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ABSTRACT

In this study, closed loop and grid independent prototype of 750 W cross-flow turbine whose cycle
regulations are done by using adjustable wing mechanism is implemented. Movement to an adjustable
wing is performed by direct current motor which is controlled by microcontroller by using screw shaft
system and mechanical hand. The frequency of the obtained voltage are controlled in function of that the
number of turns of the generator and of the turbine. For the control operation, the voltage frequency
obtained from the generator has been measured with the zero crossing circuit and transferred to the
microcontroller. With the setting of the number of turns on the turbine, the value of the frequency of the
500 W generator working in conjunction with the turbine is kept on desired levels. These operations are
realized by using a PIC16F877 microcontroller. Then, frequency performance of the designed system is
examined

KEYWORDS: Microcontrollers, hydroelectric power generation, frequency control.

1. INTRODUCTION

Due to their low cost of establishment and low maintenance cost and
need of eliminating dependence of national grids, there is continuously
increase in interest in micro hydroelectric power plant. Generally Micro scale
hydroelectric systems are used in areas where national energy grids have not
reached. The most important topic in hydroelectric power plants (HPP) is
governor systems in their structures. Governor mechanisms are used in
regulation of turbine — generator speed in power systems. In development of
governor system there are three phases; these phases are mechanic- hydraulic

© 2017 Ankara University
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speed regulator, analogy electro-hydraulic speed regulator and digital electro-
hydraulic speed control. Digital electro-hydraulic governor is divided in two
types, the first of them is full digital control and the other is analogy control
of hydraulic part and digital control of the electrical part. Digital governor
systems are the mostly used governor mechanisms nowadays. Advantages of
these systems include ability to give fast response in transient states, ability to
be controlled from remote distance, starting by using single command, ability
to be removed from the circuit and ability to control its output power
according to grid frequency [1]. Before implementing of mini or micro hydro
power plants, some designer prefer to model and simulate the system.
Simulations are based on different models [2]. Some simulations contains
dynamic modeling [3] and speed variability [4].

Conventional control methods for frequency stabilization in mini and
micro hydro power plants generally use PI, PID controllers. In [5], the authors
designed a new PID load frequency controller for a single machine infinite
bus hydro system. They also mentioned that this controller had better
performance than conventional PI controller.

Some scientists have proposed alternative control methods, as to employ
ballast/dump load, to stabilize the frequency variation. This kind of control
methods is based on digital load controllers. Digital load controller is
controlled by using microcontroller. In the system, generator works
continuously with the maximum load. This means in order to keep number of
revolutions (speed) and its resulting generator frequency constant generator
must continuously work at its maximum load. In this system, the water
discharge entering the turbine cannot be regulated by any means. In the output
of generator, current and voltage are measured. These measured values are
processed by microprocessor then in accordance with to the need, ballast load
are entered or removed from the circuit. By the help of this process, the
generator load is kept constant. Since frequency and voltage do not change,
when the power taken from the generator is constant, ideal AC voltage is
obtained. However despite the fact that this control system produces ideal
energy it has some disadvantages. In this system hydroelectric energy is
wasted in ballast load. Turbines continuously work in maximum discharge
and the excess amount of energy produced by generator is converted to heat.
Henderson and Pearson studied to improve transient response in [6] electronic
load governor for micro hydro power plant. Doolla and his collogues [7]
designed a new cost-effective technique for load frequency control by
reducing the size of dump load.

Due to the needs for optimum control of operating frequency, intelligent
control techniques like Fuzzy logic, Neuro-fuzzy and artificial neural
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Networks are used in hydro governor systems. Salhi et al. [8] designed a fuzzy
logic controller for load frequency control in micro hydro power plant. In their
study, two fuzzy sets are used. In an another study, Cam [9] compared PI
controller with Fuzzy gain scheduled Pl controller (FGPI) for frequency
control of hydro power system in single and two area plants.

Among the investigation topics related to micro HPP in general includes;
control of speed governor by using motor flux estimation algorithm in order
to control effective frequency of micro hydroelectric power plant [10], design
of the controller of nonlinear excitations and coordinated governor in
hydroelectric power plant for the purpose of developing transient regimes in
power system [11, 12], suggestions of solutions for implementation of control
of grid dependent or grid independent micro hydro turbines [13], operating
system when isolated from the main grid using ballast load and study on
precautions against changes in frequency [14], using synchronous permanent
magnet in micro HPP and speed control using maximum power point tracker
(MPPT) [15], using electrical servo motor as a governor for operating micro
hydroelectric power plant in isolated mode and modeling of the system using
fuzzy PI and neural network control methods [16].

Some of the proposed controller technigues are also able to stabilize the power
system effectively when there are non-linearity in the system as in [17].

