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Abstract: With the widespread use of electric machines there is a growing need to extract
information from the machines to optimize their control systems and maintenance management.
The present work shows the development of an embedded system to perform the monitoring of an
squirrel cage induction motor rotor physical variables. The system comprises: circuit to acquire
desirable rotor variable(s) value(s) and send it to the computer; a rectifier and power storage circuit
that besides converting an alternating current in continuous also store energy for a certain amount
of time to wait the motor engine shutdown; and magnetic generator that harvest energy from
rotating field to power the circuits mentioned above. The embedded system is set on the rotor,
making it difficult to power the system because it is rotating, problem solved with the construction
of the magnetic generator eliminating the need of using batteries or collector rings and send data to
the computer using a wireless NRF24L01 module. For the proposed system validation a
temperature sensor (DS18b20) was used, variable known as the most important when identifying
the need for maintenance and control systems. Tests were made getting satisfactory results proving

the viability of using sensors on the rotor.

Keywords: wireless communication, energy harvesting, electrical machines maintenance,
induction motor control systems, rotor temperature.

1. Introduction

Electric machines play an extremely important role in the industry, many of them making up
100% of their driving power. Misuse, failure to manage maintenance, and late detection of defects
can cause months of repair and result in actual production losses or overspending with
replacements [1].

By monitoring the physical variables of the electrical machines it is possible to perform a more
efficient and more reliable maintenance. This requires the use of suitable apparatus capable of
recording various phenomena, such as: vibrations, temperature, performance, acceleration, among
others. Based on the knowledge and analysis of the phenomena, it is possible to indicate, in advance,
any defects or failures in the machines and equipment [9][23].

It is relatively easy to measure variables in the stationary part of the motor (stator), the
difficulty appears when you want to observe the phenomena that occur in the rotor. For this, one
makes use of estimations from the variables of the stator or sensors are used in the rotor, which
brings great challenges due to the rotation [15] [20] [24].
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The monitoring of rotor physical variables is very important for fault detection as well as in
control systems application. In high-performance induction motors, for example, rotor temperature
is a parameter present in its control algorithm, but due to the complexity of implementation and
high cost to place sensors in the rotor, methods of parameter estimation are more commonly used to
obtain values close to the real [24].

1.1 Control System Application

Of the various control techniques available in the literature, field-orientation control (FOC) is
one of the most commonly used. This technique enables a decoupling between torque and flow in
the alternating current machine, similar to that occurring in the DC machine with independent
excitation [5] [8] [29].

The orientation according to the flow of the rotor consists on locking the daxis of the dq
coordinate system with the flow of the rotor. Therefore, the quadrature component (¢ = 0) is not
available and the rotor flux is the d axis component itself:

¢rdq = ¢rd = ¢r (1)
Expressing the mathematical model equations of the machine as a function of the spatial vectors
rotor flux and stator current and doing mathematical manipulations, the following equations are
achieved [8]:
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Where ¢ is the rotor flux; Lm is the inductance of magnetization; tr is the rotor time constant,
which can be calculated by % = L/ Ry, where L is the proper inductance of the rotor and R: is the
electrical resistance of the rotor; i« and is; are respectively the direct and quadrature axis components
of the stator current, Tem is the electromagnetic torque developed and p is the number of pole pairs.

It is observed in equations (2) and (3) that the flow of the rotor is only function of isd, whereas if
the flux remains constant the electromagnetic torque depends only on isq. This characterizes a
decoupling in the control of the flow in relation to the control of the conjugate.

The mechanical equation is given by:

J do,
dt

7,1 @

Where ] is the moment of inertia of the rotor, T: is the load torque and wm is the mechanical
angular velocity of the rotor.

Thus, equations (2), (3) and (4) form the mathematical model for the induction motor fed by a
current source inverter.

The determination of the spatial position of the rotor flow is essential for the implementation of
control by rotor flow orientation.

One way to determine this position is by using the equation:

5 = j pw, (7)dT+ j w,(t)dt ®)

The ox is the slip frequency that can be calculated by [8]:

_1 1y
Tr 1 sd

Where, I*s: and [*s; are the reference values for the components of the stator current.

