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Abstract: Induction surface hardening (ISH) processes are widely used in the heat treatment of
numerous industrial components, especially in the automotive industry. Since this industry operates
under very demanding quality standards, it is crucial for these heat treatment processes to meet
rigorous specifications to ensure the safety and reliability of the produced components. This implies
the precise and repeatable control of certain parameters throughout the manufacturing process of
each of the parts treated, through precise and reliable instrumentation in electromagnetically harsh
environments. The main objective of this work is to define the monitoring process for an industrial
IHS application, determining the control needs and the methods of measurement, recording, and ver-
ification of the parameters that ensure the quality of the process. This paper describes the monitoring
process of induction surface hardening, emphasizing the use of sensors and modern measurement
and control systems. A comprehensive monitoring system supported by a programmable logic con-
troller (PLC) and mixed acquisition and instrumentation systems (analog and digital) implemented
with a high-performance Field Programmable Gate Array (FPGA) will be presented.

Keywords: index terms; monitoring; sensors; instrumentation; induction heating; industrial application;
energy conversion

1. Introduction

Induction heating is a heat treatment method widely employed in various industrial
applications [1]. In this process, the workpiece, which is the part to be heated, is positioned
within a magnetic field generated by a coil known as the heating inductor. An induction
heating converter supplies this coil with a high-amplitude and high-frequency current [2].
The heat is generated in the workpiece through Foucault or eddy currents induced on its
surface, resulting in Joule and hysteresis losses. The depth of the heated zone, referred to
as the penetration depth 3, is contingent upon the frequency of the current, primarily due
to the skin effect, as well as the heat conduction properties. Higher operating frequencies
result in a shallow skin depth, whereas lower frequencies lead to a greater penetration
depth [3].

The load of induction heating converters comprises the heating inductor and its
equivalent loss resistance, which can be connected in series or parallel depending on the
model. To compensate for the reactive energy of the load, a capacitor is added, creating a
resonant load. The capacitor may be connected in series, as seen in series resonant inverters
(SRI) [4-6], or in parallel, as observed in parallel resonant inverters (PRI) [7-9]. Both types
of inverters are utilized in applications such as forging, welding, melting, hardening, and
various other metal heat treatment processes.

ISH is a specific type of induction heating treatment in which a metal part is heated
using induction and subsequently quenched. During the quenching process, the metal
undergoes a martensitic transformation, resulting in the increased hardness of the part.
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Induction hardening is particularly useful for selectively hardening specific areas of a part
or assembly without impacting the overall properties of the part. This method allows
for precise control over the hardening process, making it a preferred choice in various
industrial applications where localized strengthening is required. Many mechanical parts,
such as shafts, gears, and springs, are subjected to induction surface hardening.

The design of an induction heating system for induction surface hardening must
take into account the specific requirements, including the characteristics of the part to be
heated, the desired penetration depth, and the geometry of the inductor. These factors
play a crucial role in determining the optimal parameters for the power converter design,
ensuring effective and efficient heat treatment processes. By carefully considering these
factors, engineers can tailor the induction heating system to meet the precise needs of the
application, resulting in consistent and reliable surface hardening outcomes.

The integral control of an induction surface hardening process is more complex com-
pared to most other industrial thermal processes. The primary variable to control precisely
is the energy delivered to the workpiece reliably and repeatedly, ensuring it reaches a
specific location within the workpiece to meet heat treatment specifications. The challenge
in this application is that time intervals are measured in seconds and fractions of seconds,
and power densities can reach hundreds of kilowatts per square centimeter. In some cases,
this raises the workpiece surface temperature with gradients up to 2200 K/s or more, with
a typical temperature accuracy better than 2%. These rapid temperature variations occur in
high-speed sweep heating operations, such as sweep speeds of 10 cm/s with a coil length
of 2.5 cm, or with small parts in static heating operations (single shot), where heating times
can be 0.5 s or less [2,10].

