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Adaptive Process Control for Achieving Consistent
Mean Particles' States in Atmospheric Plasma Spray
Process

Balachandar Guduri
(ABSTRACT)

The coatings produced by an atmospheric plasma spray process (APSP) mustfbenof
guality. However, the complexity of the process and the random introduction of noise
variables such as fluctuations in the powder injection rate and the arc voltage make it
difficult to control the coating quality that has been shown to dependrapan values of
powder particlesd temperature and speed,
just before they impact the substrate. Here we use a sddased methodology to develop

an adaptive controller for achieving consistent MPSs. W& fdentify inputs into the
APSP that significantly affect the MPSs, and then formulate a relationship between these
two quantities. When the MPSs deviate from their desired values, the adaptive controller
based on the model reference adaptive contrdM#RAC) framework is shown to
successfully adjust the input parameters to correct them. The performance of the controller
is tested via numerical experiments using the software, L&Y #at has been shown to

well simulate the APSP. The developed adappirecess contr@@r is further refined by
usingsigma (, adaptive laws and including a lepass filterthat remove higtirequency
oscillations in the outpufhe utility of the MRAC controller to achieve desired locations

of NIiCrAlY and zirconia powdermparticles for generating a-l&yered coating is
demonstrated. In this case a pMi€rAlY layer bonds to the substrate and a pure zirconia
makes the coating top. The composition of the intermediate 3 layers is combination of the
two powders of different nss fractions. By increasing the number of intermediate layers,
one can achieve a continuous throdig&thickness variation of the coating composition

andfabricate a functionally graded coating.
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Adaptive Process Control for Achieving Consistent
Mean Particles' States in Atmospheric Plasma Spray
Process

Balachandar Guduri
(GENERAL AUDIENCE ABSTRACT)

Canned food sold in a grocery store have
increase the shelf life of the food. Similarly, many parts in an automobile have coatings to
protect them from corrosion and possibly wear and tear. A processougertitice these
coatings is rather complex and involves several variables. An undesired change these
variables affects the coating quality. Automatically controlling a coating process is like a
cruise control in a car. It should detect which variables ldnaaged and either take
appropriate corrective actionsgrut down the process if it cannot be correctealent an

operator to stop the process

In this work we have developed a controller to adaptively adjust the input parameters for
an atmospherigplasma spray process (APSP) often used to produce thermal barrier
coatings in gas turbines and blades of aircraft jet engines. These chatithgthe flow

of heat from the hot exhaust gases to the blades thereby prolonging their life span.
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Chapter 1Introduction



1.1 Atmospheric plasma spray process

Atmospheric plasma spray process (APSP) is a thermal spray process in which either metallic,
ceramic, or both materials are sprayed on a prepared part of industrial equipment to be coated.
The coating is formed due to the impact of higthocity particles on the substrate. The torch
ignited by an electric arc generates plasma from gases flowirgssaat. The APSP,
schematically shown ifigure 1.1, includes plasma generation, plasma aflight particle
interaction, and deposit formation on a substrate. In the APSP, the feedstock is introduced into
a plasma jet that emanates from pieesma torch. The plasma plume shows unusual properties
such as high temperature (up to 14,000 K), high velocity (up to 2.5 km/s), steep temperature and
velocity gradients in the radial direction (up td kK@m and 5x18/s), and low gas density (1/30

to /50 of the room temperature g4%). Typically, plasma jets are laminar inside the core and
highly turbulent in the outer region. When they exit the torch nozzle, the resulting coalescence
of vortices induces an engulfment process of the ambient gas witkstalgeedies entraining
bubbles of cold gaf?]. In addition, arc root fluctuation on the anode wall can increase the

turbulence and #dr the enthalpy of the jet.

Voltage , Current, Efficiency Powder & Simulation Region

l_‘ Carrier Gas ! Sul)ilrz‘ltc

Cooling

Water
Ar \
}
H2
Cathode dr_

Plasma Jet

Particles

Figure 1.1: Schematic view of the atmospheric plasma spray pr¢8gss

The feedstock can be injected either along or norm#hdéget axis. Most industries prefer
normal injection of the powder because the axial feed system can erode the anode wall and
increase the complexity and handling of the process. In a normal feeding system, the feedstock
may be fed into the plasma jetrdkigh a powder port (injector) in the hot core region of the

plasma jet. Inteparticlecollisions and collisions of particles with injector wdikperse particle

2



trajectories in the plasma jet. In addition, theflight particle characteristics such #se
temperature, the velocity, and the size can be significantly affected by the condition of the
plasma jet which can change the state of the molten part of particles.

Molten or semimolten particles hit the substrate at speeds in the range «<¥Q00/s These
particles spread on the substrate surface af
During the flattening time, generally a few microseconds, the spislidifies before the

flattening process is completed. Shortly after the fipdat resolidifies (order of a few tens of
microseconds), a second splat impacts on the previous one. Within a millisecond, several splats
pile up and can be termed as one pass. The thickness of the coating consists of several passes
with coating thicknes per pass ranging from 3 to 60 micrometers.

The APSP is a common method to produce different types of coatings due to the capability of
melting powder materials of high melting point. The APSP is very efficient and capable of
producing functionally gradkcoatings. It is a cofficient method and is fit for different

applications such as low porosity coatings, thermal barrier coatings, andesistant coatings.
Typical applications

There are numerous applications of plasma sprayed coatings to protect the machinery
components from wear, corrosion, erosion, and thermal and chemical attacks. The following is

a list of applications where the plasma sprayed coatings have been successtiuy.

1. Wear and erosion control of machinery parts and turbine vanes
Particle erosion control in boiler tubes auperheatersf coalfired power plants

3. Wear control and improvements of many machinery parts including pump plungers,
valves, bearings, and printing rolls

4. Corrosion protection of engineering structures sudtesd and concrete bridges
Corrosion protection of machinery of internal combustion engines
Thermal and chemical barrier coatings of pistons and valves in adiabatic diesel engines,
aerospace turbine blades, and combustion cans
Coatings for orthopedic anckdtal prostheses

8. Abradable coatings in gas turbines



1.2 Necessity of control strategies in APSP
1.2.1 Complexity of APSP

An APSP involves nearly 200 interrelated process parameters most of which according to
Bisson et al. are unquantifialfig. In Figure 1.2 we have shown schematics of typical process
parameters. Complex interactions between plasma and paf6¢lel§] significantly vary

coating properties that affect the process repeatal@litpue to large velocity and temperature
gradients in a plasma jet, even small changes in process parameters can significantly alter mean
particlesd states (mean temperature and vel
substrate, MPSs) andu microstructure of the coating@], [10]. Even with the operating
parameters set constant during the process, the MPSs can significantly change over time
primarily due tonoise variables such as electrode wear, powder port wear, grit blasting
variation, pulsing of powder due to leaks, worn parts in the powder feeder, powder dampness,

and powder lot variation.

For developing methods to mitigate their effects on the cogtiality, one needs to understand

the root causes of the generation of noise variables. Common problems associated with electrode
wear are erosion of the anode's inner surface and deposition of eroded parts of the nozzle in a
coating. The general causeabéctrode wear is arc root fluctuations in the plasma nozzle at high

currents that drift and fluctuate the plasma jet.

The turbulent plasma jet exhibits significant fluctuations due to an unsteady arc in the plasma
nozzleand sharp noistom arc root fluctuations. These plasma jet fluctuations could limit the
applicability of an APSP to higprecision applications. Sind¢be quality of a coating depends

on the melting characteristics of powder particles, the effect of turbulence in the plasma jet on
particlesd state has bldaHifl3].o/vltage meadureients lravef e w
indicated that a typical DC arc in a plasma nozzle exhibits three mttesestrike mode, the

takeover mode, and the steady mfidg.
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Figure 1.2: Typical APSP parameters and variables

In the steady mode, the Lorentz forces due to arc current are balanced by the drag forces due to
flow rates. This balance can be achieved by providing the highuenent with low gas flow

rates. The steady arc voltage helps plasma jet flow to be laminar. However, this procedure is
not suitable since the high arc current aggravates the erosion of electrodes and low flow rates
decrease the plasma jet velocity; herfiteet parti cl eds velocity decr
modes of the arc are the takeover mode (if the plasma forming gas is helium, argon, or their
combination) and the restrike mode (if the plasma forming gas is nitrogen, hydrogen, or mixture
with argon). h these two modes, the drag forces due to flow rates are larger than the Lorentz

forces, which push the anode arc root downstream and increase the arc length. Hence, the arc
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voltage will rise until a new arc is formed. During the new arc formation, thiemgth and

voltage drop suddenly. This process is continuously repeated hence the arc voltage fluctuations
are persistent and result in the plasma jet instabilities and entrainment of air into the plasma
[11], [14].

It has also been suggested that the length of the cold air boundary layer between the arc column
and the nozzle wall strongly influences the arc fluctuation in a plasma jet. It has been
emphasized that in the restrike mode, frequent largeé%>2and periodic (20 kHz) plasma

power oscillations occur, which affect thefinl i g ht p a[l?. Amalt #ondhe art at e
fluctuations in the nozzle, the interaction of cold air with ksgleed hot plasma leads to the
formation of eddies and vortices. The typical nature of the turbulent plasma can be divided into
the following three regimes: a transitional flow region with engulfment of cold gas eddies into
the plasma jet and incomplete rmig in the vicinity of the torch exit, a region in which cold gas
eddies and plasma gas eddies break down, and a thoroughly developed turbulent flow region as
shown in Figure 1.3 [13]. Another dominant source of plasma jet fluctuation is the
characteristics of the supplied power solit&. Wenxia et alf[11] have studied the mechanism

of fluctuations and their relationship with the generating parameters, and of the arc root

movement on plasma jet in laminar, transitional, and turbulent regimes.

Entrained eddies of cold air

Entrainment of air

Potential core
of the plasma jet

L

Transitional flow with engulfment of cold
eddies into plasma jet and incomplete mixing

"
Cold eddies and

plasma gas eddies are L‘—V'—J

breaking down
Turbulent Flow ;

Eddies have broken down and fluid
has thoroughly mixed

Figure 1.3: Schematics of a plasma [&8]



Other fluctuations in an APSP are associated with particle injection. The frequency fluctuations

can be observed in the mass flow rate of particles. The particles are injected into the plasma

along with the carrier gas. It is commonly found that changes in the carrier gas flow rate in the

injector affect the mass flow rate. Furthermore, the mass flow rate could be affected by powder

clogging possibly due to the powder agglomeration. Apart froptuations in the mass flow

rate, randomly injected particles of different sizes follow different trajectories, which vary the
-Shepegir s  du

particlesd states.

particles with the nozzle surface, whin

flow rates.

alters

The powder port

the shape

of

t he i

Time scales of various instabilities in an APSP discussed by Vardelle and Fauchais are shown

in Figure 1.4 [15]. With the particle dwell time taken as a reference, only arc root fluctuations

have time scalelwer than the reference time. Since other instabilities related to the plasma

and particle injection have time constants higher than the reference time, therefore these

instabilities will affect the heating and the acceleration of particles. The timéant®f

powder feeder instabilities and electrode erosion are significantly higher; hence it may be

possible to mitigate thei

input operating parameters.

r

effects

Powder fi
instabilities
Arc root Power supply| | Plasma gas Electrode
Fluctuations| instabilities instabilities erosion
| 1 T T Mt
105 10¢ 10% 102 100" 1 10 102 108
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Dwell time

Figure 1.4: Main instability times in an APSP [14]

1.2.2 Human factors in APSP

on

partic

During spraying, human decisions regarding spray material, nozzle, powder port, gas type,

primary gas flow, secondary gas flow, current, voltage, carriel@aste, powder feed rate,

spray distance, part/gun movement, coating thickness, plasma gas selactiosphere
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selection(air or vacuum), geometric parameters, and substrate temperature affect coating
properties. Other areas influenced by human dewsae pretreatments, cleaning, masking,
grit blasting, and surface preparation of components to be coated.

Human factors also play an i mportant role in
e.g., selection of methods to measure coating piiepe(destructive and nondestructive

met hods), the number of data points used anc
sensitivity of the measuring instruments. Additionally, machine and equipment maintenance can
affect process resulf6]. In the powder delivery and injection system, theeenaany potential

sources of problems: electrostatic charging, erosion wear, unstable feed of powder, powder
segregation in the hopper, and many others. Some of them are well understood and can be
resolved by the operator, but they can go unrecognizedggnor addressed too late, and thus

can affect production. Components of the system should be regularly inspected, maintained, and

properly assembled after inspection and maintengrde

Furthermore, human errors caused by boredom, operator fatigue, and an unfriendly working
environment contribute to process variatioAslditional factors that can cause errors are
cleanliness of the working environment, improper maintenance of tools and equipment,
misunderstanding of instructions, or a lack of information. These may have a significant effect
on the plasma spray coatingachcteristics and may lead to poor quality of coating, while at the
same time increase production cost through longer spray times and waste of feedstock, wear of

torch components, and energy consumption.

