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Abstract

Atmospheric pressure plasma jets (APPJs) have been identified as a promising tool for plasma
medicine. This paper aims to demonstrate the importance of using model-based feedback control
strategies for safe, reproducible, and therapeutically effective application of APPIJs for dose
delivery to a target substrate. Key challenges in model-based control of APPJs arise from: (i) the
multivariable, nonlinear nature of system dynamics, (ii) the need for constraining the system
operation within an operating region that ensures safe plasma treatment, and (iii) the cumulative,
nondecreasing nature of dose metrics. To systematically address these challenges, we propose a
model predictive control (MPC) strategy for real-time feedback control of a radio-frequency
APPJ in argon. To this end, a lumped-parameter, physics-based model is developed for
describing the jet dynamics. Cumulative dose metrics are defined for quantifying the thermal and
nonthermal energy effects of the plasma on substrate. The closed-loop performance of the MPC
strategy is compared to that of a basic proportional-integral control system. Simulation results
indicate that the MPC stategy provides a versatile framework for dose delivery in the presence of

disturbances, while the safety and practical constraints of the APPJ operation can be
systematically handled. Model-based feedback control strategies can lead to unprecedented

opportunities for effective dose delivery in plasma medicine.

Keywords: atmospheric pressure plasmas, feedback control, plasma medicine, dose delivery,

model predictive control

1. Introduction

Cold atmospheric plasmas (CAPs) comprise a set of relatively
new plasma sources that allow treatment of heat and pressure
sensitive substrates [1]. Over the past decade, CAPs have
found applications in etching, functionalization, and surface
activation of sensitive polymeric materials such as biopoly-
mers [2, 3]. CAPs have also been used for therapeutic
treatment in plasma medicine [4]. In addition to their well-
established bactericidal effects [5, 6], it has been demon-
strated that CAPs can lead to reduction in tumor size and pain
relief in cancer patients [7], enhanced healing of chronic
wounds [8], and control of multidrug resistant bacteria [9].

! Author to whom any correspondence should be addressed.
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Plasma medicine generally aims to evoke a combination
of effects on a target substrate [4]. In vivo experiments have
elucidated that plasma effects on biological substrates are
highly nonlinear and cumulative (e.g. [10, 11]). The cumu-
lative (i.e., time-integral, nondecreasing) nature of plasma
effects implies that these effects are ‘nonretractable’, that is,
once they are delivered to a substrate the effects cannot be
removed [12, 13]. In addition, multiple plasma effects can act
synergistically, augmenting the observed impact on the sub-
strate. For example, mild thermal stress on tissues can affect
their susceptibility to other mechanisms of cellular deactiva-
tion, including the up-regulation of intracelluar reactive
oxygen and nitrogen species (RONs) generation [14]. Thus,
the notion of dose delivery in plasma medicine critically
hinges on quantifying the cumulative, nonlinear nature of
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multiple plasma effects on a substrate. In the absence of
cumulative dose metrics, however, the common practice has
been to use the plasma treatment time under some prescribed
protocol as a proxy for the cumulative plasma effects [15].
This approach can be inadequate for capturing the complexity
of dose delivery in CAP treatments due to the variability in
characteristics of the plasma and target substrate as well as the
sensitivity of a plasma treatment to operating conditions and
disturbances.

While plasma dose definition and quantification in a
medical sense is beyond the scope of this work, the goal of
this paper is to present a model-based feedback control
strategy for safe, reproducible, and effective dose delivery in
plasma medicine. To this end, we use an atmospheric pressure
plasma jet (APPJ) as a model CAP system. APPJs have
gained increasing attention due to their operational flexibility
and versatile discharge chemistry [16]. In APPJs, ring and rod
(or needle) electrodes are configured in and around a di-
electric tube, which directs the flow of a carrier gas (typically
helium or argon) and serves as a dielectric barrier [17]. The
gas flow (typically ~1-5slm) allows the visible plasma
plume to extend up to several centimeters beyond the tip of
the dielectric tube, allowing for flexibility in surface treat-
ment. Small admixtures of molecular gasses (e.g. oxygen, air,
or water vapor) are commonly introduced to the gas flow to
enhance the discharge chemistry [18]. In direct plasma
treatment, the APPJ is electrically coupled to the target sub-
strate [17]. Direct plasma treatment allows generation of
chemically active species close to the target substrate and,
therefore, can enhance the plasma effects [19]. However,
direct treatment can lead to an intricate interplay between the
plasma and substrate properties [20, 21]. Application of
APPJs for plasma medicine often requires translation of the
device over a surface area of the substrate such as human
skin, wounds or tumors, which may have varying properties.
Unmeasured properties of the substrate such as roughness,
charge, electrical impedance, and water content can act as
system disturbances influencing the plasma treatment. In
addition, the inter-electrode distance (i.e., distance between
the tip of the jet and substrate) in direct plasma treatment may
vary uncontrollably in hand-held applications of APPIJs,
leading to different effects across the target substrate. This is
due to the fact that APPJs typically exhibit steep spatial
gradients over the inter-electrode distance to an extent that
concentration gradients of reactive species and gas temper-
ature can be, respectively, on the order of 10" cm > /cm and
10 Kcm 'along the plasma plume [22]. Consequently, the
plasma stability [23] as well as the observed plasma effects on
the substrate, such as cell death [15], can change drastically
due to even minor variations in the inter-electrode distance.