Precise control of the cooling fluid will also be critical to cool the workpiece at the
required rate and achieve the desired metallurgical structure. Furthermore, this process
control must be implemented in a noisy electromagnetic environment, usually in conjunc-
tion with functions to control complex and fast machines and with a separate system to
monitor the process and the workpiece to ensure product quality. All this makes the control
of the induction hardening process one of the most complex industrial heat treatment
applications.

Therefore, process monitoring is a necessary quality requirement. If data are recorded
and stored for each cycle, they become a powerful tool for diagnosing variations in the
process or for reviewing the cause when parts are found out of specification after the
induction surface hardening process.

A review of the existing literature reveals a lack of comprehensive works covering all
aspects related to monitoring in industrial ISH applications. This underscores the novelty of
this article, which specifies the main parameters that define the application and details how
they are monitored and controlled. The paper is structured as follows: Section 2 focuses on
the different control process modes and the analysis of monitoring parameters. In addition,
various modern methods of metallographic testing for verification is conducted. Section 3
develops the study of the verification and recording methods and presents the validation
of results using an experimental setup. Finally, in Section 4, the conclusions are drawn.

2. Methods and Materials

Surface induction hardening systems typically employ either scanning or static heating
methods, often incorporating rotating components within the inductor. During the process,
the entire area is heated uniformly for a predetermined duration.

Scanner systems are widely used for induction heating. Scanners allow the piece to
be thermally treated progressively in the direction of the axis of the workpiece. The piece
remains rotating supported on two points while the induction coil or the piece moves
at a controlled speed. Scanners are very versatile and can be used for both vertical and
horizontal applications. Typical scanners are controlled by computer numerical control
(CNC), which allows for precise positioning, speed, power, rotation, and quenching control.
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Piece loading and rotation systems can vary from simple manually operated mechanisms
to fully robotic ones.

Machines that enable static heating do not provide movement of the workpiece, only
rotation. The workpiece is placed inside or in proximity to an induction coil and it is heated
and cooled in place. Obviously, this is the least versatile system and requires a specially
designed inductor that fits perfectly to the desired heating profile on the workpiece, but it
can be very cost-effective for the right application [11].

Figure 1 shows two images that illustrate the main features of the scanning (left) and
static (right) heating methods.

Figure 1. Scanning (left) (with vertical movement) and static (right) (only rotation) heating methods.

The control modes for the heat treatment of discrete parts are typically in open-loop
mode (without a feedback loop), configuring the position of the part and inductor, the con-
verter power, and the heating and quenching time. Open-loop control then fundamentally
depends on the power converter, which can be controlled in closed-loop mode (feedback
to a set point) to ensure that the requested power level is the power level supplied [2,10].
Some of the main control design elements in ISH are safety, process control and machine
operation, productivity, repeatability, and ease of configuration and operation. Methods of
controlling the various variables that govern the surface hardening process are discussed
in the following section.

Figure 2 shows the diagram of an induction surface hardening installation where the
basic elements that compose it can be found. The system is basically composed of the
heating subsystem, the quenching subsystem, the parts manipulator subsystem, and the
control subsystem.

The heating subsystem is constituted by the induction converter, which is connected to
the electrical power supply and generates and regulates the power applied to the workpiece
through the heating inductor. After induction heating, the workpiece is rapidly cooled
by the quenching system, which includes valves and flow control elements, as well as
pressure control devices and a heat exchanger to maintain a constant temperature of the
cooling fluid. The installation included a system of specific manipulators that positioned
the parts in the inductors with high precision. This subsystem also performs the rotational
movements of the workpiece and the displacements of the inductor and the quench. The
control subsystem is based on a PLC equipped with all the necessary sensors and actuators
to monitor and control the system parameters.

