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Abstract. This paper presents the design of a control system for the automatic
connection/disconnection and distribution of load, between an asynchronous alternator and a
generator, in a hydroelectric central that works in isolated mode. The design of a control
algorithm based on fuzzy logic is exposed, as this is a flexible method to be used in different
installations with a variety of technology. The controller is supported on the Arduino Mega 2560
platform, in order to develop a low-cost system with its own technology, it is tested by computer
simulation using the professional software Proteus v7.7, which guarantees that once validated
the correct operation of the controller can be migrated to another system, say for example a PLC.
The results obtained are shown and the simulations performed to the different blocks of the
system are explained.

1. Introduction

Factors such as climate change and the increase in energy demand make a change in global energy policy
increasingly urgent [1, 2]. The exploitation of Renewable Sources of Energy (RSE) is the main
alternative for this change, since they are clean energies by not emitting CO- and can be applied both in
networks interconnected to electrical systems and in isolated areas [3, 4, 5, 6].

The application of RSE in isolated areas has as main drawback its instability, which makes it
necessary to use hybrid systems that guarantee permanent power supply [4, 6]. The operation of hybrid
power generation systems in isolated areas of the National Electric System (NES) has as one of its main
challenges to ensure the parameters of energy quality and permanent supply regardless of the climatic
conditions and the RSE that can replace [7, 8].

In this work the design of an automatic control system for the hybrid generation system integration
is made, to be used in an isolated area of the NES, using a hydraulic installation and a Diesel Generator
Set (DGS), supported on the platform Arduino Mega 2560. Using artificial intelligence techniques, the
operation of the system is simulated to guarantee the electrical supply in an isolated community,
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verifying the correct functioning of the algorithm developed based on fuzzy logic for the connection and
disconnection of the generating sources, as well as the correct synchronization between these sources
[9, 10]. Developing this work, the design and validation of a low-cost controller that is part of an
electrical generation system using hydraulic energy in mountainous areas of the eastern region of Cuba,
which are totally isolated from the National Electro Energetic System (SEN), is obtained.

2. Methodology
The implementation of the controller is developed through the XP software development methodology
adapted, which consists of the following phases: Planning, Design, Coding and Testing.

2.1. System proposal

During the work development, the following parameters were considered: frequency, power and the
phase shift between the two generating sources. Both have voltage control and the micro hydroelectric
plant also has a frequency controller [11, 12]. The generation system that is proposed to automate is
composed of:

e A Small Hydroelectric Plant (SHP) with a synchronous generator, and an asynchronous motor
which is used as a generator. For the asynchronous motor, a speed control is required, which
consists in varying the opening of the water inlet to the turbine that puts it in motion, in order to
bring the motor to synchronism with the synchronous generator and then generate up to 30% of the
nominal power of the synchronous generator to help generate power when necessary.

o A DGS with frequency automatically regulated to the frequency of the PCH.

For the measurement of frequency and electrical power, standardized output transducers from 0 to 5

V and 0 to 10 V are used, respectively, which allow the controller to make the measurements and make
decisions about the generating sources (DGS, SHP or both) to satisfy the energy demand, as well as that
of establishing an order of priority for the connection and disconnection of these sources in case the
resource of all is needed. Other parameters controlled are the phase shift, the water inlet valve to the
turbine of the PCH and the frequency of the GE. The controller used is the Arduino Mega 2560 because
it is economical and has the required capabilities. At this stage of the work, and due to the complexity
involved in the design of the controller, the study focuses only on the control signals that the Arduino
receives and sends to carry out the whole process of connecting and disconnecting the generating
sources, by what the electrical machines involved in the process are analyzed as a black box. It is
expected that in future research work the dynamic behavior of each of them will be studied. Figure 1
shows a block diagram of the different parts of the system to be automated.

