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Abstract

A control system for a three-phase induction motor was designed with the use of optoelectronic
components and methods. Motor speed was controlled by changing supply voltage frequency.
This solution ensures a wide range of rotational speeds, constant torque and effective start-up
of an induction motor. The designed motor is supplied with direct current converted to three-
phase alternating current. The adopted solution relies on renewable sources of energy to produce
DC power. The designed electric motor is controlled by changing supply voltage frequency. Input
voltage with the desired waveform is generated by the motor’s electronic system that relies on two
microcontrollers. The presented solution features a user interface.

Introduction

An electric motor is a machine that converts electric energy to mechanical
energy. Similarly to pneumatic and hydraulic motors, electric motors have
numerous technical applications. There are various types of electric motors
that differ in structure and supply voltage. This study describes a control system
for an electric motor.
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The widespread use of alternating current (AC) has increased the popularity
of AC motors. Unlike in most direct current (DC) motors, in AC motors, power
1s not supplied to the rotor via a commutator, but it is induced by the rotating
magnetic field of the stator on rotor coils. The resulting voltage causes current
to flow through rotor coils, and another magnetic field is generated. The magnetic
field exerts torque on a current loop which moves the rotor. Alternating current
motors are smaller, simpler and more compact than DC motors, but their operation
1s more complex to analyze. Due to the structural differences between AC and DC
motors, completely different methods are also required to control the operation
of AC motors.

Optoelectronics is a field of science that deals with the properties of light for
advanced signal processing, including signal acquisition, transmission, conversion,
accumulation and presentation. Optoelectronic solutions are widely applied
in numerous industrial sectors. Optoelectronic methods are used to measure
the key parameters of engine performance. Optoelectronic devices protect delicate
electronic components against load shedding from mechanical parts, and they
are used to display and control a system’s operating parameters.

The aim of the present study was to design a control system for an AC motor
with the use of optoelectronic devices and methods. The designed control system
enables the user to change the motor’s rotational speed and direction of shaft
rotation, and it supports the visualization of the engine’s operating parameters.
The system facilitates the start-up of induction motors and guarantee user safety.
The control system and the motor are powered by direct current, which enables
the use of batteries charged from renewable energy sources.

The described solution has been patented (SYROKA, MERCHEL 2021).

Research assumptions

The control system for an AC motor should meet the following assumptions:

— the motor should by supplied by direct current and it should enable the
use of batteries for controlling mobile devices;

— the motor’s rotational speed should be controlled within a wide range
of values;

— the control system should minimize motor load during start-up;

— constant shaft torque should be maintained during start-up;

— the control system accessed by the user should have galvanic isolation to
electronic components from high-voltage mechanical components;

— the user should be able to set the rotational speed and monitor the operation
of the motor and the control system;

— the cost of the control system should be minimal.
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Squirrel-cage motors supplied with three-phase alternating current are
characterized by favorable operating parameters and a long service life due
to their simple structure. However, DC motors require inverters that produce input
voltage with the desired waveform. A three-phase bridge circuit comprising six
insulated-gate bipolar transistors (IGBTs) was applied to meet this requirement.
Transistors are controlled by dedicated optoelectronic drivers that rapidly
reload transistor gate capacities and galvanically isolate the control system
from the mechanical system. The control signal is generated by a programmed
Atmel AVR microcontroller as the slave device. The control signal is generated
digitally to eliminate undesirable phenomena in transistor commutation.
A second microcontroller was also used as the master device to guarantee reliable
generation of the control signal and to control other system functions, such as
user-system communication and monitoring of engine performance. Signals
are transmitted between microcontrollers by serial communication. A third
microcontroller was applied as a voltmeter to measure supply voltage.

Control system operation

Motor operation was controlled by changing supply voltage frequency.
This solution is optimal because it ensures a wide range of rotational speeds,
constant torque and effective start-up of an induction motor. A block diagram
of the control system is presented in Figure 1.