Process monitoring is widespread in various applications, especially in the automotive
industry. Ideally, the control system should obtain information that is as accurate as
possible. For example, feedback on the voltage and current of the heating coil terminals
should be made as close as possible and with good accuracy and noise immunity. In this
way, monitoring during induction heating eliminates variables from the power circuit, such
as loose bolts and components prone to deterioration such as capacitors and transformers.
All elements of the control design are critical, from focusing on the ladder logic necessary
to properly, reliably, and safely control the process to wiring the machine with proper
grounding and separation of power conductors from control conductors, low-level signal
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wiring from higher signal levels, and the isolation of servo controls from all other signals.
Although the requirements of the monitoring system vary with the application, below is a
list of parameters that are typically controlled.

Induction PLC

Generator Resonant

Circuit

Heating
Inductor

Workpiece

Heat
Interchanger

Control Quench

Parts Manipulator

Figure 2. Diagram of an induction surface hardening installation.

2.1. Heating Position

The parts and the inductor itself must be accurately positioned. Sensors may be needed
to ensure that these elements are correctly located. However, it is also possible to use novel
methods based on measuring the characteristic parameters of the resonant circuit [12,13].
An incorrect position of the inductor or the workpiece leads to significant changes in the
fundamental parameters of the resonant circuit, which are the resonance frequency and its
equivalent resistance. By measuring these parameters before the hardening process, these
positions can be verified, and it is also possible to detect deformations of the inductor or
even changes in the dimensions or material of the workpiece. In order to find a method
to measure these parameters of the resonant circuit, we must first conduct a preliminary
study of the power converter.

Figure 3 shows the typical system configuration of a series converter for induction
heating. The output power stage consists of a single-phase voltage-source full bridge
inverter using four IGBT modules. The output of the inverter is connected to a series
resonant circuit, composed by Cy, Ly, and Ry, through the matching transformer T;. Cg4
is the dc-link capacitor and Cs is an AC coupling capacitor. The DC power supply for the
inverter is a three-phase diode bridge rectifier connected to the 400 V, 50 Hz power line
through the inductance Ly. An example of a typical design for medium-power applications
would be characterized by a working frequency of 50 kHz and an output power of 100 kW.
The values of the main components of the power converter for this example are shown at
the bottom of Figure 3.

A 1 - zgqu—o Ti C

La=100puH; Ca= Cs=100uF; n=7:1; C= 6.7 uF; LL= 1.5 pH; RL=47mQ

Figure 3. Typical configuration of the induction power converter.
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Since the frequency selectivity of a resonant circuit is large for induction heating
application, if the frequency f of the square wave voltage at the output of the inverter
is very close to the resonant frequency f,, only its first harmonic must be considerate for
power calculations. Under these conditions, the following equation is obtained [14].

4V, dip, 1 [. .

——sinwyt = Ly — —/zdt Ryi 1

27 0 L dt + C ot + Rpio ( )
where V; is the DC voltage, i, is the current of the resonant circuit, w, =2 7f, = 1/+/L.C,
and 7 is the transformer turn ratio of T1. Assuming that the quality factor of the series
resonant circuit Q = Lyw, /Ry, >> 1, the output current of the inverter i, is given by

. 4V, ~ R\
ip = nzn}i{L (1 —e 2L ) sin wyt 2)

Considering that the converter generates a short power pulse of a few switching
cycles with a duration of Ty, the envelope of the resonant current i exhibits the first-order
response shown by the black solid shape in Figure 4 that is given by

i { Imax(l — eit/T) (0 <t< Ton) (3)
FTU ip(Ton)e (T T (T < 1)

where [4y is the maximum current in the case of a large value of Ty, and the time constant is

Tzﬁzg 4)

RL Wo

g ——————————

T, T,

Figure 4. Induction converter waveforms for short power pulse. The blue trace is the converter
output voltage and the red trace is the resonant current i,. The black trace is the envelope of the
resonant current.

Setting t = T, + T in the second equation of (3) results in i (Ton + T) = ig(Ton)/e, which
allows us to measure the value of the time constants of the envelope T. Also, it is possible
to measure the period of the free oscillation of the resonant current whose inverse value
is the resonant frequency f,. With this measurement made by the FPGA’s fast acquisition
platform of the converter electronic control, it is possible to determine the characteristic
values of the resonant load.