The resulting variability in APPJ operation due to the
above described disturbances can severely hamper safe,
reproducible, and effective dose delivery in plasma medicine.
This paper presents an optimization-based feedback control
method, known as model predictive control (MPC) [24, 25],
for safe (e.g. arc-free) and systematic dose delivery using
APPJs while ensuring safe operation of the jet (e.g. arc-free)
in the presence of disturbances. MPC seeks to optimize the

APPJ performance for multicomponent dose delivery based
on the knowledge of the jet dynamics, described by a math-
ematical model, and system constraints. MPC can explicitly
account for the nonlinear (often cumulative) nature of plasma
dose mechanisms and systematically trade-off between mul-
tiple (possibly conflicting) dose delivery mechanisms. In
addition, the inclusion of system constraints into MPC will
allow for restricting the APPJ operation within a pre-
determined operating range to ensure safe and reproducible
dose delivery. In this paper, we demonstrate the MPC strategy
for feedback control of a radio-frequency (RF) APPJ in pure
argon as a model system. To address the computational
requirements of online optimization in MPC, a physics-based,
lumped-parameter model is developed for the APPJ under
study, which describes the electrical properties of plasma as
well as the mass and heat transfer along the gas plume.
Provisional dose metrics are defined to quantify the thermal
and nonthermal energy effects delivered to a target substrate.
The closed-loop performance of MPC is compared to that of a
basic proportional-integral (PI) control system, which is
designed using the internal model control IMC) method [26].
Two simulation case studies are considered: (i) rejection of
variations in the inter-electrode distance in direct APPJ
treatment, and (ii) multicomponent dose delivery. Even
though model-based control of other plasma applications (e.g.
plasma etch processes [27-29] and tokamak reactors [30-32])
has been investigated in the past, to the best of authors’
knowledge, this work is the first investigation on model-based
feedback control for CAPs.

2. Model-based feedback control for APPJs

APPIJs exhibit highly nonlinear, spatially distributed dynam-
ics, with characteristic times that vary over several orders of
magnitude [33]. The dynamics of electron impact reactions in
the plasma and the dynamics of heat and mass transport
processes along the jet occur on the timescales of nanose-
conds and milliseconds to seconds, respectively, while treat-
ment times in typical medical APPJ applications can take up
to several minutes [5, 6]. In addition, the dynamics of APPJs
are multivariable. That is, APPJs often have several input
variables (e.g. amplitude and frequency of the applied volt-
age, flow rate and composition of the inlet gas) that can be
modulated to induce several plasma effects such as electric
field, heat, UV photons, and RONs that interact with the
target substrate and with each other. The nonlinear couplings
between the various input variables and the multiple plasma
effects can make it impractical to achieve the desired plasma
effects via independently modulating the jet inputs.

Another key consideration in feedback control of APPJs
is to effectively constrain the jet operation within an operating
range that prevents mode transitions and development of
instabilities in the plasma. In RF-APPJs, for example, the
voltage—current (V-I) operating range that corresponds to a
‘normal glow’ mode often spans over a relatively narrow
range of currents [16]. Thus, the plasma is susceptible to
instabilities and transition to arc or spark when small changes
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in electrical properties occur. Distinct modes have been
reported for RF-APPJs, where mode transitions can occur via
the sheath breakdown events associated with secondary
electron emission from the electrode surface [34-36].
Mode transitions can lead to high current densities and
negative differential conductivity, resulting in instabilities and
arc-like behavior that can inflict damage on the target sub-
strate [37, 38]. In medical APPJ applications, it is imperative
to ensure stable and reproducible operation of the APPJ
through preventing undesired mode transitions in the plasma.

The multivariable, nonlinear dynamics of APPJs, the
necessity of constraining the plasma operation within a pre-
specified region, and the cumulative and likely multi-
component nature of plasma dose metrics comprise some of
the key challenges in feedback control of APPJs. Conven-
tional proportional-integral-derivative (PID) controllers [39]
cannot systematically address these challenges. This is
because PID control systems are designed based on linear,
single-input—single-output descriptions of system dynamics,
thus disregarding the complex nature of APPJ dynamics due
to nonlinear couplings between various jet inputs and plasma
effects. In addition, PID controllers cannot handle constraints
on system variables, while effective handling of constraints,
for example, on plasma current and gas temperature is para-
mount for ensuring safe operation of the jet. This paper
considers the MPC approach to feedback control of APPJs.
The conceptual simplicity of MPC as well as its ability to
systematically handle the complex (i.e., nonlinear and mul-
tivariable) dynamics of APPJs, constraints on input and sys-
tem variables, and multicomponent dose metrics make MPC a
suitable strategy for feedback control of APPJs in biomedical
applications. In the remainder of this paper, the key features
of MPC will be demonstrated for a model RF-APPJ in pure
argon.