The system features a microcontroller as the master device (I) which
is responsible for communication between the user and the system. The user can
control the system via a six-key keyboard (2) or an infrared remote controller (3) using
the NEC IR transmission protocol. Information is displayed on an LCD screen (4).
The values input by the user are transmitted by the master microcontroller (1)
to the slave microcontroller (5) which generates and transmits the control
signal to optoelectronic drivers in IGBTSs (6). The drivers (6) isolate the control
system from mechanical components and protect delicate electronics against
load shedding. Based on the received signal, optoelectronic drivers (6) activate
or deactivate IGBTSs (7) that balance voltage from the DC source (8). Optoelectronic
drivers (6) are powered by a separate DC source (9); therefore, the failure of the
main DC source (8) does not affect the operation of the control system. Supply
voltage 1s measured by an electronic voltmeter (10), and the measured values
are transmitted by the opto-isolator to the master microcontroller (7). Inverter
supply voltage is filtered by a passive filter (11). The motor’s rotational speed (12)
1s measured by an optoelectronic encoder (13) which transmits the signal to the
master microcontroller (). Based on the received data, the system modifies
supply voltage frequency by compensating for the effects of lower DC source
voltage (8) and motor slip (12). These parameters are communicated to the user
on an LCD display (4).
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Fig. 1. Block diagram of an optoelectronic control system for a DC motor;
description in the text

Master device

The master device is an ATmega 328/P microcontroller. In the designed
control system for an AC motor, the master device:

— controls the user interface, i.e. a six-key keyboard (UP, DOWN, RIGHT,
LEFT, ENTER, CANCEL) and an infrared remote controller using the NEC
IR transmission protocol. Information is communicated to the user on the LCD
display;

— controls communication between master and slave devices;

— measures the motor’s rotational speed with the use of a CNY70 reflective
optical sensor, a rotary encoder with an alternating black-and-white pattern,
and a clock circuit in the microcontroller;
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— receives voltage measurements from the voltmeter;

— monitors the operation of the control system by calculating and transmitting
angular frequency values and correction factors to the slave device.

The circuit diagram of the master device is presented in Figure 2.

The voltage supplied to the microcontroller is stabilized and reduced to 5V by
the LL7805CV voltage regulator. The voltage signal is taken from a 16 MHz quartz
resonator. Each key in the keyboard is connected to a configured microcontroller
pin, which enables the microcontroller to identify changes in their state.
The keys are also connected to 0.1 pF capacitors which minimize voltage
fluctuations caused by key vibrations during switching and protect the system
against errors in microcontroller inputs. Current flowing through the keyboard
1s controlled by 470 Ohm resistors. Reverse logic was applied to the keyboard.
Microcontroller pins are configured to a high logic state, and when a key
is pressed, the corresponding pin switches to a low logic state. This solution
minimizes the influence of external disturbances on microcontroller operation.
The circuit diagram of the keyboard is presented in Figure 3.

The signal transmitted by the NEC remote control is received by the
TSOP4838 receiver module, one of the three circuit clocks in the ATmega 328/P
microcontroller, and a mechanism that responds to the events detected in the
microcontroller’s PD2 pin. The above mechanism and the NEC transmission
protocol are described in the second part of the paper (software solutions).
The connection diagram of the TSOP4838 receiver module is presented
in Figure 4.

The receiver module is powered by a 5 V source. The 100 Ohm resistor reduces
current to the required level. An additional 4.7 uF resistor minimizes fluctuations
in supply voltage. The OUT pin is connected to the microcontroller’s PD2 pin.
A block diagram of the TSOP4838 receiver module is presented in Figure 5.

The TSOP4838 module receives the IR signal from the remote controller
via a reverse-biased photodiode that blocks current. When a photon hits the
diode, the generated charge carrier leads to momentary current flow. The signal
is received by a preamplifier which amplifies a weak signal from the diode before
it 1s further processed. The signal is transmitted to an automatic gain control
(AGC) amplifier, and it is filtered by a band-pass filter that passes signals with
a frequency of 38 Hz and rejects other signals. A demodulator recovers the
signal from a modulated carrier wave and provides meaningful information
for the microcontroller. The amount of amplification provided by the amplifier
is determined by the amplitude of the filtered signal.

The LCD display has an internal HDD44780 controller. The controller includes
a set of instructions for inputting commands and controlling the functions of the
LCD display.

Master and slave microcontrollers communicate via a USART interface.
RXD and TXD pins in both microcontrollers communicate in serial mode.

Technical Sciences 25, 2022
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Fig. 3. Circuit diagram of the keyboard
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Four bytes are sent during each transmission: a command byte describing the task
to be performed by the slave device; a data byte containing information necessary
for performing the command; and command and data bytes in reverse order
which are compared with the original bytes to guarantee that the transmission
is reliable and to prevent the device from executing erroneous commands.

A motor’s rotational speed is measured with the use of a CNY70 reflective
optical sensor, a rotary encoder with an alternating black-and-white pattern, and
a clock circuit in the ATmega 328/P microcontroller. The connection diagram
of the CNY70 optical sensor is presented in Figure 6.