At this point it is possible to see that both the rotor magnetic flux given by equation (5) and its

position given by equations (5) and (6) depends on 1. which in turn depends on R.. The rotor
resistance Rr is temperature sensitive. If the temperature varies greatly the estimation of the rotor

o,

(6)
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flux and its position will be impaired. This may affect the performance of the control by rotor flow
orientation. But if the rotor temperature is known, it will be possible to estimate its resistance, thus
correcting the flow estimations.

1.2 Energizing and Transmitting

The challenges for placing sensors in the rotor are basically two, energizing the
transducer/sensor and transmitting data. With the rotation, the options found to solve these
problems are:

e Wireless energizing;:
Batteries [11][12][13][20];
Collector rings;
RFID (Radio Frequency Identification) [27];
SAW (Surface Acoustic Wave) [4];
WPT (Wireless Power Transfer) [15].

e  Wireless data transmission:

O O O O O

o RF (Radio Frequency);
= 2.4GHz [4][11][12][20];
= 433MHz [32].
o RFID (Radio Frequency Identification) [27];
o SAW (Surface Acoustic Wave) [4];
o IrDA (Infrared Data Association) [13][18].

Energy harvesting (EH) technology could play a significant role. Harvesting various sources of
ambient energy such as vibration, eletromagnetic, thermal and etc. by EH can be used to power the
network nodes while storing the surplus in storage units (e.g, batteries, hypercapacitor)
[31[71[26][28][31].

The objective of this work is to develop a wireless embedded system for monitoring the
physical variables of the rotor of electric machines. For this, the works were divided in two parts:

1. Design and develop a circuit for reading rotor variables and wireless information transmission.

Following with the study of the effect of the magnetic field of the motor and analysis of packet
losses in the wireless transmission.

2. Design and develop a device responsible for harvesting energy from magnetic energy of the
rotating field into electrical energy, which will energize the circuit of the embedded system. The
device consists of a magnetic generator responsible for capturing magnetic energy, a

rectification and regulation stage and an energy storage module using hypercapacitor.

2. Proposed System Overview

As previously mentioned, the objective of this work is to develop an embedded system to
monitor physical variables an induction motor rotor.

Embedded system can be characterized as combining the use of hardware and software in a
device with a predefined purpose. The embedded system has the purpose of controlling processes,
or acting on a problem. This is done using the peripherals, which are chosen and sized based on the
problem [2][17][30].

The proposed system represented by the block diagram in Figure 1 is formed by an energy
generating device and a hardware. The hardware is divided into two printed circuit boards, one to
house the data acquisition and communication circuit and one to the power circuit.
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Figure 1.Embedded System Block Diagram

2.1. Data Acquisition And Communication Circuit.

The data acquisition and communication circuit has the structure defined in the block diagram
shown in Figure 2. It consists basically of transducers, microcontroller and RF module. The
microcontroller is responsible for performing the sensors readings, handling the information read
and sending them to the RF (Radio Frequency) module. This transmits the rotor temperature values
to a computer that can use them for monitoring and/or control.

A
o
— | Radio
Sensors / —— | Microcontroller 2 4GHz
Transducers = (uC) — (RF)
L]
.

Figure 2. Block diagram of the data acquisition and communication circuit.

2.2. Power Circuit

To design the supply circuit and the generating device it is necessary to know the current
demand of the load, that is, the acquisition and communication board. From information of the
components of this, a maximum expected consumption of approximately 33mA was reached, as
shown in Table 1.

TaBLE 1.Maximum expected current for the PCB of acquisition and communication of data.

Component Maximum Current
NRF24L01 (M6dulo RF) 14 mA
PIC18F14K50 (Microcontrolador) 12 mA
DS18b20 (Transdutor) 4mA
LED 3mA
TOTAL 33mA

With this, it was decided to design a power circuit with output voltage of 3.3 V and capacity for
a maximum current of 50 mA, leaving a margin to avoid overload.

2.3. Generator Device

The engine on which the embedded system was installed is a three-phase four-pole
squirrel-cage rotor whose nominal parameters are listed in Table 2. From the characteristics of this
engine will be dimensioned the generator device of the embedded system.

