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ABSTRACT 

 

To improve the living standard of hill-tribe people, only hydro power is a reliable 

natural source to supply basic demand of electricity. 

 

The focus point of this research is to know how the power system can be stabilized 

using the different types of controllers using simulation model of Ban Khun Pae MHPP 

which is located at the north of Thailand. Ban Khun Pae MHPP uses only one controller 

to control the flow speed of water into a Turgo turbine which in turn runs a synchronous 

generator. The simulation is carried out in MATLAB/ Simulink to compare the output 

results drives by PID and different types of Fuzzy controllers. Furthermore, Fuzzy 

controller is developed in S7 (TIA portal) and link with MATLAB MHPP model via 

OPC server. MATLAB/Simulink model can be seen integrated with Siemens S7 (TIA 

portal) by using OPC in WinCC. The different simulation results are observed to see the 

behavior and performance of stand-alone MHPP under various loading conditions. Last 

but not least, a speed controlling experiment is conducted to validate how the 

controllers behave in real situation. 

 
Keywords: MATLAB/Simulink, PID, Fuzzy, Turgo turbine, stand-alone, MHPP 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Study background 

 

Energy plays an essential role to improve the likelihood of people. Needless to say, the 

socio-economic development of any country has to rely on energy. Nowadays most of 

the energy are created and used to be sustainable. For instance, modern world energy is 

depending on non-sustained sources; coal, oil and gas. This sources lead to hazardous 

environment filled with CO2 gases and SO2 gases related to greenhouse effect. 

Therefore, the emission of greenhouse gas needs to be controlled and the policymakers 

now are more willing to seek the renewable sources in energy production, transmission, 

consumption and distribution in the world. Moreover, transforming to sustainable and 

renewable sources in power generation infrastructures can be seen in many developing 

countries. Among them, Hydropower technology which depends on water sources has 

become popular more and more throughout the world.  

 

In this regards, at present, the affordability and easiest installation are big interest of 

Micro hydro power plants, located in hilly areas with high availability of hydropower 

resources. Characteristics of the Micro hydro power plant include a penstock, a run off 

river or mountain reservoir, an electrical power substation and a powerhouse. Water is 

stored up in a reservoir and a head is created; the water carried by the penstock from the 

reserving dam to a turbine into a powerhouse. The water flows into the turbine, starts 

generator that generates electrical power, to be rotated. A hydropower machine, 

hydraulic turbine directly alters the hydraulic power in moving water to mechanical 

power at the rotor of the machine. 

 

Moreover, most of the Micro hydro power plants are isolated, unreachable and not 

attached to the national grid. Therefore, whenever a MHPP stops working, the 

electricity of local population will be deprived. A mediation to keep it functioning takes 

too much time, and sometimes is unimaginable due to inclement weather. Hence, 

robust, autonomous and capability of managing all operative situations have to be with 

the control system. 

 

Deviations can be seen between the load and turbine power output owing to variation of 

the utility grid load. The voltage and frequency output of MHPP may dramatically 

change from their setpoint value. That is why, an uninterrupted power at rated voltage 

and frequency needs to be maintained by controlling MHPP. Hence, the speed of the 

running generator unit will be stabilized around its reference speed for any utility grid 

load and prevailing situation inside the conduit should be kept. 
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1.2 Problem statements 

 

Micro hydro power plants like Ban Khun Pae in rural area are built to advance the 

lifestyle of hill-tribe people in the North of Thailand. This 100 kW Ban Khun Pae micro 

power house was operated to produce and supply electricity to serve and improve the 

well-being of the northern hill-tribe people in the remote villages. However, these 

villages will be deprived from electricity when the power generation does not meet the 

demand dramatically. Therefore, the power generation in Ban Khun Pae micro hydro 

power has to be varied drastically together with the higher load demand. 

 

1.3 Objective of the study 

 

1. To analyze and control the operation of the Turgo turbine, governor and valves 

with PID and fuzzy in accordance with the load demand for Ban Khun Pae 

micro hydro power plant. 

  

1.4 Scopes and limitations 

 

1. The PLC for this project will be replaced with Siemens Software Package. 

2. Only governor servo control will be considered and relevant controller. 

3. Existing spear valve and Turgo turbine will be used. 
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CHAPTER 2 

LITERATURE REVIEWS 

 

A brief definition of Micro hydro Power Plant (MHPP) will be reviewed in this chapter. 

To begin with, the operation and structure would be expressed in order to understand 

the control system. Then generator, turbine, governor and its mechanism with respect to 

electricity generation will be characterized briefly. 
 

2.1 Overview 

 

The potential energy of water is changed into mechanical rotational energy of the 

turbine by HPPs. The energy then transformed into electricity in order to contributed 

through the grid. Numerous components found inside a MHPP is described in the figure 

below. The brief discussion of fundamental components and their operations are 

 

 

 
 

Figure 2.1: Layout of hydro-electric power plant (Rajeshwari et al., 2012) 

 

 Reservoir: Stores the water during rainy season or when water in the river is in 

prosperous and then supplies the water when water flow rate in the river is 

insufficient. 

 Dam: The height of water level is raised by the constructed Dam which raises the 

capacity of the reservoir. The Desired head of the power plant is given by the Dam 

as well. 

 Intake: Water gates on the dam open. 

 Penstock: A water pipe that flows to the turbine. Water boosted pressure as it 

streams through this pipe. 

 Control gate: This controls and allows the water to stream through the pipe that 

leads to hydro turbine. Servo valves or hydraulic valves may be the control gates in 

most of the cases. 

 Surge Tank: A kind of storage system at the downstream end of feeder or a dam to 

supply extra water during a brief drop in pressure. 

 Spillway: Spillway controls release of flows from a dam into a downstream area and 

release flooded water that water does not overtop and harm the dam. 

 Turbine: converting Kinetic and potential energy of water into mechanical work is 

done by turbine, Heart of the MHPP. Impulse and reaction turbines are two major 
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types. The runner blades are excited by Impulse turbine and discharges to 

atmospheric pressure by velocity. By using the combined action of pressure and 

moving water, reaction turbine produces power. 

 Drive system: Coupling amid turbine and generator. The most useful drive system is 

a one is to one coupling. Many drive systems are normally same with gearboxes. 

 Prime mover: The kinetic energy of water is transformed into mechanical energy 

using prime movers. Again, the kinetic energy is supplied to the shaft of the 

generator to be transformed into electrical energy. 

 Generator: Converts the rotational power into usable electrical source of power. 

Two types of generators are categorized as synchronous and induction generators. 

The induction generators can be excited without external excitation but needs source 

of magnetizing current or capacitor bank whereas the synchronous generators 

require external excitation to start. 

 Transformer: The required AC output voltage that needed to supply the grid load is 

step up inside the transformer. 

 Governor: Controls the generator output frequency and voltage to meet with 

standard requirements of the grid. There are various ways to control the governor. 

 Power House: Building that bears and supports electrical equipment and hydraulic. 

Normally, turbine is fitted underneath the power house and alternator at the super 

structure, to house and protect the equipment. 

 

Micro hydro power plants are easy to install and normally produce power up to 500kW. 

The energy demand of a small villages which is hard to access to the utility grid in their 

can be fulfilled by MHPPs. At the present, the overflow electrical power of MHPP can 

supply back to the utility grid when the grid system is served as infinite energy storage 

in the form of battery. Also, the electrical energy from grid can supply to the MHPP 

whenever there is a shortage of electricity (Kaundinya et al., 2009). Hydro power plant 

not connected to the utility grid is called a ‘Stand-alone’ or ‘Island’ mode. On the other 

hand, there is an ‘on-grid or grid-connected mode when there is a connection between 

MHPP and grid. The main function of Micro hydro power plant is to fulfil the 

electricity demand in both modes of operation. The grid instability or power outages 

may occur during daily demand fluctuation of energy. Frequency and voltage are the 

most critical features of AC power system (Canyon Hydro, 2010). Hence, they need to 

be controlled and synchronized before distribution of power. 

 

To control the frequency and voltage, the operating modes in MHPP (GC or SA) and 

the type of generator is very important. There are two types of generators: synchronous 

generators and asynchronous (induction generators). The most suitable choice for an 

autonomous MHPP is a three phase generator because of its sturdiness, ease of 

availability, cost effectiveness and the need of low maintenance (Ekanayake, 2002; 

Bansal, 2005). Hence, induction generators are used in most of the small scale HPP to 

generate electricity. Although permanent magnet generators do not require external 

excitation, they will draw energy and slow down the rotation of the generator shaft until 

stop. Which means the electrical components of the generator might be harmed if the 

generator works for a long period. However, de-excitation can easily shut down the 

induction generator within a very short period (Bansal, 2005). Magnetizing current can 

be drawn by the generators from the grid in the GC system. Nevertheless, the generator 

will fill in harmonics into the system leading to instability if there is no synchronization 

between voltage and frequency. On the other hand, in the SA system, the generator with 
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magnetizing current will be supplied by an additional capacitor bank. Different control 

types of governors are used to have voltage and frequency stabilization. 

 

The typical function of using the governor is to handle the output frequency and voltage 

of the generator through an error feedback loop. Mechanical and electro-hydraulic 

governors are the basic types of governors available. Traditionally, these governors are 

used with PID controllers, but complicated control circuits are required (Goyal et al., 

2012). An old mechanism of mechanical control governors have replaced by electronic 

governors in recent development. The oscillation in the load does not affect the 

electronic governors is called ‘ballast load or dump load’. Different types of ELCs have 

their respective pros and cons.  
 

Some MHPPs installed control of the inlet valve as well to adjust the water flow into the 

turbine. For the generator which rotates its shaft at reference speed, the turbine acts as 

the prime mover. The voltage generation across the terminal of the generator is simply 

done by the shaft rotation along with the excitation field. The inlet valve is opened 

when the electrical demand increases in order to accelerate the turbine by allowing more 

water to flow in (Doolla and Bhatti, 2006). This kind of operation is called turbine 

control operation. The field operators stationed at the MHPP manually controls the 

valve operation sometimes. 

 

2.2 Stability control techniques 

(Legesse & Mamo, 2013) have mentioned a simple scheme and the use of stepper motor 

to control the frequency spikes in mini hydropower system. The main components that 

have been implemented in model are shown below: 

 

 

 
 

Figure 2.2: The proposed frequency control system with stepper motor (Legesse & 

Mamo, 2013) 

The stepper motor is used as a governor along with PI controller to control the rotation 

of spear valve. 

(Kapoor et al. 2012) represented an Electronic Load Controller which is a solid-state 

electronic device designed to rectify output power of MHPP.  A resistive dump load 

used in ELC is fed by IGBT chopper and a controlled bridge rectifier. The power usage 

of chopper has been diverged by the chopper duty cycle. 
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Figure 2.3: Schematic diagram of ELC with control circuit (Kapoor el al. 2012) 

 

The concept of using three valves control for the turbine speed is proposed by Doolla 

and Bhatti (2006). Two pipes implemented with on/off control valve with 30% flow rate 

for each pipe. The input signal is control by the third pipe controlled by servo motor. 

However, the last one is controlled by anything by assuming 10% of maximum load 

will be always on the system. One of the on/off control valve will be on when the load 

is between 40% and 70% and maintaining the frequency constant is operated by 

servomotor controlled valve. Likewise, both the on/off control valves will be on if the 

load is between 70% and 100%. The valve controlled by the servomotor will operate to 

keep the frequency constant for load disturbances. The speed of the turbine and the 

power of generator output are governed by the water flow, which is important for the 

whole frequency/voltage control. 
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Figure 2.4: Water flow control using three valves (Doolla and Bhatti, 2006) 

 

The concept of controlling the nozzle velocity by adjusting the spear valve tip is 

proposed by Goyal et al. (2012). Only Impulse turbines can handle this kind of control. 

Moreover, the idea of eliminating mismatch between load demand and generation to 

control the frequency and excitation current through voltage control is presented. 

Hence, the regulation of water flow in accordance with the demand is considered in this 

model by using a single gate with Proportional-Integral control. Since the striking 

swings because of the controller can be harmed for the application, the use of Derivative 

control is neglected. The simulated model in MATLAB/ Simulink of proposed ideas is 

as follow: 

 

 

 
 

Figure 2.5: MHPP model in MATLAB (Goyal et al. 2012) 

 

In order to model the minor load oscillations, the stochastic Gaussian disturbance of 3% 

has been proposed. 

(Kamble & Kadam, 2014) recommended a fuzzy controller to regulate frequency for 

Load frequency control (LFC) or Automatic Generation Control (AGC). The proposed 

scheme was described as follow: 

 



8 
 

 

Figure 2.6: Turbine governor with fuzzy control (Kamble & Kadam, 2014) 

To satisfy the disconnected load, fuzzy controller guides not only the servomotor but 

also Electronic Load Controller by excluding the excess power on the dump load (noted 

“Pd”). Managing the operation of the plant is supervised by a fuzzy supervisor. 

2.3 Governor control system 

Governor control system is a feedback control system to control the power output and 

speed of a prime mover, such as a hydroelectric turbine. The governor control system 

comprises a “setpoint” or reference input, a feedback from the speed of the prime 

mover, optional feedbacks from other parameters as appropriate for the application, a 

controller function, and one or more control actuators. 

 
 

Figure 2.7: Basic governor control system (IEEE 1207-2011) 

From IEEE Journal on Turbine Governing System (2011), the speed of the unit mainly 

depends on one common characteristic of all governor controllers. The sensitivity of the 

turbine governing system to the unit speed is immobilized when unit is synchronized to 

a large interconnected system. The operation of the turbine governing system against its 

gate limit, or an artificial speed deadband may be tuned into the speed-sensing portion 

of the governor controller. This action may be done in order to reduce unwanted control 

action induced by frequency alternation or irregularities of other control system. In 

these instances, the turbine controllers are not as functioning as governing systems. And 

hence, these units are not able to participate in unison with the other units’ governing 

system, connected to the power system that are dedicated to upholding the system 

frequency. 

 



9 
 

2.3.1 Temporary droop governor controller 

 

To temporarily cancel part of the between the unit speed feedback and the governor 

setpoint, a feedback function is used in a temporary droop governor controller. The 

stabilization of the control of unit speed is done by the temporary droop feedback within 

the governor controller. The implementation of temporary droop governor controllers 

includes mechanical devices such as floating levers (for summation and gain functions) 

and dashpots (for stabilization using temporary droop). The use of temporary droop 

governor is almost same as proportional plus integral (PI) controller. 

 

 
Figure 2.8: Typical temporary droop governor controller (IEEE 1207-2011) 

 

2.3.2 PID governor controller 
 

Proportional plus integral plus derivative terms are used in a PID governor controller to 

control its error input into a command signal to the control actuator of the turbine. 

 

The proportional term controls the size of the error input and immediately feedback to 

an error level input. Moreover, there is a significant influence on governed system 

stability. 

 

In Integral term, the control action that compiles at a rate proportional to the size of the 

error input can be found working together with the proportional term to determine the 

stability of the governed system. And also the steady-state accuracy of the governed 

system is determined. 

 

A control action that is proportional to the rate of change of the error input is produced 

in the derivative term which allows higher integral and proportional gains while 

managing a stable control system in order to have better limitation of stability inside the 

governed system. 
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Figure 2.9: Typical PID governor controller (IEEE 1207-2011) 

 

2.3.3 Double-derivative governor controller 

 

A double-derivative governor controller is quite similar to the PID governor controller. 

But in double-derivative controller, a first and a second (two derivative terms) are used 

to process the input error. A lower over-speed peak upon startup of the unit which can 

result in a smaller over-travel of the turbine control actuator when a position limitation 

is released can be seen in double-derivative governor controller.  
 

 
Figure 2.10: Typical double-derivative governor controller (IEEE 1207-2011) 
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2.3.4 State space controller 

 

A predictive control strategy in a state space controller may optimize the response of a 

well-defined system by modeling the system characteristics and control to achieve the 

desired control response if necessary. A stated space controller may be work in 

conjunction with a feedback control system. The feedback control system is to eliminate 

any inaccurate errors in the state space controller model. 
 

 
 

Figure 2.11: Typical state-space controller (IEEE 1207-2011) 
 

2.3.5 Fuzzy controller 

 

In these days, Fuzzy logic is applied in several processes with exhibited effectiveness 

and great passion from the technologic and scientific community. Fuzzy logic 

originated from studies of Lofti A. Zadeh in 1965 and fuzzy control began to introduce 

at 70’s.  

 

Fast decision capability, applicability to nonlinear systems, and intuitive definition of 

the controller behavior are the main benefits of Fuzzy logic for process control. 

Moreover, there is no need of either mathematical models or historical data like other 

intelligent controllers such as genetic algorithms or neural networks (Perez el at. 2014). 

 

Although varying user load, the fuzzy controller that can stabilize the characteristics of 

generated electric power is introduced (Nanaware et al. 2012). The speed deviation is 

input to FIS. Opening of gate mechanism along with the servomotor is the outcome 

control signal from FIS. Therefore, the gate opening is controlled by the servomotor 

which is driven by the control signal. 
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Figure 2.12 Block diagram of fuzzy controller (Nanaware et al. 2012) 

 

2.4 Architecture of Ban Khun Pae 

 

 

Figure 2.13: Existing micro hydro power model of Ban Khun Pae 

 

In Ban Khun Pae station, the water flow of the river is blocked by a small concrete weir 

which is built at the high of 113m above the turbine. To cut down the risk of water 

hammer, a surge tank is installed near the penstock. The water flow from the penstock is 

mainly control by a butterfly valve as an inlet valve. Behind the valve, 22 blades turgo 

turbine is implemented which has a rotation speed of 0-1000rpm. And three phase 

synchronous generator is installed and already controlled by the Mitsubishi. Moreover, 

using a flywheel can be seen between a turbine and generator as an energy storage 

system and as a frequency regulator. Last but not least, the maximum 100 kW output 

power is distributed through the set-up transformer (415V to Grid system 22kV). 