VCC VCC
@ clo

SlE =

LA o}

C
- ]asz ;
CNY70

GND GND
Fig. 6. Connection diagram of the CNY70 opto-isolator

The CNY70 opto-isolator comprises an LED transmitter and a phototransistor
receiver. Light is absorbed when it hits the black field, the phototransistor closes,
and the microcontroller pin switches to a high logic state. Light is reflected
when it hits the white field, the phototransistor opens, and the pin switches to
a low logic state. The motor’s rotational speed can be determined by measuring
the time during which pins remain in high and low state. The measured values
are computed by the microcontroller and displayed on the LCD display. Unused
microcontroller pins were pulled up to a high logic state to protect them against
voltage disturbance.

Slave device

The slave device generates signals that control six IGBTSs; therefore, six
control signals have to be generated. These signals are pulse width modulation
(PWM) signals that are similar to inverter output signals. In the described
solution, the signals are generated by the ATmega 328/P microcontroller with
three clock circuits that produce six PWM signals in six pins. The microcontroller
has sufficient clock speed and memory to perform the required calculations.
A circuit diagram of the slave device is presented in Figure 7.

Technical Sciences 25, 2022
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The microcontroller is powered by the LL7805CV voltage regulator with an
output voltage of 5 V. The voltage signal is taken from a 16 MHz quartz resonator.
The control signal is generated by pins PD3, PD5, PD6, PB1, PB2 and PB3.
As a result, all transistors can be controlled by a single microcontroller. Transistor
pairs on the same branches are controlled by the same clock device, which
eliminates switching delays caused by commutation processes. To guarantee
uninterrupted operation of the control system, the slave device only generates
control signals and receives commands from the master device via serial data
transmission. Unused microcontroller pins were pulled up to a high logic state
to protect them against voltage disturbance.

Simulink model

The control system comprises a squirrel-cage induction motor, a three-phase
bridge circuit with IGBTSs, a square wave generator and a three-phase sine
wave reference generator for controlling the operation of the slave device, and
a Regulation function that calculates supply voltage frequency and controls
the master device. The simulation covers ten seconds of system operation with
a time step of 10- seconds. A diagram of the simulation model developed in the
MATLAB program is presented in Figure 8.

The motor’s rotational speed was set at 20 rps during the simulation.
The master device receives information about the motor’s rotational speed and
uses it to calculate the angular frequency of supply voltage. The master device
sends a signal to the slave device which controls the three-phase bridge circuit.
The bridge circuit regulates the frequency of the supply voltage reaching the
motor. The simulation was conducted on the following assumptions:

— the motor is not moving when the simulation begins;

— there is no delay in IGBT switching times which are shorter than the time
step in the simulation;

— constant mechanical torque of 20 N'm is applied to the motor’s shaft.
Torque is applied to determine slip compensation by the control system;

— simulation time i1s 10 s. During that time, the motor controlled by the
designed system can achieve the required speed and begin stable operation.

The results of the simulation were processed in the MATLAB program
to obtain the required characteristics. The following data were processed:

— motor’s rotational speed [rps];

— stator phase current [A];
electromagnetic torque [N-m];

— voltage between L1 and L2 [V];

supply voltage frequency [Hz];

— torque compensation coefficient;
current flow through L1 transistors [A].

Technical Sciences 25, 2022
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Results

Rotational speed as a function of time is the most important characteristic
from the point of view of motor control. The simulated motor speed was 20 rps.
Based on the simulated speed, the master algorithm calculates subsequent
values of angular frequency by comparing it with the preset value. The software
of the master device featured a proportional-integral algorithm to reduce the
error of the controlled variable to zero. Rotational speed as a function of time
is presented in Figure 9.

25 .
20+ | I N S NN

15- 8
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y-axis — rotational speed [rps]
x-axis — time [s]

Fig. 9. Rotational speed as a function of time

Based on subsequent values of angular frequency calculated by the master
device, the slave device controlling the bridge circuit generates three-phase voltage
with a given frequency. The frequency of the generated voltage is presented
in Figure 10.

For a four-pole motor to reach the speed of 20 rotations per second, the supplied
voltage has to be twice higher than in a two-pole motor.

As demonstrated in Figure 10, motor slip increases when mechanical torque
is applied to the shaft, and the frequency of supply voltage has to be increased
to compensate for the above. When the preset rotational speed is achieved, the
frequency of supply voltage is stabilized at 43 Hz, which is confirmed by the
proportional-integral algorithm. Frequency characteristics do not deviate
considerably due to low proportional gain and high integral gain. This solution
increases motor stability and decreases the load resulting from the difference
between the speed of magnetic field rotation and rotor speed. As a result, the
time required to achieve the preset motor speed is prolonged.