Gen. Slncén!co | Gen. Asinc co | G. E.lectﬁem |
=
=
8
. : 2
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> -
Potencia Arduino Mega
> 2560
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=2 -]
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Figure 1. System Blocks Diagram. Source: The authors
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2.2. Functional requirements
For the design of the controller, two modes of operation, manual and automatic, are defined, with the
following requirements:
. Manual Mode:
o RF1- Show the variables measured and controlled (Power and frequency of the SHP and
DGS, asynchronous generator speed of the SHP and phase angle);
o RF2- Control asynchronous generator;
= RF2.1- Power on / off asynchronous generator;
= RF2.2- Connect asynchronous generator to the network.
o RF3- Control the power of the SHP through the water inlet valve;
= RF3.1- Turn in positive direction the three-phase reversible motor for opening the valve;
= RF3.2- Turn in a negative direction the three-phase reversible motor for closing the valve.
o RF4- Control the DGS;
= RF4.1- Power on / off the DGS;
= RF4.2- Connect DGS to the network;
= RF4.3- Sort increase / decrease the speed of the DGS generator.
o RF5- Calculate phase angle.
. Automatic Mode:
o RF6- Select mode according to the availability of sources and demand;
=  RF6.1- Operate only with the SHP and the asynchronous generator;
=  RF6.2- Operate only with SHP and the DGS;
= RF6.3- Operate with the SHP, the asynchronous generator and the DGS.
o RF7- Indicate flow level,
o RF8- Activate alarm produced by low flow;
=  RF8.1- Eliminate alarm caused by low flow.
o RF9- Provide some degree of intelligence to the controller, so that he can make correct
decisions about auxiliary sources when operating in automatic mode.

2.3. Fuzzy Logic

Fuzzy control consists of establishing a series of rules to control actions that allow combining input
variables, and by means of a relation of rules they result in one or more output values [13]. To satisfy
the RF9, the designed controller is equipped with a certain degree of intelligence through fuzzy logic
and a set of fuzzy rules so that it can make decisions when working in automatic mode and execute them
with its switching system. For this, the fuzzy logic library (eFLL) for Arduino was used [14]. This library
makes use of the Maximum and Minimum algorithms and Mamdani for inference and composition as
well as the Area Center for defuzzification in a continuous universe [3].

Making use of this library defines the input set of the electric power values with the linguistic terms
(low, medium, high), which are created using the FuzzySet function (w, X, y, z). The system is constantly
measuring the power of the network, which is blurred through the function fuzzify(), and, according to
the degree of belonging that has the value read power, to one of the defined linguistic terms, it is taken
the decision to connect or disconnect the asynchronous generator and / or the DGS. For example: if the
measured power has a degree of belonging greater than the term "high" than the term "average", then,
according to the availability of the asynchronous generator and the DGS, and according to the water
level, the decision is made to connect each one or both to help in the generation. Therefore, when the
degree of belonging is greater than the term "average" or "low" that at the end "high", then the decision
is taken to disconnect one or both auxiliary sources that are connected [15, 16].

The fuzzy set of power input was created through an object of the Fuzzylnput class called power,
this object contains three objects of the FuzzySet class called low1, medium1 and highl, leaving the set
defined as shown in figure 2.
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Figure 2. Input membership function (Power). Source: The authors.
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To obtain the behavior of the different variables, a trapezoidal function model is established that
represents each set of system variables denoted by ranges within the universe of discourse.

0; x<a
X-a
ta ;0 a<x<b
l'Ltrapezoidal(x’ a, b’ C, d) =3 L b=x=c (1)
d-x . ex<d
qo O=Xx<
\ 0; d<x
Equation for the low diffuse set:
l; 0<x<20
1
Hiow X,0, 0, 20, 35) = 7 (x+35); 20<x<35 (2)
0; 35<x
Equation for the average diffuse set:
0; x <30
1
E(X-3O); 30<x<45
paverage(x, 30, 45, 60, 75) = { l; 45<x<60 3)
1
E(—x+75); 60 <x<75
\ 0; 75 <x
Equation for the high diffuse set:
0; x<70
1
Hyign (% 70, 85, 100, 100) =3 (x - 70); 70 <x <85 “4)
l1; x<85