3. The model system: RF-APPJ in argon

This section describes a RF-APPJ in argon, which is used as a
model system for demonstrating the concept of MPC. Since
MPC involves solving a generally complex optimization
problem in real-time, the system model used in MPC must be
as simple as practicable. A relatively simple physics-based,
lumped-parameter model is presented for the RF-APPJ, which
will be used for designing the MPC controller in section 4. To
evaluate the performance of the MPC controller for dose
delivery, provisional dose metrics are proposed for quanti-
fying the thermal and nonthermal energy effects of plasma on
a substrate. The dose metrics will be explicitly used in the
formulation of the MPC controller. It should be stressed that
although the provisional dose definitions used in this paper
are not necessarily the ones that will ultimately be used in a
medical setting, they share the key properties of being both
cumulative and nonlinear. We suggest that being able to
safely achieve cumulative dose delivery is a necessary char-
acteristic of a control system for plasma medicine, but we
acknowledge that there may be other factors that may be
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Figure 1. Schematic of the RF-APPJ in pure argon. Ar flows through
a dielectric tube, entering the tube at velocity v;, and is excited to
form a plasma by an RF voltage V5 applied via a matching network
to an external electrode ring at frequency w. Current i, passes
through the plasma plume to the substrate. The substrate, in general,
has a complex electrical impedance Z,, coupling the plasma current
in the jet to ground. The tube tip is within a distance d, from the

grounded, cooled substrate. Air components and heat are exchanged
radially between the Ar jet and the surrounding air.

important in future applications that we have not yet
anticipated.

3.1. System description

A schematic representation of the APPJ under study is
shown in figure 1. The APPJ is an RF-excited pure argon
(Ar) plasma, with no additional gas admixing in the inlet.
The RF-APPJ is used for direct treatment—there is no
separate ground electrode on the dielectric tube. Thus, the
plasma extends as a free jet, electrically coupled to sur-
roundings and the target substrate (i.e., plasma current
reaches the target substrate). The characteristics of the model
jet are consistent with devices used in clinical APPJ appli-
cations (e.g. kINPen, INP Greifswald [8]). Details of the jet
properties and operating conditions used in this paper are
listed in appendix B. The considered APPJ configuration has
been extensively investigated for biomedical applications
[20, 35, 40], and has been the subject of several modeling
studies [21, 41, 42]. A key challenge in using APPIJs for
direct plasma treatment (as in figure 1) arises from the high
sensitivity of the electrical and thermal characteristics of the
plasma jet to variations in the separation distance between
the substrate and device [40], as well as variations in the
electrical properties of the substrate [20, 21].
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Figure 2. Framework of the physics-based model for the RF-APPJ coupled with a substrate. Input variables include applied voltage V4 and
gas flow velocity vi, with disturbances associated with substrate impedance Z, and tube tip-to-substrate separation distance d.p. The model

consists of three coupled modules: power deposition and gas heating in the dielectric tube (top), heat and mass transfer along the plasma

plume (middle) and dose accumulation and substrate effects (bottom).

3.2. Physics-based, lumped-parameter modeling of the
RF-APPJ

The principle of timescale separation is used to develop a
lumped-parameter model for the RF-APPJ. Figure 2 depicts
the modeling framework, which consists of three coupled
modules—power deposition and gas heating within the
dielectric tube, heat and mass transfer along the separation
distance between the tip of the tube and the substrate, and
dose accumulation in the substrate. The electrical power
deposition in the plasma and the associated heating of the
flowing Ar gas are assumed to occur adjacent to the ring
electrode in the dielectric tube. The dynamics of power
deposition and gas heating are neglected, implying that this
module of the model is treated to be at steady state. The
spatial variations within the dielectric tube are also neglected
in order to obtain a zero-dimensional equivalent circuit model
for the plasma. Under these assumptions, the plasma electrical
properties can be described using a parametric expression of
the complex plasma impedance in terms of plasma current,
developed through analogy with a 1D RF parallel-plate dis-
charge model [43]. This is described in greater detail in
appendix A. The parametric expression of the complex
plasma impedance is intended to capture aspects of the non-
linear behavior of the plasma electrical properties associated
with the a—y mode transition. Note that the Ar gas heating in
the dielectric tube is coupled with the plasma electrical
properties. This is due to the dependence of the plasma
resistance on the gas number density (see appendix A.l).
Modeling the RF jet plasma as a 0-D system inevitably

introduces several approximations. Our goal, however, is to
develop a plasma model that is computationally efficient and
sufficiently accurate for the plasma process control applica-
tion. We acknowledge that the proposed model must be
validated in future experimental studies with practical
devices.

The radial mixing of air and heat transfer along the free
jet region between the tip of the tube and the substrate are
approximated by lumped mass and heat transfer coefficients,
respectively. The latter coefficients are obtained from a
separate 2D axisymmetric COMSOL fluid model of mass and
heat transfer in the distance between the tip of the tube and
the substrate”. The length of the plume is assumed equivalent
to the separation distance between the tube tip and the sub-
strate (dsep in figure 1). We note that this distance can change
during hand-held operation of the APPJ. Since variations in
the gas temperature and composition can depend strongly on
the separation distance dgp,, the spatial distribution of gas
temperature and composition along the flow axis is accounted
for in the lumped-parameter model, as described in
section 3.2.2. However, the dynamics of the transport phe-
nomena along the separation distance are neglected.

The system model also includes the thermal and electrical
effects of the plasma on the target substrate. The heat transfer
coefficient between the incident jet and the substrate is
obtained from the 2D axisymmetric COMSOL fluid model,
assuming that the substrate properties are radially averaged.
The accumulation of thermal and nonthermal energy effects

2 For brevity, the details of these calculations are not described in this paper.
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Figure 3. Equivalent circuit for the RF-APPJ [20]. See text for
details.

of the plasma on the substrate is quantified using time-integral
dose metrics. Note that the dynamics of dose accumulation on
the substrate are significantly slower than the plasma
dynamics within the dielectric tube and the heat and mass
transfer dynamics along the separation distance. In the fol-
lowing, the physics-based model equations are presented.

