transient state and is calculated 

as: 

VDC(10%) = √2(VL + (10% of VL)) 

   VDC(10%) = √2(230 + (10% of 230)) 

VDC(10%) = 367.80 V                           

Where, 

          VDC(10%) =  10% DC Overvoltage (V) 

VL  =  AC Input Voltage (V) 

4.5.3. Uncontrolled Rectifier and Chopper Switch Current Rating 

The current rating of the uncontrolled bridge rectifier and chopper switch (IGBT) is calculated 

as: 

IAC = 
P

VL
 

  IAC = 
550

230
 

       IAC = 2.39 A 

Where, 

IAC  =  AC Current (A) 

P  =  Power from SEIG (W) 

VL  =  AC Input Voltage (V) 
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IPeak = 
2IAC

0.9
 

        IPeak = 
(2)(2.39)

0.9
 

   IPeak = 5.31 A 

Where, 

IPeak  =  AC Peak Current (A) 

IAC  =  AC Current (A) 

4.5.4. Ballast Load Resistance Calculation 

The rating of the ballast load resistance is calculated as: 

RB = 
VDC

2

P
 

    RB = 
207.072

550
 

    RB = 77.90 Ω 

Where, 

RB  =  Ballast Load Resistance (Ω) 

VDC  =  DC Voltage (V) 

P  =  Power from SEIG (W) 
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4.5.5. DC Filter Capacitor Calculation 

The DC filter capacitor is calculated as: 

C = (
1

4fRB
)(1 + 

1

√2RF

) 

                       C = (
1

(4)(50)(77.90)
)(1 + 

1

(√2)(0.2)
) 

C = 291.09 μF                  

Where, 

C  =  Filter Capacitor (μF) 

f  =  Frequency (Hz) 

RB  =  Ballast Load Resistance (Ω) 

RF  =  Ripple Factor (20%) 

The nearest commercially available value of 330 μF is selected for the filtering capacitor. 
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4.6. OPERATING PRINCIPLE OF ELC 

A voltage sensor is used to sense the output voltage of the self-excited induction generator.  An 

Arduino microcontroller is used to compare the sensed voltage with the reference voltage of 

220 V.  An error signal and change in error signal is generated after the comparison.  These 2 

signals are then multiplexed and fed to the fuzzy logic controller.  The fuzzy logic control 

method is used to process these signals and generate an appropriate output signal.  A PWM 

signal from the Arduino microcontroller is fed to the optocoupler and then to the IGBT.  When 

the gate pulse to the IGBT is high, the current flows through the ballast load and consumes the 

difference in power, resulting in a constant load on the self-excited induction generator. 

 

Figure 4.14: ELC operating principle flow chart 
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4.7. SIMULATION MODEL 

A self-excited induction generator model generates voltage at asynchronous speed.  Switch 1 

and 2 are only switched in once the self-excited induction generator has generated a steady 

state voltage of 230 V.  Various consumer loads were switched in and out in order to validate 

the operation and performance of the system.  A voltage sensor is used to sense the output 

voltage of the self-excited induction generator.  The sensed voltage is then compared with the 

reference voltage of 220 V.  An error signal and change in error signal is generated after the 

comparison.  These 2 signals are then multiplexed and fed to the fuzzy logic controller block.  

The fuzzy logic controller block generates an appropriate PWM output signal that is sent to the 

IGBT.  When the gate pulse to the IGBT is high, the current flows through the ballast load and 

consumes the difference in power, resulting in a constant load on the self-excited induction 

generator.  The current of the consumer load and ballast load is measured in order to calculate 

and monitor the power of these respective loads.  The simulation model is shown in figure 4.15: 
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Figure 4.15: Simulation model 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.1. INTRODUCTION 

This chapter presents the results from simulation and experimental testing conducted on the 

Intelligent Electronic Load Controller. 