This procedure can be performed each time just before the heating process without
altering the process, since the time required is a few milliseconds and the energy utilized is
completely negligible.
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2.2. Heating Time

The heating time is generally controlled accurately using electronic timers provided
by programmable controllers, but care must still be taken with very short heating times
due to the inaccuracy of controller cycle times. Modern controllers have highly precise
and repetitive timers, so time variation is usually not a problem. It is crucial to transfer the
electronic signal defining the heating time as directly as possible to the power converter to
prevent uncontrolled delays caused by intermediate devices.

2.3. Power Level

The power level of the induction heating generator must be monitored and controlled
using accurate measuring systems from the acquisition of the voltage v(t) and the current
i(t) in the heating inductor. The instantaneous power is defined by

P(t) = o(b)i(t) (5)

The average power or active power is the mean value of the instantaneous power:

1
P:

~

T
/ o(D)i(t)dt ©)
0

The apparent power is the product of the root mean square (RMS) values of voltage
and current:

S = VrmsIrums @)

and the reactive power, which does not have a dissipative character (energy storage), is

Q=vs-rp? (8)

To conduct the power measurement, electronic wattmeters are typically used which
are analog/digital circuits that correspond to what is indicated in the block diagram of
Figure 5.

vin | W % LPF|P | 2
©

i X > X O

RMS

Figure 5. Electronic wattmeter block diagram.

The accuracy of these instruments is very high but other factors may affect the actual
power level reaching the workpiece, such as noise affecting the generator regulation
accuracy or overheating of components conducting and distributing generator output
power, such as contactors, transformers, electrical connections, and other elements.

In certain applications such as dual frequency induction hardening where the total
power delivered to the workpiece is the combination of two powers with different frequen-
cies. The circuit in Figure 5 must be duplicated and connected to the power circuits through
selective frequency filters, making it possible to split the total power into two components
with different frequency.

2.4. Energy

The energy must be monitored. The energy applied to the inductor-workpiece assem-
bly during the process must be measured. The energy is measured in kilowatt-seconds and
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is widely used to monitor the heating process quality. The electrical energy is given by the
following expression:

f
E= /P(t)d(t) 9)
ty

where t; and t; correspond, respectively, to the initial and final instants of the measurement.
Therefore, once this measurement interval is defined, the measuring equipment must
integrate the power. If it is constant during the measurement period, the energy will simply
be the product of the power and the time interval. The electronic systems are circuits that
correspond to what is indicated in the following block diagram.

The voltage-controlled oscillator (VCO) circuit obtains a square or rectangular sig-
nal whose frequency is proportional to the instantaneous power. The counter implicitly
performs the integration (accumulation) of the power, which is subsequently displayed.
The 1/N divider block allows the specification of the selected units and the scaling factors
incorporated into the measurement for visualization.

Equivalent to what was indicated in the previous section, in dual frequency applica-
tions the circuit in Figure 6 should be duplicated to calculate the energy that corresponds
to each frequency.

V .
Vin ] X et RS LPFLEyoo [ 1IN [—{COUNTER
)

Figure 6. Block diagram of an electronic energy measurement system.

2.5. Temperature Monitoring

Thermocouples or infrared cameras are used to measure and monitor the temperature
of the workpiece during heating to ensure it reaches the desired level for the intended
heat treatment process. For applications like bright annealing with a consistently clean
surface, it can work quite well. However, for most heat treatment applications, there may
be visualization or emissivity issues, and the preferred pyrometer may need multiple
control ranges. An optical pyrometer can be used as an over-temperature control trip with a
limited range, for example, 10% of the desired final temperature. This is generally a reliable
approach. Another more accurate method is to measure the surface temperature fields
during induction heating using a high-speed infrared camera system. Image analysis tools
have been implemented to automatically extract the temporal evolution of isotherms [15].