3.2.1. Power deposition and gas heating in the dielectric
tube. Figure 3 shows an equivalent circuit for the RF-APPJ,
where R is the external circuit resistance, L is the matching
inductance, Cj is the parasitic capacitance, Z, is the plasma
complex impedance consisting of the bulk plasma resistance
R, and plasma capacitance C,, and Z; is the surface
impedance with the resistive and capacitative components
C, and R, respectively. At steady state, the equivalent circuit
can be modeled by Kirchhoff’s second law

Va = |Zli, = 0, ey

where the overall impedance Z;, relates the plasma current i,
to the applied voltage V,. The expression for Zj, can be
derived from the circuit structure (see appendix A.2).

The plasma impedance Z, is a function of the plasma
current #,, gas temperature T4, and separation distance dicp.
As discussed in appendix A.1, this work adopts the following
plasma resistance-current parameterization

dsep

Rp(ip) = (_aip + ﬁ) T P (2)
g0

where the parameters « and (3 are estimated using predictions
of a 1D model of a parallel-plate RF discharge in Ar [43]. The
characteristic V-I behavior of the parameterization (2) is
shown in figure Al (appendix A.l). The peak in the V-I
characteristic curve can be related to plasma stability. The
differential plasma conductivity (dI/dV) becomes negative
when plasma current surpasses the peak value. This can result
in a mode transition in the plasma [38]. Needle and ring-
electrode APPJs can also exhibit similar characteristic V-I
behavior [35, 44].

To determine the gas temperature T in (2), a volume-
averaged, steady-state energy balance is formulated for the
gas in the dielectric tube region

pinvinCpArAc(’I{n - ];;0) + T}P = 0, (3)

where Ti,, p;,, and v;, are the inlet gas temperature, density,
and velocity, respectively, c,a, is the specific heat capacity of
argon, A, is the cross-sectional area of the tube, 7 is an
efficiency factor for the gas heating through power deposition
into the neutral gas, and P is the total electrical power

deposited in the plasma. The total power P is given by
1.
P = Ell[)|2|zp| cos(¢), “

where ¢ is the angle between the sinusoidal plasma current
and applied potential. In the energy balance (3), the heat loss
to the dielectric tube is neglected. Note that the total mass
flow through the tube is equal to the product of gas density
and velocity. Even though p and v vary with the gas
temperature, the mass flow is constant and is equal to p;, Viy.
Equations (1)—(4) constitute the equivalent circuit model in
the dielectric tube, the parameters of which are given in
table B1.

3.2.2. Heat and mass transfer along the separation distance
between tube and substrate. As the gas plume extends to the
substrate, it undergoes heat and mass transfer with
surrounding air due to radial heat loss and in-mixing of air.
The transport processes along the tip of the tube and substrate
are described by a set of steady-state 1D mass and energy
balances for a two-component system consisting of Ar and
air. The steady-state energy balance along the gas flow axis is
given by

dr, 1 (U
— == (—@—mﬂ,
dz pve,\ r

T,(0) = Too,  (5)

where T,(z) is the gas temperature along the flow axis z, U is
the lumped (radial) heat transfer coefficient across the plume
radius r, Tj,s is the ambient air temperature, and p, v, and ¢,
are the density, velocity, and heat capacity of the gas plume,
respectively. Since it is assumed that no mass transfer occurs
along the flow axis, the continuity equation yields pv = p; vi,
(see appendix A.3). The gas temperature in the dielectric tube
is used as the initial value for (5).

The gas density p is a function of gas composition, which
in turn depends on the average molecular weight of the gas
that flows between the tip of the tube and the substrate. This is
obtained from a steady-state mass balance for Ar
P’cllm

1
= 7—_(MWArmAr + 1v[VVAir(1 - mAr))
dz Rpiyvin T

dm, Ar

R ma), @ =1 ©)
where ma,(z) is the Ar mass fraction along the flow axis z,
P, 1s atmospheric pressure, R is the ideal gas constant, Mwy,
and Mw,;, are the molecular weights of Ar and air,
respectively, k is the lumped (radial) mass transfer coefficient,
and m;,r = 0 is the argon mass fraction in ambient air; see
appendix A.3 for the derivation of (6). The lumped transport
coefficients U and k in (5) and (6) are assumed to scale with
the square root of the inlet argon velocity ,/vi, since the gas
flow is in laminar or near-laminar regime. Model parameters
are given in table B2. Note that the spatial integration bounds
for (5) and (6) are set to z = 0 and z = d,. Thus, the heat
and mass transfer along the gas plume is dependent on the
separation distance between the tip of the dielectric tube and
substrate. When the air in-mixing along the gas plume is
neglected, (5) can be solved analytically [45].
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3.2.3. Dose accumulation in the substrate. We propose two
provisional dose metrics for quantifying the thermal and
nonthermal energy effects of plasma on a substrate. This
section describes expressions for the dose metrics. A thermal
dose is straightforward to understand—tissue heating has
known effects for which equivalent thermal dose expressions
have been proposed in the biomedical literature. We utilize an
established expression to quantify the thermal effects of
plasma. On the other hand, nonthermal energy dose in a
plasma biomedical context can be related, for example, to
fluxes of reactive chemical species, or possibly to effects
associated with electrical charge or pulsed electric fields. To
maintain generality in this paper, we propose a relatively
simple dose metric for the nonthermal energy effects that is
analogous to the thermal dose metric. The key feature of both
expressions is that they are cumulative.

