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Abgtract — The pulsed plasma nitriding process is widely
used nowadaysin the treatment and hardening of metallic
components. But the voltage regulation on the nitriding
chamber, although necessary, ishard to be done, because it
depends on the components' dimensions, on pulse’'s width
and on the unstable nature of plasma. Taking this in
account, this work proposes the use of a Fuzzy-Pl
controller in the nitriding power source to provide a
ver satile control, allowing a good voltage regulation under
different operation points, that means, for distinct
chamber’sconditions.

|.] NTRODUCTION

Since many centuries before Chrigt, mankind has been
usng the iron as the main component of its tools and
wegpons. Today, the materid and its uses reman
basicaly the same, but the conditions of use demands
much more from the materiads leading the treatment
processes to pass through a great improvement during all
this time. So, an entire area of study has arisen to
rescarch and develop new technologies for the treatment
of iron and its most important sub-product: the stedl.

During the XIX century, it was discovered tha the
metd’s superficid characteridics define its mechanica
and chemicad properties This dlowed the deveopment
of many chemica trestment processes for hardening and
increesing the ressance of metdlic  components,
submitted to extreme operational conditions. In the early
1900's, when the thermal processes were the most
employed in indudries, the engineer Adolph Machlet
sudied the introduction of nitrogen in the sted surface,
cregting the nitriding process.

Since Machlet, the nitriding process has evaluated in
three different ways the gaseous nitriding, the liquid
nitriding and the plasma nitriding processes. From these,
the plasma nitriding rises over the others due to its lower
trestment temperature, lesser process time and increased
energetic economy; summing up, for its high efficiency.
However, some problems, like the appearing of voltaic
acs and the over-heating of the pieces during the
treatment, prgudiced a lot its use in industries. Only
with the Power Electronics and Microeectronics
devdlopment, these problems could be solved through
the use of pulsed power sources, credting the pulse
plasma nitriding process.

Nowadays, there ae dill many works about the
pulsed plasma nitriding process, trying to achieve more
efficiency and control over the process. In this context,
this work tries to establish a more flexible control of the
voltage gpplied to the nitriding chamber.

The mantenance of the chamber's characterisics are
critical to the qudity of the process and requires a precise and
reliable control. So, this is an atempt to achieve a better
control over the pulsed plasma nitriding process and assure
the best product’ squality.

I1. RLASVA NITRIDING

The plasma nitriding is a process of bombing metdlic
surfaces with  Nitrogen (N;) and Hydrogen (H;) ions. To
execute the process, it is necessary the credtion of a plasma
amosphere from the N, and H mixture that is injected in the
nitriding chamber. The plasmés crestion and maintenance
requests the exigence of a dgnificant dectricad potentia
difference, which is provided by a high power source mar the
chamber. So, a complete nitriding module is composed by a
vacuum system, a power source and a nitriding chamber, this
last one consisting of two parts electricaly isolated (anode
and cathode) that will be proven to a great dectricd potentia
difference.

During the nitriding process, we should operate with
voltages over 500V, pressures between 1 and 10mBar and
temperatures near 500°C. However, due to the plasmas
ungtable nature, these parameters show grest variations over
the time and need to be rigoroudy controlled, to keep the gas
mixture inside the chamber in the plasma state and assure the
process efficacy. Due to this, the power source that provides
voltage to the chamber usudly controls the others parameters

too, dlowing their coordination to achieve the process
optimal conditions.
Unfortunately, the plant's behavior relaion with these

parameters is not well known and it is very difficult to be
mahemeticaly modded. The causes are many: the undable
nature of plasma, the occurrence of voltaic arcs between the
chamber’s anode and cathode, the forms and dimensons of
the pieces to be trestened, among others. So this is the reason
for our proposad of implementing a Fuzzy-Pl controller: to
dlow a intuitive control of the process, ingead of the
mathematically based control that we couldn't develop
properly.

A Available Equipments

In this research, was used a pulsed plasma nitriding
module composed by a vacuum sysem, a 350mm diameter
and 400mm width nitriding chamber, a 2kW continuous
power source and a 1kW pulsed power source (built as part
of [2]).

The pulsed power source shows
advantages over the continuous power source:

three  dgnificant
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Fig. 1. Pulsed plasma nitriding power source diagram.

The first one is the power economy, because the duty
cycle is varidble and the average power applied to the
chamber is aways lesser or a least equal to the power
applied by the continuous source.

Second is that, by means of the duty cycle, we can
control the power applied to the chamber and then avoid
the over-heating of the components treated.

The third advantage is that the use of voltage pulses
with frequencies between 1kHz and 10kHz diminates
the occurrence of voltaic arcs during the process,
because the pulse's width is not long enough to dlow
the accumulation of ionsthat can generate an arc.