TABLE 2.Motor Parameters.

Nominal Parameter Value
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Power 5.0 HP
Voltage(A/Y) 220/380V
Current (A/Y) 14.1/8.19 A
Speed 1725 RPM
Frequency 60 Hz

2.3.1. Math Analysis

In order to make a qualitative analysis about the parameters and how they influence the
induced voltage, a mathematical equation will be developed based on the basic concepts of
electromagnetism.

Figures 3. a) and b) illustrate the 4-pole magnetic field within the motor at a given time point,
and how the coils of the generating device interact with this magnetic field.

Prototype Avaan”

Stator
Bn_
.?‘ [s]
<

[ I North Pole
A
¥ v B South Pole

a) b) c)

Figure 3. Arrangement of the generator coils in relation to the four poles generated by the stator. a) physical
device. b) simplified representation. c) Stator magnetic flow wave form.

The spinning field traverses the coils of the generator with velocity v, which in a time interval At

travels the space S. Figure 4.a) shows a top view of Figure 4.b), the small circles in b) are the tips of
the magnetic flux arrows in a).

Frraaen

P E——
i

Figure 4. Representation of the relative displacement between coil conductors and the stator magnetic
field. a) Fontal view. b) Top view.

Faraday's law states that in a conductor subjected to a magnetic flux variation ¢ an induced
electromotive force arises e« whose absolute value for N conductors is given by:

d
o =N %
dt
Considering that the magnetic flux is perpendicular to the area swept by the conductor, it can

be calculated by:
¢ = [ B4 ®)
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The flux density B in the air gap, shown in Figure 3. c), can be described approximately by a
sinusoid:

B(s) = B,sen (3 sj 9
r

Where Bo is the maximum value assumed by B(s), r is the radius of the generator and s is the
space traveled along the circumference.
The area can be calculated by:
A(s)=1ls => dA=Ids (10)
Since 1is the length of the conductor cutting the flow lines, see Figure 4 b).
Substituting (10) and (9) into (8), determine the magnetic flux:

o(s)= BOII sen (gs]ds = Bylr {1 —cos (%sﬂ (11)
0 r 2 r

Knowing that,

0]
S=Vtl e vzzr (12)

In which v and w are the linear and angular velocities of the conductor relative to the magnetic
flux lines. If the rotor is rotating ® will be the slip frequency. The value 2 dividing wrefers to the
number of pole pairs.

The expression of the flow becomes:

B lr
1) =—2—|1-cos(ax 13
9(0) === 1-cos (ar)] (13)
Substituting (13) into (7) and solving the derivative, we have:
NBjlra .
€,y =——2— sin(ax) (14)

This equation calculates the induced emf in the conductors of one side of the coil, the emf
induced in the complete coil is twice this value, therefore:
e,. = NBlrwsin(wt) (15)
This expression reveals that the maximum value of the force depends directly on the
dimensions of the generator 1 and r, the number of turns that is limited by the dimensions, the slip
frequency wand Bo which is associated with the motor supply current.

2.3.2. Prototype Construction

The rotor has a diameter of 99.0 mm, so that a core diameter of 96.0 mm was defined for the
generator core in order to avoid collisions with the stator. The generator device core will be
laminated to minimize eddy current losses [6][10][12]. The embedded system will be fixed to the
rotor, more specifically to the extensions of the aluminum bars shown in Figure 5.

The blades were made with galvanized steel sheet number 22, material chosen for being
ferromagnetic and easily accessible. Each blade is 0.80mm thick. Twelve blades were made which,
after being ready, received a layer of varnish to electrically isolate one blade from the other. The
thickness of the core was approximately 10.0 mm, so as not to compromise the total available space
that is 30.0 mm, because there will remain 20.0 mm for the coils, 10.0 mm for each side of the core.

Using 30 AWG enameled wire, 4 coils of 180 turns each were connected in series. Figure 5
shows the prototype ready.
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Figure 5. Prototype generator set.