In the implemented study, related previous works has been taken into
account. By dealing with prototype of micro hydroelectric power plant which
operates in closed loop with cross-flow turbine, by using microcontroller the
generated electrical frequency is kept in a specified band interval. The
generated electrical frequency is continuously measured by using zero
crossing circuit and sent to a microcontroller. PIC 16F877 was used as a
microcontroller. Movement to the adjustable wing of the turbine was given by
DC motor and screw shaft system. Two direction motion of the DC motor was
provided by application of the PWM signals generated by microcontroller to
a motor through H Bridge. While there is no possibility of regulating amount
of water entering the turbine in digital load control systems, in cross-flow
turbines water flow rate can be controlled by moving adjustable wing. Cross-
flow turbines consist of two main parts; turbine rotor and water spray nozzle.
There is an adjustable wing which provides a mechanism of regulating water
discharge rate and power by changing cross-section inside input nozzle.
Number of wings can be between 25 and 30. Rotor of this structure is empty
inside to allow water to pass. Water flow which affect the wings at first time
power passes through inside empty space and from inside circle of the rotor
enters again between the wings, it generate second force and then leave the
turbine [18].
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In the study, in order to control the adjustable wing, DC motor is used.
MOSFET which is the switching element of the DC motor is controlled in two
directions by H bridge motor driver circuit. For controlling the speed of the
motor control card which utilizes PWM signal from microcontroller
PIC16F877 is employed.

2. GENERAL DESIGN OF THE SYSTEM

Figure 1 shows general appearance of the implemented system. In the study,
the used adjustable wing of the cross-flow type turbine has been controlled.
In the prototype of the micro HPP the turbine works with the free fall of the
water. In the system there is a 1500 liters water reservoir at the tower of 7m
high. The upper side of the reservoir water by itself through penstock flows to
the turbine. The water coming out of the turbine is collected at second
reservoir located the ground. The volume of this reservoir is 1000 liters. The
general picture of the hydro-mechanical section is given in Figure 2.
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Figure 1. General appearance of the system which works in closed loop.
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Figure 2. hydro-mechanical section general appearance.

The electro-mechanical section consists of cross-flow turbine, induction
generator, pulley system and the control mechanism of the adjustable wing.
In this application the used turbine is selected as a 0.74kW cross-flow type
turbine. The mechanical energy obtained from the turning of the turbine is
transferred to the generator by the aid of pulley system. The nominal cycle of
the turbine is 500 rpm and cycles of the 500W generator is 3000 rpm. In order
for cycles of the turbine to reach that of the generator, the cycles of pulley
system is made 6 times. The discharge rate of the water entering the turbine is
regulated by adjustable wing. Depending on the design of the turbine,
adjustable wing moves within a given angle. In our system the movement is
transferred to an adjustable wing by using mechanical hand connected at the
shaft of the adjustable wing. The other hand of the mechanical hand is
connected to screw shaft system. Screw shaft system provides the up and
down movement of the carrier shaft by moving the motor direct current in the
two directions. The connection between mechanical hand coming from
adjustable wing and carrier shaft is established and up and down movement
of the carrier shaft regulates the position of the adjustable wing.

3. CONTROL SECTION
In control section, PIC 16F877A is used. The frequency of the voltage
obtained from generator is read with zero crossing circuit which is shown in
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Figure 3 and compared with reference value of 50Hz, PWM signal is
generated with respect to the obtained error. By this mechanism direct current
motor is controlled and the frequency of the voltage coming for generator is
set to 50Hz.

Output frequency of the generator depends on two parameters; number
of cycles (n) and number of poles (p). Since number of poles in generator is
constant the only factor which affects the frequency is the number of cycles.
In order to control the frequency of the generator, the number of cycles of the
turbine should be controlled. Number of cycles of turbine depending on
opening and closing condition of the adjustable wing changes with amount
and pressure of water applied to a turbine. For design in this study, control
card made to continuously measure the frequency of the voltage at the output
of generator (fo) using zero crossing circuit and compare with the reference
frer = 50Hz and according to error between the measured frequency value
and reference value PWM signal is generated inside the PIC. By using this
generated PWM signals the opening and closing operation of adjustable wing
is performed and is applied to H bridge circuit which control DC motor. In
this way DC voltage coming from H bridge circuit DC motor with the
calculated speed by accordingly turns back and forward or keep its position
tries to regulate the position of adjustable wing.