 

The PLC control system of the Ban Khun Pae is almost fully operated close loop 

system. The PLC comprises of three modes: manual, automatic and isolated. All the 

valves and actuator in the system are running with the PLC control as well. Water level, 

sensors are the input to the PLC. 
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Figure 2.14: PLC control system of Ban Khun Pae 

 

2.5 Summary 

 

All in all, the literature review mainly focuses on governor servo control together with 

voltage and frequency regulation by different mechanisms. The control system would 

be more convenient with the maximum amount of power generated and the minimum 

dissipated power when the control mechanism of excitation current were to apply 

(Goyal et al., 2012). The new idea found out by (Kamble & Kadam, 2014) seems to be 

the best solution to integrating the voltage/frequency control without changing user load 

and supervising the operation of the MHPP sites. It might be better binding together the 

idea of adjusting the valves through some control algorithm (Doolla and Bhatti, 2006) 

with the concept proposed by (Kapoor et al. 2012) of using an Electronic Load 

Controller to control the load on the generator. The IEEE (1207-2011) gives the idea of 

controllers for governor system jointly control with PID. The concept of (Legesse & 

Mamo, 2013) using stepper motor with PI control will be cost effective for stand-alone 

hydropower plants. 

 

A concise review about how the frequency and voltage is especially controlled, how 

tasks and concepts are taken into account using speed control system of governor in 

Micro Hydro Power Plant are described below   
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Table 2.1: Summary of Significant Literature Review 

Authors Proposed Concept Limitation 

(Legesse & Mamo, 2013) Stepper motor / Spear valve 

/ PI control / Stand alone 

 

 

Dolla & Bhatti (2006) Servo motor / valve control 

with 3 on/off motors  

-No protection from run 

away 

(Kapoor et al. 2012) ELC to control DL / IGBT 

switch control 

-Error frequency rising 

(Kamble & Kadam, 2014) Fuzzy controller / Fuzzy 

supervisor / Pelton turbine 

 

Goyal et. Al. (2012) Single gate spear valve 

control/ PI control 

-Nominal load 48 % 

-No protection from run 

away 

-Steady state error 

IEEE Turbine Governing 

System (2011) 

Types of governor 

controllers 

-Not focus on turbine type 
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CHAPTER 3 

METHODOLOGY 
 

Automatic governor control, stability control voltage and frequency of Micro Hydro 

Power Plant (MHPP) along with synchronous generator and turgo turbine are the focal 

point of the thesis. Different observations and researches have to be carried out in this 

field. The thesis work flow and methodology is illustrated as follow: 

 
3.1 Methodology flow chart 

 
Figure 3.1: Flow chart of methodology 

3.2 Description of the existing automation system 

The existing model of Ban Khun Pae Micro Hydro Power Plant which is planted in 

northern part of Thailand will be used. 

 

In this model, surge tank is installed along the penstock in case of low water pressure. 

And the flow of water into the Turgo turbine is controlled by the spear valve which is 

controlled by fuzzy logic. There is a flywheel between the turbine and three phase 

synchronous generator generates the maximum output power of 100kW in order to store 

energy and regulate frequency. Moreover, the original model has already installed a 

control system for a generator by Mitsubishi supported PLC. Finally, 414V transformer 

is implemented at the end of the power generation system. 

 

3.3 Proposed model 

 

The proposed idea is going to control the nozzle position by Fuzzy controller and as 

well as PID controller in order to study how the stability and accuracy of power that can 

be sustain in Ban Khun Pae Micro Hydro Power Plant. Furthermore, how the controller 

can be updated and which sort of controller can stabilize the system more. 
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Figure 3.2: Block diagram of proposed model 
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CHAPTER 4 

MODEL DEVELOPMENT 

 

The Models that will be going to develop are using PID and Fuzzy controllers 

respectively to adjust the servo controlled spear valve which regulates the water flow 

rate into the Turgo turbine. The required data is accumulated from the Ban Khun Pae 

helps to develop the simulated model of MHPP. Some curves, graphical data and table 

format are used to reveal these data. 

4.1 Servomotor 

 

According to (Doolla and Bhatti, 2006), transfer function buildup of electrical and 

mechanical time constants of servomotor is 

 

 
 

Where Ea = Terminal voltage 

K = Angular velocity and voltage constant in rpm/voltage 

Kb = Proportionality constant 

θ = Angular displacement of the motor shaft in radians 

La = Armature inductance in henry  

J = Equivalent moment of inertia of the motor and load in kgm
2 

b = Equivalent viscous-friction coefficient of the motor and load in Nm/rad/s 

Ra = Armature resistance in ohms 

 

The brief transfer function can be rewrite when the inductance La, in an armature 

circuit, can be inconsiderate. 

     

 
 

Where, 

 
 

Hence, the transfer function can be written as 
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A rewritable and simplify equation using the DC servomotor model of (Goyal et al., 

2005) is 

 

 
 

The equation described is a second order transfer function which representing the DC 

servomotor using electrical and mechanical time constants. 

 

DC Servo parameters obtained from Shrestha (2013) are 

 

Ra = 3Ω 

La = 15mH 

J = 2.14 x 10
-3

 kg-m
2 

K = 64 rpm/volts 

b = 0.2 N-m/rad/s 

Kb = 6.23 x 10
-4 

 

Mechanical time constant (Tv) is 100 ms. 

Electrical time constant (Te) is 10 ms. 

 

Hence, the final transfer function of the servomotor is written by 

 

 
 

4.2 Spear valve (Injector) 

A spear in the nozzle controls the amount of water pushing the buckets of the Turgo 

turbine. A conical needle is called the spear which has an operation mode of axial 

direction movement depending on unit size. Whenever the needle is moving forward, 

the amount of water striking the runner is decreased and the water amount striking the 

blades of the turbine is accelerated when the spear is moved backwards. The area 

though the water jet passes is calculated to achieve the model.  

 

Figure 4.1: Spear valve diagram 
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The effective diameter of jet emerging form a spear valve can be expressed as follows 

in the text book of “Hydro Electric Energy”: 

𝐷𝐽𝑒𝑡 = √   2 sin
𝛼

2
 (2𝑋𝑑𝐷𝑑 − 𝑋𝑑

2𝑠𝑖𝑛𝛼) 

α is the spear angle in degrees 

Dd is the diameter of nozzle in meter 

Xd is the distance travelled by the spear into nozzle in meter 

𝐷2 =  2 sin
𝛼

2
 [2 𝑋𝑑𝐷𝑑 − 𝑋𝑑

2𝑠𝑖𝑛𝛼] 

Making the diameter into area: 

𝜋

2
𝐷2 = 2

𝜋

2
 sin

𝛼

2
 [2 𝑋𝑑𝐷𝑑 − 𝑋𝑑

2𝑠𝑖𝑛𝛼] 

Hence, the surface area by which the water passes become: 

𝑆𝑑 = 𝜋  sin
𝛼

2
[2 𝑋𝑑𝐷𝑑 − 𝑋𝑑

2𝑠𝑖𝑛𝛼] 

Using per unit: 

𝑄𝑡 = 𝑆𝑑𝑉𝑗 

𝑆𝑑 = 𝑠𝑑𝑆𝑑𝑛 

𝑋𝑑 = 𝑥𝑑𝑋𝑑𝑛 

Therefore, the equation becomes: 

𝑠𝑑𝑆𝑑𝑛 = 𝜋  sin
𝛼

2
 [2 𝑥𝑑𝑋𝑑𝑛𝐷𝑑 − (𝑥𝑑𝑋𝑑𝑛)

2𝑠𝑖𝑛𝛼] 

 

𝑠𝑑 =
𝜋 𝑠𝑖𝑛𝛼 2⁄ 𝑋𝑑𝑛𝐷𝑑 

𝑆𝑑𝑛
 [2 𝑥𝑑 − 𝑥𝑑

2
𝑋𝑑𝑛 𝑠𝑖𝑛𝛼

𝐷𝑑
] 

Noted: 𝑘𝑑 =
𝑋𝑑𝑛 𝑠𝑖𝑛𝛼

𝐷𝑑
 

For nominal: 𝑠𝑑 = 1, 𝑥𝑑 = 1 

𝑆𝑑𝑛 = 𝜋  sin
𝛼

2
 𝑋𝑑𝑛𝐷𝑑[2 − 𝑘𝑑] 
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Substituting equation in equation: 

𝑠𝑑 =
(2𝑥𝑑 − 𝑥𝑑

2𝑘𝑑) 

2 − 𝑘𝑑
  

 

=
𝑥𝑑(2 − 𝑥𝑑𝑘𝑑) 

2 − 𝑘𝑑
 

To get the flow rate: 

qt =sd . vj 

where,  qt :turbine flow rate (pu) 

vj : jet speed of spear valve (pu) 

 

 

Figure 4.2: Spear valve MATLAB model 

4.3 Turbine 

The turbine used in Ban Khun Pae is the turgo impulse hydro-turbine which is designed 

for medium to high head from 15 to 300 m. Also, a flat efficiency curve and be found in 

turgo turbine which supports excellent part-load efficiencies. 

A non-linear, non-stationary multivariable system is used in this mathematical model 

and its characteristics diverge apparently along with the unpredictable load on it, 

majority of suggested hydro turbine models is linear, though. That sort of linearized 

model is insufficient to handle large alteration in output of power.  

Therefore, the detailed non-linear mathematical model of turgo turbine at Ban Khun Pae 

is developed in this section is described bellows; 
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Figure 4.3: Turgo turbine of Ban Khun Pae 

The angular momentum equation theorem applied to Euler turbomachinery provides the 

applied torque, 

T=ρQ(r1Cr1-r2Cr2) 

Base on above equation Euler developed head pressure equation created by the impeller, 

H=
1

𝑔
( Ur1Cr1-Ur2Cr2) 

Where, Cr1 and Cr2 are the influent and effluent tangential velocities 

The basic hydro mechanical power equation already described in the previous chapter 

is: 

Pt=ρgQtH 

 

Where: 

Pt = Turbine power [W] 

ρ = Water density 

g = Gravity acceleration [m/s
2
] 

Qt = Water flow of the turbine [m
3
/s] 

H = Effective high [m] 

 

Therefore, the equation is: 

 

Pt = ρQ (Ur1Cr1-Ur2Cr2) 

 

Where, absolute inlet and exit tangential velocity is equal (Ur1 = Ur2 = U) and solving 

the velocity triangles of Turgo turbine, Pt becomes: 

 

Pt = ρQU (Vj.cos α1 – U) (
cos𝛽1+cos𝛽2

cos𝛽1
) 
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Figure 4.4: Velocity triangles of turgo turbine at Ban Khun Pae 

Where U is the bucket linear velocity 

U=2𝜋NR= ΩtRt 

N = Turbine speed [revolution per minute] 

R = Pitch radius [m] 

 

For the per unit value, p.u= 
𝐴𝑐𝑡𝑢𝑎𝑙 𝑜𝑟 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒

𝐵𝑎𝑠𝑒 𝑜𝑟 𝑁𝑜𝑚𝑖𝑛𝑎𝑙
 

 

Then the Turgo turbine equation becomes, 

 

pt.Ptn=ρ.qt .Qtn .Rt .nt .Ωtn (vj .Vjn .cos α1 - Rt .nt .Ωtn) (
cos𝛽1+cos𝛽2

cos𝛽1
) 

 

Where, the small letters represent p.u value and subscript “tn” represents nominal (base) 

value. 

Moreover, noted:  kt = 
𝑅𝑡

𝑉𝑗𝑛
 Ω𝑡𝑛 

To find jet velocity, assume there are no losses, hydraulic potential energy is totally 

converted into kinetic energy: 

 

Ek = Ep 

m𝑉𝑗
2 = mgH 

Vj = √2𝑔𝐻 

 

For nominal values: qt = 1; vj = 1; nt = 1; pt = 1. 

Qtn = Ptn / ρ.Qtn .Rt .Ωtn (Vjn .cos α1 - Rt.Ωtn) (
cos𝛽1+cos𝛽2

cos𝛽1
) 

Substituting in equation 4.1, non-linear equation of the Turgo turbine is 

(4.1) 
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 𝑃𝑡 = 
𝑞𝑡𝑛𝑡(𝑣𝑗 cos𝛼1− 𝑛𝑡𝑘𝑡)

cos𝛼1− 𝑘𝑡
 

vj depend only from the fall of water and the jet speed in p.u is: 

vj = √ℎ𝑡 

 

Figure 4.5: Non-linear turgo turbine model in MATLAB 

4.4 Hydro turbine governor 

The frequency and active power that generated fluctuate in accordance with variation of 

load throughout the day.  The usage of hydro turbine governor is to adjust a constant 

speed hence the active power and frequency response in accordance with the variation 

of load. The governor adjusts the regulation of water flow into a hydro turbine and then 

the turbine rotates a synchronous machine to generate electrical power. 

The two turbine governing systems use PID and Fuzzy controllers with power droop 

respectively. The controllers read the system frequency ω from the generator which is 

contrast with reference speed. The change in error and error (only in Fuzzy) is later 

processed in the controllers which send the power command to the machine by 

adjusting the spear valve. 

 

 
Mechanical 

Power 

Controller Servomotor 
Spear 

Valve 
Turgo 

Turbine 

Figure 4.6: Block diagram of governor 
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Figure 4.7: Hydro turbine governor mask in MATLAB 

4.5 Generator 

The generator implemented in a model is a three phase synchronous machine with dq 

rotor reference frame. The synchronous machine model consists of two parts, electrical 

dynamic and mechanical dynamic.  

Flux-current relations and the voltage equations are used to represent the electrical 

dynamic performance of the machine. The 0dq transformation or Park’s transformation 

is needed to transform all the generator windings to the rotor reference frame. 

The set of equations describes below is the electrical dynamic accomplishment of 

synchronous generator in the form of dq0 coordinate system. 

Flux linkage equations: 

 

Stator voltage equations: 

 

Rotor voltage equations: 
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The dΨ/dt , the transformer emfs are referred to the armature emfs which is proportional 

to the rate of change of the flux. 

Moreover, the equation represents the performance of electrical dynamic; the 

explanation for the electromechanical torque is required. 

�̅�e = 
𝜔𝑠

𝜔𝑟
 [Ψd iq – Ψq id] 

The differential equations, expressed in orthogonal phase quantities, for electrical 

dynamics applied to compute different models are 

 

 

For mechanical dynamic, when torques acting on the rotor between prime mover and 

generator is unbalance, the net torque leading deceleration (or acceleration) is 

𝑇𝑎 = 𝑇𝑚 − 𝑇𝑒 

Where, 

𝑇𝑎 = accelerating torque in Nm 

𝑇𝑚 = mechanical toque in Nm 

𝑇𝑒 = electromagnetic torque in Nm 

 

The combined inertia of the generator and prime mover speed is increased by the 

unbalanced in the applied torques, hence, the equation of motion is  

𝐽
𝑑𝜔𝑚
𝑑𝑡

=  𝑇𝑎 = 𝑇𝑚 − 𝑇𝑒 

Where, 

𝐽 = combined moment of inertia of generator and turbine, kgm
2
 

𝜔𝑚 = angular velocity of the rotor, mech. rad/s 

𝑇 = time, s 

 

Normalization into per unit inertia constant H, defined as the kinetic energy in watt-

seconds at rated speed divided by the VA base and  𝜔0𝑚 represented rated angular 

velocity in mechanical radians per second. 
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𝐻 = 
1

2
 
𝐽𝜔0𝑚

2

𝑉𝐴𝑏𝑎𝑠𝑒
 

Therefore, 

2𝐻

𝜔0𝑚
2  𝑉𝐴𝑏𝑎𝑠𝑒  

𝑑𝜔𝑚
𝑑𝑡

=  𝑇𝑚 − 𝑇𝑒 

 

Rearranging becomes, 

2𝐻 
𝑑

𝑑𝑡
 (
𝜔𝑚
𝜔0𝑚

) =
𝑇𝑚 − 𝑇𝑚

𝑉𝐴𝑏𝑎𝑠𝑒/𝜔0𝑚
 

 

 

Noting that 𝑇𝑏𝑎𝑠𝑒 =
𝑉𝐴𝑏𝑎𝑠𝑒

𝜔0𝑚
, the equation of motion in per unit pattern is 

2𝐻
𝑑�̅�𝑟
𝑑𝑡

=  �̅�𝑚 − �̅�𝑒 

Substitute into above equation, 

�̅�𝑟 = 
𝜔𝑚
𝜔0𝑚

= 

𝜔𝑟
𝑃𝑓
⁄

𝜔0
𝑃𝑓
⁄

=  
𝜔𝑟
𝜔0

 

Where, ωr = angular velocity of the rotor in electrical rad/s 

 ω0 = angular velocity 

 Pf = number of field poles 

 

The unit electrical radians of the angular position with respect to a synchronously 

reference speed is 

𝛿 =  𝜔𝑟𝑡 − 𝜔0𝑡 + 𝛿0 

By making the time derivative, 

𝑑𝛿

𝑑𝑡
= 𝜔𝑟 − 𝜔0 = ∆𝜔𝑟 

And, 

𝑑2𝛿

𝑑𝑡2
=

𝑑𝜔𝑟

𝑑𝑡
=

𝑑(∆𝜔𝑟)

𝑑𝑡
= 𝜔0

𝑑�̅�𝑟

𝑑𝑡
= 𝜔0

𝑑(∆�̅�𝑟)

𝑑𝑡
 

Therefore, 

2𝐻

𝜔0

𝑑2𝛿

𝑑𝑡2
= �̅�𝑚 − �̅�𝑒 

Often, damping torque can be added to the equation, 

4.2 
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2𝐻

𝜔0

𝑑2𝛿

𝑑𝑡2
= �̅�𝑚 − �̅�𝑒 − 𝐾𝐷∆�̅�𝑟 

Substituting equation 4.2 in above equation 

2𝐻

𝜔0

𝑑𝛥𝜔

𝑑𝑡
=  
𝑃𝑚̅̅̅̅

�̅�𝑟
− �̅�𝑒 − 𝐾𝐷∆�̅�𝑟 

The above equation is derived to build the mechanical dynamic of the generator. 