The thermal dose metric is defined in terms of the
substrate temperature. The substrate is considered to be
continuously cooled from below. In a biomedical context, this
cooling would be provided by blood flow. Assuming that
there exists no temperature gradients within the substrate, the
dynamics of the substrate temperature 7,(f) can be described
by the Pennes’ bioheat equation [46]

% . )\be h

= (T, = Tp) + ——(Ty(dsep) — T5)
dt pscps psCPS s
0.5i7 R,
D EEE— I;(0) = 311K, (N
A pyCpsdy

where d, is the thickness of the substrate, A\, T}, and ¢, are the
perfusion rate, temperature, and specific heat capacity of the
coolant, respectively, p, and ¢, are the density and specific
heat capacity of the substrate, respectively, & is the heat
transfer coefficient between the gas plume and the substrate,
and T,(dp) is the gas plume temperature adjacent to the
substrate. The last term in the right-hand side of (7) accounts
for ohmic heating of the substrate due to the plasma current i,.
Model parameters are given in table B3.

To quantify thermal accumulation in the substrate, we
adopt the cumulative equivalent minutes (CEM7) metric,
which is commonly used for thermal dose quantification in
hyperthermia treatment [47]. The dose metric CEM7 is based
on Arrhenius-type dependence of cell death on medium
temperature [12], which has also been reported for cell death
upon plasma treatment [15]. In this work, CEM7 is used to
quantify the equivalent cumulative effect of substrate heating
at the reference temperature 43 °C (in the unit of time,
minutes). The latter reference temperature is commonly used
in hyperthermia treatment [12]. The dose metric CEM7 is
defined by

t
CEM; = [ K 100 4 ®)
0

or, equivalently,

dCEMr — K@-T.0)

CEM(0) = 0, 9
dt

D Gidon et al
where the constant K is given by
0 T, <39°C
K=14025 39°C < T, < 43°C. (10)

05 T,>43°C

CEM7 is a cumulative, time-integral metric, which implies
that the thermal dose delivered to the substrate cannot be
removed. To illustrate the qualitative behavior of CEMy,
figure 4(a) shows the equivalent thermal accumulation at the
reference temperature 43 °C over a treatment time of 1 min as
a function of the substrate temperature. Figure 4(a) suggests
that 1 °C increase in the substrate temperature when T is
greater than the reference temperature requires shortening the
treatment time by half in order to achieve the same effective
thermal accumulation in the substrate. A key feature of CEMy
is that it captures the effects of both the treatment time and the
treatment temperature.

Similarly, a CEM metric at a reference energy flux is
defined to quantify the accumulation of nonthermal energy
effects of the gas plume in the substrate. The dose metric
CEMp quantifies the lumped, nonthermal energy absorbed by
the substrate, for example, in the form of chemical energy due
to reactive species and/or possibly other energy forms (in the
unit of minutes at energy flux). In this work, the nonthermal
energy delivered to the substrate is due to the remnant of the
total plasma power that has not been deposited in the
dielectric tube for gas heating. The nonthermal energy is
denoted by P = (1 — n)P (note the efficiency factor < 1in
(3)). The nonthermal energy dose metric CEMp is defined by

o
CEM, = f MGy (11)
0 A,
or, equivalently,
CEMe PO campo) =, (12)

where ~ is an absorption coefficient for the efficacy of the
nonthermal energy transfer from the gas plume to the
substrate. In (12), the constant -~ takes the value
0.2 cm? W—L, which corresponds to a reference nonthermal
energy flux of 75 J cm~2 min~' (i.e., CEMp equals 1 for the
delivery of 75 J cm~? over 1 min). The time dependence of
the plasma power P(f) arises from variations in the APPJ
inputs (see (4)). The cumulative behavior of CEMp is shown
in figure 4(b). Note that while here CEMp has the unit of
minutes, it can also be expressed in the unit of total equivalent
fluence (J cm ).

We recognize that the chosen functional forms of the
dose metrics (8) and (11) are somewhat arbitrary. However,
these dose metrics can effectively describe the cumulative
characteristic of various dose delivery mechanisms in medical
applications of CAPs. In fact, in vitro and in vivo studies have
shown that RONSs typically exhibit a nonlinear, nondecreasing
absorption behavior (e.g. [48, 49]), which can be captured by
a dose metric of the form (8). On the other hand, the linear
behavior of the dose metric (12) is analogous to assuming that
the plasma effects are described by a constant absorption rate
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Figure 4. (a) Thermal energy accumulation CEM during one minute treatment as a function of the substrate temperature 7; (b) nonthermal
energy accumulation CEMy during one minute treatment as a function of power deposited onto substrate per area. The dose metrics are

nondecreasing and have a time unit in minutes.

(e.g. [50, 51]). The framework of the MPC strategy presented
in section 4 for the feedback control of APPJs can be readily
modified to accommodate user-defined dose metrics.

3.3. State-space representation of the lumped-parameter
model

The physics-based, lumped-parameter model of the RF-APPJ
with the target substrate is described by the set of nonlinear,
differential algebraic equations (1)—(12); see figure 2. The
system model can be compactly represented by a discrete-
time, state-space description

Xep1 = f e, 26, Uk, 0),  x0 = x(0)

Ozg(xk, Zks U, 0)’ (13)

where k is the time index, x; = [T, CEM; CEMp[ is the
vector of differential state variables with the initial conditions
X0, 2k = [Ty ip P T4 (2) mar ()] is the vector of algebraic
state variables, u = [V, vi,] is the vector of RF-APPJ inputs,
6 is the vector of model parameters (given in appendix B),
and f and g are the nonlinear differential and algebraic model
equations, respectively. Variations in the separation distance
between the tip of the tube and substrate (ds.,) are considered
as an unmeasured system disturbance. In section 4, the non-
linear state-space model (13) is used for designing the MPC
controller.