15V
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l { 7, 1LM3S8 7 (|24
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Figure 3. Zero crossing circuit
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In control card, there exists a part which gives the system a DC voltage
of 5V. A LCD screen for observing the values read from output of generator
and coefficient of PID (proportional-integral-derivative) parameter formed by
PWM signals is also connected. The start and stop button on the card help to
start and stop the system. Lower limit and upper limit buttons are used for the
purpose of testing the system in the laboratory. In real life application switches
to be connected to terminal which is parallel to lower and upper limit buttons
are used to specify the boundaries of movement of adjustable wing. These
boundary switches help us to end automatically commands from control card.
If there was no these boundary switches appearance of faults in mechanical
systems would be unavoidable. The LED’s in the card are used to understand
whether its corresponding output is active or not.

During specifying the microcontroller which is going to be used in this

study whether the output and input number needed by the PIC and PWM for
controlling direct current motor exist or not has been checked. The knowledge
which is taken from external environment is the frequency taken from zero
crossing circuit. This information is read by interrupt except for port RBO.
The other information is the normal inputs which are connected to limit
switches which tell the open or closed state of the adjustable wing. PWM
signals are taken as output of the PIC. PIC 16F877A is the one which easily
satisfies these input and output specifications.
In the designed system, system in order to keep frequency of the generator
which is connected to the turbine to a constant value of 50Hz, turbine
adjustable wing must be controlled. This is implemented by controlling the
motor with the PWM signals generated by the PIC. This operation is
implemented by pressing of start button on the control card and some
conditions and logics inside the PIC.

The frequency is being kept in a certain reference interval. According to
UCTE criteria minimum instant frequency should not be below -800 mHz
(49.2 Hz) and maximum instant frequency should not be more than +800 mHz
(50.8 Hz) [19]. The reference boundary values of frequency used in written
program for PIC were specified by considering these values.

4. RUNNING OF THE PIC PROGRAM

When the energy is supplied to a system, the program at first measures
frequency of the generator by using zero crossing circuit. The measured
frequencies are shown on the screen after every reading and after giving the
command to a program. When the start button is pressed, PIC compares the
measured value (fo) and the reference value (f;.¢). In this way error (ferror)



8 Cemal YILMAZ, ilhan KOSALAY, Omiir BINARBASI

is found. By using the calculations in PID control this error generates PWM
output signals. If we are to explain the PWM signals obtained from PIC
according to the values of the measured frequency; when frequency is lower
than 49.2 Hz in order for the direct current motor to quickly open the
adjustable wing to apply the voltage of 24V to the motor PWM is generated.
By using this, the system in a fast way possible opens the adjustable wing and
increases the flow of water entering the turbine and in connection with this
cycles of turbine and generator increases as a result the measured frequency
is brought toward 50 Hz. In order for the DC motor to turn the adjustable wing
in the opening direction the generated PWM signals operates switching
elements S2(Q7) and S3(Q6) on the motor driver circuit. If the measured
frequency is in interval of 49.2 and 49.8 since the measured frequency has not
yet reached 50Hz direct current motor opens the adjustable wing and works
in the direction of increasing amount of water flow. However here since
frequency needed for application of maximum voltage to a direct current
motor is above 50Hz, direct current motor regulates the number of cycles by
using PID controller and the PWM signals is applied to a motor until the
measured frequency reaches 49.8 Hz. If the measured frequency is between
49.8 Hz and 50 Hz microcontroller does not generate PWM signals to move
the adjustable wing and in that way the frequency is kept stable in a required
band interval. As long as there is no any change in receiver load and there is
no mechanical or hydraulic change which can affect the system operation,
frequency stays constant.

If the measured frequency is between 50.2 Hz and 50.8 Hz in order to
bring the frequency to a reference value adjustable wings should be moved to
a closing direction. By this way the amount of water flow entering the turbine
will slow down and turbine cycles will decrease. Since decreased in turbine
cycles decrease cycles of generator as well, then the frequency is being
lowered in that way. For the measured frequency between 50.2 Hz and 50.8
Hz microcontroller generates PWM signals and switching elements s1 and s4
in motor driver circuit are being activated. By the help of this direct current
motor moves the adjustable wing to the closing direction. In this operation the
system is controlled by PID controller in every 5 cycles until the result of a
taken measurement is controlled until it reach the require band interval. When
the required band interval is attained adjustable wing (49.8 Hz and 50.2 Hz)
is kept constant. If the frequency value is greater than 50.8 Hz the system
automatically close. Lower limit and upper limit are used to specify the
boundaries of the hand which moves adjustable wing. When this limit touches
the switches the system stops and motor and mechanical system goes to
protective mode.
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On the designed circuit, zero crossing circuit helps to read electrical
frequencies from the output of the generator. The function of the zero crossing
circuit here is to give the logical value of 1 at the instant the voltage coming
from transformer crosses zero. In zero crossing circuit OPAMP LM 358 was
used. The output voltage of the transformer is applied at the input number 6
of the OPAMP. Zero crossing voltage are determined by using output number
6 of the OPAMP. By detecting the obtained signals using RBO of the
controller, it is processed by microcontroller and is used during the reading of
the frequency as in [20]. The transformer used in zero crossing circuit is
connected to the output of the generator. The maximum value of voltage
obtained from transformer is selected to be 5V.To control DC motor, H bridge
circuit is used. Since the DC motor used in our application is of high power
switching element used is IRFZ44N 55 volt and 49 amperes MOSFET. In
order to bring MOSFET to conduction PC 817 optocoupler was used. Figure
4 shows control card, LCD screen, zero crossing circuit and H Bridge when
they are connected to each other.