Unfortunately, the use of a pulsed power source
insrts one more parameter to be conddered in the
process control. The width of the applied pulses
modifies the chamber’s characteristics and  interferes
sgnificantly in the behavior of the plasma placed in
there. Once again, the use of a dmpler and intuitive
control for the process becomes necessary to provide a
better adaptability to new operations points.

For the controlle’s implementation, we will work
only with the pulsed power source, which is the most
used in industries and it is more interesting to us. The
complete power source€'s diagram can be seen in Fg. 1
and it is composed basicdly by an hybrid bridge rectifier
in series with an IGBT acting as a chopper. Completing
the system, we have an RC filter in the rectifier's output,
a thyristor trigger circuit based on a TCA 780, a pulse
generdor circuit and a smat-drive for the IGBT's
control, agavanic isolaion transformer and a66MHz

desred voltage in the rectifier's
output, that will be filtered by a
RC filter to decrease the ripple
sgnificantly and then will be
applied to the nitriding chamber.
The voltage supplied by the

rectifier depends on a angle and it is given below:

_V({+cosa), g_ [a, cos(nwt) +b, sen(nwt)] (9

n=1

\Y/

a

It is a typicad nonlinear function that is dso limited to
ome a vaues, due to the following RC filter (the thyritors
cannot conduce when the voltage stored a the capacitor is
greater than the voltage supplied by the net). So, the rectifier
itsdf isanon-linear system.

The chamber, on the other hand, can show resistive,
inductive andlor cgpacitive behavior, changing its vaues
gregtly during the process. For this reason, it is represent by a
vaiable impedance Z. The IGBT works a high frequencies
(nearly 10kHz) and does not interfere dgnificantly in the
filter dynamics. However, its duty cycle changes the
equivalent impedance of the chamber, mainly its reactance,
in a very difficult way to be modeled. So, we preferred to
ignore the IGBT in the scheme and condder its effects as
some of the many variaions the chamber suffers during the
time.

The contraller's objective is to keep the voltage on the
chamber equd to the reference voltage, defined by the user in
the computer that commands the process. The controller will
do this by monitoring the output voltage and adjusting the a
angle of thyrigtor triggering to control the hybrid rectifier's
output voltage. So, we will use just one variable control &
angle) defined from the difference between the reference
voltage and the voltage in the chamber (error).
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Fig.2. Nitriding Process Control Loop
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The transfer function of the association between the
RC filter and the nitriding chamber, rdaing the
rectifier’s output voltage V, with the voltage applied to
the chamber V¢ and presented in Fig. 2, is very essy to
be found, but depending on the eectrica characteristics
the chamber presents during the time, it can evauate
to three very different Stuations, according to Fig 3:

As can be seen, depending on the chambe's
characterigtics, we may have a smple one pole plant, a
two pole and one zero plant or a three pole and two zero
plant. So, it is evident that a smple P controller cannot
handle these three very distinct Situations properly. The
solution is the implementation of a flexible controller
that, dthough does not achieve a better performance
than a Pl controller desgned for one plant only,
maintains a good peformance for that and many others
different plants. This capability is well achieve with
Fuzzy Logic, so thisis one reason for our choice.

The other reason is a consequence of the hybrid
rectifier used to provide the voltage to the chamber. It is
a non-liner device, 0 it is more adequate to be
controlled by a non-linear controller that could
compensate its particularities. Putting these two reasons
together, and adding the fact that a Pl gpproach would be
esser to implement and to evduate its results, we got to
theideaof the Fuzzy-P controller.

The Fuzzy-PI's man advantages over conventiond Pl
control are that the Fuzzy-Pl does not have a specific
operation point, dlowing it to mantan a good
performance under different operation points, and that
we can, dso, implement nonlinear control drategies, to
improve its efficiency under specific circumstances.
These two benefits are explored in our controller so we
can achieveits best performance.

I11. Fuzzy-Pl CONTROL

The idea of implementing a Fuzzy-Pl controller
appeared to compensate the deficiencies of the dready
implemented PI controller [2]. The Pl gpproach will be
maintained, but in spite of the mathematical formulation
previoudy developed, it will be used an empiric
knowledge base for adiusting more €fficiently the
voltage applied to the chamber.

For the Fuzzy-Pl implementation, it was taken in
account the error (difference about the reference voltage
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Fig.3. Possible transfer functions for the RC filter and nitriding chamber association.

equation that relates the variation of
the control signd Du with the error e
and the variation of the eror De,
through two gains defined as K, eK:

Du=K,.DetK.e @

We want to replace this function, where K, e K; are
congants and must be defined, mahemdicaly or
empiricdly, for a group of smple and intuitive rules that are
more efficient on controlling such acomplex plant.