It is important to take steps to decrease humansehy providing some standard procedures.
Operators should have enough education and be skilled. Additionally, the operator should

t horoughly understand the process, operator
consistent maintenance of tools arglipment can further prevent some of the problems.
Furthermore, a necessity for an efficient process control system arises from the complexity of

the process parameters, as has been discussed above, and the need to monitor and control the
process for constency and quality of coating, and to increase safety, reliability, economy, and
operator comfort. Finally, automation is necessary for different areas of the plasma spray setups
such as robot integration, part handling equipment, dust collector, datgestord monitoring

of process parameters, spray exhaust, and system maintenance.
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1.2.3 Literature review on control strategies in APSP

Over the past decade, many researchers have realized the importance of control strategies in the
APSP. The typical control sttegy involves two parts the first part aim to predict the ideal

inputs for the desired MPSs using response function of the MPSs in terms of the input process
parameters and the second parts focus on minimizing errors between the desired and measured
MPSs using a controller. A vast majority work in the literature aim to better relate input
parameters, (e.g., current, gas flow rates) to outputs (e.g., particle temperature, velocity), coating
properties, and coating performance.

Vardelle and Fauchaigl5] have provided insights into available diagnostic techniques for
monitoring the output parameters and suggestgpical closedoop control approach to keep

them within desired limits. They emphasized that the repeatability and the reproducibility of
thermal spray coatings can be affected by many factors such as errors associated with the design
of parts to be cdad, surface treatment methods, operators; anel postreatment, and
instabilities in the process. They discussed various time scales of these instabilities and their
effects on the coatings. They stated that currently available control techniqudseimip

monitor the particle and the plasma states instead of controlling them. They suggested possible
ideas to develop an online adaptive control system with standardized industrial procedures of
gun movement, preand postreatments, and various aspgetlated to spraying to increase the

repeatability and the reproducibility of the sprayed coating.

Fincke et al[8] developed realime diagnostics and control by monitoring the velocity and the
temperature of particles as well as the shape and the trajectory of the sprayhyati@rying

the arc current, the primary flow rate, and the carrier gas flow rate. To achietimmeeabntrol,

a multkinput and multioutput (MIMO) proportionaintegratderivative (PID) controller was

used. The drawback of this strategy is the coriglénvolved in the tuning of the appropriate
initial parameters of the PID controller. Their approach does not involve the dynamics of the
APSP. The convergence rate and the stability of the PID controller depend on the choice of

appropriate initial gais.

Guessasma et dll8]i[22] designed an expert system using neural computation for quality
control of AbOs-13 wt.% TiQ coating fabrication using the APSP. They sigjgeé that particle
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characteristics such as the average velocity, the mean temperature, and the average diameter are
the most pertinent indicators of coating properties and are characteristics of the coating
reproducibility. An artificial neural network (AN) model was developed by using a specific

data set with the upper and the lower bounds of the process parameters such as the current, Ar,
H2and the carrier gas flow rates, the injector diameter, and the injectorddtatistance as
inputandthecorrgsondi ng par t i c[18k andtheccbating eharacensticssuah c s
as theporosity level[22], the uamolten particle content, alumina and titania phase contents as
output[19]. Other process parameters were kept constant. They developed a first approximation

of the correlation between the input and the output parameters. Theoradaton effects of

input parameters were ignored in their initial model. It has been stated that the ANN can be

incorporated into an online control system.

Li et al. [23] developed a model based on the psscestimation and control of the mean
particlesd velocity aelodity@xggentfuel{(HVOR) Spraynmocess. n g |
The model was first developed based on the p
particlesd ammadleern &htei prartto céetsd velocity. Tl
coupled to the estimation model to regulate the volborees e d aver age of part.
their degree of melting by regulating the inlet gas flow rates. Furthermore, an adagtiwvesdt
incorporated into the model to eliminate noi
a closedoop proportionaintegral (P1) controller along with an adaptive filter was considered

to regulate the flow rates. Their work shows the felsilof implementing reatime feedback

control in an HVOF process.

Srinivasan et al24dJex ami ned variability in particlesd
velocity and explored a few strategies to control them to improve the reproducibddgtong
characteristics. In their work, an active sensor method (monitoring system with feedback
controller) was wused to control the particle
velocity) by varying the primary gas flow rate and the curfBimey stated that the mean velocity

is strongly influenced by the primary gas flow rate whereas the current and the hydrogen flow

rate strongly influence the mean temperature. The primary gas flow rate was chosen to control

the mean axial velocity, anddlturrent to control the mean temperature. Since the variation in

the secondary gas flow rate alters the voltage, the secondary gas flow rate was kept constant.

10



Their work shows the reduced variability i

coating reproducibility.

Kanta et al[25] developed an artificial intelligent (Al) system using an ANN to predict the
spray processing parameters required for coatings withedesitributes using the APSP. A
significant large database of input process parameters such as current, total flow rasg (Ar+H
Ho/Ar ratio, carrier gas flow rate, injector internal diameter, injection distance, standoff distance,
feed rate, and scannirigne step size are used to train the ANN model. They developed
correlations using two ANN models for deposition yield and particle states (the mean
temperature and the mean axial velocity) using 3 power process parameters (currensnir+H
Ho/Ar). Furthermore, they updated correlations by considering 9 (instead of three) process
parameters and their influence on deposition yield. They concluded that the ANN model permits

one to predict operating conditions as a function of the required coating strpobyerties.

Kanta et al[26] proposed a fuzzy logic (FL) analysis for the dgifion yield of aluminditania

powder in an APSP. In this work, a behavior model based on the FL concepts was developed
between deposition yield and process parameters (arc current intensity, plasma gas total flow
rate, hydrogen content). Deposition dieépresents the average thickness of a coating deposited

on the substrate per pass. This model was shown to discriminate between the roles and effects
of each process parameter. This model can predict the deposition yield based on offline
experimental inpt and output data. The objective of the proposed FL analysis is similar to that

of the ANN methodology as discussed in their earlier 25k

Kanta et al]27] developed an artificial intelligenystem using FL and ANN to predict the
porosity of plasma sprayed aluminditania coatings. In this method, the FL and the ANN
models were implemented in parallel to solve the same problem (i.e., predict the porosity).
These models were developed frone texperimental data of the porosity and the process
parameters (arc current intensity, plasma gas total flow rate, hydrogen content). In this work,
the prediction capabilities of the ANN and the FL models were compared, and it was concluded
that the ANN mdel shows better prediction capability.

Kanta et al.[28] us e d previously devel oped ANN and

characteristics (mean temperature and mean velocity) as a function of the process parameters.
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The predicted inflight parti cnpaedithedcmatharct er i
Furthermore, the process parameters were determined for desired coating properties such as the
hardness and the porosity. The particlesd cli

parameters showed a better correlatiomwie ANN predictions than those with the FL models.

Kanta et al.[29] used the FL controller to kpethe inflight particle characteristics within
prescribed bounds. They identified the effects of operating process parameters on particle
characteristics and adjusted the process parameters in the presence of process disturbances to
stabilize the irflight particle characteristics. The FL controller uses a set of rules expressed in

a language close to the human language (typidathenformat). This controller can execute

those rules and computing the input signal to minimize the output errors. Desp@tivaintages

of the FL controller such as simplicity and ceffiectiveness, this controller has many
disadvantages. The rules are definetinguistic languagesso the robustness of the controller

is questionable. This controller requires extensiveurari t uni ng of the cont
and it does not consider the effects of either nonlinear plant characteristics or characteristics of

equilibrium state around which equations are linearized.

Kanta et al[30] applied ANN moded to predict the particle characteristics (mean temperature

and mean velocity) and process parameters (current, 2AaRE H/Ar ratio) as functions of

coating characteristics (deposition yield and porosity). Initially, the process parameters were
prediced as a function of the coating property (either deposition yield or porosity). For predicted
values of process parameters, thdlight characteristics were predicted using the second ANN

model which was trained by using experimental data between thesgrparameters and the
particlesd characteristics. Next, t he proce:
deposition yield and porosity. Similarly, the inflight characteristics are predicted based on the
second ANN model. The overall developddNN models proposed process parameter

combinations for desired characteristics.

Zhang et al[31] used an ANN to study the effects of hydrogen flove ran inrflight particle
characteristics and coating properties for yistiabilized zirconia powder for the APSP. They
developed two ANN modesone t o predict particlesd chara
flow rate and the other to predict the cogtproperties (i.e., the porosity and the-gpscific

permeability). Predictions from the two ANN models were found to agree with the experimental

12



dat a. It was shown that particlesdé mean velo

flowrate,bd parti cl esd mean temperature was sSstron

Kanta et al[32] implemented the developed Al system using the ANN and the FL controllers

for online controlling of the APSP. Initially, the process parameters were predicted with the
ANN model for desired particlesd characteri
between the measured and the desired particle characteristics were minimized using the FL
controller. This controller used pdefined rules to adjust the process patrs for
maintaining constant particle characteristics. Their work has shown the applicability of the ANN
controller to the APSP.

Choudhury et al[33] also used the KN method to predict Hilight particle characteristics of

an APSP using 6 process parameters (current, argon flow rate, hydrogen flow rate, argon carrier
gas flow rate, injector standoff distance, and injector diameter). The predicted particle
characteriscs were found to compare well with the experimental data. They stated that the

validity of the output is limited to the parameter space used to train the ANN.

Planche et a[34] developed an automatic system using elements of artificial intelligence (ANN
and FL controller) and an emulator that replicated the dynamic behavior of a plant. In their
work, two ANN models and two FL controllers along with the emulators were usedirdthe f

ANN model predicted the particle characteristics based on the desired coating properties. These
predicted particle characteristics are used as input for the second ANN model for predicting
required process parameters. The two FL controllers weretagedrect the prediction errors
associated with the ANN models. The emulator identified the dynamics of the plant by building

a mathematical model using process parameters and particle characteristics data.

Batra and Unchalig&5] have studied effect of four praseparameters, namely, the argon flow

rate, the hydrogen flow rate, the powder feed rate, and the current on the MPSs using numerical
simulations. Using the design of experiments, the sensitivities of the MPCs to process
parameters were characterized. Nt relationship between the significant input process
parameters and the MPSc were identified using two methods, namely, the least squares

regression and the response surface methodology (RSM). Finally, optimization algorithm in
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conjunction with the weigted sum method to find the optimum values of the process input

variables to achieve desired values of the MPSs.

If the effects of noise variables such as the electrode wear, the powder port wear, and the powder

l ot wvariati ons on ar@ eonsidered, tfees the abawentioaed toatroli st i c
strategies developed for a fixed set of ouipput data and FL or PID controller may not be

valid. One needs to update the developed correlations over time durkigneahonitoring

and to adaptively adst process parameters to minimize differences between the predicted and

the desired outputs. Thus, it is necessary to design a simple, robust, and stable adaptive feedback
controller for a nonlinear plant like the APSP process to cope up with the effecsious

drifts and fluctuations.

1.3 Modeling of APSP

Note that the contents of this section have appearel6h Here we study the APSP
schematically shown ifigure 1.5. A typical simulation of the plasma spray process can be
divided intotwo parts: (1) plasma generation and formation, and (2) particle injection, heating
and acceleration. Due to the complexity of the plasma dynamics inside the torch, we follow
many other published works and do not model the complex electromechanicaltiorierac

occurring within the gun.

We note that the software LAV[87], [38] was developed by Ramshaw and Chang developed
at the Idaho National Engineering and Environmental Laboratory (UNEtan be used to
analyze 2D axisymmetric temperature and velocity fields in the plasma jet, which is modeled as
an unsteady, compressible, Newtonian, turbulent, and chemically reacting ideal
multicomponent fluid mixture with temperatudependent thermgdamic and transport
propertieg35]. Wan et al [5] generalized it to LAVAR, which is a pseudo 3D code to predict

the inflight particle trajectories, temperature, and velocity. Xiong g8l extended LAVA

P to LAVA-P-3D by considering the injection of carrier gas (Ar) with the powder particles on
the plasma jet. Shang et 6] incorporated effects of turbulent modulation in LAVRA3D.
Assumptions and governing equations for modeling of the plasma jet and the pgettiens

are given below.
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Figure 1.5: Schematics of a typical DC thermal plasma spray process (top) and its split into
two parts (bottom). Herne = velocity, T = temperature, and subscript@ndp stand for
plasma flow and particle, respectivéB6].

1.3.1 Modeling of plasma jet

Assumptions made to simulate the APSP are summarized below.

1. Plasma jet is anaxisymmetric, unsteady, compressible, Newtonian, turbulent, and
chemically reacting ideal muitomponent fluid mixture with only temperatedtependent
thermodynamic and transport properties.

2. The arc voltage fluctuations caused by the arc fluctuationeareonsidered. The mean
value of the arc voltage is adopted, therefore, the amplitude of the temperature and the axial
velocity at the nozzle exit remain constants.

3. Plasmais in local thermodynamic equilibrium (LTE) and optically thin.
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4. Chemical reactionsamong different species including ionization, dissociation, and
recombination are considered.

5. The effects of gravity anbduoyancyon the plasma jet are neglected.

6. Turbulence modulation due to the transverse injection of the carrier gas and the powder
particles is not considered.

One way to distinguish between compressible iandmpressible flown gases is to find the

Mach numbe(speed of the flow/local speed of sound). For the Mach number greater than about
0.3, significantompressibilityeffects may occur. Fauchg#] has emphasized that all plasma

flow models assume the flow to be incompressible even though the Mach numbers of the flow
can be significantly more than 0.3. For the problems studied here, the Mach number in many
computational cells exceeds 0.3t od& i when the flow reaches a steady state without

particle injection. Accordingly, we have modeled the flow as compressible.