MATLAB/Simulink software is used to simulate the synchronous machine model. The 

available model is a single block (Figure 4.10) with different terminals in 

MATLAB/Simulink library. The damper windings, field and the dynamics of the stator 

are considered in this model. 

 

Figure 4.8: Generator mask 

The mechanical power Pm from the turbine in pu is the input to the generator. The 

outputs power Pe and shaft speed ω form the generator in pu feeds back to the turbine. 

Moreover, stator voltages are feeding back to the excitation system. 

The parameters of the generator used are taken from typical values of standard 

parameters detailed in Table 4.2 of the Chapter 4 of the textbook “Power System 

Stability and Control” and also based on real value of the generator of Ban Khun Pae. 

Pn(VA) = Nominal Power =125000 

Vn(Vrms) = Line-to-Line Voltage = 400 

fn(Hz) = frequency = 50 

Xd(pu) = d-axis synchronous reactance = 2.2 

Xd'(pu) = transient reactance = 0.17 

Xd''(pu)  = subtransient reactance = 0.12 

Xq(pu)  = q-axis synchronous reactance =  1.9 

Xq'(pu) = transient reactance (only if round rotor) = 0 

Xq''(pu)  = subtransient reactance = 0.15 

Xl(pu)  = leakage reactance = 0.06 

Tdo'(s) = d-axis transient open-circuit  

Tdo''(s) = d-axis subtransient open-circuit   

Td'(s) = short-circuit time constant = 1.01 

Td''(s) = short-circuit time constant =0.053 
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Tqo'(s) = q-axis transient open-circuit = 0.1 

Tq'(s) = short-circuit time constant (only if round rotor),  

Tqo''(s) = q-axis subtransient open-circuit  

Tq''(s) = short-circuit time constant 
Rs (pu) = stator resistance = 0.02921875 

H(s) = Inertia coefficient = 0.1036 

F(pu) = Friction factor = 0 

P = Pole pairs = 2 

 

The power factor therefore can be calculated as 𝑃𝐹 =
𝑟𝑒𝑎𝑙 𝑝𝑜𝑤𝑒𝑟

𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑝𝑜𝑤𝑒𝑟
=

100𝑘𝑊

125𝑘𝑉𝐴
= 0.8 

 

4.6 Excitation system 

 

The DC excitation system implementing in MATLAB shown in "Recommended 

Practice for Excitation System Models for Power System Stability Studies," IEEE
 

Standard 421.5-1992, August 1992 is as follow: 

 

 

Figure 4.9: Excitation system model and mask 

The major elements in the system block are the exciter and the voltage regulator. 

The exciter transfer function below is the relationship between the regulator's output ef 

and the exciter voltage Vfd. 

 

Where, the parameters are  

Tr(s) = Low-pass filter time constant = 0.02 



29 
 

Ka = Regulator gain = 300 

Ta(s) = Regulator time constant = 0.001 

Ke = Exciter gain = 1 

Te(s) = Exciter time constant = 0 

Tb,Tc(s) = Time constants of transient gain reduction = 0 

Kf = Damping filter gain = 0.001 

Tf(s) = Damping filter time constant = 0.1 

Efmin(pu) =  Regulator lower limit = -11.5 

Efmax(pu) = Regulator upper limit = 11.5 

Kp = Regulator gain = 0 

 

The outcome of the mask block is the field voltage vfd, in pu, to be applied to the Vf of 

the Synchronous generator. 

4.7 Load 

Three-phases RLC (resistive-inductive-capacitive) loads are connected in the MATLAB 

model as consumer load total of 100 kW. In this model, four different loads 30 kW, 

30kW, 30 kW and 10kW are simulated to be fluctuated at different time intervals. 

 

Figure 4.10: MATLAB load mask 
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4.8 The MATLAB model of MHPP 

 

Figure 4.11: MATLAB mathematical model of Ban Khun Pae MHPP
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CHAPTER 5 

CONTROLLER DEVELOPEMENT 

 

The contrast between setpoint speed and rotor speed will result the speed deviation. 

This speed difference is again an input into the controllers (Fuzzy and PID). The output 

signals of controllers are control signals for servomotor that responsible for spear valve 

opening mechanism. The spear valve tip movement linearly proportional to the 

servomotor rotation. 

 

5.1 PID controller 

 

The Ziegler-Nichols tuning method is a heuristic method that is used to tune a PID 

controller. It is computed by setting D (derivative) and I (integral) gains to the value of 

zero. Then the P (proportional) gain is raised (from zero) until it reaches the ultimate 

gain Ku, at which the control loop output has steady and stable oscillations. From which 

PID parameters are calculated using these oscillation period Tu and ultimate gain Ku of 

the Ziegler-Nichols table. 

 

Table 5.1: Ziegler-Nichols PID parameters 

Control Type Kp Ki Kd 

P 0.50Ku   

PI 0.45Ku/2.2 1.2Kp/ Tu  

PID 0.60Ku 2Kp/Tu KpTu/8 

 

Where, 

Kp = Proportional Controller Gain 

Ki = Integral Controller Gain 

Kd = Derivative Controller Gain 

Ku = Ultimate Gain 

Tu = Oscillation time period 

 

 
Figure 5.1: Oscillation time period at Ku = 51.04 

 

Ku = 51.04 

Tu = 0.4347 
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Using above table, 

Kp = 30.62 

Ki = 140.86 

Kd = 1.65 

 

 

Figure 5.2: MATLAB PID model 

5.2 Fuzzy control 

The construction and design of the fuzzy controller mainly relies on experienced 

human. A typical mechanism for manipulating, representing and implementing a 

human’s analytical knowledge about how to control a system is provided by Fuzzy 

control. This controller is a kind of artificial decision maker that conducts in a real time 

closed loop system. It collects output data of a plant. The data again contrasts with 

reference input, and then makes a decision of what the plant input should be to assure 

that the points of the performance will be met. 

 

5.2.1 Fuzzy Inference System (FIS) 

 

The mapping of output to a given input using fuzzy logic is formulated by Fuzzy 

Inference System. The decisions are considered from a basis provided by the mapping. 

The method of fuzzy inference consists of fuzzy logic operators, membership functions, 

IF-THEN rules and knowledge base. To avoid the harm, the fuzzy based system 

chooses limit value of the gate. It includes 

 

1. Fuzzification 

2. Inference mechanism 

3. Defuzzification 

 

Basically, inputs are revised by the fuzzification interface in order to interpreted and 

contrast with the rules of the rule-base. The intelligence is mainly inside the “rule-base” 

in the form of rules sets, of how perfect the system is to be controlled. To know which 

control rules are appropriate at the moment and what the plant input should be, the 

inference mechanism leads to evaluation. The result achieved by the inference 

mechanism into inputs to the plant, is converted by the defuzzification. 
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1) Fuzzification  

 

Shape, the preferable range and number of the membership functions determines the 

fuzzification stage. Both input and output variable have seven membership functions 

which are selected in the form of triangles. 

 

• Input scaling 

 

For input variable error and change of error, seven membership functions are selected in 

the form of triangles. The range of the inputs variable is [-1 1]  

 

nl, nm, ns, z, ps, pm, pl are linguistic variables, where nl is negative large; nm is 

negative medium; ns is negative small; z is zero; ps is positive small; pm is positive 

medium; pl is positive large. The membership functions of the input variables error are 

described below. 

 

 
Figure 5.3: Membership functions for error  

 

 
Figure 5.4: Membership functions for change in error  

 

 

 



34 
 

• Output scaling 

 

The range of the output control signal is also [-1 1]. The linguistic variables are same 

with the input as well. The seven membership functions of the output signal are 

illustrated below. 

 

 
Figure 5.5: Membership functions for control signal  

 

Max-min inference method is used which is called as Mamdani type inference and 

Center of Defuzzification method is selected. Seven linguistic levels of input errors and 

control signal are calculated along with If-Then method leads to forty nine rules. 

 

Table 5.2: Rules Table 

 
 

2) Inference scheme  

 

Mamdani fuzzy inference scheme is applied in this system using individual rule based. 

A comprehensive decision result based on the respective contribution of each rule in the 

rule base is calculated. Depending on crisp value of input error, each rule is respectively 

fired in the inference scheme. Clipped fuzzy set is constructed to perform the overall 

fuzzy output variable in this process. The cumulative of these clipped fuzzy set 

calculates single value. 
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Figure 5.6: Mamdani fuzzy inference scheme 

3) Defuzzification 

 

The last stage in Fuzzy Inference Scheme is a defuzzification. A concession value from 

all clipped fuzzy sets, represent the overall fuzzy outcome variable is found through 

defuzzification. Each and every fuzzy output variable concluded in inference system 

into the crisp value is converted. Moreover, centroid of defuzzification method is 

employed. The control variable comes through defuzzifcation is required for gate 

opening need to meet the speed is computed by centroid of defuzzification method. 

MATLAB/Simulink software GUI tool is used to carry out the process. 

 

 
Figure 5.7: Centroid defuzzification 

 

5.2.2 Tuning 

 

It is troublesome to set the controller gains of the fuzzy controllers since they are 

nonlinear. Therefore, identical fuzzy PID controller of conventional PID controller is 

designed to tune the control system. The concept is start with tuning the conventional 

PID controller and swaps it with an equivalent linear fuzzy controller. This type of 

tuning is consistent whenever a PID controller is already implemented in the system.  

 

To begin with, PD controller equation can be written as 

 

Un = Kp En + Kd 
𝐸𝑛−𝐸𝑛−1

𝑇𝑠
 

Where, 

Kd  = Derivative controller gain 

En  = Present error sample 

En-l = Previous error sample 

 

The identical Fuzzy controller equation is expressed as 
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Un = (GE * En + GCE * CEn) * GU 

𝑈𝑛 = 𝐺𝑈 ∗ 𝐺𝐸 ∗ 𝐸𝑛 + 𝐺𝑈 ∗ 𝐺𝐶𝐸 ∗
𝐸𝑛 − 𝐸𝑛−1

𝑇𝑠
 

 

𝐺𝑈 ∗ 𝐺𝐸 = 𝐾𝑝 

 

𝐺𝑈 ∗ 𝐺𝐶𝐸 = 𝐾𝑑 

 

Where, 

GU = Respond de-normalization factor 

GE = Error normalization factor 

GCE = Change of error normalization factor 

 

The discrete simulation model of FPD (Manikandan et al., 2015) is given as below 

 

 
Figure 5.8: MATLAB simulation model of FPD (Manikandan et al., 2015) 

 

 

The proposed MATLAB model for Ban Khun Pae in continuous system is 

 

 
Figure 5.9: MATLAB model of FuzzyPD controller 

 

𝐺𝐸 =
1

𝑚𝑎𝑥. 𝑒𝑟𝑟𝑜𝑟
=
1

10
= 0.1            

 

𝐺𝑈 =
𝐾𝑝

𝐺𝐸
=
30.62

0.1
= 306.2 

 

𝐺𝐶𝐸 =
𝐾𝑑
𝐺𝑈

=
1.65

306.2
= 5.29 × 10−3      
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Figure 5.10: Frequency response of FPD controller 

 

Although the oscillation in transient state of the FuzzyPD controller is minute, the 

output frequency doesn’t meet the set point to be compared to conventional PID 

controller. 

 

Consequently, FuzzyPID controller was tested to achieve the better result. To develop 

the FuzzyPID, first of all, the equation and gain values of the conventional PID 

controller are needed.  

The equation of the PID controller is 

 

𝑈𝑛 = 𝐾𝑝 𝐸𝑛 + 𝐾𝑖  ∑ 𝐸𝑖
𝑛
𝑖=1  𝑇𝑠 + 𝐾𝑑

𝐸𝑛−𝐸𝑛−1

𝑇𝑠
  

 

The identical equation of the FPID controller is specified as 

𝑈𝑛 = (𝐺𝐶𝑈 ∗ 𝐺𝐶𝐸 + 𝐺𝑈 ∗ 𝐺𝐸) ∗ 𝐸𝑛 + (𝐺𝐶𝑈 ∗ 𝐺𝐸) ∗∑𝐸𝑖𝑇𝑠

𝑛

𝑖=1

+ (𝐺𝑈 ∗ 𝐺𝐶𝐸)

∗
𝐸𝑛 − 𝐸𝑛−1

𝑇𝑠
 

 

𝐺𝐶𝑈 ∗ 𝐺𝐶𝐸 + 𝐺𝑈 ∗ 𝐺𝐸 = 𝐾𝑝 

 

𝐺𝐶𝑈 ∗ 𝐺𝐸 = 𝐾𝑖 

 

𝐺𝑈 ∗ 𝐺𝐶𝐸 = 𝐾𝑑 

 

𝐺𝐶𝑈 =
𝐾𝑖
𝐺𝐸

 

 

Where, GCU = Change of responds de-normalization factor 

 

The discrete simulation model of FPID (Manikandan et al., 2015) is given as below 
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Figure 5.11: MATLAB simulation model of FPID (Manikandan et al., 2015) 

 

The proposed MATLAB model of FuzzyPID controller for Ban Khun Pae is 

 

Figure 5.12: MATLAB model of FuzzyPID controller  

 

 
Figure 5.13: Frequency response of FPID controller 

 

After tuning FuzzyPID controller, the response of the controller met the set point of the 

system though, some noises have been found.  

 

Last but not least, the outcome of a FuzzyPD+I controller yield the best result. 

Therefore, the FuzzyPD+I controller was used and compared with conventional PID 

controller to examine the transient responses of the generator in next chapter. 

 

 
 

Figure 5.14: MALTAB model of FuzzyPD+I controller 
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5.3 Design PLC programming 

 

PLC programming is constructed and written using ladder logic in Siemens PLC 

programming software (TIA portal). The program started with defining error and 

change in error (derivative error). Secondly, spelled out the rules to calculate the 

Mamdani inference and lastly consider the final control signal value through 

defuzzification. 

 

The logic flow chart of the program is shown below 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15: PLC programming flow chart of fuzzy controller 

 

1) Fuzzification 

 

Fuzzification is a method used to convert the input values crisp on the membership 

function of fuzzy set. The proposing of the system has two input membership function 

(Error and DError). The proposed program was composed with 5 triangular membership 

function , Negative big (Nb), Negative (N), Zero(Z), Positive (P) and Positive big (Pb), 

and the universal set of ranging between -1 and 1. 

 

 

 

 

 

 

Input Membership Function 

Rules 

Minimum Rules 

Maximum Rules 

Centroid 

Defuzzification 

Mamdani 

Inference 

Fuzzification 

Inference 
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Figure 5.16: Error/DError/∆𝑽 membership function 

 

• Subset Negative big (Nb) Membership Function of Input Error/DError 

 

 

 

 

 

 

 

 

Figure 5.17: Negative subset of Error/DError input 

 

Model of Negative big subset membership function input of Error and DError can be 

seen in figure, ranging between -1 and -0.5. From which is recognized to show is 

triangle with the following notations 

 

𝜇 𝑁𝐵(𝑥) = {

−0.5 − 𝑥

0.5
       , −1 ≤ 𝑥 ≤ −0.5

0    , 𝑥 > −0.5
0    , 𝑥 < −1

 

Instruction: 

𝜇 𝑁𝐵(𝑥) is the weight fuzzy form Negative big subset of input Error and DError. 

x is the Error and DError input value from the speed of generator. 

 

• Negative (N) Membership Function of Input Errror/DError 

 

 

 

 

 

 

 

Figure 5.18: Negative big subset of Error/DError input 

0.5 - 

-1 -0.5 

µ = 1 

0.5 - 

-1 -0.5 0 

µ = 1 

-1 -0.5 0 0.5 1 

Nb Pb P Z N 



41 
 

Miniature of Negative subset of Error/DError is described below, ranging between -1 

and 0. 

Therefore, the notation is given as 

 

𝜇 𝑁(𝑥) =

{
 
 

 
 
𝑥 − (−1)

0.5
       , −1 ≤ 𝑥 < −0.5

0 − 𝑥

0.5
    , −0.5 ≤ 𝑥 ≤ 0

0    , 𝑥 > 0
0    , 𝑥 < −1

 

Instruction: 

𝜇 𝑁(𝑥) is the weight fuzzy form Negative subset of input Error and DError. 

x is the Error and DError input value from the speed of generator. 

 

• Zero (Z) Membership Function of Input Error/DError 

 

 

 

 

 

Figure 5.19: Zero subset of Error/DError input 

Subset of Zero (Z) is described ranging between -0.5 and 0.5 and the fuzzy core is at 0 

speed of the generator. 

𝜇 𝑍(𝑥) =

{
 
 

 
 
𝑥 − (−0.5)

0.5
       , −0.5 ≤ 𝑥 < 0

−0.5 + 𝑥

−0.5
    , 0 ≤ 𝑥 ≤ 0.5

0    , 𝑥 > 0.5
0    , 𝑥 < −0.5

 

Instruction: 

𝜇 𝑍(𝑥) is the weight fuzzy form Zero subset of input Error and DError. 

x is the Error and DError input value from the speed of generator. 