Figure 4 Complete circuit used in application.

5. APPLICATION

In the designed system, by using microcontroller the position of adjustable
wing of the cross-flow turbine is changed by the DC motor. As a result,
number of cycles of generator and its frequency are regulated. The measured
frequency from the output of generator is measured by zero crossing circuit
and the measured value is controlled by PID control method using
microcontroller. The frequency value is being kept between the specified
frequency intervals.

While testing of the system starts, the butterfly van on penstock opens and
turbine slowly gain speed. In this moment energized control card continuously
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measures frequency of the generator and measured values are shown on the
LCD screen. When the start button on the control card is pressed, in
accordance with program codes inside microcontroller implementation of
control process starts and frequency of 50Hz is kept constant. At this time
generator works no-load. To test how the system works when there is a load,
the bulbs connected to the output of the generator are entered to a circuit in
stages. In every stage two 60 W incandescent film lamp is used. By taking
load one by one to a system makes system to work fast and in order to keep
output frequency 50Hz constant adjustable wing opens. In same condition
taking load out of the circuit one by one has been tested and also system
quickly works in the closing direction of adjustable wing and frequency of 50
Hz was kept constant.

In the study by using microcontroller governor control of the prototype
of the micro HPP which works independent of the grid has been implemented.
During doing this work the electrical frequency obtained from the output of
the generator which is connected to a turbine was taken to account and
frequency 50 Hz is kept constant. The change in the load on the receiver
causes the momentarily frequency changes. On the designed control card
frequency of generator is continuously measured by using zero crossing
circuit. PWM signals generated by the microcontroller and DC motor are
operated in both directions in controlled manner. Due to this the position of
adjustable wing of the turbine is being changed and frequency of 50 Hz is kept
constant.

Loading test of the system:

At first, generator was operated at idle mode (no-load) at all loading
levels while the load test is running. After the frequency was kept at 50 Hz,
loads were connected to the generator respectively. Tests were made for loads
which had level %25, %50, %75, and % 100. Frequency variations which

belong to loading are given in Figure 5 and 6.
|
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Figure 5. Frequency variation for loading, % 50

As it is understood from Figure 5, there is no striking peak value in
frequency when the load is connected to generator. Frequency decreases its
lowest value in 2-3 seconds. Together with the opening of the adjustment

wing, turbine speeds begins to increase. After a while, frequency becomes

constant.
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Figure 6. Frequency variation for loading, % 100

At % 100 loading test, after the switching operation the frequency is
reduced too quickly. Then, the frequency increases again very quickly.

Load shedding test of the system:

Generator was operated at full load at all load shedding levels while the
load shedding test is running. After the frequency was kept at 50 Hz, the loads
were separated from the generator respectively. Tests were repeated for loads
which had level %25, %50, %75, and % 100. Frequency variations which
belong to some load shedding levels are given in Figure 7 and 8.
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Figure 7. Frequency variation for load shedding, % 50
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Figure 8. Frequency variation for load shedding, % 100

6. CONCLUSIONS

In this study, closed loop and grid independent prototype of 750 W cross-
flow turbine whose cycle regulations are done by using adjustable wing
mechanism is implemented. Movement to an adjustable wing is performed by
direct current motor which is controlled by microcontroller by using screw
shaft system and mechanical hand. By setting the number of cycles (speed) of
the turbine, the number of cycles and frequency of the 500 W generator which
is connected to a turbine is kept at required values. By the help of study
implemented using microcontroller, conclusion that this technique is more
economical than other micro hydroelectric plant control methods been
presented and also its performance for frequency is evaluated at good level
for most practical applications.

The study is performed on cross-flow type turbine. It is possible to apply
the same control technique to Pelton turbines. With the investment to be made,
in the future times implementations of control systems of the micro turbine
using microcontrollers will provide more development in the sector and will
bring possibility of easily controlling both grid dependent and independent
micro HPP. Microcontroller based control system together with its low cost;
it will be a measure to any country from spending money to abroad.
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