b

From the above equations it is obtained that, e.g., for a power value (read from the power transducer)
equivalent to 73% after performing the blurring of this value through the functions fuzzy— setlnput (1,
pot) and fuzzy — fuzzify(), belonging to the eFLL library. It reaches a degree of belonging to the diffuse
set average = 0.13 and a degree of belonging to the diffuse set high = 0.2. Therefore, as the power begins
to be "high" because the degree of belonging to the "average" group is less than the degree of belonging
to the "high" group, then the asynchronous generator or the DGS is put into operation depending on the
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availability and water level, and subsequently connects the generator to the grid to help with
cogeneration.
This behavior is obtained from the set of fuzzy rules defined for the controller:
e [f power is high, flow is enough, asynchronous motor is available and asynchronous motor
is off, then ignite asynchronous motor;
e Ifpower is high, DGS is available and off, then turn on generator set;
e If power is high, asynchronous motor is available and off, has enough flow, generator set is
available and generator set is off, then turn on asynchronous motor [17];
e Ifpower is high, asynchronous motor is available, motor is off, flow is insufficient and DGS
is available and off, then turn on DGS;
e Ifpower is high, asynchronous motor is available, has enough flow rate, asynchronous motor
is on and DGS is available and off, then turn on DGS;
e [fpower is medium or low and asynchronous motor is on, then shut off asynchronous motor;
e [fpower is medium or low and DGS is on, then turn off the DGS;
e If power is medium or low, asynchronous motor is on and DGS is off, then shut off
asynchronous motor;
e Ifpower is medium or low, asynchronous motor is on and DGS is on, then turn off DGS.
The use of this controller makes the installation of the PCH system more flexible with different
hydraulic and technological characteristics because it is based on fuzzy logic for decision making, which
makes it possible to simplify the system since it is not necessary to know the mathematical model of the
plant, unlike, for example, PID controllers. In addition, the use of the Arduino as a controller is an
economically feasible option to acquire, develop and implement.

2.4. Controller's work sequence

In the controller programming and considering that always it should be the SHP who defines the voltage
and frequency parameters of the network, two modes of work are required, the manual and the
automatic. In addition, the controller follows a strategy of cyclical planning in which it supervises that
all the tasks that are executed within the main cycle comply with the times defined for each one. At the
same time, for the work in automatic mode, the diffuse rules described above are defined, which allow
a normal operation regime, and which depends on the following conditions:

2.4.1. Condition 1: Abundant flow and only the asynchronous generator available as auxiliary source
Connection process: The controller is measures and always blurs the power of the SHP. When this
reaches a value belonging to the fuzzy set "high", the system sends a signal to start the asynchronous
generator which starts to open the water inlet valve until the synchronous speed is reached. Then it
connects with the SHP, it waits for a time of approximately 2 seconds and it takes it up to 30% of the
generation power of the SHP, thus achieving cogeneration. Figure 3 shows the behavior that the
controller follows in this condition.
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Figure 3. Flow diagram of the connection sub-process of the micro hydroelectric plant and the
asynchronous generator. Source: The authors.

Disconnection process: The controller permanently measures and blots the power of the SHP. When
it reaches a value of belonging to the fuzzy set "average" greater than a value of belonging to the fuzzy
set "high", or a value greater than zero of the set fuzzy "low", begins to close the water inlet valve to the
turbine of the asynchronous generator and waits for a certain time, until it reaches the synchronous
speed. Then, disconnects it from the SHP and continues closing the valve until the speed of the
asynchronous generator is less than 5% of the maximum value. Figure 4 shows this behavior.
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Figure 4. Flow diagram of the disconnection sub-process of the micro hydroelectric plant and the
asynchronous generator. Source: The authors.

Yes

No

2.4.2. Condition 2: Only the generator set (DGS) available as an auxiliary source

Connection process: the controller permanently measures and blots the power of the SHP (PotCH).
When it reaches a value of belonging to the fuzzy set "high", greater than a value of belonging to the set
fuzzy "average", then the system turns on the DGS, verifies that its frequency is equal to that of the SHP
in a range of + 0.2 Hz according to [18]. If they are not equal, the system increases or decreases the
speed of the DGS to adjust its frequency. If they are equal, it is verified that the phase shift is less than
15°, and if it is fulfilled, the DGS is connected in vacuum with the SHP, 10 seconds are expected and
the generation power of the DGS is increased up to 100% of its capacity. The flow chart of Figure 5
shows the behavior of the controller in this case.
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Figure 5. Flow diagram of the connection sub-process of the micro hydroelectric plant and the
DGS. Source: The authors.