The conservation laws of the mass of each species, the total mass, the total linear momentum,
and the total energy of the thermal plasma are listed below aglBgs.(1.4):

. [T ’ ” A 1.1
5 270 o) Y (1.1)
o
— e 1.2
o 270 Tt (12
T "o oz G, .
» Suoa - - 1.3
o J"0 a0 n 5 Q O 4 Y (1.3)
TT 5 2" 0 n 9 N -0 0 Y Y (1.4)

Here” isthe mass density of the spe&®the time,0 the mean plasma velocity,the mass
density of plasma) the diffusional mass flux of speci@” the rate of change &f due to
chemical reactions) the pressure, the viscous stress tens&he turbulent kinetic energy,
the viscous dissipation rate per unit ma¥s, the momentum source/sink term introduced by
injected particles described in the next sectfethetotal thermal specific internal energxthe
heat flux vector)Y the energy source/sink term introduced by injected partizlethe rate of
change of ‘Q@ue to chemical reactiorid37], and0 the radiative heat loss, which is modeled

as a simple temperatudeependent volumetric sink terffl]. Quantities’y ,°Y , and,”Y
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are the mass, the momentum, and the energy sarroaritroduced by the carrier gas, which

will be explained below.

The diffusional mass fluxl, of speciéQs given by

W o O / WO 0O q
: YUY noo YUY "o (15)
A A
_ p o , ” - , ' ”

where subscripf2denotes the quantity for a free electr@n,is the laminar effective binary
diffusivity of specieQO  * ¥ ”"Yw is the turbulent diffusivity, is the turbulent viscosity,
"Y dis the turbulent Schmidt numbey,is the partial presse of speciéQ)) is the total pressure,
= is the ambipolar forced diffusion flug, is the electric charge per unit mass of spé&gaad

a repeated index is not summed.

The viscous stress tens@,is given by

a © * o 6 __ >k 1.7)
where' is the molecular viscosity, is the second viscosity, - ¢ and s the identity
tensor.

The heat flux vectora is given by

oW 1L
A 0 & Y Q (1.8)

where0 is the laminar thermal conductivitgy is the mixture specific heat at constant

pressure, and 1 is the turbulent Prandtl number.

The viscosity and the thermal conductivity of the mixture are obtained by using the rule of
mixtures from the mole fractions of the species, the temperature dependent viscosity and thermal
conductivities of the species. These values at a given tempesaaéureterpolated from the
tabulated property values of argon, hydrogen, and air at different temperatures. The reaction
contribution to the thermal conductivity is not included, as it is an indirect effect of species
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diffusion which is automatically accoted for in the model as shown in Ed.1). lonization,
dissociation, and recombination of species Ar,, &b, H, H", N2, N2*, N, O, O, O, €, OH,

and HO are considred. Details of these chemical reactions are givgddah Whereas the
gravity force will bend the plasma jet downwards, the buoyancy force will bend it upwards. We
note that the mass density of fllasma mixture is less than that of the air hence the effect of
the gravity force on the plasma can be neglected as compared to that of the inertia force. The
effect of the buoyancy on the plasma flow is considerdd3hwhere it is concluded that the
plasma jet is nearly axisymmetric since the buoyancy force is negligible as compared to the
inertia force. Similarly, the gravity and the buoyancy forces will haveigiblg effects on

particle trajectories as compared to that of the viscous drag force.

Even though there are marBeynolds averaged Navi§tokes equations (RANSased

turbulerce modelssuch as the standakdJand its extensions, none of them is general enough

to be applicable to every case. Out of these modelsk-theodel is easy to implement,
computationally inexpensive, relatively robust, and provides usefutgeamititdive results of

acceptable accuracy. Therefore, the standddd mo d e | described(1®y trar

and(1.10) is used in this work to simulate turbulence.

— o e % fole) 2 ¢ Q % - (1.9)

— 06 @ %w LB 0 — - o O% & (1.10)

In these equation's is the viscosityg o fohand, are the model coefficients which equal
1.44, 1.92;1.0, and 1.3respectively, anois the turbulence production due to viscositiie

turbulent viscosity is definedas ~ @” Q¥- in which® 18t w

We use the finitalifference computational algorithm for the temporal and the spatial
differencing schemgiven in[37] to numerically solve the system of equations under prescribed
initial and boundary conditions (BCs). The temporal differencing scheme is a first order
conditionally stable explicit method. The spatial difference approximations are derived by the
control volume or the finitsolume approach. All terms other than the convection tenmas
evaluated as simple centered differences. Convection terms are evaluated by a weighted average
of centered and upwind differencing, with the option of automatic local computations of the
weighting factor. The time step for computing a stable soligigiven by Eq. (47) of Ref37].
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Typically, it is less than the time taken for a wavérével across the smallest cell in the mesh.

The order of accuracy of the spatial scheme is not given irf3¥é¢tut is anticipated to be 1.
1.3.2 Modeling of particle injection

The computation of powder particlesd velocit

following assumptions:

1. The viscous drag force acting on a particle is the only driving force. The force due to the
thermal gradient can be of the same order of magndathe gravitational force, but here
both are not consideredlativeto the drag force which is three or faarders of magnitude
higher.

2. Powder particles are rigid spheres, randomly vary in diameter, do not interact with each
other, exchange heat with the plasma, can melt due to temperature rise, and the internal
convection within a molten particle has a neilig effect on the heat transfer.

3. A powder particle is regarded as a point mass for simulating its heating, melting, and
solidification

4. The volume fraction of the melted material is computed by considering the latent heat of
melting.

5. Theeffectofthe ar ri er gas fl owing through the powc
negligible.

Equation of motion for a particle:

Particleds moti on "lawvomtor Thosetde atcglerabion of 6 marides 2
eqguals the drag force divided bg inass,

v  o” 6

o v T® ® (1.11)

0 o 0 0 (1.12)

Here” is the particle mass density,is the particle radiu®), is the particle velocityy is

the velocity of the particle relative to that of the plasinds the turbulence dispersion that is
taken as a random variablend 6 the drag coefficient. The expression for the drag force

coefficientod , taken fron{44], is
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o CT () n 8 "8
0 — — T8 Q Q .
YO > YO (1.13

"0 8

Y0 (1.14)

where'Y Qis the Reynolds number of the particlethe plasma viscosityQ the diameter of
the particle;Q 8 is a correction factor for strongly varying plasma properties,@fdis a

correcion factor that incorporates namntinuum effects. Expressions f& ¢ and'Q® are

Fo T I— (1.15)

¢ © r '[,‘8 (1.16)
P "o prorve

Here” and' (" and' ) are, respectively, the mass density and the viscosity of the plasma
corresponding to the fregream (the wall) temperature) is the thermal accommodation
coefficient, is the ratio of specific heatd,i is the Prandtl number of the plasatahe surface
temperature of the particle, anckis the Knudsen number based on an effective mean free path
length. In Equatiorf1.12), the velocity fluctuationu' represents the turbulence dispersion and
is a random variable. Each componentiak distributed according to a Gaussian distribution.

It follows from Egs.(1.11), (1.13) and (1.14) that the acceleration of a particle is inversely

proportional to its volume.

The momentum source/sink terf|’p, , introduced by the particle loading is given by

ol
TR

Here the superscrifiRindicates théQ particle,( Dequals the total number of computational

o 0 (117)

particles, and the particle volume fractjonis given by

T
o (1.18)
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wherei is the radius of th& particle, ando is the volume of the cell containing tfge
particle. The source terrii¥ , is norizero only in those computational cells that have particles

injected into them.
Particle energy transport:
Using the lumped capacitance imed, the particle heating and melting is governed by

®” 0 TT—b 0QY Y QY Y (1.19
0 TT—O O "MQY Y QY Y (1.20)

where @ is the volume of the particlé) the temperature of the plasma| the particle

w

temperatureC, the heat capacity, the surface area of the partidle, the latent heat of fusip

"Qthe heat transfer coefficient, and the melt fraction of the patrticle.

Heat transfer within the particle is significant when the Biot numbes (Biy/K;) of a particle

is higher than 0.1, because the temperature gradient withrattiele can be large. For special
shaped particle, a orttmensional model for particle heating and melting is used and internal
convection within the molten part of the particle. The temperature distribution inside the particle

described as,

"0 — . Q1 — (.22
| T |

wher e t hep dgeprebents the particle énd the properties of powder such as the density

LTY proL 1Y
i

, the specific hedi , and the thermal conductivil® are taken as local values. The boundary

conditions for a particle with melting interfaces are given as,

Ty

T3 (1.22
0 — 0 — 0" — (1.23
VN S . . .

1 QT—‘I U V] (1.29)
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wherei is the radius melting interface and is latent heat of fusion. An additional constraint

must be applied to the-smlidification interface , i.e.,

<
<

L Qi
0" =y (1.25

l

0 ]

Q

‘|

—a
—a

In the Eq. (1.24), the heat flux at the particle surface can be expressed as following:

0 “1 QY Y
0 a 0 (1.26)
0 ™15 .Y Y

where'Qis the heat transfer coefficiert, is the latent heat of vaporization afids the film

temperature defined as the average value of gas temperature in the cell where the patrticle is

located. At the immediate vicinity of the particle surface:

oy
y : (1.27)

Considering heat transfer by convection, evaporation and radiation, the heat transfer coefficient
is calculated as

. Qoo
Q - (1.28)
Cl
andNusselt number is calculated as
ol 8
v . 5 WHp - 8
D6 ¢ THYQ O i - Q Q"Q
Wr
a &)F,Tc“‘l ko)
A Wp
AQ%——“I o P (1.29)
Q o
) T
Q p S - [ =—U €
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wherefy is thefactor accounts for the effect of mass transfer due to vaporizdigs,is the
factor represents the effect of variable plasma propetfitiethe factor account for the effect of

variable plasma neoontinuum andn is the Knudsen number.

The internal energy source/sink terivf,, appearing in Eq(1.4), due to heat conduction and

exchange of kinetic energy between the plasma jet and the particles is given by

% QY Y —— 06 (1.30)

Carrier gas injection:

The carrier gas injected with the powder particles provides a sufficiently high velocity to the
particles so that they penetrate into the fast moving andt@igperature plasma fie]d5]. The

carrier gas is modeled as source/sink teis Y , and"y included, respectively, in the
conservation equations of mass, momentum, and energy in the plasma of the cells into which

the carrier gas and the powder particles are injected:

YA T (1.31)

"y ga 0 T (1.32)

v 2 a0y 2 4 2 oav oo vy (133
W W V)]

Here the subscrig€@lenotes th&) specied s the carrier gas mass flow rate, is the sum
of the volume of cells that contain the powder port éxit, is the total carrier gas mass flow
rate,0 is the injection velocity of the carrier gasis the unit vector along the direction of
the carrier gas injectioSPis the total number of specids, is the molecular weightQis the
enthalpy taken from the JANAF thermochemical Table that gi®esas a function of

temperatureQ is thereference enthalpy at 0 K, anfl is the universal gas constant.

1.4 Objectives of the dissertation

The overall aims of this work are listed below.
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1. Use a sciencbased methodology to design a controller to get consistency in the
MPSs for a single injectiogystem for an APSP.

2. Show that the above designed controller when supplemented by two more controllers
can be used to also control vertical positions of two powder particles injected through

separate injection ports.
1.5 Layout of the dissertation

The main boyg of the dissertation consists of three chapters mostly focusing on the adaptive
process control strategies for the APSP, starting from a single powder injection system to a dual
powder injection system for functionally graded coatings. The common thiad these
chapters is the use of a model reference adaptive control (MRAC) scheme for developing the
controller. The numerical studies of APSP are carried out using L-R\$aftware by choosing

the appropriate initial and boundary conditions and the valfipsocess parameters. Starting

with the second chapter, the contents of the dissertation are listed below.

The second chapter presents a scidrased methodology to develop a stable and adaptive
process control for the APSP to get the consistent MP&siafle injection system using ZrO
powder to meet the industrial standards and thereby decreasing manufacturing costs. The
methodology involves validation of numerical results with those available in the literature,
screening analysis to find which inpparameters have significant influences on the MPSs,
identification of the response function between the significant input parameters and the MPSs,
finding optimal input parameters for the desired MPSs by solving nonlinear response functions
using genetia| gor i t hm, l ineari zation of governing
temperature around an equilibrium point and its validation using system identification approach,
design of adaptive process controller using the MRAC for the APSP, its implation, and

testing the performance of developed proposed adaptive controller using -PAMA two
examples problems for artificially induced disturbances. This controller has an adjustable tuning
mechanism to cope up with the effects of unknown dishuds

The third chapter focuses on the modification of the developed adaptive process control
presented in the second chapter to improve the robustness to various disturbances by

incorporating bounded disturbance formulation into the design of the centrdlhe
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modifications consist of sigma J modified MRAC and inclusion of lovirequency learning.

The ,, modification improves the robustness in the presence of the external bounded
disturbances and the lefrequency learning enables the fast adaptidh@MPSs to the desired
values using higlgain learning rates. The performance of modified robust MRAC -(MR
MRAC) is compared with the MRAC using LAVR for several example problems.

In the fourth chapter a methodology, similar to the methodology presentied secondnd

the thirdchaptes, is developed for the ARBGCs to get consistency in the desired location of
metallic and ceramic particles and desired MPSs at the impact on the substrate. Three adaptive
robust adaptivecontrollers are developed two controllers to achieve the same averaged
locations of metallic and ceramics particles transverse to the jet axis before they impact on a
substrate and one controller for achieving the desired profile of MSPs. The performances of
these controllers are tesl using LAVAP in the presence of artificially induced voltage

variation as disturbance for 5 layered NiCrAZYO, functionally graded coatings.
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2.1 Abstract

The coatings produced by an atmospheric plasma spray process (APSP) must be of uniform
guality. However,lte complexity of the process and the random introduction of noise variables
such as fluctuations in the powder injection rate and the arc voltage make it difficult to control
the coating quality that has been shown to depend upon mean values of powder pagts 6
temperature and speed, collectively called m
the substrate. Here, we use a scidmaged methodology to develop a stable and adaptive
controller for achieving consistent MPSs and thereby dectieaseanufacturing cost. We first
identify inputs into the APSP that significantly affect the MPSs, and then formulate a
relationship between these two quantities. When the MPSs deviate from their desired values,
the adaptive controller is shown to succekgfadjust the input parameters to correct them. The
performance of the controller is tested via numerical experiments using the software;R,AVA

that has been shown to well simulate the APSP.