4. Feedback control strategies for RF-APPJ

This section describes the design of MPC and PI controllers
for the feedback control of the RF-APPJ at hand. Two case
studies are presented for comparing the performance of the
MPC and PI controllers using closed-loop simulation studies.

4.1. Model predictive control

MPC is an optimization-based control method. The key
notion of MPC is to optimize the predicted behavior of a

system over a prediction horizon in terms of some user-spe-
cified performance criteria, while enforcing constraints on the
system state and input variables [24, 25]. To incorporate
measurement feedback into MPC, the online system infor-
mation obtained at every measurement sampling time is used
to initialize the underlying system model in MPC. This is
known as receding-horizon control, which provides MPC
with some degree of robustness to system uncertainties and
unmeasured disturbances. The general mathematical for-
mulation of an optimal control problem, solved recursively in
MPC, is given in appendix C. A key consideration in any
MPC design is the computational complexity of the system
model, which must be amenable to online solution of the
optimization problem.

MPC offers several advantages over PID control, which
include the ability to directly handle the dynamics of non-
linear systems with multiple inputs and multiple outputs (i.e.,
multivariable dynamics), state and input constraints, and
multiple (potentially conflicting) control objectives. MPC has
shown exceptional success in a wide range of applications
including robotics and path planning, aerospace and auto-
motive applications, energy systems, and chemical processes
(e.g. [52-55]). In this paper, two MPC controllers are
designed for the RF-APPJ, as described in the following case
studies.

Case study I (disturbance rejection): the goal of this case
study is to maintain the substrate temperature 7; and the
plasma power P at user-specified setpoints, while counter
acting the effects of a step change in the separation distance
dsep. The control objective function in the optimization pro-
blem (C.1) is defined by

Np
J =3 (T — TEY? + w(P — P2, (14)
i=0

where Np is the prediction horizon, Tsref =315Kand Pf = 5
W are the setpoints for the substrate temperature and plasma
power, respectively, and w is a constant chosen such that both
setpoint tracking objectives have an equal weight in the
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objective function (14). The prediction and control horizons in
the optimization problem (C.1) are chosen as 20 and 3,
respectively (see appendix C). State constraints are defined to
maintain the plasma current and power below critical values in
order to avoid potentially damaging conditions (e.g. arcing) as
well as to keep the substrate temperature within a comfort
level. Accordingly, the state constraints are defined by

T 316 K
ip < 2.5 mA |

P 10 W

15)

In addition, the APPJ input values must be maintained within
the following bounds

[100V]<[VA]<[ 700 V ]
8ms! Vin 35 ms!

where the lower input bounds correspond to the minimum
input values required for sustaining the plasma and the upper
input bounds correspond to the physical limitations of the
APPJ. The rates of input change are also bounded as

AV, <| 300V

Avin | T [135ms 1
Case study II (dose delivery): the goal of this case study is to
safely deliver prescribed thermal and nonthermal energy doses
to the substrate within a given treatment time of 150 s, without

inflicting damage on the substrate. The control objective
function is formulated as

(16)

17)

J = (CEMz 5, — CEM¥)2 + w(CEMp 5 — CEM5)2,
(18)

where the time index N; corresponds to the total treatment time
150 s, CEM*' = 9 min and CEM%' = 3 min (corresponding
to an equivalent fluence of 225Jcm ?) are the prescribed
setpoints for the thermal and nonthermal energy doses,
respectively, and w is a constant. The control objective func-
tion (18) implies that the dose delivery problem requires that
the thermal and nonthermal energy dose accumulation reach its
prescribed target at the end of the treatment time. To ensure
safe dose delivery, not only the plasma current and power must
be constrained to prevent mode transition, but also the dose
accumulation CEMy and CEM must remain below prescribed
limits at all times to avoid inflicting damage on the substrate.
Thus, the following state constraints are defined

T 319 K

ip 3.7 mA

P <[ 12w (19)
CEMr 10 min
CEM, 5 min

The input bounds and the bounds on the rates of input change
in this case study are defined as in (16) and (17). The interior-
point optimization algorithm IPOPT [56] is used to solve the
optimization problem (C.1) in both case studies. The closed-
loop performance of the MPC controllers in Case Studies I and
II is compared to that of a PI control system, as demonstrated
in section 5.

4.2. Proportional-integral control

PI control is the simplest and most widely used feedback
control method [39]. PI control is based on an error signal e,
computed in terms of the difference between a measured
system output and its user-specified setpoint. The error signal
is used to determine a control action u(f) that steers the system
output to its setpoint. The control action is computed in terms
of the instantaneous (proportional-action) and accumulated
(integrating-action) error

1 t
u(t) = k,,(e(t) o fo e(T)dT), (20)

where the proportional gain k, and the integral-time constant
7; are the tuning parameters of a PI controller. The PI con-
troller (20) is linear, and relates only one system input to one
system output. Thus, input-output pairing is necessary for PI
control design when the system has multiple input and output
variables, as in the case in the APPJ at hand.