 

 

 

 

 

0.5 - 

-0.5 0 0.5 

µ = 1 
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• Positive (P) Membership Function of Input Error/DError 

 

 

 

 

 

Figure 5.20: Positive subset of Error/DError input 

 

Model of Positive (P) subset membership function input of Error and DError can be 

seen in figure, ranging between 0 and 1, and the core point is 0.5. Notation of the 

triangle is 

 

𝜇 𝑃(𝑥) =

{
 
 

 
 
𝑥 − 0

0.5
       , 0 ≤ 𝑥 < 0.5

1 − 𝑥

0.5
    , 0.5 ≤ 𝑥 ≤ 1

0    , 𝑥 > 1
0    , 𝑥 < 0

 

Instruction: 

𝜇 𝑃(𝑥) is the weight fuzzy form Positive subset of input Error and DError. 

x is the Error and DError input value from the speed of generator. 

 

• Positive big (Pb) Membership Function of Input Error/DError 

 

 

 

 

 

Figure 5.21: Positive big subset of Error/DError input 

Subset of Positive big (Pb) is described ranging between -0.5 and -1 and the fuzzy core 

is at -1 speed of the generator. 

𝜇 𝑃𝑏(𝑥) = {

𝑥 − 0.5

0.5
       , 0.5 ≤ 𝑥 ≤ 1

0    , 𝑥 > 1
0    , 𝑥 < 0.5

 

0.5 - 

0 0.5 1 

µ = 1 

- 0.5 

1 0.5 

µ = 1 
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Instruction: 

𝜇 𝑃𝑏(𝑥) is the weight fuzzy form Positive big subset of input Error and DError. 

x is the Error and DError input value from the speed of generator 

2) Basic rules 

Rules on a system that is constructed has 25 rules which is used as a basic for decision 

considering as well as membership function output ∆𝑉 controls the servomotor and 

improves the transient response of the generator speed. The 25 rules in the form of 

mathematical expression are as follows: 

R1 If Error is Nb and DError is Nb, then ΔV is Nb 

R2 If Error is Nb and DError is N, then ΔV is Nb 

R3 If Error is Nb and DError is Z, then ΔV is N 

R4 If Error is Nb and DError is P, then ΔV is N 

R5 If Error is Nb and DError is Pb, then ΔV is Z 

R6 If Error is N and DError is Nb, then ΔV is Nb 

R7 If Error is N and DError is N, then ΔV is N 

R8 If Error is N and DError is Z, then ΔV is N 

R9 If Error is N and DError is P, then ΔV is Z 

R10 If Error is N and DError is Pb, then ΔV is P 

R11 If Error is Z and DError is Nb, then ΔV is N 

R12 If Error is Z and DError is N, then ΔV is N 

R13 If Error is Z and DError is Z, then ΔV is Z 

R14 If Error is Z and DError is P, then ΔV is P 

R15 If Error is Z and DError is Pb, then ΔV is P 

R16 If Error is P and DError is Nb, then ΔV is N 

R17 If Error is P and DError is N, then ΔV is Z 

R18 If Error is P and DError is Z, then ΔV is P 

R19 If Error is P and DError is P, then ΔV is P 

R20 If Error is P and DError is Pb, then ΔV is Pb 

R21 If Error is Pb and DError is Nb, then ΔV is Z 

R22 If Error is Pb and DError is N, then ΔV is P 
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R23 If Error is Pb and DError is Z, then ΔV is P 

R24 If Error is Pb and DError is P, then ΔV is Pb 

R25 If Error is Pb and DError is Pb, then ΔV is Pb 

Table 5.3: Rules Table 

 

Error 

DError 

Nb N Z P Pb 

Nb Nb Nb N N Z 

N Nb N N Z P 

Z N N Z P P 

P N Z P P Pb 

Pb Z P P Pb Pb 

 

3) Inference 

Inference translation in the forom of mathematical noatation of the 25 rules fuzzy basic 

is as follows: 

µNb (y) = µNb (x) & µNb (dx) 

µNb (y) = µNb (x) & µN (dx) 

µN (y) = µNb (x) & µZ (dx) 

µN (y) = µNb (x) & µP (dx) 

µZ (y) = µNb (x) & µPb (dx) 

µNb (y) = µN (x) & µNb (dx) 

µN (y) = µN (x) & µN (dx) 

µN (y) = µN (x) & µZ (dx) 

µZ (y) = µN (x) & µP (dx) 

µP (y) = µN (x) & µPb (dx) 

µN (y) = µZ (x) & µNb (dx) 

µN (y) = µZ (x) & µN (dx) 
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µZ (y) = µZ (x) & µZ (dx) 

µP (y) = µZ (x) & µP (dx) 

µP (y) = µZ (x) & µPb (dx) 

µN (y) = µP (x) & µNb (dx) 

µZ (y) = µP (x) & µN (dx) 

µP (y) = µP (x) & µZ (dx) 

µP (y) = µP (x) & µP (dx) 

µPb (y) = µP (x) & µPb (dx) 

µZ (y) = µPb (x) & µNb (dx) 

µP (y) = µPb (x) & µN (dx) 

µP (y) = µPb (x) & µZ (dx) 

µPb (y) = µPb (x) & µP (dx) 

µPb (y) = µPb (x) & µPb (dx) 

By using the Zadeh-Mamdani rules, the first process to do is find the value of minimum 

on the fuzzy rules. The weight fuzzy minimum inference results of the 25 fuzzy rules 

are stored in the variable m1 to m25. The elaboration in the form of mathematical 

notation for PLC program is as shown bellows: 

m1 = Min {µNb (x) , µNb (dx)} 

m2 = Min {µNb (x) , µN (dx)} 

m3 = Min {µNb (x) , µZ (dx)} 

m4 = Min {µNb (x) , µP (dx)} 

m5 = Min {µNb (x) , µPb (dx)} 

m6 = Min {µN (x) , µNb (dx)} 

m7 = Min {µN (x) , µN (dx)} 

m8 = Min {µN (x) , µZ (dx)} 

m9 = Min {µN (x) , µP (dx)} 

m10 = Min {µN (x) , µPb (dx)} 

m11 = Min {µZ (x) , µNb (dx)} 
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m12 = Min {µZ (x) , µN (dx)} 

m13 = Min {µZ (x) , µZ (dx)} 

m14 = Min {µZ (x) , µP (dx)} 

m15 = Min {µZ (x) , µPb (dx)} 

m16 = Min {µP (x) , µNb (dx)} 

m17 = Min {µP (x) , µN (dx)} 

m18 = Min {µP (x) , µZ (dx)} 

m19 = Min {µP (x) , µP (dx)} 

m20 = Min {µP (x) , µPb (dx)} 

m21 = Min {µPb (x) , µNb (dx)} 

m22 = Min {µPb (x) , µN (dx)} 

m23 = Min {µPb (x) , µZ (dx)} 

m24 = Min {µPb (x) , µP (dx)} 

m25 = Min {µPb (x) , µPb (dx)} 

After obtaining the minimum, the next is finding composition to produce a single output 

that has an interaction with ∆𝑉 output membership function on the basic of the rules 

fuzzy. The mechanism used in the process is to yield the maximum value of the 

minimum value which has been attained. Therefore, the mathematical notation is  

µNb (y) = Max {µ m1, µ m2, µ m6 } 

µN (y) = Max {µ m3, µ m4, µ m7, µ m8, µ m11, µ m12, µ m16} 

µZ (y) = Max {µ m5, µ m9, µ m13 , µ m17, µ m21} 

µP (y) = Max {µ m10, µ m14, µ m15, µ m18, µ m19, µ m22, µ m23} 

µPb (y) = Max {µ m20, µ m24, µ m25 } 

Output ∆𝑉 membership function represents the change in voltage connected as input to 

the servomotor. The  ∆𝑉 membership function is divided into 5 subsets (Np, N, Z, P, 

Pb) same definitely as the input membership function ranging -1 to 1 (universe of 1). 
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• Subset Negative big (Nb) ∆𝑉 Output Membership Function 

 

 

 

 

Figure 5.22: Negative big subset of ∆𝑽 output 

Negative big subset has the membership function which is same as the input Negative 

big (form -1 to -0.5). The centroid of the Negative big subset, therefore, can be 

calculated as follows: 

𝜇𝑁𝑏(𝑦) =
−0.5 − 𝑦

0.5
= (

𝑦 + 0.5

−0.5
) 

𝑧1 = (−0.5 ×  𝜇𝑁𝑏(𝑦)) − 0.5 

𝑧11 =
𝑧1 + 1

−2
 

𝑆𝑁 = 𝑧1 + 𝑧11 

𝑏1 = 𝑧1 − (−0.5) 

𝑐1 =
2𝑏

3
 

𝑇𝑁 = −0.2167 + (−0.5) 

𝑍𝑁𝑏 =
𝑆𝑁 + 𝑇𝑁

2
 

Instruction: 

SN is the centroid of the square area 

b1 is the base of the triangle area 

TN is the centroid of the triangle area 

ZNb is the means centroid between SN and TN 

 

 

 

 

 

 

 

 

-1 -0.5 

µNb (y) 

SN Z1 TN 



48 
 

• Subset Negative (N) ∆𝑉 Output Membership Function 

 

 

 

 

Figure 5.23: Negative subset of ∆𝑽 output 

Negative subset of an isosceles triangle has a working range between -1 and 0, hence, 

the mathematical notation of the centroid is ZN =  -0.5 

• Subset Zero (Z) ∆𝑉 Output Membership Function 

 

 

 

 

 

Figure 5.24: Zero subset of ∆𝑽 output 

Similarly, Zero subset of an isosceles triangle has a working range between -0.5 and 

0.5, hence, the mathematical notation of the centroid is ZZ = 0. 

• Subset Positive (P) ∆𝑉 Output Membership Function 

 

 

 

 

 

Figure 5.25: Positive subset of ∆𝑽 output 

Positive subset of an isosceles triangle has a working range between 0 and 1, hence, the 

mathematical notation of the centroid is ZP = 0.5. 

 

 

-1 -0.5 0 

µN (y) 

-0.5 0 0.5 

µZ (y) 

 

0 0.5 1 

µP (y) 
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•  Subset Positive big (Pb) ∆𝑉 Output Membership Function 

 

 

 

 

 

Figure 5.26: Positive big subset of ∆𝑽 output 

Positive big subset right triangle has the membership function which is same as the 

input Negative big (from 0.5 to 1). The centroid of the Positive big subset, therefore, 

can be calculated as follows: 

𝜇𝑃𝑏(𝑦) =
𝑦 − 0.5

0.5
 

𝑧2 = 𝑦 = (𝜇𝑃𝑏(𝑦) × 0.5) + 0.5 

𝑧22 =
1 − 𝑧2

2
 

𝑆𝑃 = 𝑧2 + 𝑧22 

𝑏2 = 𝑧2 − 0.5 

𝑐2 =
2𝑏

3
 

𝑇𝑃 = 𝑐2 + 0.5 

𝑍𝑁𝑏 =
𝑆𝑃 + 𝑇𝑃

2
 

Instruction: 

SP is the centroid of the square area 

b2 is the base of the triangle area 

TP is the centroid of the triangle area 

ZPb is the means centroid between SP and TP 

 

 

 

 

1 0.5 TP Z2 SP

L 

µPb (y) 
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4) Defuzzification 

The gravity of defuzzifcation method was used in this process which is calculated by 

summing the multiplication of centroid values and weight fuzzy values, and then 

divided by the summing of fuzzy values. 

𝐷 =  
∑ 𝑍𝑖𝜇(𝑦)𝑖
𝑛
𝑖=1

∑ 𝜇(𝑦)𝑖
𝑛
𝑖=1

 

 

 

 

 

  

 

Figure 5.27: Example of crisp point in defuzzification

-1 -0.5 0 0.5 1 

Nb Pb P Z N 
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CHPATER 6 

RESULTS AND DISCUSSIONS 

 

6.1 Results 

As soon as the model development and tuning of controller are complete, different tests 

were conducted and the output waveforms were recorded after the installation and 

tuning of PID, and Fuzzy. The results are shown in the MATLAB simulation with x-

axis as time in seconds. The simulation parameters are bellows: 

Vabc : 3-phase generator terminal voltage and rms terminal voltage 

Isabc(pu) : Stator currents 

wm(pu) : Rotational shaft speed 

Peo(pu) : Output active power 

 

Simulations have been run to recognize the MHPP performance. There are overall two 

simulations were efficiently performed. The outcomes were achieved in the form of 

graph; output frequency, active power and voltage of MHPP versus time in Fuzzy and 

PID controllers simulation. The computation of percentage overshoot and settling time 

for both graphs in overload and discharge condition, is used for comparison. The small 

and large load variations are considered in order to analyze the achievement of the 

controllers. The large load variations outcome of fuzzy logic controller and PID 

controller were shown in Figure 6.1 and Figure 6.2. The comparing outcomes between 

PID controller and fuzzy logic controller for small load variations were described in 

Figure 6.3 and Figure 6.4. 

 

6.1.1 Case 1: Large load variation at T=6s 

In this scenario, PID controller is used controlling the servomotor of the hydro power 

plant. The simulation carries out and recorded the time duration of 10s. Furthermore, 

there can be seen 30 kW load drop between 6s and 6.1s. With the use of PID controller 

the system starts stable at 2.3s. In addition, the transient response at the beginning of the 

time is jump and oscillated 1.015(pu) and then slightly decrease until it reaches the set 

point 1(pu) (which is 50 Hz) at T=2.3s. Repeatedly, the oscillation can be found at T=6s 

and completely stabilize at 7s of the simulation time. Moreover, voltage and active 

power drop immediately as soon as the frequency decreases at 6s and stabilize again at 

7s. 
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Figure 6.1: Large load variation (PID controller) 

The following figure illustrated the MATLAB simulation using FuzzyPD+I controller. 

The power system is running at 100kW and 30kW load is discharged between 6 and 

6.1s. The FuzzyPD+I controller stabilizes the frequency faster than conventional PID 

controller. Also, the highest range of the oscillation is not greater than 1%. However, 

the power and voltage drop is comparatively greater than conventional controller 

control. 
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Figure 6.2: Large load variation (FuzzyPD+I controller) 

6.1.2 Case 2: Small load variation at T=6s 

The following figure describes same phenomenon as above, but the load deviation is 

only 10kW at 6s of simulation. The active power deviated till reach 0.5(pu) and reaches 

back to 0.8(pu) as soon as the 10 kW load is attached back. On the other hand, rms 

voltage deviated from 230Vrms to just around 225Vrms and almost stable at 230Vrms 

again when the drop load is attached back. The frequency discharge 0.5% and settle 

back to 50Hz at 6.6s. 
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Figure 6.3: Small load variation (PID controller) 

By using the FuzzyPD+I controller, the overall system stable around 1.5s of simulation. 

However, Fuzzy controller shortens the transient time, the frequency oscillation cycles 

are much more than PID controller has. Therefore, the active power is dropped down to 

0.1(pu) right away and inclined steeply. At the time of 7.1s, the power gets back to the 

normal position and stable at that point. 
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Figure 6.4: Small load variation (FuzzyPD+I controller) 

6.1.3 Case3. Simulation of PLC based Fuzzy controller 

Although almost all PLC programming software has PID block as a library, it is not 

feasible to find a library for Fuzzy controller. Simulation of the PLC based Fuzzy 

controller is tested with MATLAB model via OPC server of WinCC. The speed of the 

generator increases steeply at 0.1s and then increases slowly till 2s. After that, the 

frequency stable around 1.007(pu). The noise can be seen in frequency of the system 

because sampling of MATLAB is faster than that of PLC. The overall system transient 

last for 1.2s and the transient of load drop last for 0.25s. 
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Figure 6.5: PLC based fuzzy simulation (load variation at T=6s) 

6.2 Discussion 

The overall performance of FuzzyPD+I controller and PID controller is depicted. 

According to the Case1, Fuzzy controller gave the better result in comparing settling 

time and as well as discharge percentage. Comparison in small load variation test yield 

that PID controller regulated the system much more smooth in accordance with small 

load variation. On the other hand, Fuzzy controller made some more noises during the 

small load variation, the transient time of the Fuzzy controller is short though. For the 

PLC based Fuzzy controller, there can be found minute steady state error and noises 

because of sampling time difference between MALAB and S7 (TIA portal). 
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CHAPTER 7 

IMPLEMENTATION OF SPEED CONTROLLER AS A PROTOTYPE 

 

The validation of the model is not completely same as the real power plant system at the 

Ban Khun Pae. However, the speed regulation is mainly experimented in this prototype 

for performance evaluation of Fuzzy and PID controllers. In this experiment, 24V DC 

Servomotor with encoder is used to drive the 12V DC permanent magnet motor which 

is validated as a synchronous motor. That is because of DC motor is more adaptable to 

validate in testing. The apparatus, implementation and algorithm used for the research 

are described using following titles: 

 

Configuration 

Apparatus and Equipment 

Algorithm 

Experimented Result 

 

7.1 Configuration 

 

The speed control of the system in experiment is using Arduino microcontroller. The 

reason is encoder speed of the servomotor cannot be read by the PLC which has low 

processing speed compare to microcontrollers. The difference between the real system 

and prototype is that this research directly operates the speed of the DC permanent 

magnet with servomotor without using water control. Consequently, the speed of the 

DC motor can balance the output voltage. Wherever the speed is boosted the voltage is 

boasted as well. When the speed is declined the opposite is true. A current is found by 

installing potentiometer to the motor. The real power and how much load is changing 

can be calculated from these current and voltage. Adjusting the variable load 

(potentiometer) leads to change the current value which will then affect the power. 