5.2. HARDWARE-IN-THE-LOOP SIMULATION RESULTS 

A number of different simulation experiments have been carried out as given in table 5.1 in 

order to analyse and test the response of the Intelligent Electronic Load Controller to signal 

changes in real-time using the hardware-in-the-loop method.  Hardware-in-the-loop simulation 

is a type of real-time simulation.  In a hardware-in-the-loop simulation, a real-time computer 

is used as a virtual representation of a plant model (micro-hydropower model) and an actual 

version of the controller (Arduino microcontroller) to test and analyse the efficiency of the 

system in real-time. 

Table 5.1: Different signal experiments 

Different Signal Experiments 

Experiment No Signal 

1 210 V 

2 230 V 

3 240 V 

 

MATLAB/SIMULINK was used to program the 1st Arduino microcontroller and to perform 

the hardware-in-the-loop simulation.  A pre-determined voltage signal is fed to the Arduino 

microcontroller.  The voltage signal value is then compared with the reference voltage of 220 

V.  An error signal and change in error signal is generated after the comparison.  These 2 signals 

are then multiplexed and fed to the fuzzy logic controller block.  The fuzzy logic controller 

block generates an appropriate output signal that is multiplied with a gain function of 255 and 

then sent to the PWM output pin 8 of the Arduino microcontroller.  The hardware-in-the-loop 

simulation model is shown in figure 5.1: 
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Figure 5.1: Hardware-in-the-loop simulation model 



78 
 

5.2.1. Experiment 1: 210 V Input Signal 

The objective of experiment 1 was to send a 210 V signal to the Arduino microcontroller and 

observe how the ELC responds to the input signal.  The experiment was divided into two time-

periods as indicated on both figures.  In figure 5.2 (input voltage signal), time-period A 

illustrates a constant voltage of 220 V.  Time-period B illustrates a signal change at 5.60 

seconds from 220 V to 210 V.  The signal value of 210 V was reached at 5.65 seconds.  In 

figure 5.3 (control output response), time-period A illustrates a constant control output signal 

of 127.5.  Time-period B illustrates a change in the control output signal due to the change in 

the voltage.  At 5.65 seconds the control output signal changes from 127.5 to 63.75.  The control 

output signal value of 63.75 was reached at 5.70 seconds.  It was observed that Intelligent 

Electronic Load Controller responds efficiently to changes in the voltage of the system. 
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Figure 5.2: 210 V input signal 

Figure 5.3: Control output response to 210 V input signal 
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5.2.2. Experiment 2: 230 V Input Signal 

The objective of experiment 2 was to send a 230 V signal to the Arduino microcontroller and 

observe how the ELC responds to the input signal.  The experiment was divided into two time-

periods as indicated on both figures.  In figure 5.4 (input voltage signal), time-period A 

illustrates a constant voltage of 220 V.  Time-period B illustrates a signal change at 5.60 

seconds from 220 V to 230 V.  The signal value of 230 V was reached at 5.65 seconds.  In 

figure 5.5 (control output response), time-period A illustrates a constant control output signal 

of 127.5.  Time-period B illustrates a change in the control output signal due to the change in 

the voltage.  At 5.65 seconds the control output signal changes from 127.5 to 191.25.  The 

control output signal value of 191.25 was reached at 5.70 seconds.  It was observed that 

Intelligent Electronic Load Controller responds efficiently to changes in the voltage of the 

system. 
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Figure 5.4: 230 V input signal 

 

Figure 5.5: Control output response to 230 V input signal 
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5.2.3. Experiment 3: 240 V Input Signal 

The objective of experiment 3 was to send a 240 V signal to the Arduino microcontroller and 

observe how the ELC responds to the input signal.  The experiment was divided into two time-

periods as indicated on both figures.  In figure 5.6 (input voltage signal), time-period A 

illustrates a constant voltage of 220 V.  Time-period B illustrates a signal change at 5.60 

seconds from 220 V to 240 V.  The signal value of 240 V was reached at 5.65 seconds.  In 

figure 5.7 (control output response), time-period A illustrates a constant control output signal 

of 127.5.  Time-period B illustrates a change in the control output signal due to the change in 

the voltage.  At 5.65 seconds the control output signal changes from 127.5 to 255.  The control 

output signal value of 255 was reached at 5.70 seconds.  It was observed that Intelligent 