Disconnection process: the controller permanently measures and smudges the power of the SHP
(PotCH). When it reaches a value belonging to the fuzzy set "average" greater than a value of belonging
to the fuzzy set "high" or a value greater than zero of the fuzzy set "low", the system decreases the power
of the DGS to 0%, waits for 10 seconds disconnects it from the SHP and turns off the DGS (See figure
6).
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2.4.3. Condition 3: Abundant flow and asynchronous generator and DGS available as auxiliary sources
Connection process: the controller measures and permanently blots the power of the SHP (PotCH).
When it reaches a value belonging to the fuzzy set "high" greater than a value of belonging to the fuzzy
set "average". The system starts the asynchronous generator and begins to open the water inlet valve to
the turbine of the asynchronous generator until it reaches the synchronous speed and then connects it
with the SHP, waits 2 seconds and takes it up to 30% of the SHP generation power, remaining these
cogenerating. Wait 10 seconds. If the power continues to be high, the DGS is connected and it is verified
that the DGS frequency is equal to that of the SHP in + 0.2 Hz according to [18]. If they are not equal,
the system commands to increase or decrease the speed of the DGS to adjust this frequency. If they are
equal, it is verified that the phase shift is less than 15° and the DGS is switched on with the SHP, 10
seconds are expected and the power of the DGS is increased to its nominal capacity, thus leaving the
asynchronous generator and the DGS cogenerating with the SHP.

Disconnection process: the controller measures and blots always the power of the SHP (PotCH).
When it reaches a value belonging to the fuzzy set "average" greater than that of the fuzzy set "high" or
a value greater than zero of the set fuzzy "low", the system decreases the power of the DGS to 0%, waits
10 seconds, disconnects it from the SHP and turns off the DGS. Wait 10 seconds. If the power continues
to be low, then the system reduces the opening of the water inlet valve to the turbine of the asynchronous
generator until it reaches the synchronous speed and disconnects it from the micro SHP and continues
closing the valve until the speed of the asynchronous generator is less than 5% of the maximum, leaving
only the SHP working.

In manual mode, the operator has a panel through which he can make decisions about the two
auxiliary sources.

If it operates on the asynchronous generator through several actuators, it can:
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Turn on / off the asynchronous generator.

Control the water inlet valve to the turbine, to vary the speed of the asynchronous generator
and bring it to synchronous speed and 30% of the generation power of the SHP.

Connect / disconnect the asynchronous generator in parallel with the hydroelectric power
plant.

In the case of the DGS:
e Turn on/ off the DGS.
e Measure the phase shift between the HPH and the DGS.
e Increase / decrease the power of the DGS.
e Connect / disconnect in parallel the DGS with the SHP.

3. Results and Discussion
In the coding stage several programmed functions were defined in C language that satisfy all the
established functional requirements. Among the main functions can be mentioned:

void Fuzificar Potencia: This function receives as a parameter a value of type double, which
is equivalent to the power value read from the power transducer and performs the blurring
of this value to start making decisions from it.

void connect_Sinc_Asin: This function receives as parameter an integer value that reflects
the state (synchronized / non-synchronized) of the asynchronous generator. (See figure 3).
void disconnect_Sinc_Asinc: This function receives as parameters two variables of type bool
that allow knowing if the asynchronous generator is on and connected to the network, or if
it is only on, as well as the third parameter an integer value is passed, which allows making
decisions jointly with the function connect Sinc Asinc, this variable allows to divert the
flow of the program from one point to another. (See figure 4).

void conecta_Hidro: is responsible for connecting the synchronous generator and the DGS.
(See figure 5).

void disconnect Hidro GE (): it oversees disconnecting the synchronous generator and the
DGS. (see figure 6).

To carry out the simulation tests of all the functions performed by the controller, the PROTEUS 7.7
professional program is used, which provides the possibility of simulating them in real time and, in
addition, programming the Arduino Mega 2560 and representing the tasks it performs.