To increase the accuracy of temperature measurement, modern infrared thermometers
consist of a double laser sight. The two laser beams follow the infrared optical path to mark
the position of the measuring field at any distance. At the focus point, both lasers intersect,
which greatly promotes exact alignment and reduces measurement errors. Figure 7 shows
an ISH application where temperature measurement is performed with a dual laser sight
infrared thermometer located at some distance from the workpiece.
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Infrared thermometer

Measurement point

Figure 7. Temperature monitoring using a dual laser sight infrared thermometer (Optris, Berlin,
Germany).

2.6. Rotation Speed

Many applications have fixed rotation speeds, and speed is not critical. However, in
high-power and short-time heating cycles, it may be important to verify that the rotation
speed is correct. The majority of speed sensors detect the motion of ferromagnetic structures,
such as gearwheels or shafts, based on the variation in magnetic flux. When the sensor
passes over a tooth or gap, the impact on the magnetic field changes accordingly. These
changes in the magnetic field can be converted into electrical variables and subsequently
conditioned. In other words, the variation in the magnetic field reflects the electrical output
signal of the sensor. The measuring principles are based on Hall-effect sensors or inductive
sensors. From these data, a PLC calculates and displays the rotation speed.

2.7. Quench Position

The quench position is typically controlled by the cooling fixture, which is usually
installed on the inductor or internally machined within the inductor itself. Therefore, the
position of the shower is determined by the heating position.

2.8. Quench Delay

Quench delay is an important part of the process. It is the time from the end of heating
to the start of quench and sometimes needs to be designed taking into account the quench
valve operation time.

2.9. Quench Time

This time must be controlled and monitored during static heating cycles. Scanning
cycles may have cooling initiated at the beginning of heating or controlled at a later time.
Usually, the accuracy in monitoring this time is not critical.

The delay and duration of the quench are programmed and monitored with the timers
included in the PLC.

2.10. Quench Flow and Pressure

Quench flow and pressure must be controlled and monitored. Manually adjusted
valves are typically used to produce a fixed flow. They can also be controlled by the



Electronics 2024, 13, 2591

9of 14

programmable controller using electro-hydraulic servo actuators if the process requires
variation in flow and pressure during the process. Typically, cooling flow and pressure are
monitored to ensure they are above a certain minimum value.

2.11. Quench Temperature

This temperature must be controlled and monitored. The workpiece quench rate
and thus the related metallographic processes are highly dependent on the quench liquid
temperature that is typically controlled using a feedback analog system that controls a
solenoid valve on the cold water side of the heat exchanger, maintaining the cooling liquid
temperature as constant.

IHS facilities have modern pressure, flow, and temperature measurement systems
such as those shown in Figure 8.

Figure 8. Pressure, flow, and temperature sensors.

2.12. Quench Liquid Composition

The concentration of dissolved quench agents must be controlled, generally by manual
checking with a refractometer at regular intervals. Digital refractometers increase results
reliability in comparison with analog refractometers, eliminating operator dependency and
assisting with error detection.

2.13. Metallurgical Analysis

In any case, the best way to determine if a process is functioning correctly is through
a metallurgical analysis. The laboratory typically assesses the quality-related material
properties of ferrous materials. Here, several measuring techniques are available, allowing
for the microstructure to be directly analyzed, for example, by x-ray diffraction and optical
or electron microscopy. Traditionally, destructive testing methods are used to measure
the mechanical properties, such as hardness and tensile strength, of metallic materials.
However, modern industrial production is highly automated, necessitating automated
quality inspection. The quality characteristics of raw materials, semi-finished, and final
products should be assessed not only in material laboratories but also concurrently with or
integrated into production processes. This objective can only be achieved by the application
of appropriate nondestructive testing (NDT) methods.
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The available systems for NDT quality inspections utilize optical, thermal, mechanical,
electromagnetic, or acoustic methods. Today, the most popular are the backscattering and
3MA methods.