Electronic Load Controller responds efficiently to changes in the voltage of the system. 
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Figure 5.6: 240 V input signal 

 

Figure 5.7: Control output response to 240 V input signal 
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5.3. EXPERIMENTAL RESULTS 

Laboratory experiments were carried out on the system under various load conditions to 

validate the operation and performance of the Intelligent Electronic Load Controller.  Figure 

5.8 shows a schematic diagram of the system and figure 5.9 shows a complete experimental 

setup of the system in the laboratory: 

 

Figure 5.8: Schematic diagram 

 

 

 

 

 



85 
 

 

Figure 5.9: Laboratory experimental setup 

A number of different experiments have been carried out in order to analyse and test the system 

as given in table 5.2 and table 5.3: 

Table 5.2: Consumer load experiments 

Consumer Load Experiments 

Experiment No 
Switching 

Consumer Load 

Consumer 

Load 

With/Without 

ELC 

1 Out 200 W Without 

2 Out 200 W With 

3 Out 400 W Without 

4 Out 400 W With 

5 In 200 W With 

6 In 0 W With 

 

Table 5.3: Power measurement 

Power Measurement 

Experiment No Power 

7 Consumer Load/Ballast Load 
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MATLAB/SIMULINK was used to program the 1st Arduino microcontroller.  The voltage of 

the system is fed to analog input pin 0 of the Arduino microcontroller.  The analog values are 

converted into digital values by the Arduino microcontroller.  The Arduino microcontroller 

generates a 10-bit value, ranging from 0 – 1023 for the analog inputs.  A gain function is used 

to scale down the 0 – 1023 values of the voltage input, in order to display the correct values 

being measured.  The 1st gain function (Gain) is as follow: 0 – 1023 is scaled to 0 – 240 V.  The 

actual measured voltage value is then compared with the reference voltage of 220 V.  An error 

signal and change in error signal is generated after the comparison.  These 2 signals are then 

multiplexed and fed to the fuzzy logic controller block.  The fuzzy logic controller block 

generates an appropriate PWM output signal that is sent to the PWM output pin 8 of the 

Arduino microcontroller.  A gain function is used to scale up the 0 – 1 values produced by the 

fuzzy logic controller block.  The 2nd gain function (Gain1) is as follow: 0 – 1 is scaled to 0 – 

255.  The Arduino microcontroller generates an 8-bit value, ranging from 0 – 255 for the PWM 

output.  The experimental voltage measurement & control model is shown in figure 5.10: 
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Figure 5.10: Experimental voltage measurement & control model 
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MATLAB/SIMULINK was used to program the 2nd Arduino microcontroller.  The current of 

the system is fed to analog input pin 0 of the arduino microcontroller.  The analog values are 

converted into digital values by the Arduino microcontroller.  The Arduino microcontroller 

generates a 10-bit value, ranging from 0 – 1023 for the analog inputs.  A gain function is used 

to scale down the 0 – 1023 values of the current inputs, in order to display the correct values 

being measured.  The gain function (Gain) is as follow: 0 – 1023 is scaled to 0 – 5 A.  The 

experimental current measurement model is shown in figure 5.11: 

Figure 5.11: Experimental current measurement model 
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5.3.1. Experiment 1: Switching out 200 W Consumer Load without ELC 

The objective of experiment 1 as shown in figure 5.12 was to switch out 200 W consumer and 

observe what happens to system without using an ELC.  The experiment was divided into two 

time-periods.  Time-period A illustrates a stable voltage of 220 V with 400 W consumer load 

switched in.  Time-period B illustrates the switching out of 200 W without an ELC.  At 8.00 

seconds the 200 W consumer load was switched out and the voltage increased to 224 V.  It was 

observed that there was no response from the ELC to adjust the power flow in order to maintain 

the reference voltage of 220 V.  Thus, the voltage remained at 224 V. 