2.2 Introduction

The atmospheric plasma spray process (APSR) isproduce a variety of coatings such as

low porosity, thermal barrier, wear and corrosion resistant, and functionally graded [1], is
schematically shown ifrigure 2.1. Coatings of thickness less than a few micrometers are
categorized as thin, and others as thick. Besides an APSP, coating techniques include
electroplating, chemical treatments, hot dipping, chemical vapor deposition, physical vapor
deposition (e.g., ewwration, puttering, ion plating), and pulsed laser deposition. Primary
characteristics of coating processes are sum
The methodology of finding significant input parameters and controlling them toqgaadyood

guality coating described in this paper is applicable to the al@wdioned processes and to

other technologies like hot forging and machining. Details are provided below only for an APSP.

An APSP involves plasma formation within a gun nozzle, particle injection into the plasma jet
flowing out of the nozzle, particle heating and acceleration during their motion in the plasma,
and coating formation on a substrate. Usually, a mixture of arggn-@&60 slm (standard

liter per minute)) and hydrogen {§H-0-15 sIlm) injected into the gun nozzle is ignited by a high

intensity arc between tips of a cathode and a waieled anode. The arc intensity depends on
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the current (~30®00 A), the voltage 30-70 V), the distance between the anode and the
cathode, their geometries and the gun efficiency. The resulting plasma jet emanating from the
nozzle outlet has the maximum temperature of ~ 14,000 K, and peak velocity of ~ 2.5 km/s at
its centerline, andteep temperature and velocity gradients in the radial direction*(k/frin

and 5x10/s) [3], [4]. In general, microsized powder particles (~3100 um) and a carrier gas
(typically Ar) are injected vertically downward through the powder port to reachahcore of

the plasma jet. These particles are heated, partially or fully melted, accelerated towards the
substrate situated at ~1% cm from the nozzle, and are deposited on it to form a coating.
Complex interactions between the plasma and the popaieicles significantly influence

coating properties and repeatability, and hence the process cost [5], [6], [7]-

Voltage , Current, Efficiency Powder & Simulation Region

I_ Carrier Gas 4 Subitrﬂlc

Cooling

Water
Ar \
}
H2
Cathode dr_

Plasma Jet

Particles

Figure 2.1: Schematics of an APSP [3]. Gases injected into the gas gun pass over the arc to
form a plasma that exits the gun. Powder particles through the powder port are injected into
the plasma and travel with it to the substrate= particles are heated during their trajectory in

the plasma. The plasma exiting the gun outlet and trajectories of particles injected into it are

numerically simulated to find particlesd te
plasma.

A smal |l di sturbance in process parameters cC:a

and axial velocity (collectively called meanpar c | es 6 st at es, MPSs) and

[8]. These disturbances can be caused by nozzle wear, powder port (injector) wear, pulsing of
powder due to | eaks, worn parts in the powde
wear can be causdxy angular shaped particles interacting with its inner surface. Fluctuations

in particlesd mass flow rate can occur due t
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gas flow rate. Whereas the particle dwell time in the plasma-id m$, the arooot fluctuations
havetimescalesof the order of 18 1 102 ms [7], [9], time constants of the powder feeder
instabilities are in the range ofi1200 s, and the electrode/injector erosion occurs in minutes.
Hence mitigating their effects on MPSs in ewf ms by suitably varying significant input

parameters using a retine feedback controller can maintain consistency in the coating quality.

The development of a controller requires how input parameters (e.g., current, gas flow rates)
affect MPSs. Choudlry et al. [10] and Zhang et al. [11] used an artificial neural network (ANN)

to establish such relationships. Even though an ANN can reveal complex nonlinear interactions
amongst dependent and independent enthngand bl e s,
is computationally expensive [12]. Some of these limitations can be overcome by using
statistical design techniques such as screening, féglorial, and the response surface
methodology. One can then focus on delineating effects of the pracess parameters and
crossinteractions amongst them on the outpatameterse.g., see Mawdsley [13] for the 2

level factorial design based multiple regression, and Li et al. [14] for the uniform design of
experiments to develop regression equatidrisese investigations did not consider noise

variables.

Srinivasan et al. [15] explored controlling the MPSs by using a monitoring system with a
feedback controller to vary the primary gas flow rate and the current. Kanta et al. [16] used two
ANNSs T one b predict the process input parameters and the other to pretlighirtMPSs, and

a fuzzy logic (FL) controller to adjust the former for keeping MPSs within their prescribed
bounds. Planche et al. [17] developed an automatic system using an ANN to dfe8& for

the desired coating properties, another ANN to predict the needed input process parameters, and
two FL controllers to correct errors in predictions from the ANNs. Finke et al. [7] developed
reaktime diagnostics and control by monitoring the MR#id adjusting the input parameters

with a proportionaintegratderivative controller that employs a manually selected constant

gain factor. These controllers did not consider the effects of random noise variables.

The motivation, then, is to develostble and adaptive controller for an APSP to achieve the
desired MPSs. The adaptive controller presented here has an adjustable tuning mechanism to
cope up with effects of unknowdisturbances ankdas been designed using a model reference

adaptive controfMRAC) scheme based on the linearized dynamics of the MPSs.
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2.3 Methods

2.3.1 Development of Mathematical Model of the Problem

A major challenge in developing a sciedmased model of a physical problem is to capture
physics relevant to all important phenomenahsas the plasma jet exiting from the nozzle

outlet, chemical interactions amongst the jet constituents, the drag force experienced by powder
particles injected into the plasma, heat tra
interaction withthe air surrounding it. The mathematical model of the APSP developed in this
paper is based on the followingssumptions. (1)lrhe plasma jet exiting the nozzle is
axisymmetric, is in local thermodynamic equilibrium, and is composed of a mixture of
chemicaly reacting constituents with temperatutependent thermodynamic and transport
properties. (2) Chemical reactions among different species including ionization, dissociation,

and recombination are considered, and the turbulence is simulated by usirantaed® ~

model. (3) The arc voltage fluctuations in the plasma nozzle are neglected because of
difficulties in expressing them in terms of gases injected into the nozzle, the anode and the
cathode materials, and the distance between them. (4) Powdietepaare rigid spheres,

randomly vary in diameter, do not interact with each other, exchange heat with the plasma, can
melt due to temperature rise, and the internal convection within a molten particle has a negligible
effect on the heat transfer. (5)pdwder particle is regarded as a point mass for simulating its
heating, melting and solidification [6]. The volume fraction of the melted material is computed

by considering the latent heat of melting. (6) Effects of gravity and buoyancy on the plasma jet
and particlesd trajectories are negligible ¢
[19]. (7) The effect of the carrier gas flowing through the powder port at ~ 5 slm on the plasma

jet is negligible [6].
Justification of assumptions

Assumptia 5 considerably simplifies the analysis of heating of particles, has been shown by
other investigators to give fairly accurate results that are close to the experimental observations,
and saves considerable computational resources. Assumption 6 is bbads@tause of large

di fferences between particlesd and the plas
assumption 7, we note that even though the injection of the carrier gas and the powder particles
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adversely affects axisymmetry of the plasmangar the powder injection port, however, the

effect islocal, and the plasma jet is nearly axisymmetric away from the powder port.

The injection velocity (speed and direction)
are randomly assigned Wih their prespecified ranges to achieve the desired powder mass

injection rate.
2.3.2 Governing equations and solution techniques

For brevity, we refer the reader to Sections 2, 3 and 4 of Shang et al. [3] for details of the
governing equationsfortiel as ma model ed as a mi xture of di
trajectories and heatingh& software LAVAP numerically solves these equations by the finite
volumemethod fronmover the simulation region exhibitedkigure 2.1 and using the following
boundary conditions (BCs) [20] for the temperature, the velocity, and the turbulence variables

at the nozzle exit plane.
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Here"Y is the plasma temperatuneandv, respectively, are the radial and the axial velocity
componentsR andRo, respectively, are the inner and the outer radii of the nozzle " gad
W, respectivelyare the plasma temperature and the axial velocity at the nozzléveigtthe
torch wall temperature; an@and -, respectively, are the turbulence kinetic energy and its

dissipation rate. Coefficients andny indicate how fast the temperatumedethe axial velocity

decrease in the radial direction; tlkeaxis is in the radial direction,— equals the

maximum value of the radial velocity gradient; the parametgetermines the shape of the
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profile, andlio.1 equals the jet width at the location whére 1w . The torch wall is assumed
to be rigid where nalip condition holds [20]Y represents the ambient temperature. Open

boundaries and downstream boundaries are considered as either inward or outward flo
conditions [20]. On the axis of symmetry= 0, BCs arai = 0 and— — = 0. Initially, the

simulation region is filled with quiescent air at room temperature.

Following [20], we choosé and¢ | and iteratively find'Y andw so that the total mass flow
rate and the energy output from the nozzle exit differ by less than 1%, respectively, from their

input values into the nozzle.

For the specified powder mass injection rate, the software calculates the number of particles for
a givenaverage injection speed, and assigns them a random velocity when exiting the powder

port.
Parameter values

Values assigned to parameters &e: 0. 39 mmR, = 15 mm, the gun efficiency = 0.Tp =
300 K,Pp = 85.5 kPaTw= 700 K,a=0.015. Vales of material parameters used for the zirconia
(Zr) powder particles are listed in [#igure 2.13in the Appendix represents the distribution

of particlesd6d diameters used in simulations,

the location of the observation window usedtosnear e parti cl esd6 temper a
Measure of quality of computed results

The deviation of the computed results from those measured experimentally are quantified by

using the following k-norm, Q, of the difference between them.

Q - — (2.2)

wheres represents either the temperature or a velocity component. This provides the average

of deviations between the computed and the experimental valuestifer than the maximum
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difference between them at any location. A local spike in the differenceasraall distance

has the same effect & as a small difference over a large distance.
2.3.3 Finding optimal input parameters for the MPSs

Three steps involved in finding values of the process input parameters for achieving desired
MPSs are screening, findjnresponse functions relating significant input parameters to the
MPSs, andusing a genetic algorithm (GA) to solve nonlinear algebraic response function
equations for the input parameters when the MPSs are presdriieedcreening analysis ranks

the influence of each process parameter on the MPSs to identify which ones should be included
in developing response functions for the MPSs. To investigate statistical significance of process
parameters and interactions between any two of them, a complete paynbatileast degree

2 is needed. Here, we use a complete polynomial of degree 2, employ the analysis of variance
(ANOVA) to statistically quantify the significance of various terms in the polynomial, construct

an objective function in terms of the twosrp onse f unctions (one for
temperature and the other for the velocity), and use an GA to find values of the significant

process parameters from the response functions for desired MPSs.
Screening of process parameters

We us e Mxlobaliosefactoratattime (OFAT) screening method to rank their effects

on the MPSs as: (1) negligible, (2) linear and additive, and (3) nonlinear and/or involved in
interactions with other process parameters [21]. As explained in [21] and [22]uiteseq
calculating elementary effects (EEs) of a randomly chosen value of one process parameter at a
time on the MPSs. We assume that each MPS is a-s@dileed function o¥ process parameters

6 "Q piB Ix that have been normalized to vary between 0 afih¢ho is discretized into a
pi level grid mh—h—TFB Ip wherep is an even integer. Witihk ——, the EE of thei®

parameter at a randomly chosen base ggint 6 8 6 is defined by

womMh B oM (2.3

lm <>Z

£ 1o
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The value of0O ¢* equals the sensitivity of the MR8enoted bywin Eq. (2.3)) to thei
parameter at the base poiit The mean’ hand the standard deviationpof the QO of thei®"

process parameter are computed using

HQ pfB Ix 8 (2.9)

Here,06 "Q pfBH arei randomly chosen base points, &3@ represents thEE of the

i'" parameter at the base point 8Values of* and, identify process parameters that have
negligible (low' Hinear (high* and low, ), and norinear and/or interactions (high and
high,, ) effects [21], [23].

Identification of significant input parameters using analysigasfance (ANOVA)

The results of ANOVA are meaningful only if the input values used in the design of experiments
are independent of each other [28&., the correlation coefficientp| between the input

variablessy ands» defined by

Wi (2.5)

is very small. Here superscrifitrefers to the-th observation out af observations, and a bar
superimposed on a variable indicates the mean valnel$ervations. Thé ihas the range |

1, 1], its magnitude indicates the strength and sign the direction of the linear dependence
between the two variables [24]. Thee sigh means that variables and, have opposite

effects.

To investigate effects of the main and the cfiogsractions between process parameters on
MPSs, we use ANOVA by considering a complete polynomial degree of 2 given §2.&q.
to fit the computed data to the MPSs.