2.13.1. Backscattering Method

Ultrasonic waves traveling through polycrystalline materials, such as steel, are scat-
tered at interfaces within the material where there are changes in density and/or elastic
properties. Typically, ultrasonic waves scatter in all directions, including back towards
the ultrasonic transducer that generated the initial pulse. The amount of backscattered
ultrasound received by the transducer depends on the ratio of the size of the scattering
geometry to the wavelength of the ultrasound, as well as the degree of material property
difference at the interface, which is referred to as acoustic impedance change [16].

In regions where the ultrasonic wavelength is large compared to the size of the
scattering geometry, higher ultrasound frequencies (or shorter wavelengths) lead to an
increased intensity of ultrasonic backscattering. Additionally, the intensity of backscattering
rises with the average effective size of the scattering geometry, such as the grain size
of the polycrystalline steel. By using an appropriate frequency of around 20 MHz, the
microstructural change between the hardened case (typically fine-grained martensite)
and the core material with a coarse-grained microstructure results in a distinct increase
in backscattering intensity. This phenomenon is observed when the ultrasonic pulse
encounters the interface, and standard time-of-flight evaluation determines the depth
position of the interface, corresponding to the surface hardening depth (SHD). The thickness
of the hardened zone can be calculated by measuring the time it takes for the sound pulse
to travel from the surface of the part to the location where scattering occurs, using the
known sound velocity of the material.

2.13.2. 3MA Method

The name 3MA stands for Micromagnetic Multiparameter Microstructure and Stress
Analysis. It is a systematic and technical combination of four micromagnetic methods:
Barkhausen noise (BN), harmonic analysis of the tangential magnetic field strength (HA),
multi-frequency eddy current analysis (EC), and incremental permeability (IP) [17].

This micromagnetic method is highly versatile, as evidenced by its wide range of ap-
plications, including the quantitative determination of hardness, hardening depth, residual
stress, and other material parameters. Today, specialized 3MA systems are available for
both manual and automated testing of various materials, semi-finished goods, and final
products made of steel, cast iron, or other ferromagnetic materials.

Both methods are valuable for verifying the quality of ISH. Specifically, they allow for
the determination of penetration depth and hardness, while also enabling the detection of
surface crack failures [18].

3. Results Analysis and Discussion

Some of the verification and recording methods have been briefly discussed. These
and others are further explained in this section [19].

3.1. Profiling

Profiling techniques have been successfully implemented in various industrial heat
treatment applications, as well as in the manufacturing and maintenance of electronic
products and circuit boards, clearly demonstrating their contribution to improving process
quality [20]. Profiling is the most accurate method for measuring processes when rapid
changes are anticipated and need to be tracked. This allows for the detection of variations
in high or low amplitudes, as well as early and late starts. Profiles compare the actual
value with both a high and low limit simultaneously during the process to reject the treated
part if any of the limits are exceeded and can be saved for later viewing and exported for
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analysis in spreadsheet software. Limit modifications can be adjusted for better control and
then imported back into the system.

It is crucial to determine which parameters are the most suitable for being controlled
through profiling. Figure 9 shows an example of power and energy recording during a
3 s heating process. Although the limits have been applied equally for both parameters,
it is evident that power profiling provides more information than energy profiling. This
capability enables the detection of specific anomalies that may not directly impact the
measurement of the final energy but could indicate potential faults affecting the quality of
the heat treatment. Table 1 shows the data acquired for the preparation of the profile.

120
4 300
101 Fower /A T A A 250
~ 80 Q
4 200
2 2
& 60 {150 B
g @
o &
40 1 100
20 4 50
0 X \ \ \ \ 0
0 05 1 15 2 25 3 35

Time (s)

Figure 9. Profiling of power and energy is depicted in the figure. The orange trace represents the
power, while the green trace represents the energy. The red and blue lines (solid and dashed) indicate
the maximum and minimum allowed values, respectively.

Table 1. Results obtained for an experimental ISH process of 3 s of heating time.