 

Figure 5.12: Switching out 200 W consumer load without ELC 
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5.3.2. Experiment 2: Switching out 200 W Consumer Load with ELC 

The objective of experiment 2 as shown in figure 5.13 was to switch out 200 W consumer load 

and to observe how the ELC responds to this specific change.  The experiment was divided 

into three time-periods.  Time-period A illustrates the control of voltage at 220 V with 400 W 

consumer load switched in.  Time-period B illustrates the switching out of 200 W consumer 

load and the response of the ELC.  At 8.00 seconds the 200 W consumer load was switched 

out and the voltage increased to 224 V.  At 8.50 seconds the ELC started to respond to the 

change in the voltage.  It was observed that the ELC adjusted the power flow to the ballast load 

in such a manner that the reference voltage of 220 V was reached at 9.05 seconds.  Time-period 

C illustrates that the ELC maintains a stable voltage of 220 V from 9.05 seconds until 15.00 

seconds. 

 

Figure 5.13: Switching out 200 W consumer load with ELC 
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5.3.3. Experiment 3: Switching out 400 W Consumer Load without ELC 

The objective of experiment 3 as shown in figure 5.14 was to switch out 400 W consumer and 

observe what happens to system without using an ELC.  The experiment was divided into two 

time-periods.  Time-period A illustrates a stable voltage of 220 V with 400 W consumer load 

switched in.  Time-period B illustrates the switching out of 400 W without an ELC.  At 8.00 

seconds the 400 W consumer load was switched out and the voltage increased to 230 V.  It was 

observed that there was no response from the ELC to adjust the power flow in order to maintain 

the reference voltage of 220 V.  Thus, the voltage remained at 230 V. 

 

Figure 5.14: Switching out 400 W consumer load without ELC 
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5.3.4. Experiment 4: Switching out 400 W Consumer Load with ELC 

The objective of experiment 4 as shown in figure 5.15 was to switch out 400 W consumer load 

and to observe how the ELC responds to this specific change.  The experiment was divided 

into three time-periods.  Time-period A illustrates the control of voltage at 220 V with 400 W 

consumer load switched in.  Time-period B illustrates the switching out of 400 W consumer 

load and the response of the ELC.  At 8.00 seconds the 400 W consumer load was switched 

out and the voltage increased to 230 V.  At 8.50 seconds the ELC started to respond to the 

change in the voltage.  It was observed that the ELC adjusted the power flow to the ballast load 

in such a manner that the reference voltage of 220 V was reached at 9.20 seconds.  Time-period 

C illustrates that the ELC maintains a stable voltage of 220 V from 9.20 seconds until 15.00 

seconds. 

 

Figure 5.15: Switching out 400 W consumer load with ELC 
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5.3.5. Experiment 5: Switching in 200 W Consumer Load with ELC 

The objective of experiment 5 as shown in figure 5.16 was to switch in 200 W consumer load 

and to observe how the ELC responds to this specific change.  The experiment was divided 

into three time-periods.  Time-period A illustrates the control of voltage at 220 V with 0 W 

consumer load switched in.  Time-period B illustrates the switching in of 200 W consumer load 

and the response of the ELC.  At 8.00 seconds the 200 W consumer load was switched in and 

the voltage decreased to 216 V.  At 8.50 seconds the ELC started to respond to the change in 

the voltage.  It was observed that the ELC adjusted the power flow to the ballast load in such a 

manner that the reference voltage of 220 V was reached at 9.15 seconds.  Time-period C 

illustrates that the ELC maintains a stable voltage of 220 V from 9.15 seconds until 15.00 

seconds. 