The system (see figure 7) is composed of the Arduino Mega 2560, an alphanumeric LCD LM044L
of 20x4, potentiometers to simulate the output signal of the transducers and the tachometer, 8 LEDs to
indicate the status of the relays and the status indicators both asynchronous generator and the DGS. It
also has 4 logicprobe to indicate the status of the control relays for closing / closing the water inlet valve
to the turbine of the asynchronous generator and to indicate the increase or decrease in the speed of the
DGS generator. It also has a switch to clear the alarm if it occurs and 14 logicstate to manually control
the different parameters, both the asynchronous generator and the DGS, and to select manual / automatic
mode, simulate the flow level and the availability of different sources.

10
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Figure 7. Simulation of the system in Proteus. Source: The authors.

3.1. Simulation of the transducers and the tachometric sensor and visualization of the controlled
variables

The simulation of the frequency and power measurements of the DGS and SHP transducers are made
with potentiometers, as is the simulation of the tachometric sensor measurement of the asynchronous
generator speed. The voltage outputs of these are connected to 5 analogue inputs of the Arduino Mega
2560 (A0- frequency of the SHP, Al- power of the SHP, A2- frequency of the DGS, A3- tachometric
sensor and A4- power of the GE).

Measurements of the variables: SHP frequency (FH), DGS frequency (FGE), power (P) of the SHP
and DGS power, phase shift (¢) and speed (TAC) are displayed on a 20x4 LM044L LCD.

3.2. Work simulation with the asynchronous generator

For the work with the asynchronous generator, the on/off simulation is simulated, using a red LED
connected to pin 26 of the Arduino. To simulate the connection in parallel with the SHP, a yellow LED
connected to pin 25 is used. To indicate the increase/decrease of the speed of the motor, two LEDs are
used, one green connected to the pin 27 which indicates if it is necessary to increase the speed and a
blue LED connected on the pin 28 which indicates that it is necessary to decrease the speed of the
generator, to bring the asynchronous generator to the synchronous speed and to increase or decrease the
power generated by it. These two indicators work in conjunction with 2 logicsprobe connected to pins

11



Expotecnologia 2019 "Research, Innovation and Development in Engineering" IOP Publishing
IOP Conf. Series: Materials Science and Engineering 844 (2020) 012017 doi:10.1088/1757-899X/844/1/012017

38 and 39, these logicsprobe are used to simulate the relays that control the opening and closing of the
water inlet valve to the turbine of the asynchronous generator.

Figure 8 shows the simulation test of the work with the asynchronous generator. The red LED
indicates that the asynchronous generator is on, the yellow LED indicates that the generator is connected
to the network. The green LED indicates that the speed of the asynchronous generator must be increased
to take it to 30% of the generation power of the micro hydroelectric plant and the logicsprobe with the
combination -01- indicate the activation of the relay, which allows the opening of the valve of water
input to the turbine to increase the power of the asynchronous generator.
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Figure 8. State of the indicators and relays that control the asynchronous motor. Source: The
authors.

3.3. Connection of the auxiliary relays with the arduino for the parallel connection of the asynchronous
generator with the synchronous generator

For the connection of the asynchronous generator with the synchronous generator, the use of power

relays is necessary. The modules admit high intensity peaks, and consequently, have enough reserves to

activate the connected fuses. They also resist capacitive and inductive interferences without problems.

3.4. Connection of relays for three-phase reversible motor drive

Figure 9 shows the connection diagram used in the drive control of the three-phase reversible motor that
regulates the valve that controls the flow of water entering the turbine that moves the asynchronous
generator.
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Delreby 1
f———

Delrelay 2

Figure 9. Connection diagram of the relays for control of rotation of the three-phase reversible motor.
Source: The authors.

The operating principle of the motor drive is as follows:

The Arduino has two digital outputs (pins 38 and 39) responsible for connecting the relay system to
control the rotation of the three-phase reversible motor.

To achieve a correct performance of the motor operation, two relays, model MULTI9, were selected
as final stage, which have four contacts, two normally open and two normally closed. Its connection is
shown in figure 9, where it is observed that the motor drive is only carried out if one of the relays is
activated and the other is not, that is, if one of the coils is energized and the other is not. In case the coils
of relays three and four, respectively, are energized or de-energized, the motor remains at rest. For the
motor to rotate one way or the other, only one of the coils, relay coil three or relay coil four must be
energized, so that the normally open contacts close, and the normally closed contacts open, allowing the
start and start-up of the engine.