 

The flow chart of Power output from the motor: 

 
Figure 7.1 Power output from DC Motor 

 

Load shifting will affect the rotational speed of DC motor. For instance, the voltage of 

the motor is decreased when the current is increased. The decrease in voltage decreases 

the speed of the motor shaft. Therefore, AGC with PID or Fuzzy is applied in the 
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system. The following diagram illustrates connections between function blocks to create 

a closed loop to control the speed of the motor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2 Block diagram of the experiment 

 

The encoder attached with the motor shaft at the back of the servomotor will go by the 

rotation of the motor. The pulse generated by the encoder will be read by the micro-

controller to compute the motor shaft speed in RPM. However, the speed in RPM needs 

to be mapped with 255 that is maximum PWM signal that can be generated and used by 

micro-controller. In micro-controller, analog write range only from 0 to 255. The set 

point speed in RPM sent by the user to controller will also map with 255% and become 

set point for the Fuzzy or PID controller. 

The controller will compute its output in 255%. Hence PWM converter will generate a 

pulse train that its pulse width lean on the Fuzzy or PID output value. Later, PWM is 

sent to the motor driver which switches the MOSFET for a duty-cycle time cyclically 

and power will pass to the servomotor. Then the servomotor drives the permanent 

magnet DC motor which shaft is coupled together with its. Therefore, the permanent 

magnet DC motor can run like a generator and generate a voltage. Again, potentiometer 

is attached to that DC motor as variable load. 

 

 
Figure 7.3 Schematic diagram of the experiment 

 

The model of the permanent magnet DC motor when it can operate as a generator 

connected with DC servomotor is described as follow: 

 

Speed Set point 

Speed 

Calculation 

PID/ 

Fuzzy 

Algorithm 

PWM 

Converter 
Motor 

Driver 

DC 

Servo

motor 

- 
DC 

Perman

ent 

Magnet 

Variable 

Load 

Encoder 

Microcontroller 
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Through the armature coil, a voltage source (Va) characterizes the electrical circuit 

comparable to a DC motor. An inductance (La) in series with a resistance (Ra) in series 

with an induce voltage (Vc) represents the electrical equivalent of the armature coil. 

Also, the rotation of the electric coil across the fixed flux lines of the permanent 

magnets generates the induced voltage. This sort of voltages is normally called as the 

back emf (electromotive force). 

 
 

Figure 7.4 Electrical representation of DC motor 

 

The derivation of a differential equation for the equivalent circuit is done by Kirchoff’s 

voltage law around the electrical circuit loop. The summation of all voltages around a 

loop must to zero is stated in Kirchoff’s voltage law. 

 

𝑉𝑎 − 𝑉𝑅𝑎 − 𝑉𝐿𝑎 − 𝑉𝑐 = 0 

 

According to Ohm’s law, the voltage across the resistor can be denoted as 

 

𝑉𝑅𝑎 = 𝑖𝑎𝑅𝑎 

 

Where the armature current denoted as ia. The voltage across the inductor is direclty 

proportional to the change of current through the coil with respect to time and can be 

written as 

 

𝑉𝐿𝑎 = 𝐿𝑎
𝑑

𝑑𝑡
𝑖𝑎 

 

Where, the inductance of the armature coil is La. Lastly, the back emf can be described 

as 

 

𝑉𝑐 = 𝑘𝑣𝜔𝑎 

 

Where, the velocity constant determined by flux density of the permanent magnets is kv, 

the reluctance of the iron core of the armature. The rotational velocity of the armature is 

𝜔𝑎. 
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Substituting above equations results in the following differential equation: 

 

𝑉𝑎 − 𝑖𝑎𝑅𝑎 − 𝐿𝑎
𝑑

𝑑𝑡
𝑖𝑎 − 𝑘𝑣𝜔𝑎 = 0 

 

A torque to the shaft of the machine is created by the servomotor, which creates the 

armature rotor torque Ta which alters the torque of the generator. Eventually, the output 

is reach to the load. In such a way that, the DC motor is served as a DC generator. 

 

𝑇𝑒 − 𝑇𝜔 − 𝑇𝑎 − 𝑇𝐿 = 0 

 

Where, the electromagnetic torque is Te, the torque due to rotational acceleration of the 

rotor isTω, the torque produced from the velocity of the rotor is Ta, and the torque of the 

mechanical load is TL. 

 

7.2 Apparatus and equipment 

 

The devices which used in experiment are as follow: 

Table 7.1 Devices and Purposes 

Devices Purposes 

ARDUINO (Mega 2560) Main Controlling Unit 

MOTOR DRIVER (ET-OPTO DC Motor Driver) Run the Servomotor 

DC Servomotor (24V, 4000RPM with encoder of 

200 Resolution) 

Generates DC Motor 

DC Permanent Magnet Motor (12V, 400RPM, 

14.68 reduction ratio) 

Run as Generator 

Power Supply (INPUT 200 – 240V AC  1.2A, 

OUTPUT +12V DC  8.5A) 

Supply Power 

Potentiometer (1kΩ) Use as Load 

Personal Computer Supervising and Command 

Window 

 

Instead of Programmable Logic Controller (PLC), Arduino mega 2560 micro-controller 

is used as a main command unit of the whole process. 
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Figure 7.5 Arduino MEGA in real operation 

 

The ET-OPTO DC motor driver uses opto-coupler PC817 to isolate signals between 

motor power and micro-controller. MOSFET RFP50N06 are used for switching power 

and be able to control motors with 6-24V/5A. The diagram and general description of 

the board are as follow: 

 
Figure 7.6 ET-OPTO DC motor driver 
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For this experiment, 5 GPIO is used in micro-controller. Channel A and B of the 

encoder of the DC servomotor  are attached to the pin numbers 1 and 2 of the micro-

controller as input in order to read the speed of the encoder. Pin numbers 6 and 7 are 

connected with DIR1 and DIR2 of the motor driver respectively. Pin 11 has the 

connection with the ENA (enable) pin of the motor driver. Moreover, 12V DC is 

applying to the +VM and Ground to COM of the driver. To run the Servomotor, MT+ 

and MT- of the motor driver need connection with the motor wires. Last but not least, 

the micro-controller receives the command the USB port of a computer. The whole real 

model is given below: 

 

 
Figure 7.7 Connection between Arduino, motor driver and motors 

 

7.3 Algorithm 

 

A counter, firstly, accumulates position as a number of pulses. This number could be 

translated to number of rotations and hence linear movement could be computed. 

 

Rotation speed of the output shaft is computed by taking the derivative of position with 

time. The algorithm is as the following: 

 

rotationSpeed   = d(rotationNumber) / dt 

d(rotationNumber)  = (currentPosition – lastPosition) /PPR x decodeNumber x 

gearRatio 

dt    = (currentTiming – lastTiming)/60000 

 

Where, 

rotationSpeed   : shaft rotation speed and is calculated in RPM (Rotation Per 

Minute). 

rotationNumber  : number of rotations. 
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currentPosition  : number of pulses calculated by the counter at the time being. 

lastPosition  : number of pulses calculated by the counter at the last time (at 

the last scan/execution). 

PPR  : number of pulses per revolution, this number is one 

specification of the encoder. 

decodeNumber  : it depends on edges used for counting, 1, 2, or 4. 

gearRatio    : gear ration of the gear box. 

currentTiming  : current clock time in milliseconds. 

lastTiming   : clock time when last computation was done in milliseconds. 

 

The ideal version of the PID controller is described by the formula 

 

𝑢(𝑡) = 𝑘𝑝𝑒(𝑡) + 𝑘𝑖∫𝑒(𝑟)𝑑𝑟 + 𝑘𝑑
𝑑𝑒

𝑑𝑡

𝑡

0

 

 

Where u is the control signal and e is the control error. The reference value, r, is the 

setpoint. The sum of three terms is the control signal. Nomenclature is used in the 

control program as follow: 

 

𝑙𝑚𝑛 = 𝐾𝑃 ∗ 𝑒𝑠𝑠 +  𝐾𝐼∫ 𝑒𝑠𝑠 𝑑𝑡 + 𝐾𝐷 ∗ 
𝑑𝑒𝑠𝑠

𝑑𝑡
 

𝑙𝑚𝑛 = 𝑙𝑚𝑛𝑝 + 𝑙𝑚𝑛𝐼 + 𝑙𝑚𝑛𝐷 

𝑙𝑚𝑛𝑃 = 𝐾𝑃 ∗ 𝑒𝑠𝑠 

𝑙𝑚𝑛𝐼 =  𝐾𝐼 ∗ ∫𝑒𝑠𝑠 𝑑𝑡 

𝑙𝑚𝑛𝐷 = 𝐾𝐷 ∗ 
𝑑𝑒𝑠𝑠

𝑑𝑡
 

 

Where, lmn  = loop manipulated variable or controller output signal 

lmnP  = proportional portion. 

lmnI  = integral portion. 

lmnD  = derivative portion. 

ess = current controller error, defined as setPoint – processVariable  

KP  = proportional gain 

KI  = integral gain 

KD  = derivative gain 

setPoint   = set point 

processVariable = measured process variable 

 

Therefore, an algorithm in the program is: 

𝑙𝑚𝑛𝑃 = 𝐾𝑃 ∗ 𝑒𝑠𝑠 

𝑙𝑚𝑛𝑃 = 𝐾𝑃 ∗ (𝑠𝑒𝑡𝑃𝑜𝑖𝑛𝑡 − 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒) 
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𝑙𝑚𝑛𝐼 =  𝐾𝐼 ∫ 𝑒𝑠𝑠 𝑑𝑡 

𝑑 𝑙𝑚𝑛𝐼

𝑑𝑡
= 𝐾𝐼 ∗ 𝑒𝑠𝑠 

𝑑 𝑙𝑚𝑛𝐼 = 𝐾𝐼 ∗ 𝑒𝑠𝑠 ∗ 𝑑𝑡 

𝑙𝑚𝑛𝐼 − 𝑙𝑎𝑠𝑡𝐿𝑚𝑛𝐼 = 𝐾𝐼 ∗ 𝑒𝑠𝑠 ∗ 𝐶𝑌𝐶𝐿𝐸 

𝑙𝑚𝑛𝐼 = 𝑙𝑎𝑠𝑡𝐿𝑚𝑛𝐼 + (𝐾𝐼 ∗ 𝑒𝑠𝑠 ∗ 𝐶𝑌𝐶𝐿𝐸) 

 

𝑙𝑚𝑛𝐷 = 𝐾𝐷 ∗
𝑑 𝑒𝑠𝑠

𝑑𝑡
 

𝑙𝑚𝑛𝐷 = 𝐾𝐷 ∗ (𝑒𝑠𝑠 − 𝑙𝑎𝑠𝑡𝐸𝑠𝑠)/𝐶𝑌𝐶𝐿𝐸 

 

Trial and error method is used to tune get PID parameters as 
 

𝐾𝑃 = 0.299 

𝐾𝐼 = 0.000013666 

 

For the Fuzzy part, the same fuzzy set and fuzzy rules in Chapter 5 are used to run in 

the experimented program. There are seven triangular membership functions inside each 

set. Change of error and error are inserted as inputs into fuzzy inference system which 

has one output. PID to fuzzy tuning method (Described in Chapter 5) is applied as 

follow: 

 

𝐺𝐸 =
1

𝑚𝑎𝑥. 𝑒𝑟𝑟𝑜𝑟
=

1

500
= 0.002 

 

𝐺𝐶𝑈 =
𝐾𝐼

𝐺𝐸
=
0.000013666

0.002
= 0.0068333 

 

𝐺𝐶𝐸 =
𝐾𝑃 × 𝐺𝐸

𝐾𝐼
=
0.299 × 0.002

0.000013666
= 43.7563 

 

 
Figure 7.8 Block diagram of Fuzzy PI controller 

 

The calculation is done at fixed interval called CYCLE (CYCLE = 100ms) for both 

Fuzzy and PID. The flow charts for the programming are as follow: 
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Figure 7.9 Flow chart of PID programming 
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Figure 7.10 Flow chart of Fuzzy programming 

 

The detail program can be seen in Appendix B. 
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7.4 Experimented result 

 

When the implementation of the prototype is ready with appropriate programs, various 

tests are experimented and record the output results. The program in the experiment is 

conducted at the sampling time of 100ms for both Fuzzy and PID. In these tests, the 

speed of the DC motor is to be steady back to 500RPM whenever the load is varying. 

The back emf at the speed of 500RPM is 14.6V. The horizontal line represents the time 

in second and the vertical line represents the speed of the DC motor in RPM. Moreover, 

the load percentages are calculated by measuring the current at the potentiometer. The 

maximum load is measured around 75mA x 14.6V = 1.095W. 

 

Case 1: Steady State at 40% Load 

 

The motor speed controller by Fuzzy controller starts steadily to reach the setpoint and 

it takes 10s. On the other hand, PID controller can handle the constant speed since 

beginning. Furthermore, maximum 3% deviation (485 RPM) has been found in Fuzzy 

controller whereas PID controller can normally regulate the frequency between 2% 

range. 

 

 
Figure 7.11 Constant speed at 40% load with Fuzzy controller 
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Figure 7.12 Constant speed at 40% load with PID controller 

 

Case 2: Small Load Increase at 10s 

 

As soon as the load is increased to 26% at 10s, the speed of the motor in fuzzy 

controller is declined a bit down to 476 RPM and increased again back to 502 RPM 

within 3 second. There is no effect in PID controller while small load is changing. 

 

 
Figure 7.13 Small load increase at 10 second (Fuzzy controller) 
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Figure 7.14 Small load increase at 10 second (PID controller) 

 

Case 3: Large Load Increase at 10s 

 

When there is a sudden large load increase, the RPM with Fuzzy controller falls to 

453and rise steadily to reach the 418 RPM at 17s. For PID controller the speed of the 

motor deviates to 458 RPM. 

 
Figure 7.15 Small load increase at 10 second (Fuzzy controller) 
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Figure 7.16 Large load increase at 10 second (PID controller) 

 

Case 4: Small Load Drop at 10s 

 

Significant load discharge is not seen when there is a small drop in Fuzzy controller and 

PID controller.  

 

 
Figure 7.17 Small load drop at 10 second (Fuzzy controller) 
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Figure 7.18 Small load drop at 10 second (PID controller) 

 

Case 5: Large Load Drop at 10s 

 

The speed discharges up to 573 RPM during the load drop and becomes steady again at 

16s in Fuzzy controller. However, the speed control by PID controller only increases to 

534 RPM which mean 6.8% discharge during the sudden load drop from 53% to 18%. 

 

 
Figure 7.19 Large load drop at 10 second (Fuzzy controller) 
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Figure 7.20 Large load drop at 10 second (PID controller) 

 

The validation results describe that PID controller has small oscillation during steady 

state compare to Fuzzy controller. The tests are only experimented with rapid load 

changes. Both controllers can maintain the frequency at ± 5% that the home appliances 

and electronic devices can resist. Despite the PID controller is invulnerable up to 35% 

sudden load variation, the Fuzzy controller can only resist 5% sudden load changes.  
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

 
8.1 Conclusions 

 

The point of the thesis is comparing the conventional PID controller and Fuzzy 

controller during the sudden load variation at Ban Khun Pae MHPP. Consequently, the 

controller design in Ban Khun Pae can be upgraded to be last vulnerable with the 

sudden load changes.  

 

• The MATLAB mathematical MHPP model was first built to test as simulation to 

compare the outcome of the different controllers. 

 

• The conventional PID controller and unconventional Fuzzy controllers were designed 

to be implemented in MATLAB Simulink. 

 

• Programmable Logic Controller (PLC) was used to develop a better controller in S7 

(TIA portal) software. 

 

The conclusion validates that the Fuzzy controller in MATLAB has the lower frequency 

deviation range when there is a load changes, but PID has small oscillation. It means 

that Fuzzy controller made a little more oscillation when there is a load changes which 

leads to more power and voltage drop in the system even though the frequency is not 

that deviated from setpoint. 

 

Furthermore, different types of Fuzzy controller are tuned and experimented. 

FuzzyPD+I is found out giving the best result in stability test whereas neither FuzzyPD 

nor FuzzyPID validate the proper outcomes. All the Fuzzy logic controllers are good at 

stabilizing the system though, only FuzzyPD cannot fully handle the steady state error 

and FuzzyPID as well doesn’t yield the proper smooth result. Therefore, the FuzzyPD 

controller connected together with I controller is the way to achieve the best 

stabilization Ban Khun Pae MHPP. 

 

The MATLAB simulation test only conducted for sudden load drop within 100ms. The 

possible maximum load drop would be 36kW according to the load profile. However, 

both PID and Fuzzy controller in simulation showed that stability can be attained within 

1s. The graph bellow describes assuming load profile of Pa Ya Sai village of Chaing 

Mai. 
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Figure 8.1 24 hours load profile of Pa Ya Sai village (Chaing Mai) 

 

 

After the simulation of the model in MATLAB, the better controller among the 

MALTAB simulation is developed in the form of Programmable Logic Controller 

(PLC) using S7 TIA portal (Totally Integrated Automation) software. The Fuzzy 

controller in PLC uses 5 membership function with 2 inputs and 1 control output. The 

simulation test of the PLC based Fuzzy controller is conducted with MATLAB MHPP 

model via OPC server of WinCC. The outcomes of the simulation depicted that the 

frequency of the generator has some noise because of the sampling time of the 

MATLAB is faster than S7 TIA portal. However, it gives the appropriate results with 

minute vulnerability to the sudden load changes. 

 

The prototype of speed controller proves that the Fuzzy controller takes more time to 

compute the error whereas the PID controlled system has faster response. 

 

All in all, Fuzzy logic controller has advantages that can compromise with nonlinear 

systems and base on the awareness of human expert. Moreover, a lot of parameters can 

be chosen to control the Fuzzy controller. The key is to make a better choice of rule 

base and ranges of membership functions. The fuzzy controller is very sensitive to the 

partition of membership functions. However, one of the most botheration with Fuzzy 

controlled system is that the calculating time inside the controller is much more long 

that for PID. PID, on the other hand, has only three parameters to adjust. Therefore, 

whenever these three parameters are well tuned, PID controller shows good results in 

term of response time. 