@ & &6 (2.6)
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In Eq. (26) represents the normalized fit to the MPS®
O REQ A T QD H'Q H ) i) FORQ and the vectob represents the sensitivity
coefficients that quantify the effect of an elementuadn the output [24]. To delineate the

importance of the parametér in the arrayo, we define a new model

® 5 ® w0 (2.7)

that omits the ternd from the sum in E¢(2.7). The sum of squareS$§ associated witld

is given by

Yy @ ) O 5 (2.8)

HereU equals the number of samples, abthe mean of the vectah The mean squares is

defined a®) Y ——, whereQO is the degree of freedom of the paraméter The value of

0 "Y is used tdest the null hypothesis by calculating the ratio defined a80  ——, where

0 "Y is the mean squares associated with the residual eri@ridfless than the standard value
of its F i distribution, then the parametér is significant. The significance of terms in Eq.
(2.6) is calculated by using the null hypothesis with 0.5% rejection, i.e., ifpthalue
(Probability >F) for & is less than 0.005 then will be significant [25] in evaluating

Finding the response functions, i.e., expressions for MPSs in terms of significant process

parameters

The response functions or equivalently expressions for the MPSs in terms of significant process
parameters are found by performing numerical experiments by using the full factorial approach.
For the number of significant processing parameteasandb levels for each parametdr®
simulations are conducted. The coefficients of the response functions(b@qre estimated

by using the linear regression analysis, finding R? where
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B %
Y = (2.9)
B & 6

The value oR?close to 1 means that the model accurately captures the variability of the MPSs

with the change in process parameters.

We note that Batra and Taetragool [26] used the response surface methodology and the

regression analysis to relate MPSs to the sigmifigcgput parameters.
Solution of nonlinear algebraic equations using the genetic algorithm

The GA explained in [27] is used to solve, within a prescribed error, the nonling@@dor
the significant i nput parameters for desire:i

MATLAB with default values of parameters to minimize the Error defined by

Ol i &1 Y Y& 0 U E (2.10)
where thededubepnrieptentts the desi 0glland@l ue o
respectively, denote the Ar flow rate, theftdw rate, and the curreniVe accept the solution

that reduces the normalized error to less thah 10
2.3.4 Development of Adaptive Controller

The objective is to develop an adaptive controller for the APSP to maintain MPSs within the
prescribed range whendlaverage powder injection velocity and the arc voltage change. The
design criterion is to attain the desired MPSs in less than 50 msfotr & 0 ¢ 1© &7t

0 ¢ 1t aftando mét C o TGS

Developing the adaptive controller involves the fadilng five steps: a mathematical model, the
system identification, controller design, implementation, and testing. These are briefly

explained below.

Approximate Mathematical Model for the MPSs
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We find below a relation between the inputs and the outpytinearizing the nonlinear

A

dynamics of particlesd states around a known
Recall that a particleds temperature is foun
in the plasma is affected byloy t he drag force exerted on i
accel eration, g &eaf moton, edqusls the dragtfooca divileddy its mass.

That is,

00 =5 §F (2.11)

where= O LU is the particle velocity vectoss the plasma velocity, mean mass
density of the plasmd, the particle mass density, the particle radiusF  the velocity of

the particle relative to that of the plasma, = = ,andd the drag coefficient.

The heating of a particle is governed by

. aY
O H— bQY Y (2.12)
Qo

where is the particle volume€Y the plasma temperature the particle temperaturé the
specific heat capacityy the surface area of the particle, dfthe heat transfer coefficient.
Usingd t“i andw -“i (r equals the particle radius) in E(R.12) the particle

acceleration in the axiay{) direction and its temperature are given by

D o c” 0 A 213
95 m,,—i—& s 0O 0O (2.13
avo 08 s ve 214
Q6 16 ° ° (214

where0 0 and0 O are, respectively, components=f 0 ands 0 in they-direction.
Equationg(2.13) and(2.14) are P order nonlinear ordinary differential equations withand

“Y as excitations.

To develop an approximate model for the MPSs as a function of the Ar and flosvHates

and the currenit we assume the following affine relations:
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where®p B ooy, and®p B oy are constants.
Substitution from Eq(2.15) into Eqgs.(2.13) and(2.14) gives

Q0o c” 0 .
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HeresY sequals its value in the steady state configuration around which the equations are
linearized. Neglecting the bias termis, andy, in Eq. (2.16) results in thedllowing multi-

input multroutput (MIMO; 3 inputs and 2 outputs) stagace (SS) model for the MPSs.

VO GOLO

YO 0O

ol U
AV (2.17)

D 0
b 0

0
0

S5« D¢

‘™
‘00

Ca C2
Sa &2
ca CR
€ &

Values of constant$ hd fo FEshd  in Eq. (2.17) depend on the equilibrium point, value of

SY sat the equilibrium pmt, and are estimated using the inputput data.

We will verify in the Results section that E.17) well represents deviations from the
equilibrium point of the NPSs.

System identificatian

For estimating constants in H@.17), we use the following sinusoidal variations in the input
variableu =P, Qor t
6h O prThi
00 6 o i"Q‘s'c‘)'p')l‘T‘c') i"QJs'c‘)”pn‘c') i Q¢ 0 pm 5 prl (2.18
0O i Q¢ 0 pmm 0 IQg o0 pm
whered is the base valued b b M and 6 are amplitudes of perturbations;
1 h h h and frequencies, andthe time in ms. According to [28] the input variations
given by Eq(2.18) are sufficiently rich as they contain enough frequencies of excitation. Values
of the 11 vambles 6 b O MM h h ] are chosen using the Latin Hypercube
sampling approach based on the normal distributions with the megaand the standard
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deviation (). The corresponding MPSs are calculated in the observation window at a sampling
time of 0.01 ms. The values of parameters in(Ed.7) are estimated by using the siratdd

(with LAVA-P)inputout put data and the MATLAB tool box
[29] the prediction error method (PEM) fr ame
order of the system = 1, input delay = 0, form = canonical, feedghre 0, disturbance model

= none, initial states = 0, and the weighting scheme for singalae decomposition = the
canonical variable algorithm. The entire igddPS data of each sample is first processed by
subtracting from it the mean value. Nexte thutput data is smoothened by using a moving
average of 100 data points to reduce noise in it. The resultingonpuit data is divided into

two equal parts; the first part is used for estimation of parameter values and the second part for

validaton.The qual ity of model prediction is measu
as
"0Qo G 2.19

PTR o (2.19)

wherewis the predicted output for the inputwis the mean of the output, armd £indicates

the Lonorm (or the length) of a vector.
Controller design

The linearized MIMO SS model, E§2.17), for the MPSs around an equilibrium point is

rewritten as

\ \ o \ \ 5 5 5 6 (‘) \ Al
o (V] T VO (0V) w W 6 5 ﬁ U Tt U
YO T @ Yo O ® W O %) Y (2.20)

Herewd 0 ORYO istheoutputvectog 6 0 6 ) 0 HOdO the input vector, and
mat r Abc ecaBdddd@ pend on the equilibrium point (i
matrix A is Herwitz and the plant is controllable, i.e., for any desired odiput there exists a
sequence of inputs T p B M Q such thato Q@ &  within an aceptable tolerance.
The model reference adaptive control (MRAC) algorithm involves two lodps inner loop

consisting ofeedbackand the outer loop of an adaptive mechanism for the controller as shown
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in Figure 2.2. Based on Eq(2.20), we choose the following reference model for updating the

controller gains

O T 0
vy (2.21)

<
o O
¢

0 0 & 1T U O O T
Y O mT ® YO mT © ®»

Reference model for
mean particles’ states

Disturbances/Noise
parameters

Tracking
Desired mean e APS % errors
particles’ C)vﬂﬁer n + >()
puts Process Measured
statles (Ar, H, Current) mean particles’
states

Adaption law

Figure 2.2: Schematic of the model reference adaptive controller (MRAC)

Using MPSs at the instant of a perturbation initiation as the initial conditions, the outputs
and"Y of the reference model asymptotically converge, respdgt to the desired outputs
and”Y with the rate of convergence depending on the parameterandd . In order for
the MPSs0 0w ¢ YO from LAVA-P to asymptotically track the reference outputs

U O0WEe Y O, we consider the following control law:

00 0 0 b6 O 6 0 o 0 o y o

0O O 0 s 0 o 0 o 0 o

; Yo o ; Y o (2.22)
(@) L O L O U O U O U O "y

The objective is to design an adaptive law that guarantees (a) the stability of the control system
(controller + process dynamics), and (b) the MP8 tracksw o within a small band for

all finite inputs6 0 . The theory for designing the adaptive controller is given in the Appendix.
As explained there, for positive definite matri&é@and0, we find gain matrice8 6 and0 ©

by using the following adaptive law:
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Implementation

By assuming that the LAVA represents an actual plant, we discuss implementation of the

adaptivecontroller. We assume that the MPSs reach their desired values in 50 ms, and set

T[EB)nénEB)nnEB)

Tt T[EB)n T ™ ™

for the reference model. For the tracking error to be asymptotically stable, there should exist a
positive definite and symmetric matrixsuch thato ‘G R Q'YQ m[28]. A different
choice of 'Y affects the transient response but not the boundedness and the asymptotic

convergence of the error. We choose

Y O O N not® o i (2.24)
whereo 0 O O isthe optimal solution obtained from the GA for the desired
outputi U T Y T T at 0 TBFor example, fori wn¢yYyum ,

0 o 8t ysoo 1T P, the initial gains from Eq2.24) are
T T TBITT TT Tt p ¢ O1
0 m mnhno TSI T TT @81 TT O @t (2.25)
m Tt TIMTUPT OmM

The next step is to choose an appropriate adaptive gain risfivixthe APSP. The theorem
presented in supporting material only requires tfabe positive definite. Lacking any

systematic way to fin@hthe following form is found by trial and error:

[ pm T T
Q T o pm 1 (2.26)
i 1 [ pT

wherel I and[ are tuning parameters f&, Q and |, respectively. By tuning these
parameters, one can adjust the MPSs intresd remembering that a large valug afan make
the MRAC unstable.
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Figure 2.3 shows the proposed intelligent adaptive process control scheme for the APSP to get
consistent MPSs. At the start of the process, values@#ndl| are predicted using the response
function, the desired values of MPSs, and the GA. These are useditotfai@stimates of the
controller gains from Eq2.24) which are then used to calculate inputs from @2) to be

used in LAVAP. During the spray process, the MPSs are measured in the observation window
from LAVA-P at every sampling time, and the inputs are adaptively varied by the MRAC that
updates the gains to minimize thadking error using Eqg2.21) and (2.23), and achieve
desired MPSs. The contrallstops the process (or the plant) if any of the inputs reach their

limiting values.
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Figure 2.3: Schematic of the proposed adaptive control scheme for an APSP

Testing

The proposed adaptive control scheme is tested with software LRWar disturbances

introduced either in the average injection velocity or in the arc voltage.
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2.4 Results and Discussions

2.4.1 Validation of the software
Plasma Flow

The Ar plasma jet profile computassing LAVA-P and the Miller S&00 plasma gun is
compared with Wi lliamson et al . 6s [ 30] expe
operating parameters. That is, current = 900 A, voltage = 15.4 V, gun efficiency = 70%, Ar flow

rate = 35.4 sIm, no#z inner diameter = 8 mm, and nozzle outer diameter = 66.6 mm. Values

of "Y andw in Eq. (2.1) are estimated, respectively, as 11,000 K and 1,100 m/s. Converged
values of "Yhwhllht and¢ that satisfy the balance of mass and power are, respectively,
found to be 12,913 K1,092 m/s, 0.00015, 2.3, and 1.4.

The computed and the experimental distributions of the steady state plasma velocity and
temperature along the jet axis£ 0) and on the radial ling= 2 cm are compared Figure
2.4. With timet = 0 when the plasma jet exits the nozzle, the plasma was found to reach a steady

state at 4 ms with at most 1% error (pointwise) in the axial velocity and the temperature in the

computationatiomain.

1500 T T T T 15000 1000 T T T 10000
—Simulation [Present] L —Simulation [Present]
- = Experiment [Williamson et al.] -\ = Experiment [Williamson et al.]