To activate relays three and four (see figure 9), the drive coils are connected to lines B and C of the
network, and through two micro relays (see figure 10), relays three and four are activated. These micro
relays are activated by the control signal coming from the Arduino (pins 38 and 39), according to the
state (code) programmed according to the following rule:

e Code 00: Micro relays one and two are deactivated, therefore relays three and four are in normal

state. Three-phase motor at rest.

e Code 11: Activated micro relays one and two, therefore in activated state relays three and four.
In this state the normally open contacts close, and the normally closed contacts open. Three-phase
motor at rest.

e Code 01: Micro relay one is activated, therefore the coil of relay three is energized and relay four
is kept deactivated, therefore the normally closed contacts of relay three are opened and the
normally open contacts are closed. In this condition the three-phase motor is energized and rotates
in one direction.

e Code 10: The micro relay two is activated, therefore the coil of relay four is energized and relay
three is kept deactivated, therefore the normally closed contacts of relay four are opened and the
normally open contacts are closed. In this condition, the three-phase motor is energized and
rotated in the opposite direction.
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Figure 10. Connection diagram of micro relays 1 and 2. Source: The authors.

3.5. Simulation of work with the DGS

For the work with the DGS, the on / off simulation is simulated using a red LED connected to pin 31 of
the Arduino; To simulate the connection in parallel with the SHP, a yellow LED connected to pin 32 is
used. To indicate the inequality between the parameters of frequency and phase angle measured from
the SHP and DGS, a green LED connected to pin 33 is used, when being on reflects the inequality
between these parameters. Furthermore, when the blue led connected to pin 37 is on it indicates that the
DGS is generating at its maximum power, and the 2 logicsprobe indicate the increase or decrease of the
DGS speed to increase its power generation.

Figure 11 shows the simulation performed of the DGS operation. The red led indicates that the DGS
is on, the green LED off indicates that the frequencies measured in the central micro and the DGS
coincide and that these are between 60 & 0.2 Hz and that in addition the measured phase shift between
the DGS and the micro central does not exceed 15° as recommended [18]. The yellow LED indicates
that the DGS 1is connected to the network. The logicsprobe with the combination -01- indicate the
increase of the speed to bring the DGS to its maximum power generation and as this is not yet at the
maximum of its power, then the blue LED remains off, because this it only turns on when the DGS is
generating at maximum power.
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Figure 11. State of the indicators and relays that control the generator set. Source: The authors.

3.6. Calculation of the phase angle

For the phase measurement, two sinusoidal signals, whose phase shift between them is to be measured,
are converted into rectangular pulses. The separation between the pulses of the signals is equal to the
phase shift between them. In figure 12 two sinusoidal waves are shown offset by an angle At.
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1
Figure 12. Graph of two signals offset in time. Source: [19].

The phase can be expressed as:
¢ =wAt )]
Where w is the angular velocity, in rad-sec, and At is the time, in seconds, between the zero crossing
of signals 1 and 2.
A= ©)
The time difference At is directly proportional to the phase shift ¢ and inversely proportional to the
angular velocity w, so that an electric circuit is formed that generates a rectangular pulse of duration At
[20, 21]. The circuit shown in Figure 13 is used to convert sine waves into rectangular waves.
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Figure 13. Circuit for phase measurement. Source: The authors.

220

Firstly, the voltage value of a phase of the micro hydroelectric plant and one phase of the DGS are
transformed to voltage values of 5V by the transformers TR1 and TR2. Then, the signal is sent to the
comparators that are formed by the operational amplifiers LM324, and in the comparators the sinusoidal
waves are converted into rectangular waves. These square waves maintain the same phase shift as the
sinusoidal waves.
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The signal offset at a given angle is taken to a NOT gate, integrated circuit 7404, where it is inverted
and then an exclusive sum is made by an XOR gate with the reference signal, at the gate exit a
proportional rectangular pulse is obtained at the phase shift, see figure 14. This pulse is taken to the
Arduino through pin 34 and is captured by the Pulseln function where the time of the impulse generated

by the circuit is obtained and it is taken to the value of the phase shift.
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Figure 14. Circuit output signal for phase measurement. Source: The authors.