2.3.3. PCBs Prototyping

After the circuits were designed the two PCBs were made, the power supply and the acquisition
and communication of data. Figure 6. They are attached through terminals that also connect them
electrically. This configuration makes the system more versatile, since if it is necessary to change the
acquisition and communication circuit for another one with more sensors or that has some
modifications, just replace the corresponding plate. Figure 7 shows the assembled system with all its
parts ready.

a) b)
Figure 6. PCBs. a) Top view. b) Bottom view.

b)

Figure 7. PCBs set on generator device.

2.3.4. Assembly

With the generator built and the circuits designed, the PCls of the rectifier circuit and the data
acquisition and communication circuit were made. The parts were joined and the whole system was
coupled to the rotor, as shown in Figure 8.
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al
Figure 8. System coupled to the rotor. (A) Outside the stator. (B) Inside the stator.

3. Results

All the evaluation tests performed so far have been done without the presence of the rotor, in
order to make a previous analysis of the system behavior. Without the rotor the motor can not
receive the nominal voltage at its terminals, since the inductance is much smaller, consequently it
presents a low impedance which would lead to high current values.

To circumvent the problem a VARIAC was used, with it applied a voltage value necessary to
generate the nominal current of the motor.

3.1. Generator Rating

The generator device underwent a test to verify if it meets the required voltage and output
Power. For that a load of 35 Q) corresponding to the internal resistance of the generator was applied,
according to the maximum power transfer theorem, it is in this condition that The generator will
provide its maximum power.

During the test a peak voltage of 6 volts (4.24 Vrms) was measured at the output, which
corresponds to a power of approximately 500 mW. It required at least 5.5 V peak and a minimum
power of 165 mW. Test shown on Figure 9.

10 0k .
1000 i v
Fregalneia o trigoer: « 10 Hy
i Te. Pl | i aow, 18
X

Figure 9. Waveform showing the voltage generated in the generator device.

The next test relied on the embedded system being used as a load, meaning all components
being powered by the device. The result can be seen in figure 10. Here the oscilloscope display
shows the voltage value at the regulator output. In this test all components are working as, the
temperature sensor, the microcontroller and the RF module. Even with the temperature information
being sent to a computer on which it is being plotted on a chart, figure 10.
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Figure 10. Voltage value generated after passing through the regulator.
3.2. Evaluation of Data Transmission

The temperature reading, with the transducer in contact with the generator core, is sent to the

PC with a sampling rate of one second. The peaks recorded in the graph were produced by
approaching the sensor with a heated soldering iron.

40

Temperature (°C)
=

Time (s)
Figure 11. Temperature values, outside the motor, received and plotted on the computer.

In another test to verify the data acquisition and communication circuit, the embedded system
was confined inside the engine after the rear and front covers were placed for interference analysis.
Figure 12 shows the temperature values read for 1000 seconds. The graph shows the increase in
engine temperature due to decreased ventilation.

Temperature (°C)

0 100 200 300 40 500 600 70 B0 900 1000
Time(s)
Figure 12. Temperature values, inside the motor, received and plotted on the computer.
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4. Conclusions

Although this work has focused on monitoring the rotor temperature of an induction machine,
other variables can also be addressed, for example: magnetic field, vibrations, speed.

Another very relevant aspect of this research is the possibility of endowing the embedded
system with energy self-sufficiency, which entails less cost with maintenance for battery
replacement. Preliminary tests have proved that it is possible to capture electrical energy from the
machine's own magnetic field by means of a low-cost solution.

It is possible that for more realistic tests, for example, when the embedded system is rotating
coupled to the rotor, that the energy captured is not enough to feed the system, since the induced
emf depends on the frequency of slip and this for the nominal rotation of the machine is small.
However, it is also possible to perfect the prototype, mainly the power circuit with reduction of the
voltage drop in the diodes and reduction in current consumption. It is worth remembering that the
prototype in the preliminary tests generated three times the desired maximum power, which in turn
was more than 20% greater than the required.

More important than the prototype is the idea of harnessing the magnetic field of the machine
to generate power and power the instrumentation circuits for various purposes. This allows high
value machines equipped with several sensors / transducers for variable supervision, control or
predictive maintenance, come from the factory with special rotors that in addition to producing
torque also generate power to energize your instrument.
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