In this work, sensitivity analysis is performed to assess
the effect of each input on each output of the APPJ.
Accordingly, the plasma power P is paired with the input
voltage V4 and the substrate temperature T is paired with the
inlet flow velocity v;,. Since the dynamics of power deposi-
tion and gas heating in the dielectric tube are fast, relative to
the substrate and dose accumulation dynamics (see 3.2), a
proportional-only controller (excluding the integrating action
in (20)) is used for regulating the plasma power. To enable a
consistent comparison with the MPC controllers described in
section 4.1, the IMC method [26] is used for tuning of the PI
controllers. To this end, the nonlinear state-space model (13)
is used to characterize the first-order-plus-deadtime dynamics
between the paired inputs and outputs. Thus, the same system
model is used for designing the MPC and PI controllers. The
tuning parameters of the PI controllers are given in table D1
in appendix D. Antiwindup [57] is incorporated into the PI
controllers to handle the input bounds considered in the MPC
controllers.

For Case Study I, the same setpoints as in the control
objective function (14) are used to design the PI controllers.
On the other hand, the dose metrics CEMy and CEMp used in
Case Study II cannot be readily incorporated into the PI
controllers due to their nondecreasing, cumulative nature.
Thus, the target doses CEMY' and CEMY' in (18) are
translated into, respectively, their corresponding substrate
temperature setpoint 7" = 318 K and plasma power setpoint
Prf = 6 W for the prescribed treatment time 150 s (see (8)
and (11)). The latter setpoints are then used in the PI con-
trollers for substrate temperature and plasma power setpoint
tracking.

5. Closed-loop simulation results and discussion
The closed-loop control systems with the MPC controller and

the PI controllers are shown in figure 5. In the closed-loop
control simulation studies presented below, the nonlinear
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Figure 5. Block diagram of the closed-loop control systems for the
RE-APPIJ: (a) the MPC controller which uses measurements of
substrate temperature, plasma current, and plasma power for
manipulating applied voltage and inlet gas velocity, and (b) the PI
control system which is designed to achieve the same control
objectives using a single-input—single-output proportional controller
and a proportional-integral controller.

state-space model (13) is used to represent the true system’.
In all simulations, the measurement sampling time is 5 s.

Case study I (disturbance rejection): this case study is
designed to assess the ability of the MPC controller and the PI
control system to achieve setpoint tracking for the substrate
temperature and plasma power while counteracting the effects
of a step change in the separation distance between the tip of
the tube and the substrate (i.e., dsp). The separation distance
undergoes a step change from 7.5 to 3 mm at time 50 s, as
reported in the experimental study in [15]. The state con-
straints (15) are incorporated into the MPC controller to
ensure that the plasma properties remain within some pre-
specified thresholds. This can be important when the plasma
has a tendency to undergo a transition to a spark or some
other undesirable mode.

The closed-loop simulation results are shown in figure 6.
The step change in d,, at 50 s results in an increase in the
plasma current (figure 6(b)). The PI control system can
effectively maintain the substrate temperature and plasma
power at their respective setpoints after the step change in dq.p,
(figures 6(a) and (c)). However, the plasma current exceeds
the specified current constraint of 2.5 mA. The PI controllers
cannot handle state constraints to retain the jet operation
within a desired operating region. This implies that the safe
operation of the APPJ may be compromised when dis-
turbances act on the APPJ (in this case, the step change in
dsep). The APPJ inputs (i.e., voltage amplitude and inlet gas
velocity) computed by the PI controllers are shown in
figures 6(d) and (e). The antiwindup property of the PI con-
trollers enables retaining the inputs within their admissible
bounds. However, the PI control system cannot systematically

3 n closed-loop control simulation studies, the model used as the true
system is typically different from that used in the controller.

exploit the mutlivariable dynamics of the APPJ as the two PI
controllers operate independently from each other.

On the other hand, MPC exploits the multivariable nature
of the system dynamics for achieving the control objectives.
The MPC controller simultaneously modulates both APPJ
inputs V4 and vy, to achieve the setpoint tracking objective for
the substrate temperature and plasma power (as defined in
(14)). In comparison with the PI control system, the MPC
controller leads to more effective setpoint tracking for sub-
strate temperature until the separation distance is changed at
50 s (see figure 6(a)). After the step change in the separation
distance, the performance of the MPC controller slightly
degrades due to the offset in setpoint tracking for 7, and P.
However, as shown in figure 6(b), the MPC controller can
effectively fulfill the constraint on the plasma current in the
presence of the step change in the separation distance (i.e.,
disturbance). The ability to handle state constraints is para-
mount for safe and reliable operation of the plasma jets,
particularly in safety-critical applications such as in plasma
medicine. State constraints can be motivated by various
considerations for the safe operation of APPJs, such as
avoiding plasma mode transitions via restricting the plasma
state to a prespecified operating window, or accounting for
requirements of the target substrate (e.g., a temperature range
for comfortable treatment). Even though not demonstrated in
this work, the slight offset in the setpoint tracking in
figures 6(a) and (c) can be eliminated using standard offset-
free MPC techniques [58]. The key advantage of MPC in this
case study lies in its ability to realize multiple control
objectives (setpoint tracking for 7y and P) while handling
constraints on the system variables (constraint on i,) and
bounds on the system inputs (bounds on V4 and v;,).