Time (s) Power (kW) Energy (kW-s)

0.0 0.0 0.0

0.5 75.0 29.5
1.0 80.0 67.3
1.5 99.8 115.6
2.0 100.0 165.6
25 100.0 215.6
3.0 0.0 260.5

3.2. System Faults

Faults are typically monitored using a programmable logic controller (PLC) or other
controller type. Historically, faults in the PLC are monitoring high and low limits during
the process. If the level of the monitored signal should not vary during the cycle, for
example, the cooling temperature, this is an acceptable means of monitoring. Monitoring
software can track the number of occurrences and be exported for analysis as needed.

3.3. Statistical Process Control (SPC)

Using collected numerical data, SPC monitors processes to ensure compliance with a
quality standard. Statistical process control is a good measure of process stability. SPC does
not provide immediate feedback for a good or bad part but it is valuable for verifying that
the process is not varying over a longer sample.

The proposed procedures have been implemented through a high-speed measurement
and recording system designed for monitoring the power delivered by an induction heating
converter in an IHS application. This system has been built and tested. The data collected
are transmitted to a programmable logic controller (PLC), which serves as the human—



Electronics 2024, 13, 2591

12 of 14

machine interface (HMI) of the installation. The PLC displays the temporal evolution of
the power alongside various other operating parameters of the converter. Figure 10 shows
an image of the HMI of the system where power profiling is performed.

NUMBER: 354/500
STATUS: CORRECT |

~ ACTUALVALUES

POWER = 39.8 kW
FREQUENCY = 98.1 kHz
OUT CURRENT = 98 Arms
PHASE =32°

Figure 10. Experimental profiling of power.

The induction heating converter incorporates a System-on-Chip (SoC) from the Zynq
7000 family (XILINX, San Jose, CA, USA), which integrates a microcontroller consisting of
a single-core ARM Cortex-A9 responsible for communications between the PLC and the 28
nm Artix 7 FPGA.

The system operates by sampling information from sensors with the FPGA during
each switching cycle of the inverter, followed by filtering to mitigate noise from the dv/dt of
the MOSFETs switching. Analog sensors measure the direct current bus voltage and current,
allowing the instantaneous power applied to the heating workpiece to be derived from
their product. This power value is compared to a setpoint for power using a Proportional
Integral Derivative (PID) controller to regulate the power setpoint. The control system
output is the number of counts equivalent to the switching period of the transistors. The
FPGA generates transistor gate signals considering the switching time along with dead
time during switching transitions.

Both the filtered sensor and the power value are sent from the FPGA to the microcon-
troller via the AMBA bus, which enables internal connectivity between these two devices.
Similarly, the microcontroller sends the power setpoint value and commands to initiate and
stop the heating process to the FPGA.

To communicate between the inverter and the user, a S7 CPU (Siemens AG, Berlin,
Germany) is employed, along with a CM 1241 communication module enabling UART com-
munication via an RS5485 connection between the PLC and the microcontroller. This setup
allows the user to observe heating profiles derived from the applied instantaneous power
and adjust power setpoints based on the specific heating requirements of the workpiece.

Figure 11 shows a sequence of experimental images that describes the surface induction
hardening process.
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(b) (o)

Figure 11. Experimental ISH process: (a) inductor and workpiece placement, (b) rotating and heating,
and (c) quenching.

4. Conclusions

This article has outlined the process of monitoring surface hardening through induc-
tion, conducting a detailed examination of the fundamental parameters that determine the
quality of the heat treatment. It differs from other previous studies because it is presented
as a comprehensive work covering all aspects related to monitoring in industrial ISH
applications, emphasizing the study of sensors and modern measurement and control sys-
tems. Additionally, a quality control system based on profiling essential system parameters
has been introduced. Nondestructive testing techniques for controlling metallographic
parameters that can be performed online during heat treatment have also been discussed.

In addition, an experimental comprehensive monitoring system supported by a pro-
grammable logic controller (PLC) and mixed acquisition and instrumentation systems
(analog and digital) implemented with a high-performance Field Programmable Gate Ar-
ray (FPGA) has been presented. More research is planned to expand the results obtained
and apply them in a real industrial application.
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