 

Figure 5.16: Switching in 200 W consumer load with ELC 

 

 

 



94 
 

5.3.6. Experiment 6: Switching in 0 W Consumer Load with ELC 

The objective of experiment 6 as shown in figure 5.17 was to switch in 0 W consumer load and 

to observe how the ELC responds to this specific change.  The experiment was divided into 

two time-periods.  Time-period A illustrates the generation of 230 V by the SEIG under no-

load conditions.  Time-period B illustrates the switching in of 0 W consumer load and the 

response of the ELC.  At 8.00 seconds the ELC was switched on and it was observed that the 

ELC adjusts the power flow to the ballast load in such a manner that the reference voltage of 

220 V was reached at 8.75 seconds and maintained stable until 15.00 seconds.  

 

Figure 5.17: Switching in 0 W consumer load with ELC 
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5.3.7. Experiment 7: Power Measurement 

The objective of experiment 7 was to combine the voltage and current measurements to obtain 

the power measurements for both the consumer load and ballast load as shown in figure 5.18.  

It was observed that as the consumer load power decreases the amount of surplus power being 

diverted to the ballast load increases.  

 

Figure 5.18: Power measurement 
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CHAPTER 6 

CONCLUSION AND RECOMMENDATIONS 

6.1. CONCLUSION 

The purpose of this research was to design and develop a simple, reliable and cost-effective 

Intelligent Electronic Load Controller for stand-alone micro-hydropower systems.  A lot of 

research has been done on the controlling of the three-phase self-excited induction generator, 

however, this research focused on how the Intelligent Electronic Load Controller will be able 

to maintain a stable voltage on the demand side of the three-phase self-excited induction 

generator, while supplying varying single-phase consumer loads.  The following major 

findings were made during this research: 

 The Intelligent Electronic Load Controller used a fuzzy logic control method.  An 

assessment of the other control methods was carried out and a fuzzy logic control method 

was chosen due to cheaper development, faster response times with virtually no overshoot 

and the flexibility in design and implementation. 

 A three-phase self-excited induction generator was used to supply single-phase consumer 

loads instead of a single-phase self-excited induction generator.  It was found that a three-

phase self-excited induction generator is much more reliable and cost-effective.  The self-

excited induction generator used in the experiment produced approximately 80% of its 

rating due to the conversion from a three-phase output to a single-phase output. 

 A simple open platform microcontroller like the Arduino was used with advance control 

intelligence to make the system cost-effective.  Two Arduino microcontrollers had to be 

used for the control and measurement of the system due to insufficient memory.   

 Hardware-in-the-loop simulations were carried out under various consumer load conditions 

using MATLAB/SIMULINK and an Arduino microcontroller to analyse and test the 

efficiency of the system in real-time. 

 Laboratory experiments were carried out and it was found that the Intelligent Electronic 

Load Controller was able to respond quickly and efficiently to changes in the consumer 

load to maintain the voltage on the demand side of the three-phase self-excited induction 

generator very stable and close to the set point voltage value.   
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The Intelligent Electronic Load Controller will contribute towards providing reliable and cost-

effective means of enhancing the proliferation of micro-hydropower particularly in rural and 

remote applications in Sub-Saharan Africa. 
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6.2. RECOMMENDATIONS 

To enhance the system, it is recommended to amalgamate previous work done on the control 

side of the generator and the presented load control on the demand side in order to achieve a 

harmonious stand-alone micro-hydropower control system.  Further testing needs to be 

conducted on imbalance loads and what effects it will have on the system.  Potential operation 

of the system at non-unity power factor could be achieved through testing the system with 

inductive and capacitive consumer loads.  The system could also be implemented and 

experimentally verified on a larger power capacity scale. 
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APPENDIX A 

DATASHEETS 
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A.1.    ZENER DIODE
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A.2.    CURRENT SENSOR 
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A.3.    ARDUINO MICROCONTROLLER 
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A.4.    OPTOCOUPLER 
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A.5.    INSULATED-GATE BIPOLAR TRANSISTOR (IGBT)
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