- —Simulation [Present] = = 800 —Simulation [Present] -+ 8000 T
T b = Experiment [Williamson et al.] o S I = Experiment [Williamson et al.] o
= 1000 10000 5 = 5
F }\\\- £ £ 00 " 6000 @
3 o 3 o
. £ @ £
> >
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g - @ g n o
» L a » 200 2000 =
2 T s N

O 0 0 “\L.._._ g = = = 0
0 2 4 6 8 10 0 0.5 1 15 2
a) Distance along jet axis (cm) b) Distance from jet axis (cm)

Figure 2.4. Comparison between the simulated and the experimental results of Williamson et
al. [30]: (a) plasma axial velocite{= 14.82%) and plasma temperatueeX 5.59%)
distributions along the jey{) axis, (b) plasma axial velocitgx(= 5.24%) and temperature: (

= 11.9%) versus the distance from the jet axis on the radiaf #1&cm. The decaying trends
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along and perpwlicular to the jet axis of the computed and the experimental temperatures and

the axial velocities agree qualitatively and quantitatively.
Particlesd temperature

Powderparticles are injected one at a time into the plasma through the powder port &cated
the point k=8 mm,y = 6 mm) at = 5 ms, and their trajectories ti- 10 ms are recorded. The
computed average values of particlesd axi al
(9.5 « 10.5 cm, shown ifrigure 2.13 of the Appendix) at= 9. 1, 9.2 ¢, 9.9
compared irFigure 2.5 with their experimentavalues of Smith et al. [31]. Smith et al. [31]

used a twecolor pyrometer, IPP2000, and a spray pattern trajectory (SPT) sensor to measure,
respectively, the average temperature and the axial velocity of particles flowing through the
observation window. Téy emphasized that the SPT sensor was focused on a narrow zone near
the plasma jet axis but did not list coordinates of the sensor location. To compare the computed
results with the experimental findings of Smith et al., they are divided into three dpasgrs

on their diameters in the ranges&Dum, 5671 um, and 85100 um. The variations with the

axial distancey from the nozzle of the average axial velocity and the average temperature of
particles at tim& = 10 ms are shown iRigure 2.5a,b. The computed particle characteristics of
small particles are close to those measured experimentally. However, computed results for the
medium and the large sigmrticles differ from the corresponding experimental findings. At
some axial locations, the difference in the mean axial velocities of particles in each of the two
groups is about 50%. The smaiked particles have higher axial velocity because theseaiby
accelerated by the plasma jet. The results depictédgure 2.5b reveal that the computed
average temperature of particles agrees well with thatsured experimentally. The
temperatures of the smalize particles are higher than that of large particles due to their in
flight motion near the hotter jet axis. The smaller size particles have melted by the time they go
out of the observation windoand arrive at the substrate. By observing the plot (not included
here) between temperature vs size of injected particles, we note that the temperature of the
mediumsize particles (4565 em) stays close to the meltin
flight path. Many of the large particles are only partially melted or even not melted at all.
Recalling that the heating model (cf. Eg.11)) regards a particle as a point mass, a large
particle requires more time to be heated to the melting temperature. Larger particles have low

axial velocity resulting in more residence timeha plasma jet which helps in their being heated
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up. Also, some large particles travel farther away from the jet axis where the plasma temperature

is not very high and hence are either partially melted or not melted at all depending upon their
locations inthe plasma jet.
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Figure 2.5: For particles divided in three groups of different sizes, comparison of the
computed and the experimental results for a) the axial velocity and b) the temperature along
the axial distance. Solid Ilines represent me
temperature. Zrepart i cl es of random sizes between 5
plasma at = 5 ms to achieve a mass rate of 20 g/min. The particle sizébdtion and the
location of the observation window are exhibitedrigure 2.13 of the Appendix.

2.4.2 Input parameters that significantly influence the MPSs

Keeping the applied voltage, the average powder injection speed and the particle size fixed at

50 V, 10 m/s, and 3@00e m, respectively, we present resu
parameters, namely the current, the Ar flow rate, théldiv rate, the powder feed rate, the

spray distance, and the injector locatignxX) along and perpendicular to the jet axis. Thei
minimum and maximum values considered are: Current (A) 300, 6d@vrate (sIim) 2, 12;

Ar flow rate (slm) 30, 60; powder feed rate (g/min) 10, 40; sta#hdistance (cm) 7.5, 12.%:

location of the injector (cm) 0.4, 1.0, ardbcation of the injetor (cm) 0.6, 1.0.
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Screening using Elementary Effects

We choose = 8 in Eq.(2.4) [24] and investigate the influence of the seven parameteps=for

12 andp=20resultinginp x p

¢ tsimulations needed for this study. The mean and

the standard deviations BEs of the MPSs are depictedhigure 2.6. The results associated

with p = 12 andp = 20 arequalitatively similar. The standff distance, the powder feed rate,

and thex-location of the injector are the least significant parameters since theirbisaave

low values. They-location of the injector, the current and the Ar flow rate havelimear

effects and/or interactions among them as signified by high values of the mean and the standard

deviation for them. The Hlow rate has the least effect on the mean axial velocity but a strong

effect on the mean temperature. Accordingly, the Ar flatg, the current, thelocation of the

injector, and the Hflow rate are considered as significant process parameters for developing

the response functions.
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Normalized mean temperature
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Figure 2.6: The standardeviation vs. the mean of elementary effect for normalized a) mean

axial velocity and b) mean temperatuRe< Ar flow rate,Q = H> flow rate,l = Current, SD =

Standoff distance, PFR = Powder feed ralgs y- location of the injector, and, = x-

location of the injector). High values of EEs foiP, Qanddy signify that they are significant

parameters.
Screening using ANOVA

The maximum and the minimum values of the process parameters and the MPSs used for the
ANOVA are: Current (A) 350, 550; Hflow rate (slm) 2, 10; Ar flow rate (sIm) 35, 5%;
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location of the injector (cm) 0.4, 1.0; maximum axial velocity (m/s) 69, 137; mean temperature
(K) 1,638, 3,103. The results of the ANOVA test for the MPSs are givéabie 2.1. Based

on the null hypothesis, we find that all process parameters irff28).for both MPSs are
significant since theip-values are almost zero. Even though phealue for the interaction
betweerQ anddy is greater than 0.005, those f@ianddy are less than 0.005.

Table 2.1: ANOVA results for the quadratic fit of the mean axial velocity and the mean

temperature
Mean axial velocity Mean temperature
Degree

Sum Mean Sum Mean
Parameters  of F F

squares  squares Prob>F  squares square Prob>F

freedom value value

(SS) (MS) (SS) s (MS)
P 1 0.962 0.962 6438.5 <0.0001 0.442 0.442 635.2 <0.0001
Q 1 0.047 0.047 312.7 <0.0001 0.464 0.464 667.3 <0.0001
I 1 0.402 0.402 2693.1 <0.0001 0.377 0.377 542.4 <0.0001
dy 1 0.323 0.323 2161.1 <0.0001 0.069 0.069 98.5 <0.0001
PQ 1 0.016 0.016 107.1  <0.0001 0.145 0.145 208.8 <0.0001
PI 1 0.021 0.021 143.2 <0.0001 0.225 0.225 323.2 <0.0001
Pd, 1 0.011 0.011 76.4 <0.0001 0.111 0.111 159.2 <0.0001
Ql 1 0.081 0.081 543.8 <0.0001 0.115 0.115 165.0 <0.0001
Qd, 1 0 0 0 0.9821 0.003 0.003 4.2 0.04
Idy 1 0.002 0.002 10.8 0.0011 0.188 0.188 270.3 <0.0001
P? 1 0.042 0.042 278.7 <0.0001 0.013 0.013 19.3 <0.0001
Q? 1 0.025 0.025 169.6 <0.0001 0.180 0.180 259.3 <0.0001
12 1 0.064 0.064 430.2 <0.0001 0.109 0.109 157.1 <0.0001
dy? 1 0.016 0.015 103.7 <0.0001 0.013 0.013 19.3 <0.0001
Error 610 0.091 0.00015 0.424 0.0011
Total 624 23.1 175

From results of the ANOVA and theEs,and for illustrating the development of the controller,
we henceforth take the Ar flow rate, the current,ythecation of the injector and thexHow
rate as significant process parameters for developing the response functions. Values of the

probability are indicated in bold font to easily decide which parameters are significant.
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We now present sellts for the response functions for the MPSs from the numerical experiments

designed by using the full factorial approach for the 4 significant process parameters and 5 levels

for each parameter that requite @ ¢ simulations. The five values of the foparameters
are: 350, 400, 450, 500 and 550 A for the current; 35, 40, 45, 50, and 55 sIlm for the Ar flow

rate; 2, 4, 6, 8 and 10 sIm for theftdw rate; andQ =4, 5.5, 7, 8.5 and 10 mm for the powder

injection point located & =0.8 cm. The ar

vol tage,

t he

aver age

par

the powder feed rate, and the powder particle size, respectively, are kept fixed at 50 V, 10 m/s,
20g/min,and301 00 & m.

10.5 cm.

Values ofc i(computed using the definition in E(R.5)) providing the correlation among all

parameters (process parameters and MPSs) are listalm2.2. The correlations between the

The

MP S's

ar e

c al

cul

atwed

f or

process parameters are indeed zero; hence they are independent of each other. Thus, the

corresponding MPSs are statistically significant. Theetation coefficients suggest that the

dependence of MPSs upon the Ar flow rate is strong. The dependence of the mean axial velocity

upon the current is minimal. The correlation between the mean temperature and the Ar flow rate

is negative, which implies &t there exists an inverse dependence between them. There is also

inverse dependence between the MPSs and the injector location algraxtb.elThe correlation

coefficient between the mean axial velocity and the mean temperatOrt87swhich implies

that the mean axial velocity does not depend upon the mean temperature.

Table 2.2: Correlation coefficients between the process parameters and the MPSs (Symbols
O RGndQ are defined irFigure 2.6)

1

0 1

0 0

0 0
0.71 0.50
-0.60 0.56

1
0
0.13
0.35

1
-0.46
-0.35

1
-0.07 1
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Response functions

The coefficients of the quadratic expression in(B&) are estimated by using linear regression
analysis on the data from the full factorial approach (625 simulations) resulting in the following

response functions for the MPSs.

0§ MT Y M@ xlp ™ ™WTY 18 XP; ™™o 1810

MIoxQr TrwpO MWpoQ; mWixW mWrep Bl (2.27)

T N p
“Yi U@l ™Wop T WO ™R ™Kd ™ LEO

™ TPQ; T MWPO0 WK Qr T oG TWITh (2.28)

™ok T®CO TWTRRN Y Ty
Here sudbscepptesénts the normalized paRameter
values of 1 and 0.98, respectively, for the mean axial velocity and the mean temperature imply
that the postulated expression in Eg6) is a good representation of the numerical data. The
validity of the response functions in E8.27) and(2.28) are tested for a new set of process
parameters and the corresponding results are list€dhile 2.6 of the supporting information.

For these cases, the percentage error is less than 2%.

2.4.4 Values of process parameters for desired MPSs obtained by solving
Egs. (2.27) and (2.28)

The solutions for arbitrarily selected values for the desired MPSs computexhibyizing the

error defined in Eq(2.10) using the GA are summarizedTable 2.3. For a given gas gun, the
powder injection port location is fixed. Hendgcannot be changed and we work with three
significant input process parameters, namely, the current, the Ar flow rate angfline Fate.
Recalling that the GA solution depends upon the seed number, results for the first seed number
are provided inTable 2.3 and those for the second set of seed numbefalnte 2.7 in the

Appendix. Results from the two sets of seed numbers are similar to each other.
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Table 2.3: For desired MPSs values of the three process parameters found from the response
functions using the GA with the first set of seeanbers, and comparison of desired MPSs
with those found using LAVAP with the GA provided values of the process parameters

Difference

) . Simulated valuesi between desired
Desired values Solution from GA

LAVA -P and simulated
values

v(m/s) T(K) P(sim) Q(slm) 1(A) v(m/s)  T(K) v(%) T(%)
90 2600 38.09 2.87 394.98 90.5 2594 -0.5 0.2
110 2800 43.30 5.73 510.89 110.5 2777 -0.5 0.8
90 2850 35.00 8.91 407.99 89.7 2795 0.3 19
100 2950 35.00 6.78 540.19 99.4 2945 0.6 0.2
95 2800 36.22 2.06 520.20 95.8 2793 -0.9 0.3
100 3100 35.00 7.01 550.00 99.7 2961 0.3 4.5
105 3000 36.38 8.19 550.00 103.6 2919 1.3 2.7
90 2750 36.70 5.87 394.53 90.2 2735 -0.2 0.5

It is clear that the GA values of the three process parameters provide MPSs that differ by less
than 4.5% from their desired values that occur for the desired mean axial velocity = 100 m/s and

the desired mean temperature = 3,100 K. We emphasize thatiwately predicting values of

the three process parameters, the desired values of the MPSs should be in the range used to
generate the response functions given by E&7) and(2.28). The desired mear

velocity of 3,100 m/s is outside the range employed to develogZg#) and(2.28).
245Ef fect of disturbance in process pa

Even though there are several disturbance parameters, we consider here only the powder
injection velocity and the arc walge. Their time variations and the resulting computed MPSs

are exhibited irFigure 2.7. Changes in the arc voltage affect the power input into the nozzle

that influenes values ob and”Y in Eq. (2.1). Values of the other process parameters are:
current = 500 A, Ar flow rate = 40 slm,2How rate = 10 slm, powder feed rate = @@nin,

powder diameterrange=3000 e m, and the simulation sampl.

the computed MPSs are oscillatory, the trends exhibited by their values averaged over 100
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trailing points are as follows: they follow in the direction of thsturbance in the powder

injection velocity but in the opposite direction of the disturbance in the arc voltage.
2.4.6 Validation of three-inputs two-outputs modelrepresented by Eq(2.19)

The 10 randomly generated functiams Eq. (2.18) for exciting the Ar flow rate are listed in

Table 2.4 and the corresponding variations of inputs are showkigare 2.8a for samples 1,

2, and 3. Subsequently, 50 new samples (their input values are omitted here) amdyrando
generated to verify whether or not the number of samples influences the variance of estimated
parameters of the State Space (SS) moBejsire 2.8b,c shows time histories of the MPSs for

the inputs exhibited ifigure 2.8Figure 2.8a. The predicted values from the MIMO SS model

of Eq.(2.17) are listed inTable 2.5 for10 samples. The computed MPSs for the 10 and the 50
samples are similar to eaother (results for 50 samples are omitted here). For sample 1, when
the data exhibited iRigure 2.8b,c are smoothened by taking the moving average of 100 trailing

points, we get solid curves displayedHigure 2.8d.