Technical Sciences 25, 2022
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Fig. 10. Frequency of supply voltage as a function of time

The evolution of electromagnetic torque over time is yet another important
parameter of motor operation (Fig. 11).

After initial fluctuations caused by the application of mechanical torque to the
shaft and, consequently, prolonged motor start-up, the value of electromagnetic
torque reached around 20 N'm. This value can be achieved quickly by applying
the torque compensation coefficient which stabilizes the amplitude-to-frequency
ratio that determines the motor’s rotational speed. The evolution of the torque
compensation coefficient over time is presented in Figure 12.
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Fig. 11. Evolution of electromagnetic torque over time
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Fig. 12. Evolution of the torque compensation coefficient over time

The value of the torque compensation coefficient determines the frequency
filling of current pulses and decreases supply voltage for lower frequencies.
Torque is stabilized, and starting current can be decreased to protect transistors
against damage. Current characteristics in transistors controlling I.1 voltage
presented in Figure 13.

During motor start-up, instantaneous current in IKW15T120 transistors
does not exceed the preset value of 45 A, and it rapidly decreases to 30 A when
the torque compensation coefficient is applied.
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y-axis — current [A]
x-axis — time [s]

Fig. 13. Current characteristics in top and bottom L1 transistors
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The pulse width modulation method generates higher voltage harmonics
which exert a negative effect on motor performance. The harmonic components
of voltage were determined by Fourier transform, where every periodic time
function can be represented as an infinite sum of sine and cosine waves whose
frequency is a multiple of the base frequency.

The voltage between L1 and L2 and stator voltage were analyzed during stable
operation of an induction motor. The amplitude and frequency characteristics
of interphase voltage are presented in Figure 14.

180 T

160 7

140 1

120 7

100 7
80 1
60 1
401 7

20 7

OO 50 100 150 200 250 300 350 400 450

y-axis — voltage [V]
x-axis — frequency [Hz]

Fig. 14. Amplitude and frequency characteristics of voltage between L1 and L2

. | §35% L i I 1 L L
0 50 100 150 200 250 300 350 400 450
y-axis — voltage [V]
x-axis — frequency [Hz]

Fig. 15. Amplitude and frequency characteristics of stator current

Technical Sciences 25, 2022



74 Zenon Syroka

The presence of higher harmonics in voltage supplied to the induction motor
1s confirmed in Figure 14. The predominant voltage frequency is the frequency set
by the control system, but higher frequencies can destabilize motor performance.
An analysis of Figure 15 indicates that higher harmonics are eliminated in
stator current because high-frequency oscillations are damped by the induction
motor. Undesirable current components can be eliminated with the use of filters.
The motor’s parameters have to be defined to guarantee that undesirable
components are effectively filtered out.

Conclusions

An optoelectronic system for controlling an AC motor was designed.
The procedure of controlling an induction motor’s rotational speed and
electromagnetic torque was described. The frequency of supply voltage was
modified to control the motor’s rotational speed within a wide range of values.

The designed electronic system comprising IKW15T120 IGBTs with a three-
phase bridge circuit was patented. The control system is isolated from mechanical
components with the use of VO3120 LED optoelectronic drivers that control
IGBTs. The control system is based on two ATmega 328/P microcontrollers.
The user interface comprises a keyboard and an IR remote controller. System
information is communicated to the user via an LCD display.

The motor’s rotational speed is measured by a rotary encoder and a CNY70
reflective optical sensor. Supply voltage is measured by a voltmeter based on
the ATtinyl3 microcontroller, and the measured values are transmitted by
the opto-isolator to the master microcontroller. Based on the received values,
a proportional-integral algorithm controls supply voltage frequency, and the preset
rotational speed is achieved within the range of values calculated by the system.

The presented simulation confirmed that the control system compensates
for motor slip by increasing supply voltage frequency. The selected parameters
reduce motor load during start-up by decreasing the difference between the
speed of magnetic field rotation and rotor speed. The simulation confirmed
the presence of higher harmonics in supply voltage. The influence of higher
harmonics can be eliminated with the use of low-pass filters.

Systems that control rotational speed by changing supply voltage frequency
are increasingly applied in industrial processes because they expand the range
of applications of asynchronous squirrel-cage motors. Squirrel-cage induction
motors have a simple structure and a long service life, and they are gradually
replacing DC motors. The designed control system can be used when an induction
motor is supplied with direct current only, for example from batteries, to increase
user safety and expand the motor’s life expectancy.
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