 

8.2 Recommendations 

 

The following suggestion can be made for further work that can be pursed related to the 

area of hydropower projects. 
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• Control system that uses Fuzzy controller can be advanced by increasing the 

membership function number with more rules base. 

 

• It is mandatory to implement the feasible combination of Fuzzy and PID controllers. 

It means that the system can be controlled very well by PID which is under a 

supervisory of a Fuzzy. 

 

• The operation system in Ban Khun Pae only uses one controller to control water flow 

entering the turbine with spear vale. Stability of power system can be done by fully 

PID and fuzzy control. For instance, dump loads can be installed and AVR can be 

operated with controllers as well. 
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FC4: Select Error 
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FC6: Minimum Rules 
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FC7: Maximum Rules 
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FC9: Defuzziciation 
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/*PID*/ 
const int ENCODER_PINA = 2;//pin for encoder's channel A. 
const int ENCODER_PINB = 3;//pin for encoder's channel B. 
const int DIR1 = 6;//direction 1, DIR1=0,DIR=1, CW rotation. 
const int DIR2 = 7;//direction 2, DIR1=0,DIR=1, CW rotation. 
const int ENA = 11;//PWM output pin connecting to the driver. 
const int PPR = 200;//number of pulses per revolution by encoder. 
const int GEAR_RATIO = 1;//gear ratio from motor to main shaft. 
const int DECODE_NUMBER = 4;//depends on using interrupt (see encoder section). 
const double HIGH_LIMIT = 255.0;//high limit. 
const double LOW_LIMIT = 0.0;//low limit. 
/*variables used for PID*/ 
double rotationSpeed = 0.0;//rotation speed in RPM. 
double settingSpeed = 0;//setting speed at manual mode. 
double controlVariable;//control variable. 
double KP = 4.545454;//proportional gain. 
double KI = 5.454545;//integral gain. 
double KD = 0.00;//derivative gain. 
double CYCLE = 100;//PID processing interval. 
//vars in Interrupt Subroutine need to be volatile. 
volatile long currentPosition = 0;//number of pulses at time of calculate 
int dutyCycleMap = 0;//duty cycle value after mapping 0 - 255. 
long lastPosition = 0;//last number of pulses used in speed calculate. 
long positionDifference = 0;//difference in pulse number (used in speed 
calculate). 
unsigned long timeDifference = 0;//difference in time used in speed calculate. 
unsigned long lastDisplayTime;//interval time var in ms for display. 
unsigned long lastSpeedTime;//interval time var in ms for RPM calculate. 
/*===============================================================================
====================*/ 
void setup() 
{ 
 TCCR2B = TCCR2B & 0b11111000 | 0x01;//PWM frequency changed to 31250Hz 
 pinMode(ENCODER_PINA, INPUT);//set pin ENCODER_PINA as input. 
 pinMode(ENCODER_PINB, INPUT);//set pin ENCODER_PINB as input. 
 pinMode(DIR1, OUTPUT);//set pin DIR1 as output. 
 pinMode(DIR2, OUTPUT);//set pin DIR2 as output. 
 pinMode(ENA, OUTPUT);//set pint ENA as output 
 attachInterrupt(0, doEncoderA, RISING);//set up ISR for interrupt 0 - pin 
2. 
 Serial.begin(9600);//serial speed 9600kb/s. 
 //Serial.println("OPERATING INFORMATION"); 
 Serial.println("Q + ENTER  for  PID Parameters Display!"); 
 Serial.println("P + ENTER => KP = KP + 0.001, p + ENTER => KP = KP - 
0.001"); 
 Serial.println("I + ENTER => KI = KI + 0.001, i + ENTER => KI = KI - 
0.001"); 
 Serial.println("D + ENTER => KD = KD + 0.001, d + ENTER => KD = KD - 
0.001"); 
 Serial.println("R+ENTER => Motor Run, S+ENTER => Motor Stop, B+ENTER => 
Motor Break"); 
} 
 
 void loop() 
{ 
 if (millis() - lastDisplayTime > 1000) 
 { 
  if (currentPosition != lastPosition) 
  { 
   Serial.print("Setting_speed = "); Serial.print (settingSpeed 
); Serial.print(" RPM"); 
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   Serial.print(". Real speed = "); 
Serial.print(rotationSpeed);Serial.println(" RPM"); 
   Serial.print("Control_variable = "); 
Serial.print(dutyCycleMap); Serial.print(" %"); 
   Serial.println("--------------------------------------------
----------------"); 
   lastDisplayTime = millis(); 
  } 
 } 
 /*------------------------------------------------------------------------
--------------------------- 
 RPM speed calculation formula: 
 rotationSpeed = 
60000.0*positionDifference/(PPR*DECODE_NUMBER*GEAR_RATIO*timeDifference) 
 PPR = 200, decodeNumnber = 1, GEARratio = 1, 60000/(200*1*1) = 300.*/ 
 if (millis() - lastSpeedTime > 40) 
 { 
  timeDifference = millis()-lastSpeedTime; 
  positionDifference = currentPosition - lastPosition; 
  if (positionDifference > 0) 
  { 
   rotationSpeed = 300 * positionDifference/timeDifference; 
  } 
  lastSpeedTime = millis(); //update speed calculation time. 
  lastPosition = currentPosition;//update number of counts for 
position. 
 } 
 /*------------------------------------------------------------------------
-------------------------*/ 
 if (Serial.available()) 
 { 
  byte ch = Serial.read(); 
   static double sendSetPoint = 0; 
   switch(ch) 
   { 
    case 'R' : digitalWrite(DIR1, LOW); 
digitalWrite(DIR2, HIGH); 
    Serial.println("Motor is set to Run!"); 
     
    case '0'...'9': sendSetPoint = sendSetPoint * 10 + ch 
- '0'; break; 
    case 'C' : 
    if ((sendSetPoint >= 0) && (sendSetPoint <= 700)) 
    { 
     settingSpeed = sendSetPoint; 
     Serial.print("Setpoint speed is : "); 
Serial.print(settingSpeed); Serial.println(" RPM"); 
    } 
    else 
    { 
     Serial.println ("Wrong setting, enter value 
from 0 - 700 only!"); 
    
 Serial.println("xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx"); 
    } 
    sendSetPoint = 0; break; 
    case 'S' : digitalWrite(DIR1, LOW); 
digitalWrite(DIR2, LOW); 
    Serial.println("Motor Stop!");break; 
    case 'B' : digitalWrite(DIR1, HIGH); 
digitalWrite(DIR2, HIGH); 
    Serial.println("Motor Break!");break; 
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   } 
  /*This below section is for PID parameter modification and display. 
At any time, pressing Q will 
  display PID parameters. Capital letters for increase and lower case 
ones for decrease of parameters. 
  After any change, 03 parameters are shown.*/ 
  switch(ch) 
  { 
   case 'Q' : 
   Serial.print("KP = "); Serial.println(KP,4);//print 04 
digits after decimal point. 
   Serial.print("KI = "); Serial.println(KI,6);//print 04 
digits after decimal point. 
   Serial.print("KD = "); Serial.println(KD,4);//print 04 
digits after decimal point. 
  
 Serial.println("========================================================")
;break; 
   case 'P' : KP += 0.001; //GAIN = GAIN + ... 
   Serial.print("KP is changed to: "); 
Serial.println(KP,4);//print 04 digits after decimal point. 
  
 Serial.println("========================================================")
;break; 
   case 'p' : KP -= 0.001; 
   Serial.print("KP is changed to: "); 
Serial.println(KP,4);//print 04 digits after decimal point. 
  
 Serial.println("========================================================")
;break; 
   case 'I' : KI += 0.000001; 
   Serial.print("KI is changed to: "); Serial.println(KI,6); 
  
 Serial.println("========================================================")
;break; 
   case 'i' : KI -= 0.000001; 
   Serial.print("KI is changed to: "); Serial.println(KI,6); 
  
 Serial.println("========================================================")
;break; 
   case 'D' : KD += 0.01; 
   Serial.print("KD is changed to: "); Serial.println(KD,4); 
  
 Serial.println("========================================================")
;break; 
   case 'd' : KD -= 0.01; 
   Serial.print("KD is changed to: "); Serial.println(KD,4); 
  
 Serial.println("========================================================")
;break; 
  } 
 } 
  
 /*------------------------------------------------------------------------
---------------------------*/ 
 /*PID function is process at interval of CYCLE*/ 
 unsigned long lastPIDTime;//to store the real-time when previous execution 
is done. 
 if (millis()- lastPIDTime > CYCLE) 
 { 
  PID(); 
  lastPIDTime = millis(); 
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 } 
 /*------------------------------------------------------------------------
---------------------------*/ 
 /*Below for mapping to digital value (0-255) and write to PWM output.*/ 
 dutyCycleMap = map(controlVariable,0,255,0,100);//Mapping manipulated var 
to digital value. 
 analogWrite(ENA, controlVariable);//Write pulse train to PWM output pin 
} 
//END OF LOOP 
/*===============================================================================
====================*/ 
 
void PID() 
{ 
 double processVariable;//speed in 255% 
 double setPoint;//set speed in 255% 
 double ess;//steady state error 
 double lmn;//loop manipulated variable 
 double lmnP;//proportional portion. 
 double lmnD;//derivative portion. 
 double integralDiff;//Integral difference 
 static double lmnI;//integral portion. Static vars for remembering last 
value. 
 static double lastEss;//last value of lmnD. 
 processVariable = map(rotationSpeed,0,700,0,255); 
 setPoint = map(settingSpeed, 0,700,0,255); 
 ess = setPoint - processVariable; 
  
 //Proportional portion calculation 
 lmnP = KP * ess; 
 
 //Integral portion calculation. 
 if (((integralDiff > 0) && (lmn > HIGH_LIMIT)) || ((integralDiff < 0) && 
(lmn < LOW_LIMIT))) 
 { 
 integralDiff = 0.0; 
 } 
 else 
 { 
  integralDiff = KI * ess * CYCLE; 
 } 
 lmnI += integralDiff; 
  
 //Derivative portion calculation. 
 lmnD = KD * (ess - lastEss) / CYCLE; 
 lastEss = ess;//update ess 
  
 lmn = lmnP + lmnI + lmnD;//sum of portions 
  
 //Safety limit 
 if ((lmn > HIGH_LIMIT) && (lmnI > HIGH_LIMIT)) 
 { 
  lmnI = lmnI - (lmn - HIGH_LIMIT); 
 } 
 if ((lmn < LOW_LIMIT) && (lmnI < LOW_LIMIT)) 
 { 
  lmnI = lmnI + (LOW_LIMIT - lmn); 
 } 
 if (lmn > HIGH_LIMIT) 
 { 
  lmn = HIGH_LIMIT; 
 } 
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 if (lmn < LOW_LIMIT) 
 { 
  lmn = LOW_LIMIT; 
 } 
 controlVariable = lmn; 
} 
/*===============================================================================
====================*/ 
/*INTERRUPT SUBROUTINE CHANNEL A*/ 
void doEncoderA() 
{ 
 currentPosition++; 
} 
 /*========================================================================
===========================*/ 

 

/*Fuzzy*/ 

#include <FuzzySet.h> 
#include <FuzzySet.h> 
#include <FuzzyRuleConsequent.h> 
#include <FuzzyRuleAntecedent.h> 
#include <FuzzyRule.h> 
#include <FuzzyOutput.h> 
#include <FuzzyIO.h> 
#include <FuzzyInput.h> 
#include <FuzzyComposition.h> 
#include <Fuzzy.h> 
 
const int ENCODER_PINA = 2;//pin for encoder's channel A. 
const int ENCODER_PINB = 3;//pin for encoder's channel B. 
const int DIR1 = 6;//direction 1, DIR1=0,DIR=1, CW rotation. 
const int DIR2 = 7;//direction 2, DIR1=0,DIR=1, CW rotation. 
const int ENA = 11;//PWM output pin connecting to the driver. 
const int PPR = 200;//number of pulses per revolution by encoder. 
const int GEAR_RATIO = 1;//gear ration from motor to main shaft. 
const int DECODE_NUMBER = 4;//depends on using interrupt (see encoder section). 
const double HIGH_LIMIT = 255.0;//high limit. 
const double LOW_LIMIT = 0.0;//low limit. 
double rotationSpeed = 0.0;//rotation speed in RPM. 
double settingSpeed = 0.0;//setting speed at manual mode. 
double controlVariable;//control variable. 
double CYCLE = 100;//Fuzzy processing interval. 
//vars in Interrupt Subroutine need to be volatile. 
volatile long currentPosition = 0;//number of pulses at time of calculate 
int dutyCycleMap = 0;//duty cycle value after mapping 0 - 255. 
long lastPosition = 0;//last number of pulses used in speed calculate. 
long positionDifference = 0;//difference in pulse number (used in speed 
calculate). 
unsigned long timeDifference = 0;//difference in time used in speed calculate. 
unsigned long lastDisplayTime;//interval time var in ms for display. 
unsigned long lastSpeedTime;//interval time var in ms for RPM calculate. 
 
Fuzzy* fuzzy = new Fuzzy();//Instantiating an object library 
/*===============================================================================
====================*/ 
void setup() 
{ 
 TCCR2B = TCCR2B & 0b11111000 | 0x01;//PWM frequency changed to 31250Hz 
 pinMode(ENCODER_PINA, INPUT);//set pin ENCODER_PINA as input. 
 pinMode(ENCODER_PINB, INPUT);//set pin ENCODER_PINB as input. 
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 pinMode(DIR1, OUTPUT);//set pin DIR1 as output. 
 pinMode(DIR2, OUTPUT);//set pin DIR2 as output. 
 pinMode(ENA, OUTPUT);//set pint ENA as output 
 attachInterrupt(0, doEncoderA, RISING);//set up ISR for interrupt 0 - pin 
2. 
 Serial.begin(9600);//serial speed 9600kb/s. 
 //Serial.println("OPERATING INFORMATION"); 
 Serial.println("System is ready in Fuzzy mode"); 
 Serial.println("R+ENTER => Motor Run, S+ENTER => Motor Stop, B+ENTER => 
Motor Break"); 
  
 // Creating a FuzzyInput Error with its ID 
 FuzzyInput* Error = new FuzzyInput(1); 
  
 // Creating the FuzzySet for FuzzyInput Error 
 FuzzySet* nl = new FuzzySet(-1, -1, -1, -0.6666); // negative large Error 
 Error->addFuzzySet(nl); // Add FuzzySet negative large to Error 
 FuzzySet* nm = new FuzzySet(-1, -0.6666, -0.6666, -0.3334); // negative 
medium Error 
 Error->addFuzzySet(nm); // Add FuzzySet negative medium to Error 
 FuzzySet* ns = new FuzzySet(-0.6666, -0.3334, -0.3334, 0); // negative 
small Error 
 Error->addFuzzySet(ns); // Add FuzzySet negative small to Error 
 FuzzySet* z = new FuzzySet (-0.3334, 0, 0, 0.3334);// zero Error 
 Error->addFuzzySet(z);// Add FuzzySet zero to Error 
 FuzzySet* ps = new FuzzySet(0, 0.3334, 0.3334, 0.6666);// positive small 
Error 
 Error->addFuzzySet(ps);// Add FuzzySet positive small to Error 
 FuzzySet* pm = new FuzzySet(0.3334, 0.6666, 0.6666, 1);// positive medium 
Error 
 Error->addFuzzySet(pm);// Add FuzzySet positive medium to Error 
 FuzzySet* pl = new FuzzySet(0.6666, 1, 1, 1);// positive large Error 
 Error->addFuzzySet(pl);// Add FuzzySet positive large to Error 
  
 fuzzy->addFuzzyInput(Error); // Add FuzzyInput(1) to Fuzzy object 
  
 // Creating a FuzzyInput dError with its ID 
 FuzzyInput* dError = new FuzzyInput(2); 
  
 // Creating the FuzzySet for FuzzyInput dError 
 FuzzySet* Nl = new FuzzySet(-1, -1, -1, -0.6666); // negative low dError 
 dError->addFuzzySet(Nl); // Add FuzzySet negative low to dError 
 FuzzySet* Nm = new FuzzySet(-1, -0.6666, -0.6666, -0.3334); // negative 
medium dError 
 dError->addFuzzySet(Nm); // Add FuzzySet negative to dError 
 FuzzySet* Ns = new FuzzySet(-0.6666, -0.3334, -0.3334, 0); // negative 
small dError 
 dError->addFuzzySet(Ns); // Add FuzzySet negative small to dError 
 FuzzySet* Zz = new FuzzySet (-0.3334, 0, 0, 0.3334);// zero dError 
 dError->addFuzzySet(Zz); 
 FuzzySet* Ps = new FuzzySet(0, 0.3334, 0.3334, 0.6666);// positive small 
dError 
 dError->addFuzzySet(Ps); 
 FuzzySet* Pm = new FuzzySet(0.3334, 0.6666, 0.6666, 1);// positive medium 
dError 
 dError->addFuzzySet(Pm); 
 FuzzySet* Pl = new FuzzySet(0.6666, 1, 1, 1);// positive large dError 
 dError->addFuzzySet(Pl); 
  
 fuzzy->addFuzzyInput(dError); // Add FuzzyInput(2) to Fuzzy object 
  
 // Creating FuzzyOutput velocity with its ID 
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 FuzzyOutput* velocity = new FuzzyOutput(1); 
  