Similar analyses are conducted for randomly generated vectors for exciting tred Hhe

current. Their plots as well as those of results for the MPSs are provided in the Appendix.
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Figure 2.7: Effect on the MPSs of a step variation in the a) average injection velocity of
powderparticles, and b) arc voltage. The variations in the MPSs qualitatively follow
variations in the powder injection velocity and the arc voltage; they decrease with an increase

in the powder injection velocity but decrease with a decrease in the arc voltage

Table 2.4: Values of variables in Eq.18) used for exciting the Ar (denoted in the Table by

P) flow rate
Parameters Po Pa1 Pa2 Pa3 Paa Pas ¥1p ¥op ¥3p ¥ ap ¥sp
Me a n, € 45 0 0 0 0 0 0.5 0.5 0.5 0.5 0.5
S.D. , C5 5 5 5 5 5 0.02 0.02 0.02 0.02 0.02

Sample 1 4114 196 173 -239 -343 -080 056 043 046 052 0.58
Sample 2 3631 -055 -098 -114 -128 -020 045 040 052 0.48 0.38
Sample 3 3897 142 054 436 043 181 069 036 048 058 0.29
Sample 4 4166 -199 -312 -690 114 096 037 051 038 041 047
Sample 5 42.60 344 -192 247 124 -379 053 021 064 063 0.46
Sample 6 3784 -345 -050 045 315 236 040 066 072 036 0.68
Sample 7 4031 000 3.08 139 -220 020 047 055 055 026 041
Sample 8 3958 099 -125 -055 202 365 028 049 032 056 0.50
Sample 9 4366 -099 241 079 -043 -264 067 068 031 043 0.56
Sample 10 3857 -153 110 -121 -094 -124 062 059 060 071 0.72
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Figure 2.8: (a) Variations of the Ar flow rate for samples 1, 2 and 3; (b, ¢) corresponding
variations of the mean axial velocity and the mean temperature; (d, e) for inputs of sample 1
listed inTable 2.4 smoothened mean axial velocity (Fit = 84.5% (85%) for training
(validation)), and mean temperature (Fit = 73.6% (74.4%) for training (validation)).
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Table25:Par ameters for the parti cl(R¥pusisgtinputse s i
listed inTable 2.4 and the two Tables in the supporting material used for training and
validating the models

Mean axial velocity Mean temperature

Sample
Fit (%) Fit (%)

Numbe

av b1 b1z b13 Validatio ~ ar P21 b2z b23 Validatio
r Training Training

n

1 -1.01 155 053 0.11 8449 84.97 -0.63  -10.24 13.75 096 73.55 74.42
2 -0.77 1.34 045 0.08 81.08 69.38 -0.59 -9.39 5.33 0.60 69.26 57.39
3 -0.97 151 0.73 0.09 86.97 84.13 -0.72  -11.70 17.85 0.56 78.09 72.49
4 -1.12 1.71 0.74 0.12 89.53 88.32 -0.72 -9.88 10.10 1.07 78.09 79.92
5 -1.02 159 097 0.10 87.93 85.65 -0.66 -12.54 31.28 154 79.57 64.75
6 -0.87 143 059 0.08 82.66 85.17 -0.55 -7.78 8.29 0.64 70.27 57.29
7 -1.03 163 059 0.07 86.36 86.46 -0.65 -8.49 4.57 0.67 75.80 60.60
8 -0.75 123 0.85 0.08 8286 68.80 -0.83  -12.15 16.99 0.70 72.26 66.16
9 -0.82 122 057 0.09 86.67 79.25 -0.53 -7.81 17.53 0.65 67.77 71.36
10 -0.93 1.70 0.75 0.07 79.11 83.59 -0.71 -10.00 12.44 0.73 59.56 56.11
Mean -0.93 149 0.68 0.09 8477 81.57 -0.66  -10.00 13.81 0.81 72.42 66.05

Predictions from models for the MPSs agree well with those found using LR\éAftware
with an average fit of 85 % for training and 82 % for validation for the mean axial velocity, and

72% fortraining and 66 % for validation for the mean temperature.

The parameters for the MPSs estimated using results for the 50 samples, depicted as box plots
in Figure 2.9, are distributed close to each other with a few outliers enclosed in red circles.
Thus, Eq.(2.17) satisfactorily represents the dynamics of the MPSs for variatiome imput

variables.
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Figure29:Box pl ots of values of parameters for
axial velocity and temperature. The closeness of most values of the parameters validates Eq.
(2.17) for modeling the MPSs.

2.4.7 Results for the adaptive controller

Based on the knowledge gained from preliminary results, we selecti ¢ andr §)

in EQ.(2.26) and investigate the performance of the proposed control scheme for the problem
presented in subsection3l5he objective of the MRAC is to
axial velocity = 90 m/sand temperature = 2,850 K within 50 ms of the introduction of a
disturbance. Results depictedHigure 2.10 confirm that indeed the objective is achieved, and

the proposed controller minimizes deviations in the MPSs caused by disturbances.

We now check whether the controller works when the desire&dwary with time that has
applications for producing functionally graded coatings [7]. In this case, the performance of the
controller is shown irfrigure 2.11 andFigure 2.12for step variationsim@ 0 @0e¢ Y 0,

i.e., abrupt disturbances that are kept constant afterwards. It is evident that the MPSs follow
outputs ofthe reference model.

These two examples establish the effectiveness of the designed process controller in mitigating
effects of disturbances. Of course, in practice disturbances are not limited to those stipulated
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here. Even though the controller will nebrk for all disturbances, one can use the methodology

to design controllers for a papecified class of disturbances.

The realtime performance of the proposed controller will depend upon how quickly a motor
can change the process input parameters, lamdirne lag of the plant to respond to these
changes.

2.5 Conclusions

This paper proposes an approach to design an adaptive controller for an atmospheric plasma
spray process (APSP) to get <consistency 1in
tempeature, MPSs) before they impact the substrate. Throughout this work, the physical tests
are replaced by numerical experiments that use the software, tAVW#hose predictions are

first shown to agree well with the experimentally measured values of pastidl v el oci ty
temperature. From the screening analysis, the argon (Ar) and the hydrepéowHates, the

current, and thg-location of the injector are identified as significant input parameters for the
MPSs. The response functions (i.e., relatibesween the MPSs and the significant input
parameters) are first established as nonlinear algebraic equations between the four significant
input parameters and the MPSs. For a given gas gun, the powder injector location is generally
fixed. For desired vaks of the MPSs, the trial input values of Ar andflew rates and the

current are predicted by solving these nonlinear algebraic equations using a genetic algorithm
(GA) included in MATLAB. Using equatimns for
temperature linearized around steady state values of these variables, an adaptive controller is
designed to modify the trial input values of the three process parameters to obtain desired values
of the MPSs in the presence of a noise variable (eitldgstarbance in the powder injection

velocity or in the arc voltage). The performance of the controller has been successfully tested

for two example problems.

Additional research is needed to design a robust controller for mitigating effects of all noise
variables and either warn the operator or shut down the process when MPSs cannot be
controlled. The methodology presented here is applicable to other coating processes and

manufacturing processes such as hot forging and machining.
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Appendix A
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Figure 2.13-A.1: a) Histogram of the injected particle size distribution and b) schematic of the
observation window of width 1 ¢cm to measure
nozzle exit. For a mass flow rate of 20 g/min, at any time nearly 2,767 (142)gsastie in

the plasma (observation window)

1. Theory for the adaptive controller design

Here we follow [1] to design the MRAC for the multi inpuatulti output (MIMO) system and
include a scaling parameter in the adaptive law. Consider the following MiEQ withm

inputs anch outputs (for the problem at hand= 3,n= 2):
wo 6w o6oohdm b m (2.29
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where foro 1, WO N A is an output vector and 0 N 4 is an input vector. The
constant matrice§ N s AR OLEE are unknown. The plant dynamics in Eq. (2.29) is
devoid of process uncertainties and external disturbawéestart by choosing the following
referencanodel that meets the design atidéeof an ideal plant

@O dwo 610 o M m (2.30)
wherew O N 4 is a reference output vector, and N 4 is the piecewise bounded
desired output vectoiThe matricesd NY @& & N'Y are chosen to achieve the

desired trajectory of the referenc® wmesdel 6s

achieved for any boundédo for the folowing feedback control law
60 L'wo 01 o (2.3))

where0’ N g WE BN g are the ideal gains obtained from the following matching

conditions

0° & 6 6 N¥ & & (2.32)

Since matrice® & ¢ & are unknown, the ideal gain matrice$ & ¢ © are also unknow.
Instead of using the ideal control law given by EX31), we consider the following adaptive

control law:

60 LOWwO 0010 (2.33)
wherev N Y andu N Y are estimates of the idealigaFrom Egs. (2.29), (2.30) and

(2.33) the errorg, in the desired output is given by

Q0 65 Q 86 0o O flom  Q (2.34)
where0 6T 0 0 0 andb o T 0 0  are estimated gain errors that depend on the
unknown matrixd. We develop the MRAC scheme that is independent of plant parameters
0 @& ®as follows [1] For either a positive or a negative definitechoose a constant matrix

@N Y such thaty 0'i "Q& whered p(-1)if " is positive (negative) definite. Thus,

the matrixwis positive definite. Using 6 0" , Eg. (2.34) becomes

Qo 6 Q 6 ¥ vw O KT Qb = (2.35)
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We adaptively find gain matrices, 6 i) o, as follows:

VO WODwo OChh v OVho = (2:36)
bo WOmio OCEhOnm Oho m '

whereQ Q mN'Y is a gain matrix that also serves as a scaling parameted, and

0 NY is a positive definite matrix derived from the following Lyapunov equaRsy).

For every Hurwitz matrixX> and a given positive definite matrix™ 'Y  there exists a

unique positivedefinite matrixd ¥ 'Y such that

50 06 Y m (2.37)

The following theorem proved ipage 325 on Chapter 6 [df] guarantees that the erra,is

bounded from above.

Theorem:Consider the plant dynamics given by E§29) the reference model by Hg.30),
the control law by Eq(2.33) Then, the solutionQo iy 6 D 6 of the dynamical system
given by Eg@s.(2.35) and (2.36) is Lyapunov stable and20 © 1t as 0° H for all
Qo 66 NY Y 'Y andt20, and

Q0 A& — - 0 AQ&F mQ £ A &£ A & (2.38)

The following Lyapunov function is consider in this theorem

OTORN Q0 QOoi0 3y U oid3y 0

For thetracking error to be asymptotially stabk, there should exist a positive definite and
symmetric matrixY such that ‘) H) Q'Y'Q mas referred irpage 327, Chapter 6 of
[1]. A different choice ofY affect the transient respondmit notthe boundedness aride
asymptoticconvergence of the error. This theorenplies thatall signals in the closeldop

dynamics are boundedi.e, Qoh 6 6 6 oo ¥ O ) and the tracking error
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asymptotially convergezero. The bound 0 Q0 can be estimatefr known plant matrices

0 anda

The algorithm for the controller designed in this work is includedhaptes 2 and 4.

Table26-A1:Predi cted mean particlesd state from

parameters

The solution from Values found using Difference from
Process parameter

response functions LAVA -P LAVA -P
P(sim)  Q(slm) I (A) dy (cm) v (m/s) T (K) v (m/s) T (K) v (%) T (%)
40 10 500 0.6 107.1 2866 107.0 2833 0.1 12
55 4 450 0.4 125.4 2468 126.1 2478 -0.6 -0.4
35 6 450 0.6 92.8 2867 924 2811 0.4 2.0
48 2 490 0.7 108.1 2484 107.3 2485 0.7 0.0
52 8 550 0.8 119.9 2689 119.6 2702 0.3 -0.5
45 7 475 0.9 102.0 2640 102.8 2688 -0.8 -1.8
37 9 525 0.5 107.2 2930 107.2 2941 0.0 -04
41 3 425 0.6 97.3 2602 96.5 2586 0.8 0.6

Table27-A2.For desired values of mean particles
parameters found from the response functions usingii#g the second set of seed numpbers
and comparison of desired parti ePlwehstieGAt at es
provided values of the process parameters

Difference
] between
. Simulated valuesi )
Reference values Solution from GA desired and
LAVA -P _
simulated
values

v(m/s) T(K) P (slm) Q(slm) I (A) v (m/s) T (K) V(%) T(%)
90 2600 37.69 2.08 410.60 89.3 2578 0.8 0.8
110 2800 43.93 8.49 478.76 109.5 2768 0.4 11
90 2850 35.00 8.93 407.98 89.9 2803 0.1 1.6
100 2950 35.00 6.94 537.62 99.5 2948 0.5 0.1
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95 2800 37.70 6.63 424.52 94.2 2761 0.8 14
100 3100 35.00 7.01 550.00 99.7 2961 0.3 4.5
105 3000 36.38 8.19 550.00 103.6 2919 1.3 2.7
90 2750 37.51 8.07 377.07 91.6 2731 -1.8 0.7

Table 2.8-A.3: Values of variables used for exciting theftéw rate for validation of multi
inputs and singl@utput model of MSPs

Parameters Qo Qa1 Qa2 Qa3 Qa4 Qas ¥1Q ¥2Q ¥30Q ¥4Q ¥s5Q
Mean, ¢ 7 0 0 0 0 0 0.5 0.5 0.5 0.5 0.5