3.7. Work mode selection

The designed controller allows two modes of operation: manual and automatic. These modes can be
selected through a connected logicstate on pin 42, a value of "0" written on this pin selects manual mode
and a value of "1" written selects automatic mode.

For the operation in manual mode, there is a set of logicstate that allows the control of both the
asynchronous generator and the DGS. For control of the asynchronous generator, there are four
logicstates that allow the following operations:

e Turn the generator on/off (pin 43).

e Increase the generation power of the asynchronous generator and therefore the opening of the

water inlet valve to the turbine (pin 44).

e Decrease the generating power of the asynchronous generator and therefore close the water inlet
valve to the turbine (pin 45).

e A combination on the pins 44 and 45 of -01- indicates increasing the opening of the valve and a
combination of -10- indicates decreasing the opening of the valve. A combination of -00- or -11-
on these pins would leave the valve at rest, and a generator connected to pin 46 is used to connect
the generator to the grid.

For control of the DGS there are five logicstates that allow the on / off (pin 47), calculate the phase
shift (pin 48), increase / decrease the speed of the DGS to control its frequency or take it to the maximum
/ minimum of its power, pin generation 49 and 50, a combination of -01- on these pins indicates the
increase in the generator speed of the DGS and a combination of -10- indicates the decrease in speed,
any other combination would have no effect. To connect the DGS to the network, the logicstate
connected to pin 51 is used.

Figure 15 shows the simulation of the operation in manual mode of the asynchronous generator and
the DGS, in it the state of the indicators described above for the control of each of the auxiliary sources
of power generation is reflected.
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Figure 15. Operation in manual mode of the asynchronous generator and generator set.
Asynchronous generator on (red led on the left) and connected to the grid (yellow led on the left) and
DGS on (red led on the right), connected to the grid (yellow led on the right) and generating at
maximum power (blue led). Source: The authors.

For operation in automatic mode, there are three logicstates that are used to indicate the flow level
(pin 24). A value of "0" written on this pin indicates insufficient flow, which makes the use of the
asynchronous generator as an auxiliary source impossible of generation and a value of "1" written on
this pin indicates that the flow is enough which allows the asynchronous generator to be used as an
auxiliary generation source.

The logicstate connected to pins 22 and 23 are used to select the three working modes that the
controller allows in automatic mode. These modes are derived from the auxiliary sources available to
assist in the generation, so a combination on these -00- pins indicates that neither the asynchronous
generator nor the DGS are available to cogenerate with the SHP. A combination of -01- indicates that it
can only cogenerate with the SHP the asynchronous generator; a combination of -10- indicates that only
the DGS can cogenerate with the SHP, and a combination of -11- indicates that both the asynchronous
generator and the DGS can be used as auxiliary sources for generation. Working in automatic mode, the
controller makes use of all the rules defined using fuzzy logic for the decision making of the sources
that are needed in the generation.

In the event that the operator selects the automatic mode and indicates that the flow is insufficient
and selects a combination of -01- (on pins 22 and 23), it would select the asynchronous generator as an
auxiliary source and because the reservoir flow rate it is not abundant, then an alarm is activated (pin
40) indicating to the operator that the asynchronous generator cannot be used because the flow is low.

4. Conclusion
In this work, the simulation of the operation of an electrical generation system is obtained using the
hydraulic energy that guarantees the supply of energy to an isolated community of the National
Electrical System, verifying the proper functioning of the algorithm developed based on the fuzzy logic
for the connection and disconnection of the generating sources, as well as the correct synchronization
between these sources.

An automatic control system is designed for a hybrid electric generation system that operates in an
isolated operation regime, consisting of a hydroelectric central (SHP) with synchronous and
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asynchronous alternators and a generator, taking advantage of the potential offered by the Arduino Mega
platform 2560, which simplifies the hardware.

A control algorithm is selected that makes system installation flexible to SHP with different hydraulic
and technological characteristics.

The tests are performed by simulation using Proteus 7.7, which shows the correct functioning of the
design.

The design made allows the use of other controllers such as PLCs or PIC controllers.
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