So, following a procedure similar to that one adopted in
[4], we defined five fuzzy sets to classify our input varigbles:
PM  (positive medium), PS (podtive smal), ZE (zero), NS
(negative smdl) and NM (negative medium). For each
vaiable taken in account, we have a different membership
function to classify the sample into a concept (fuzzification).
The determination of each one of these membership
functions is completely empirical and implied in many tests
to find out the optima vaues and ranges for the nitriding
process (controller’ s tuning).

After the correct transformation of the controller's
numerical inputs in concepts like PM, ZE, etc, through the
minimum  weight rule (fuzzification), we defined the fuzzy
control rules adopted to edtimate the output value, shown in
tablel:

TABLE |
RULESTABLE FORTHE CONTROL SIGNAL VARIATION
Error

NM|[NS| ZE| PS | PM

Error NM|PM|PM|[PM | PS| ZE

Varigtion | NS | PM [ PS| PS| ZE| NS

ZE | PM [ PS| ZE| NS | NM

PS | PS| ZE| NS| NS | NM

PM | ZE [ NS[NM | NM | NM
In Table I, we submit our eror and eror variation
concepts and obtain a concept for the control signal variation,

without defining any constants K, or K; that would be
necessary in (3). With the result obtained from this table, we
go to the process of defuzzification, where we transform our
result concept in the variation of the control signd that will
be applied to the plant, according to the center-of-area
method.

Then it is necessary to sum the control signal variation
obtained from the Fuzzy-PI with the control signal previoudy
gpplied, through an integrator in the controller’s output.
Doing this, we obtain the control signa that will define the
trigger angle of the thyristor in the hybrid rectifier.
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Before outputting this sgna from the computer, it
needs to be multiplied by a congant that will condition
the sgnad according to the limitations of the computer's
output and the TCA 780's input. This constant will be
defined according to the vaues adopted by the TCA 780
for each trigger ange

IV. EXPERIMENTSAND RESULTS

To tet the controller, a new rectifir was built
following the same scheme of the nitriding plasma
source. Instead of the chamber, two circuits were used,
one with pure resigive behavior and the other one with
resistive-capacitive behavior, which could be commuted
usng a smple switch. This posshbility was included in
order to dlow us to smulate the trandtories in the
chamber’s dectrica characterigtics.

The resigtive plant, associated with the RC filter in the
rectifier's output, have the following transfer function:

_40
G(s) = A+ 4333

Consdering that this is the chamber’'s predominant
behavior, it was considered the default Stuation and both
controllers  were tuned to achieve its optimd
performance with this plant.

The transfer function for the resistive-capacitive plant
is:

@

300(s+10)

> G)
30s° +304s+100

G(s) =

With these two plants, we did some experiments to
determinate if the Fuzzy-Pl was redly a best option for
the process control .

The firt step was to compare the two controllers
reaction to a increase in the voltage applied to the purely
resgtive plant. The Pl controller went from 10V to 90V
in 115ms (fig. 4), while the Fuzzy-Pl did the same in
250ms (fig.5). This was dready expected, because the PI
controller was tuned for this stuation ad it is ill the
best choice for static or low-varying plants.

Then, we experimented a fagt trandtion between the
ressive plant and the resistivecapacitive plant, to see
which of the two controllers would react best. The P
auffered a variagtion of nearly 10V and dabilized in
280ms (Fig. 6). The Fuzzy-Pl dso had a vaiation of
nearly 10V, but stabilized in 250ms.

Although their reactions looked very dike, the Fuzzy-
PI's behavior is gsmoother compared with the M
controller. This happened because the PI controller was
not tuned for the new dtuation, and it reacts very
abruptly asif the reference voltage level were changed.

V. CONCLUSIONS

These results have shown that the Fuzzy-Pl controller
acts as wdl as the Pl controller. The Pl is fagter to
achieve the desired voltage with a resdive plant, but
shows more variations to compensate transitories.
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Fig.6. Transition to an RC plant with a Pl controller.
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Fig.7. Trangition to an RC plant with a Fuzzy-PI controller.
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This does not happen with the Fuzzy-Pl, which shows
softer and shorter variations, because it does not have a
specific operational point. If we keep in mind that the
rel chamber shows great vaidions dl over the time
(during just a few milliseconds), the Fuzzy-Pl seems to
be the best solution, because it will alow a smoother
voltage regulation.

Unfortunately, we could not test the Fuzzy-Pl
controller in the nitriding chamber, because it has been
repared to fix some problems. But as soon as the
nitriding chamber works properly, well tet and
compare the two controllers again in the red process.

Wha we expect is that in those criticd conditions
(with the chamber's parameters varying gredly dl the
time) the differences between the Pl controller and the
Fuzzy-Pl controller become more evident and that they
judtify the use of a Fuzzy Logic based controller to
assure the best voltage regulation on the chamber.

After dl, like any industrid process, the pulsed
plasma nitriding needs to be rdiable and efficient under
different operation conditions, and the Fuzzy-PI
controller can certainly attend to these requirements.
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