S.D., a 1 1 1 1 1 1 0.02 0.02 0.02 0.02 0.02
Sample 1 6.99 -1.47  1.36 0.52 0.42 0.08 0.43 0.40 0.55 0.34 0.54
Sample 2 7.50 2.22 -1.75 -172 -004 -078 0.21 0.19 0.35 0.55 0.63
Sample 3 6.28 0.08 0.43 0.24 0.21 -1.82  0.55 0.35 0.49 0.41 0.70
Sample 4 7.59 -0.58 -0.07 -0.11 181 -0.25 0.78 0.46 0.60 0.60 0.38
Sample 5 3.97 -1.21  -037 1.05 -1.50 0.53 0.53 0.52 0.63 0.46 0.31
Sample 6 8.21 -045 055 0.83 0.92 1.96 0.35 0.59 0.52 0.65 0.60
Sample 7 8.79 0.41 0.02 -0.54 -0.67 -1.09 042 0.47 0.74 0.11 0.35
Sample 8 7.08 1.28 1.03 -1.24 -038 -045 0.62 0.56 0.28 0.51 0.49
Sample 9 6.65 -0.04 -1.09 -039 0.80 1.04 0.50 0.73 0.40 0.47 0.46
Sample 10 5.79 0.75 -0.75 1.79 -1.22  0.29 0.65 0.63 0.44 0.70 0.50

Table 2.9-A.4: Values of the variables used for exciting the current for validation of-multi

inputs and singleutput model of MSPs

Parameters Ip la1 la2 la3 las las Fu ¥l ¥3 Yal ¥sl
Me an, 450 0 0 0 0 0 0.5 0.5 0.5 0.5 0.5
S. D. , 200 200 200 200 200 200 0.02 0.02 0.02 0.02 0.02

Sample 1 423.35 4.01 7.94 -5.62 -549 -959 0.58 0.35 0.60 0.15 0.62
Sample 2 44255 13.68 17.69 -19.67 -2.42 17.27 0.39 0.65 0.55 0.43 0.46
Sample 3 459.05 -3.038 5.45 -1550 1426 1.62 0.37 0.57 0.72 0.66 0.39
Sample 4 455.80 20.23 2.02 0.13 5.53 4.74 0.55 0.49 0.31 0.37 0.33
Sample 5 449.12 8.21 18.92 5.32 -21.09 30.79 0.48 0.74 0.45 0.70 0.93
Sample 6 44396 -2532 -595 9.63 2197 8.34 0.31 0.44 0.41 0.48 0.52
Sample 7 465.79 -16.00 -11.82 19.93 7.77 -14.06 0.51 0.29 0.48 0.55 0.24
Sample 8 453.20 1.10 -15.18 -7.80 1.13 -7.01 043 0.39 0.62 0.40 0.60
Sample 9 43513 -4.77 -30.35 1252 -17.70 -1.09 0.67 0.58 0.36 0.61 0.55
Sample 10 480.16 -9.68 -1.67 -0.01 -7.82 -18.63 0.69 0.51 0.53 0.50 0.47
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Figure 2.14-A.2: Variations of the Hflow rate and current for samples 1, 2 and 3 used for

validation of multiinputs and singl®utput model of MSPs
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Chapter 3 Robust Model Reference Adaptive
Controller for Atmospheric Plasma Spray

Process
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3.1 Abstract

We enhance capabilities of the model reference adaptive controller (MEBACAPpl. Scj.3,

1i21,2021t o be robust in the presence of {wo si
modificationandlowf r equency | earning for maintaining ¢
and velocity collectively call ed nsaebstatewart i c

be coated. The MPSs affect the coating quality. Even though results are applicable to several
coating processes, we consider an atmospheric plasma spray process (APSP). It is shown that
the proposed controller can quickly adopt to disturbaimcehe average injection velocity of
powder particles and in the arc voltage to change the input current, and argon and hydrogen
flow rates to maintain uniform values of the MPSs. The performance of the MRAC, the MRAC
with ,, T modification (RMRAC), andthe RMRAC with low-frequency learning (MRMRAC)

schemes on tracking error convergence, steady state tracking error, disturbance rejection and
presence of overshoot has been studied. The ranges of control parameters to achieve fast
adaption with low steadstate error, no overshoot, and disturbance rejection for the MPSs have
been derived using numerical simulations. The control scheme has been tested using the
software, LAVAP, that simulates well an APSP.

3.2 Introduction

An atmospheric plasma spray pro€€&PSP) is a versatile tool to produce a variety of coatings
such as thermal barrier, functionally graded and wear/corrosion resistant that have applications
in aerospace, automotive, agriculture, and biomedical industries. As in any manufacturing
process reproducibility and repeatability of the coating quality are of prime importance. In a
typical APSP a mixture of argon and hydrogen gases injected into a gun passes over an electric
arc and produces a plasma that exits at a high velocity and tempeRdwer particles
injected into the plasma through a powder port with or without a carrier gas traverse with the

plasma toward the substrate to be coated.

A gener al understanding in the coating i ndus
ax al velocity (collectively <called mean par

substrate determine the coating quality. Disturbances in process variables such as the injection
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velocity and the arc voltage due to the nozzle wear, the powdertanjevear, and

pulsing/clogging of powder particles significantly affect the MPSs and hence the coating quality.

To reduce the APSP coating variability, it is important to implement an efficient robust adaptive
process controller capable of fast adaptorthe desired MPSs with minimal deviations and
effective disturbance rejection. Even though few researchers attempted to implement online
diagnosis and control to various thermal spray processes, the aspects of fast adaption, stability,
robustness to exteal disturbances have not been addredSedke et al. [1] experimentally
demonstrated the application of réiahe diagnostics and control to the thermal spray process

by monitoring the velocity and the temperature of particles as well as the shalpe gag:ctory

of the spray pattern by varying the arc current, the primary flow rate, and the carrier gas flow
rate. However, the control system is designed by integrating several one input and one output
proportionalintegratderivative (PID) controllerswhich is not an efficient control strategy. Li
etal.[224] devel oped a model based on the process
vel ocity and par tvelocity exggén fualdHVOFR) spray processa A diosed h

loop proportonatintegral (P1) controller was coupled to the estimation model to regulate the
volumebased average of particlesd velocity and
gas flow rates and combustion pressure. The effectiveness of feedback e&ostsbibwn using
numerical simulations and robustness to various kind of disturbances are presented for HYOP
spray process. Srinivasan et al. [5] was used an active sensor method (monitoring system with
feedback control |l er) s (the meamtaniperature ahdithee mean axtali c | €
velocity) by varying the primary gas flow rate and the curr®ykhuizen andNeiser [6]
implemented a PI controller to wire plasma spray process and its performance to control the
temperature and velocity of thearticle discussed. It is shown to perform well in a real
production environment. Sampath et al [7] presented an integrated approach by identifying the
process maps between particle states and coating properties and examined role of these maps
for controlparticle states and properties using feedback controller. Kanta et al. [8] used the fuzzy
logic (FL) controller to keep the inflight particle characteristics within prescribed bounds. Kanta

et al. [9] implemented the developed Al system using the ANNranBIt controllers for online
controlling of the APSP. Planche et al. [10] developed an automatic system using elements of
artificial intelligence (ANN and FL controller) and an emulator that replicated the dynamic

behavior of APSP. The FL controller isiaguistic controller which depends on the knowledge
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and understanding of the process and expertise of operator. The rules of FL controller need to
be updated regularly. The conventional Pl and PID controller are fixed gain controllers and can
show poor adatability and control performance for the nonlinear plants like APSP under the
presence of external disturbances. Some aspects related to the performance of effective
controller such as robustness, fast adaption, stability of the diospdystem with nmimal

tracking error and disturbance rejection have not been addressed in themendemed
literature.Kim [11] designed and tested a simple linear controller using ARX (AutoRegressive
with eXogenous input) dynamic model using input/output data forcindly coupled plasma
torches for regulating temperature and axial velocity of plasma jet by varying input power. The
feedback control simulation shown stable conrlwolp performance with minimal tracking error

and disturbance rejection.

The model refemece adaptive controller (MRAC) described in our previous work [12] could
adaptively adjust the current, and the argon and the hydrogen flow rates in response to variations
in the MPSs detected via sensors mounted on the observation window located pesth@efo
substrate. Integration of the MRAC to the APSP could achieve the faster convergence of
tracking error of the MPSs to desired values and the stability of elospdsystem. However,

it is not robust in the presence of model uncertainties and mayneamstable due to parameter
drifts, high gains, fast adaption, and higbquency noise. Some of these can be mitigated by
using a robust MRAC (RMRAC) that modifies relations used in the MRAThe RMRAC

with fixed ,, T modification in the MRAC [13] igjuite robust without explicitly knowing the

plant dynamics and bounds on the external disturbances. It provides boundedbdpséghals

but loses asymptotic convergence of the tracking error in the absence of disturbances.
Furthermore, the fixed, - modification can introduce a steadtate error or bursting
phenomenon [13]. Yucelen and Haddad have proposedrémuency learning to the MRAC

by filtering out highfrequency oscillations in the controller response preserves the asymptotic
convergence dhe tracking error to zero [14] and thereby achievingaidaptive gains in the

absence of external disturbances.

Here we report on the implementation of modifiedMRAC (MR-MRAC) scheme by
incorporating lowfrequency learning to the-RIRAC scheme for aAPSP that in the presence
of bounded external disturbances is stable adaptivelyadjusts input parameters to achieve

the desired MPSs within small bounds. The stesidie error associated with the -
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modification is avoided and fast adaptation ugdiigh gain is achieved by using low frequency
learning with lowpass filters for estimating gains. The controller design is based on a linearized
model of the MPSs with unknown external bounded disturbances. Thus, tWMRWR gives
bounded responses of tbhlwsedloop control and convergence of the tracking error to a small
number. The ranges abntrol parameters of the MRAC, the-RRRAC and the MRMRAC
schemes for the APSP to achideg steady state tracking error of the MPSs, disturbance
rejection of average injection velocity of particles and arc velocity, and no overshoot of MPSs

are presented using numerical simulations.

3.3 Methodology
3.3.1 Numerical Simulations ofthe APSP

The APSP involves several interrelated process parameters and variables among a few are
schematically shown ifigure 3.1. The APSP is numerically analyzed by usinggb#ware,

LAVA -P [15], that simulates the formation of the plasma from the flow of a mixture of Ar and
H2 gases over an electric arc for given current in a gas gun, and of the plasma exiting the gas
gun. It considers particles injection into the plasmeirtacceleration, melting,+solidification,

and evaporation and predicts their trajectories to the substrate to be ddagedo the
complexity of the plasma dynamics inside the torch, we follow many other published works and
do not model the complexlestromechanical interactions occurring within the gilihe
governing equations and mathematical formulation used in LA&V#&e lucidly presented in

[15] and[16]. The software LAVAP numerically solves these equations by the finite volume
method from ovethe simulation region exhibited Figure 3.2. The assumptions, boundary
conditions and values of parameters to simulate the RBSing LAVA-P arelisted in our

previous work[12].
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| Particle injection: !
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Torch parameters: Particle impact and coating formation:

Current Particle impact energy (thermal, kinetic)
Voltage & its fluctuations Particle impact angle
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Figure 3.1: Typical APSP parameters and variables

Distance from jet axis,

.5 Y
b) Distance alongjet axis,y (cm)

Figure 3.2: The observation window of width 1 cm in simulated region to measure mean

particlesd states | ocat ermhssfowbateofrB0 g/minpanany h e n
time nearly 2,767 (142) particles are in the plasma (observation wjqd@yv
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Assumptions made to simulate the APSP are summarized below.

1. Plasma jet is an aximmmetric, unsteady, compressible, Newtonian, turbulent, and
chemically reacting ideal mutomponent fluid mixture with only temperatutependent
thermodynamic and transport properties.

2. The arc voltage fluctuations caused by the arc fluctuations areonsidered. The mean
value of the arc voltage is adopted, therefore, the amplitude of the temperature and the axial
velocity at the nozzle exit remain constants.

3. Plasmais in local thermodynamic equilibrium (LTE) and optically thin.

4. Chemical reactions amgndifferent species including ionization, dissociation, and
recombination are considered.

5. The effects of gravity and buoyancy on the plasma jet are neglected.

6. Turbulence modulation due to the transverse injection of the carrier gas and the powder
particlesis not considered.

7. The viscous drag force acting on a particle is the only driving force.

8. Powder particles are rigid spheres, randomly vary in diameter, do not interact with each
other, exchange heat with the plasma, can melt diuemperature rise, and the internal
convection within a molten particle has a negligible effect on the heat transfer.

9. 1D heat conduction and evaporation models are considered for particles

100.The effect of the carri er g almonfthe plasmaijegist hr o

negligible.

The zirconia powder particles of size-B0O0Oe m ar e fiom jheimgjecterdn random
directions and at randomly assigned injection velocities both within specified ranges. The
injector is located 6 mm away from the nozzle exit and 8 mm away from the jflaxisverage

values of parti cl es 6recomputeda the 1 cen svideawindond.5e mper at
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@ 10.5 cmlocated along jet axis from nozzle eshown inFigure 3.2att= 9. 1, 9. 2

10 ms. We note that the paté characteristics in the observation window reasteady state

att = 9 ms in the absence of disturbances.

In the APSP, the noise parameters such as powder pulsation, powder clpggahgowdeiport

wear will vary the average injection velocity ofrpieles, whereas nozzle wear and erosion can

be influenceddue to fluctuations in the voltage and arc root movemditts. effect of noise

parameters is modeled by varying the average injection velocity of particles, and that of the

nozzle wear and the cattie/anode erosion by fluctuations in the voltage. The effect of

simultaneously varying the two on the MPSs is depictdeigare 3.3. The average injection

velocity of particles and arc voltage have changed simultaneously to simulate an imaginary

spraying situation in which the powdport and the nozzle are worn oithe \alues of the

parameters such as current, argon flow ratef]dw rate, mass flow rate, particle size are 500

A, 40 slm, 10 sim, 20 g/min, and -3@0 >m, respectively. The sampling time of these

simulations is 0.01 ms.
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