 // Creating FuzzySet for FuzzyOutput velocity 
 FuzzySet* NL = new FuzzySet(-1, -1, -1, -0.6666); // negative large 
velocity 
 velocity->addFuzzySet(NL); // Add FuzzySet negative large to velocity 
 FuzzySet* NM = new FuzzySet(-1, -0.6666, -0.6666, -0.3334); // negative 
medium velocity 
 velocity->addFuzzySet(NM); // Add FuzzySet negative medium to velocity 
 FuzzySet* NS = new FuzzySet(-0.6666, -0.3334, -0.3334, 0); // negative 
small velocity 
 velocity->addFuzzySet(NS); // Add FuzzySet negative small to velocity 
 FuzzySet* Z = new FuzzySet (-0.3334, 0, 0, 0.3334);// zero velocity 
 velocity->addFuzzySet(Z); 
 FuzzySet* PS = new FuzzySet(0, 0.3334, 0.3334, 0.6666);// positive 
velocity 
 velocity->addFuzzySet(PS); 
 FuzzySet* PM = new FuzzySet(0.3334, 0.6666, 0.6666, 1);// positive medium 
velocity 
 velocity->addFuzzySet(PM); 
 FuzzySet* PL = new FuzzySet(0.6666, 1, 1, 1);// positive large velocity 
 velocity->addFuzzySet(PL); 
  
 fuzzy->addFuzzyOutput(velocity); // Add FuzzyOutput to Fuzzy object 
  
 // Assembly the Fuzzy rules 
 // FuzzyRule "IF Error = negative low & dError = negative low THEN 
velocity = negative low" 
 // Instantiating an Antecedent to expression 
 FuzzyRuleAntecedent* ifErrornlAndDErrorNl = new FuzzyRuleAntecedent(); 
 // Adding corresponding FuzzySet to Antecedent object 
 ifErrornlAndDErrorNl->joinWithAND(nl, Nl); 
 // Instantiating a Consequent to expression 
 FuzzyRuleConsequent* thenVelocityNL = new FuzzyRuleConsequent(); 
 // Adding corresponding FuzzySet to Consequent object 
 thenVelocityNL->addOutput(NL); 
 // Instantiating a FuzzyRule object 
 // Passing the Antecedent and the Consequent of expression 
 FuzzyRule* fuzzyRule01 = new FuzzyRule(1, ifErrornlAndDErrorNl, 
thenVelocityNL); 
  
 fuzzy->addFuzzyRule(fuzzyRule01); // Adding FuzzyRule to Fuzzy object 
  
 FuzzyRuleAntecedent* ifErrornlAndDErrorNm = new FuzzyRuleAntecedent(); 
 ifErrornlAndDErrorNm->joinWithAND(nl, Nm); 
 //FuzzyRuleConsequent* thenVelocityNL = new FuzzyRuleConsequent(); 
 //thenVelocityNL->addOutput(NL); 
 FuzzyRule* fuzzyRule02 = new FuzzyRule(2, ifErrornlAndDErrorNm, 
thenVelocityNL); 
  
 fuzzy->addFuzzyRule(fuzzyRule02); 
  
 FuzzyRuleAntecedent* ifErrornlAndDErrorNs = new FuzzyRuleAntecedent(); 
 ifErrornlAndDErrorNs->joinWithAND(nl, Ns); 
 //FuzzyRuleConsequent* thenVelocityNS = new FuzzyRuleConsequent(); 
 //thenVelocityNL->addOutput(NL); 
 FuzzyRule* fuzzyRule03 = new FuzzyRule(3, ifErrornlAndDErrorNs, 
thenVelocityNL); 
  
 fuzzy->addFuzzyRule(fuzzyRule03); 
  
 FuzzyRuleAntecedent* ifErrornlAndDErrorZz = new FuzzyRuleAntecedent(); 
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 ifErrornlAndDErrorZz->joinWithAND(nl, Zz); 
 //FuzzyRuleConsequent* thenVelocityNL = new FuzzyRuleConsequent(); 
 //thenVelocityNL->addOutput(NL); 
 FuzzyRule* fuzzyRule04 = new FuzzyRule(4, ifErrornlAndDErrorZz, 
thenVelocityNL); 
  
 fuzzy->addFuzzyRule(fuzzyRule04); 
  
 FuzzyRuleAntecedent* ifErrornlAndDErrorPs = new FuzzyRuleAntecedent(); 
 ifErrornlAndDErrorPs->joinWithAND(nl, Ps); 
 FuzzyRuleConsequent* thenVelocityNM = new FuzzyRuleConsequent(); 
 thenVelocityNM->addOutput(NM); 
 FuzzyRule* fuzzyRule05 = new FuzzyRule(5, ifErrornlAndDErrorPs, 
thenVelocityNM); 
  
 fuzzy->addFuzzyRule(fuzzyRule05); 
  
 FuzzyRuleAntecedent* ifErrornlAndDErrorPm = new FuzzyRuleAntecedent(); 
 ifErrornlAndDErrorPm->joinWithAND(nl, Pm); 
 FuzzyRuleConsequent* thenVelocityNS = new FuzzyRuleConsequent(); 
 thenVelocityNS->addOutput(NS); 
 FuzzyRule* fuzzyRule06 = new FuzzyRule(6, ifErrornlAndDErrorPm, 
thenVelocityNS); 
  
 fuzzy->addFuzzyRule(fuzzyRule06); 
  
 FuzzyRuleAntecedent* ifErrornlAndDErrorPl = new FuzzyRuleAntecedent(); 
 ifErrornlAndDErrorPl->joinWithAND(nl, Pl); 
 FuzzyRuleConsequent* thenVelocityZ = new FuzzyRuleConsequent(); 
 thenVelocityZ->addOutput(Z); 
 FuzzyRule* fuzzyRule07 = new FuzzyRule(7, ifErrornlAndDErrorPl, 
thenVelocityZ); 
  
 fuzzy->addFuzzyRule(fuzzyRule07); 
  
 FuzzyRuleAntecedent* ifErrornmAndDErrorNl = new FuzzyRuleAntecedent(); 
 ifErrornmAndDErrorNl->joinWithAND(nm, Nl); 
 //FuzzyRuleConsequent* thenVelocityNL = new FuzzyRuleConsequent(); 
 //thenVelocityNL->addOutput(NL); 
 FuzzyRule* fuzzyRule08 = new FuzzyRule(8, ifErrornmAndDErrorNl, 
thenVelocityNL); 
  
 fuzzy->addFuzzyRule(fuzzyRule08); 
  
 FuzzyRuleAntecedent* ifErrornmAndDErrorNm = new FuzzyRuleAntecedent(); 
 ifErrornmAndDErrorNm->joinWithAND(nm, Nm); 
 //FuzzyRuleConsequent* thenVelocityNL = new FuzzyRuleConsequent(); 
 //thenVelocityNL->addOutput(NL); 
 FuzzyRule* fuzzyRule09 = new FuzzyRule(9, ifErrornmAndDErrorNm, 
thenVelocityNL); 
  
 fuzzy->addFuzzyRule(fuzzyRule09); 
  
 FuzzyRuleAntecedent* ifErrornmAndDErrorNs = new FuzzyRuleAntecedent(); 
 ifErrornmAndDErrorNs->joinWithAND(nm, Ns); 
 //FuzzyRuleConsequent* thenVelocityNL = new FuzzyRuleConsequent(); 
 //thenVelocityNL->addOutput(NL); 
 FuzzyRule* fuzzyRule10 = new FuzzyRule(10, ifErrornmAndDErrorNs, 
thenVelocityNL); 
  
 fuzzy->addFuzzyRule(fuzzyRule10); 
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 FuzzyRuleAntecedent* ifErrornmAndDErrorZz = new FuzzyRuleAntecedent(); 
 ifErrornmAndDErrorZz->joinWithAND(nm, Zz); 
 //FuzzyRuleConsequent* thenVelocityNM = new FuzzyRuleConsequent(); 
 //thenVelocityNM->addOutput(NM); 
 FuzzyRule* fuzzyRule11 = new FuzzyRule(11, ifErrornmAndDErrorZz, 
thenVelocityNM); 
  
 fuzzy->addFuzzyRule(fuzzyRule11); 
  
 FuzzyRuleAntecedent* ifErrornmAndDErrorPs = new FuzzyRuleAntecedent(); 
 ifErrornmAndDErrorPs->joinWithAND(nm, Ps); 
 //FuzzyRuleConsequent* thenVelocityNS = new FuzzyRuleConsequent(); 
 //thenVelocityNS->addOutput(NS); 
 FuzzyRule* fuzzyRule12 = new FuzzyRule(12, ifErrornmAndDErrorPs, 
thenVelocityNS); 
  
 fuzzy->addFuzzyRule(fuzzyRule12); 
  
 FuzzyRuleAntecedent* ifErrornmAndDErrorPm = new FuzzyRuleAntecedent(); 
 ifErrornmAndDErrorPm->joinWithAND(nm, Pm); 
 //FuzzyRuleConsequent* thenVelocityZ = new FuzzyRuleConsequent(); 
 //thenVelocityZ->addOutput(Z); 
 FuzzyRule* fuzzyRule13 = new FuzzyRule(13, ifErrornmAndDErrorPm, 
thenVelocityZ); 
  
 fuzzy->addFuzzyRule(fuzzyRule13); 
  
 FuzzyRuleAntecedent* ifErrornmAndDErrorPl = new FuzzyRuleAntecedent(); 
 ifErrornmAndDErrorPl->joinWithAND(nm, Pl); 
 FuzzyRuleConsequent* thenVelocityPS = new FuzzyRuleConsequent(); 
 thenVelocityPS->addOutput(PS); 
 FuzzyRule* fuzzyRule14 = new FuzzyRule(14, ifErrornmAndDErrorPl, 
thenVelocityPS); 
  
 fuzzy->addFuzzyRule(fuzzyRule14); 
  
 FuzzyRuleAntecedent* ifErrornsAndDErrorNl = new FuzzyRuleAntecedent(); 
 ifErrornsAndDErrorNl->joinWithAND(ns, Nl); 
 //FuzzyRuleConsequent* thenVelocityNL = new FuzzyRuleConsequent(); 
 //thenVelocityNL->addOutput(NL); 
 FuzzyRule* fuzzyRule15 = new FuzzyRule(15, ifErrornsAndDErrorNl, 
thenVelocityNL); 
  
 fuzzy->addFuzzyRule(fuzzyRule15); 
  
 FuzzyRuleAntecedent* ifErrornsAndDErrorNm = new FuzzyRuleAntecedent(); 
 ifErrornsAndDErrorNm->joinWithAND(ns, Nm); 
 //FuzzyRuleConsequent* thenVelocityNL = new FuzzyRuleConsequent(); 
 //thenVelocityNL->addOutput(NL); 
 FuzzyRule* fuzzyRule16 = new FuzzyRule(16, ifErrornsAndDErrorNm, 
thenVelocityNL); 
  
 fuzzy->addFuzzyRule(fuzzyRule16); 
  
 FuzzyRuleAntecedent* ifErrornsAndDErrorNs = new FuzzyRuleAntecedent(); 
 ifErrornsAndDErrorNs->joinWithAND(ns, Ns); 
 //FuzzyRuleConsequent* thenVelocityNM = new FuzzyRuleConsequent(); 
 //thenVelocityNM->addOutput(NM); 
 FuzzyRule* fuzzyRule17 = new FuzzyRule(17, ifErrornsAndDErrorNs, 
thenVelocityNM); 
  
 fuzzy->addFuzzyRule(fuzzyRule17); 
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 FuzzyRuleAntecedent* ifErrornsAndDErrorZz = new FuzzyRuleAntecedent(); 
 ifErrornsAndDErrorZz->joinWithAND(ns, Zz); 
 //FuzzyRuleConsequent* thenVelocityNS = new FuzzyRuleConsequent(); 
 //thenVelocityNS->addOutput(NS); 
 FuzzyRule* fuzzyRule18 = new FuzzyRule(18, ifErrornsAndDErrorZz, 
thenVelocityNS); 
  
 fuzzy->addFuzzyRule(fuzzyRule18); 
  
 FuzzyRuleAntecedent* ifErrornsAndDErrorPs = new FuzzyRuleAntecedent(); 
 ifErrornsAndDErrorPs->joinWithAND(ns, Ps); 
 //FuzzyRuleConsequent* thenVelocityZ = new FuzzyRuleConsequent(); 
 //thenVelocityZ->addOutput(Z); 
 FuzzyRule* fuzzyRule19 = new FuzzyRule(19, ifErrornsAndDErrorPs, 
thenVelocityZ); 
  
 fuzzy->addFuzzyRule(fuzzyRule19); 
  
 FuzzyRuleAntecedent* ifErrornsAndDErrorPm = new FuzzyRuleAntecedent(); 
 ifErrornsAndDErrorPm->joinWithAND(ns, Pm); 
 //FuzzyRuleConsequent* thenVelocityPS = new FuzzyRuleConsequent(); 
 //thenVelocityPS->addOutput(PS); 
 FuzzyRule* fuzzyRule20 = new FuzzyRule(20, ifErrornsAndDErrorPm, 
thenVelocityPS); 
  
 fuzzy->addFuzzyRule(fuzzyRule20); 
  
 FuzzyRuleAntecedent* ifErrornsAndDErrorPl = new FuzzyRuleAntecedent(); 
 ifErrornsAndDErrorPl->joinWithAND(ns, Pl); 
 FuzzyRuleConsequent* thenVelocityPM = new FuzzyRuleConsequent(); 
 thenVelocityPM->addOutput(PM); 
 FuzzyRule* fuzzyRule21 = new FuzzyRule(21, ifErrornsAndDErrorPl, 
thenVelocityPM); 
  
 fuzzy->addFuzzyRule(fuzzyRule21); 
  
 FuzzyRuleAntecedent* ifErrorzAndDErrorNl = new FuzzyRuleAntecedent(); 
 ifErrorzAndDErrorNl->joinWithAND(z, Nl); 
 //FuzzyRuleConsequent* thenVelocityNL = new FuzzyRuleConsequent(); 
 //thenVelocityNL->addOutput(NL); 
 FuzzyRule* fuzzyRule22 = new FuzzyRule(22, ifErrorzAndDErrorNl, 
thenVelocityNL); 
  
 fuzzy->addFuzzyRule(fuzzyRule22); 
  
 FuzzyRuleAntecedent* ifErrorzAndDErrorNm = new FuzzyRuleAntecedent(); 
 ifErrorzAndDErrorNm->joinWithAND(z, Nm); 
 //FuzzyRuleConsequent* thenVelocityNM = new FuzzyRuleConsequent(); 
 //thenVelocityNM->addOutput(NM); 
 FuzzyRule* fuzzyRule23 = new FuzzyRule(23, ifErrorzAndDErrorNm, 
thenVelocityNM); 
  
 fuzzy->addFuzzyRule(fuzzyRule23); 
  
 FuzzyRuleAntecedent* ifErrorzAndDErrorNs = new FuzzyRuleAntecedent(); 
 ifErrorzAndDErrorNs->joinWithAND(z, Ns); 
 //FuzzyRuleConsequent* thenVelocityNS = new FuzzyRuleConsequent(); 
 //thenVelocityNS->addOutput(NS); 
 FuzzyRule* fuzzyRule24 = new FuzzyRule(24, ifErrorzAndDErrorNs, 
thenVelocityNS); 
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 fuzzy->addFuzzyRule(fuzzyRule24); 
  
 FuzzyRuleAntecedent* ifErrorzAndDErrorZz = new FuzzyRuleAntecedent(); 
 ifErrorzAndDErrorZz->joinWithAND(z, Zz); 
 //FuzzyRuleConsequent* thenVelocityZ = new FuzzyRuleConsequent(); 
 //thenVelocityZ->addOutput(Z); 
 FuzzyRule* fuzzyRule25 = new FuzzyRule(25, ifErrorzAndDErrorZz, 
thenVelocityZ); 
  
 fuzzy->addFuzzyRule(fuzzyRule25); 
  
 FuzzyRuleAntecedent* ifErrorzAndDErrorPs = new FuzzyRuleAntecedent(); 
 ifErrorzAndDErrorPs->joinWithAND(z, Ps); 
 //FuzzyRuleConsequent* thenVelocityPS = new FuzzyRuleConsequent(); 
 //thenVelocityPS->addOutput(PS); 
 FuzzyRule* fuzzyRule26 = new FuzzyRule(26, ifErrorzAndDErrorPs, 
thenVelocityPS); 
  
 fuzzy->addFuzzyRule(fuzzyRule26); 
  
 FuzzyRuleAntecedent* ifErrorzAndDErrorPm = new FuzzyRuleAntecedent(); 
 ifErrorzAndDErrorPm->joinWithAND(z, Pm); 
 //FuzzyRuleConsequent* thenVelocityPM = new FuzzyRuleConsequent(); 
 //thenVelocityPM->addOutput(PM); 
 FuzzyRule* fuzzyRule27 = new FuzzyRule(27, ifErrorzAndDErrorPm, 
thenVelocityPM); 
  
 fuzzy->addFuzzyRule(fuzzyRule27); 
  
 FuzzyRuleAntecedent* ifErrorzAndDErrorPl = new FuzzyRuleAntecedent(); 
 ifErrorzAndDErrorPl->joinWithAND(z, Pl); 
 FuzzyRuleConsequent* thenVelocityPL = new FuzzyRuleConsequent(); 
 thenVelocityPL->addOutput(PL); 
 FuzzyRule* fuzzyRule28 = new FuzzyRule(28, ifErrorzAndDErrorPl, 
thenVelocityPL); 
  
 fuzzy->addFuzzyRule(fuzzyRule28); 
  
 FuzzyRuleAntecedent* ifErrorpsAndDErrorNl = new FuzzyRuleAntecedent(); 
 ifErrorpsAndDErrorNl->joinWithAND(ps, Nl); 
 //FuzzyRuleConsequent* thenVelocityNM = new FuzzyRuleConsequent(); 
 //thenVelocityNM->addOutput(NM); 
 FuzzyRule* fuzzyRule29 = new FuzzyRule(29, ifErrorpsAndDErrorNl, 
thenVelocityNM); 
  
 fuzzy->addFuzzyRule(fuzzyRule29); 
  
 FuzzyRuleAntecedent* ifErrorpsAndDErrorNm = new FuzzyRuleAntecedent(); 
 ifErrorpsAndDErrorNm->joinWithAND(ps, Nm); 
 //FuzzyRuleConsequent* thenVelocityNS = new FuzzyRuleConsequent(); 
 //thenVelocityNS->addOutput(NS); 
 FuzzyRule* fuzzyRule30 = new FuzzyRule(30, ifErrorpsAndDErrorNm, 
thenVelocityNS); 
  
 fuzzy->addFuzzyRule(fuzzyRule30); 
  
 FuzzyRuleAntecedent* ifErrorpsAndDErrorNs = new FuzzyRuleAntecedent(); 
 ifErrorpsAndDErrorNs->joinWithAND(ps, Ns); 
 //FuzzyRuleConsequent* thenVelocityZ = new FuzzyRuleConsequent(); 
 //thenVelocityZ->addOutput(Z); 
 FuzzyRule* fuzzyRule31 = new FuzzyRule(31, ifErrorpsAndDErrorNs, 
thenVelocityZ); 
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 fuzzy->addFuzzyRule(fuzzyRule31); 
  
 FuzzyRuleAntecedent* ifErrorpsAndDErrorZz = new FuzzyRuleAntecedent(); 
 ifErrorpsAndDErrorZz->joinWithAND(ps, Zz); 
 //FuzzyRuleConsequent* thenVelocityPS= new FuzzyRuleConsequent(); 
 //thenVelocityPS->addOutput(PS); 
 FuzzyRule* fuzzyRule32 = new FuzzyRule(32, ifErrorpsAndDErrorZz, 
thenVelocityPS); 
  
 fuzzy->addFuzzyRule(fuzzyRule32); 
  
 FuzzyRuleAntecedent* ifErrorpsAndDErrorPs = new FuzzyRuleAntecedent(); 
 ifErrorpsAndDErrorPs->joinWithAND(ps, Ps); 
 //FuzzyRuleConsequent* thenVelocityPM = new FuzzyRuleConsequent(); 
 //thenVelocityPM->addOutput(PM); 
 FuzzyRule* fuzzyRule33 = new FuzzyRule(33, ifErrorpsAndDErrorPs, 
thenVelocityPM); 
  
 fuzzy->addFuzzyRule(fuzzyRule33); 
  
 FuzzyRuleAntecedent* ifErrorpsAndDErrorPm = new FuzzyRuleAntecedent(); 
 ifErrorpsAndDErrorPm->joinWithAND(ps, Pm); 
 //FuzzyRuleConsequent* thenVelocityPL = new FuzzyRuleConsequent(); 
 //thenVelocityPL->addOutput(PL); 
 FuzzyRule* fuzzyRule34 = new FuzzyRule(34, ifErrorpsAndDErrorPm, 
thenVelocityPL); 
  
 fuzzy->addFuzzyRule(fuzzyRule34); 
  
 FuzzyRuleAntecedent* ifErrorpsAndDErrorPl = new FuzzyRuleAntecedent(); 
 ifErrorpsAndDErrorPl->joinWithAND(ps, Pl); 
 //FuzzyRuleConsequent* thenVelocityPL = new FuzzyRuleConsequent(); 
 //thenVelocityPL->addOutput(PL); 
 FuzzyRule* fuzzyRule35 = new FuzzyRule(35, ifErrorpsAndDErrorPl, 
thenVelocityPL); 
  
 fuzzy->addFuzzyRule(fuzzyRule35); 
  
 FuzzyRuleAntecedent* ifErrorpmAndDErrorNl = new FuzzyRuleAntecedent(); 
 ifErrorpmAndDErrorNl->joinWithAND(pm, Nl); 
 //FuzzyRuleConsequent* thenVelocityNS = new FuzzyRuleConsequent(); 
 //thenVelocityNS->addOutput(NS); 
 FuzzyRule* fuzzyRule36 = new FuzzyRule(36, ifErrorpmAndDErrorNl, 
thenVelocityNS); 
  
 fuzzy->addFuzzyRule(fuzzyRule36); 
  
 FuzzyRuleAntecedent* ifErrorpmAndDErrorNm = new FuzzyRuleAntecedent(); 
 ifErrorpmAndDErrorNm->joinWithAND(pm, Nm); 
 //FuzzyRuleConsequent* thenVelocityZ = new FuzzyRuleConsequent(); 
 //thenVelocityZ->addOutput(Z); 
 FuzzyRule* fuzzyRule37 = new FuzzyRule(37, ifErrorpmAndDErrorNm, 
thenVelocityZ); 
  
 fuzzy->addFuzzyRule(fuzzyRule37); 
  
 FuzzyRuleAntecedent* ifErrorpmAndDErrorNs = new FuzzyRuleAntecedent(); 
 ifErrorpmAndDErrorNs->joinWithAND(pm, Ns); 
 //FuzzyRuleConsequent* thenVelocityPS = new FuzzyRuleConsequent(); 
 //thenVelocityPS->addOutput(PS); 
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 FuzzyRule* fuzzyRule38 = new FuzzyRule(38, ifErrorpmAndDErrorNs, 
thenVelocityPS); 
  
 fuzzy->addFuzzyRule(fuzzyRule38); 
  
 FuzzyRuleAntecedent* ifErrorpmAndDErrorZz = new FuzzyRuleAntecedent(); 
 ifErrorpmAndDErrorZz->joinWithAND(pm, Zz); 
 //FuzzyRuleConsequent* thenVelocityPM = new FuzzyRuleConsequent(); 
 //thenVelocityPM->addOutput(PM); 
 FuzzyRule* fuzzyRule39 = new FuzzyRule(39, ifErrorpmAndDErrorZz, 
thenVelocityPM); 
  
 fuzzy->addFuzzyRule(fuzzyRule39); 
  
 FuzzyRuleAntecedent* ifErrorpmAndDErrorPs = new FuzzyRuleAntecedent(); 
 ifErrorpmAndDErrorPs->joinWithAND(pm, Ps); 
 //FuzzyRuleConsequent* thenVelocityPL = new FuzzyRuleConsequent(); 
 //thenVelocityPL->addOutput(PL); 
 FuzzyRule* fuzzyRule40 = new FuzzyRule(40, ifErrorpmAndDErrorPs, 
thenVelocityPL); 
  
 fuzzy->addFuzzyRule(fuzzyRule40);  
  
 FuzzyRuleAntecedent* ifErrorpmAndDErrorPm = new FuzzyRuleAntecedent(); 
 ifErrorpmAndDErrorPm->joinWithAND(pm, Pm); 
 //FuzzyRuleConsequent* thenVelocityPL = new FuzzyRuleConsequent(); 
 //thenVelocityPL->addOutput(PL); 
 FuzzyRule* fuzzyRule41 = new FuzzyRule(41, ifErrorpmAndDErrorPm, 
thenVelocityPL); 
  
 fuzzy->addFuzzyRule(fuzzyRule41); 
  
 FuzzyRuleAntecedent* ifErrorpmAndDErrorPl = new FuzzyRuleAntecedent(); 
 //FuzzyRuleConsequent* thenVelocityPL = new FuzzyRuleConsequent(); 
 //thenVelocityPL->addOutput(PL); 
 FuzzyRule* fuzzyRule42 = new FuzzyRule(42, ifErrorpmAndDErrorPl, 
thenVelocityPL); 
  
 fuzzy->addFuzzyRule(fuzzyRule42); 
  
 FuzzyRuleAntecedent* ifErrorplAndDErrorNl = new FuzzyRuleAntecedent(); 
 ifErrorplAndDErrorNl->joinWithAND(pl, Nl); 
 //FuzzyRuleConsequent* thenVelocityZ = new FuzzyRuleConsequent(); 
 //thenVelocityZ->addOutput(Z); 
 FuzzyRule* fuzzyRule43 = new FuzzyRule(43, ifErrorplAndDErrorNl, 
thenVelocityZ); 
  
 fuzzy->addFuzzyRule(fuzzyRule43); 
  
 FuzzyRuleAntecedent* ifErrorplAndDErrorNm = new FuzzyRuleAntecedent(); 
 ifErrorplAndDErrorNm->joinWithAND(pl, Nm); 
 //FuzzyRuleConsequent* thenVelocityPS = new FuzzyRuleConsequent(); 
 //thenVelocityPS->addOutput(PS); 
 FuzzyRule* fuzzyRule44 = new FuzzyRule(44, ifErrorplAndDErrorNm, 
thenVelocityPS); 
  
 fuzzy->addFuzzyRule(fuzzyRule44); 
  
 FuzzyRuleAntecedent* ifErrorplAndDErrorNs = new FuzzyRuleAntecedent(); 
 ifErrorplAndDErrorNs->joinWithAND(pl, Ns); 
 //FuzzyRuleConsequent* thenVelocityPM = new FuzzyRuleConsequent(); 
 //thenVelocityPM->addOutput(PM); 
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 FuzzyRule* fuzzyRule45 = new FuzzyRule(45, ifErrorplAndDErrorNs, 
thenVelocityPM); 
  
 fuzzy->addFuzzyRule(fuzzyRule45); 
  
 FuzzyRuleAntecedent* ifErrorplAndDErrorZz = new FuzzyRuleAntecedent(); 
 ifErrorplAndDErrorZz->joinWithAND(pl, Zz); 
 //FuzzyRuleConsequent* thenVelocityPL = new FuzzyRuleConsequent(); 
 //thenVelocityPL->addOutput(PL); 
 FuzzyRule* fuzzyRule46 = new FuzzyRule(46, ifErrorplAndDErrorZz, 
thenVelocityPL); 
  
 fuzzy->addFuzzyRule(fuzzyRule46); 
  
 FuzzyRuleAntecedent* ifErrorplAndDErrorPs = new FuzzyRuleAntecedent(); 
 ifErrorplAndDErrorPs->joinWithAND(pl, Ps); 
 //FuzzyRuleConsequent* thenVelocityPL = new FuzzyRuleConsequent(); 
 //thenVelocityPL->addOutput(PL); 
 FuzzyRule* fuzzyRule47 = new FuzzyRule(47, ifErrorplAndDErrorPs, 
thenVelocityPL); 
  
 fuzzy->addFuzzyRule(fuzzyRule47); 
  
 FuzzyRuleAntecedent* ifErrorplAndDErrorPm = new FuzzyRuleAntecedent(); 
 ifErrorplAndDErrorPm->joinWithAND(pl, Pm); 
 //FuzzyRuleConsequent* thenVelocityPL = new FuzzyRuleConsequent(); 
 //thenVelocityPL->addOutput(PL); 
 FuzzyRule* fuzzyRule48 = new FuzzyRule(48, ifErrorplAndDErrorPm, 
thenVelocityPL); 
  
 fuzzy->addFuzzyRule(fuzzyRule48); 
  
 FuzzyRuleAntecedent* ifErrorplAndDErrorPl = new FuzzyRuleAntecedent(); 
 ifErrorplAndDErrorPl->joinWithAND(pl, Pl); 
 //FuzzyRuleConsequent* thenVelocityPL = new FuzzyRuleConsequent(); 
 //thenVelocityPL->addOutput(PL); 
 FuzzyRule* fuzzyRule49 = new FuzzyRule(49, ifErrorplAndDErrorPl, 
thenVelocityPL); 
  
 fuzzy->addFuzzyRule(fuzzyRule49); 
} 
 
 
 void loop() 
{ 
 if (millis() - lastDisplayTime > 1000) 
 { 
  if (currentPosition != lastPosition) 
  { 
   Serial.print("Setting_speed = "); Serial.print (settingSpeed 
); Serial.print(" RPM"); 
   Serial.print(". Real speed = "); 
Serial.print(rotationSpeed);Serial.println(" RPM"); 
   Serial.print("Control_variable = "); 
Serial.print(dutyCycleMap); Serial.print(" %"); 
   Serial.println("--------------------------------------------
----------------"); 
   lastDisplayTime = millis(); 
  } 
 } 
 /*------------------------------------------------------------------------
---------------------------*/ 
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 /*RPM speed calculation formula: 
 rotationSpeed = 
60000.0*positionDifference/(PPR*DECODE_NUMBER*GEAR_RATIO*timeDifference) 
 PPR = 200, decodeNumnber = 1, GEARratio = 1, 60000/(200*1*1) = 300.*/ 
 if (millis() - lastSpeedTime > 40) 
 { 
  timeDifference = millis()-lastSpeedTime; 
  positionDifference = currentPosition - lastPosition; 
  if (positionDifference > 0) 
  { 
   rotationSpeed = 300 * positionDifference/timeDifference; 
  } 
  lastSpeedTime = millis(); //update speed calculation time. 
  lastPosition = currentPosition;//update number of counts for 
position. 
 } 
 /*------------------------------------------------------------------------
-------------------------*/ 
 if (Serial.available()) 
 { 
  byte ch = Serial.read(); 
   static double sendSetPoint = 0; 
   switch(ch) 
   { 
    case 'R' : digitalWrite(DIR1, LOW); 
digitalWrite(DIR2, HIGH); 
    Serial.println("Motor is set to Run!"); 
     
    case '0'...'9': sendSetPoint = sendSetPoint * 10 + ch 
- '0'; break; 
    case 'C' : 
    if ((sendSetPoint >= 0) && (sendSetPoint <= 700)) 
    { 
     settingSpeed = sendSetPoint; 
     Serial.print("Setpoint speed is : "); 
Serial.print(settingSpeed); Serial.println(" RPM"); 
    } 
    else 
    { 
     Serial.println ("Wrong setting, enter value 
from 0 - 700 only!"); 
    
 Serial.println("xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx"); 
    } 
    sendSetPoint = 0; break; 
    case 'S' : digitalWrite(DIR1, LOW); 
digitalWrite(DIR2, LOW); 
    Serial.println("Motor Stop!");break; 
    case 'B' : digitalWrite(DIR1, HIGH); 
digitalWrite(DIR2, HIGH); 
    Serial.println("Motor Break!");break; 
   } 
   
 } 
  
 /*------------------------------------------------------------------------
---------------------------*/ 
 /*Fuzzy function is process at interval of CYCLE*/ 
 unsigned long lastFuzzyTime;//to store the real-time when previous 
execution is done. 
 if (millis()- lastFuzzyTime > CYCLE) 
 { 
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  double lmn;//loop manipulated variable. 
  static double lmnI;///integral portion. Static vars for remembering 
last value. 
  double integralDiff;//Integral difference 
  double processVariable;//speed in percentage. 
  double setPoint;//set speed in percentage. 
  double ess;//steady state error. 
  static double lastEss;//last steady state error. 
  processVariable = map(rotationSpeed,0,700,0,255); 
  setPoint = map(settingSpeed, 0,700,0,255); 
  ess = setPoint - processVariable; 
  double Err = ess * 0.002; // ess * GE 
  double dErr = (ess - lastEss) * 43.7563 / CYCLE; // dess/dt * GCE 
  lastEss = ess; 
   
  // Report inputs value, passing its ID and values 
  fuzzy->setInput(1, Err); 
  fuzzy->setInput(2, dErr); 
  // Execute the fuzzification 
  fuzzy->fuzzify(); 
  // Execute the desfuzzification for each output, passing its ID 
  float output = fuzzy->defuzzify(1); 
  lmn = output * 0.0068333; // velocity * GCU 
  // integration of lmn 
  if (((integralDiff > 0) && (lmnI > HIGH_LIMIT)) || ((integralDiff < 
0) && (lmnI < LOW_LIMIT))) 
  { 
   integralDiff = 0.0; 
  } 
  else 
  { 
   integralDiff = lmn * CYCLE; 
  } 
  lmnI += integralDiff; 
  if (lmnI > HIGH_LIMIT) {lmnI = HIGH_LIMIT;} 
  if (lmnI < LOW_LIMIT) {lmnI = LOW_LIMIT;} 
   
   
  controlVariable = lmnI; 
  lastFuzzyTime = millis(); 
 } 
 /*------------------------------------------------------------------------
---------------------------*/ 
 /*Below for mapping to digital value (0-255) and write to PWM output.*/ 
 dutyCycleMap = map(controlVariable,0,255,0,100);//Mapping manipulated var 
to digital value. 
 analogWrite(ENA, controlVariable);//Write pulse train to PWM output pin 
} 
//END OF LOOP 
/*===============================================================================
====================*/ 
/*INTERRUPT SUBROUTINE CHANNEL A*/ 
void doEncoderA() 
{ 
 currentPosition++; 
} 
/*===============================================================================
====================*/ 
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Spear Tip data 
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Figure Fuzzy Controlled Governor 
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Figure PID Controlled Governor 
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Turgo turbine calculation and constant value 

 

𝑘𝑡 =
𝑅𝑡
𝑉𝑗𝑛

Ω𝑡𝑛 

Jet velocity, 𝑉𝑗𝑛 = √2𝑔𝐻 

𝑉𝑗𝑛 = √2 × 9.8 × 98 

Turbine speed in rad per second, Ω𝑡𝑛 = 2𝜋 ×
𝑁

60
= 2𝜋 ×

1000

60
= 104.719755 

Pitch radius in meter, 𝑅𝑡 = 0.1875 

Therefore, 𝑘𝑡 =
0.1875×104.719755

√2×9.8×98
= 0.448 

 

 

Spear valve calculation and constant value 

 

𝑘𝑑 =
𝑋𝑑𝑛 × 𝑠𝑖𝑛𝛼

𝐷𝑑
 

Allowable spear movement, 𝑋𝑑𝑛 = 26 𝑚𝑚 

Diameter of nozzle, 𝐷𝑑 = 63 𝑚𝑚 

Spear angle in degree, 𝛼 = 55 

Therefore, 𝑘𝑑 =
26×𝑠𝑖𝑛55

63
= 0.338  