Case study II (dose delivery): this case study aims to
demonstrate the importance of using an advanced feedback
control stategy, such as MPC, for safe and effective dose
delivery. The objective is to deliver a target thermal dose
CEM7 and nonthermal energy dose CEMp to the substrate
by the end of the treatment time 150 s. To avoid inflicting
damage on the substrate, for example, due to undesired
mode transitions or arcing, the plasma power and current are
constrained in the MPC controller to remain below a certain
threshold at all times during the APPJ operation (see (19)).
In addition, upper constraints are imposed on CEMy and
CEMp to prevent excessive dose delivery during the plasma
treatment. The substrate temperature is constrained, for
example, to ensure comfort of a patient being treated. Note
that these state constraints cannot be handled in the PI
control system.

The closed-loop simulation results for the MPC con-
troller and the PI control system are shown in figure 7. As
discussed in section 4.2, the PI controllers cannot readily
accommodate the cumulative dose metrics (8) and (11).
Consequently, the dose delivery problem for the PI con-
trollers is defined in terms of setpoint tracking for the sub-
strate temperature Ty and plasma power P, the setpoints of
which were determined based on the target dose levels for
CEM7 and CEMjp to be delivered over 150 s. Figures 7(d) and
(e) indicate that the PI control system fails to safely realize the
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Figure 6. Closed-loop simulation results for the MPC controller and the PI control system in Case Study I: (a) substrate temperature, (b)
plasma current, (c) plasma power, (d) voltage amplitude, and (e) inlet gas velocity.
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Figure 7. Closed-loop simulation results for the MPC controller and the PI control system in Case Study II: (a) substrate temperature, (b)
plasma current, (c) plasma power, (d) thermal dose CEMy, and (e) nonthermal energy dose CEMp.
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Figure 8. Input profiles computed by the MPC controller and the PI
control system in Case Study II: (a) applied voltage and (b) inlet gas
velocity.

dose delivery objective since the dose metric CEMy exceeds
its target level and constraint. While the nonthermal energy
dose CEMp is delivered in 150 s, the violation of the safety
threshold on CEM7 can inflict severe thermal damage on the
substrate. Figure 7(a) shows that the constraint on the sub-
strate temperature is also violated when the PI control system
is used for dose delivery.

On the other hand, figure 7 shows that the MPC con-
troller can effectively achieve the dose targets at 150 s while
satisfying the comfort and safety constraints on the substrate
temperature, plasma current, and plasma power. In the MPC
controller the target thermal and nonthermal energy doses are
defined in the objective function (18). In fact, the target doses
are defined as soft constraints, suggesting that their fulfillment
is not guaranteed (in contrast to the safety constraints on the
plasma and subtrate properties that are enforced at all times).
Thus, a slight offset in the nonthermal dose CEMp with
respect to its target value is observed (less than 10%). It is
worth noting that it may not be possible to deliver any arbi-
trary combination of thermal and nonthermal dose due to the
tight coupling between the thermal and nonthermal dose
delivery mechanisms. However, MPC enables achieving a
trade-off between the two dose delivery mechanisms through
selection of the weight constant w in (18).

This case study demonstrates that the promise of MPC
for systematic regulation of multiple cumulative (in this
case, linear and nonlinear) plasma dose delivery mechan-
isms. This is likely to be paramount in plasma medicine,
particularly in light of the time-integral nature of the dose
metrics. Note that dose delivery is an intrinsically ‘inte-
grating process’ because once a part of the dose is delivered
it cannot be removed from the substrate. MPC allows
for seeking trade-offs between possibly (conflicting)
dose delivery mechanisms in a systematic and transparent
manner. In addition, the constraint handling ability of MPC
(figures 7(a)—(c)) is crucial for ensuring safe and reliable
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operation of the APPJ since the plasma properties can be
restricted to a prespecified operating range. The control
input profiles computed by the MPC controller and the PI
control system are shown in figure 8. The MPC and PI
controllers result in different input profiles. However, both
control strategies can effectively retain the control inputs
within their bounds (see (16)), which were defined based on
the physical limitations of the APPJ.

6. Conclusions and future work

This work demonstrates the potential promise of model-
based feedback control strategies for safe and effective dose
delivery in plasma medicine using APPJs, irrespective of
how dose metrics are ultimately defined. The ability to
systematically handle the multivariable dynamics of APPJs,
safety and practicality constraints on system states, and
multiple dose delivery objectives can make MPC a parti-
cularly suitable feedback control strategy for APPJ appli-
cations. Closed-loop simulation studies reveal that basic PI
control systems can be inadequate for safe and ther-
apeutically effective application of APPJs for dose delivery.
By contrast, MPC provides a versatile control framework
that can explicitly account for the safety and practicality
constraints of APPJ operation, as well as the cumulative
(likely nonlinear) nature of dose delivery mechanisms. Safe
and repeatable operation of the plasma devices will be
essential to their eventual successful implementation in
medicine. Plasma medical devices might be promising
candidates for robotic control in the future, and we envision
that model-based feedback control strategies will be crucial
to this end. Other novel applications of atmospheric-pressure
plasmas, for example in materials processing, will also
benefit from model-based feedback control strategies.

In future work, the proposed physics-based, lumped-
parameter modeling framework and the MPC strategy will be
experimentally validated. The modeling framework will be
extended to include gas-phase chemistry of long-lived neutral
and metastable species. This will enable quantifying the
effects of plasma chemistry on the substrate in order to
develop MPC controllers that can systematically regulate the
likely synergistic thermal, electrical, chemical, and possibly
other effects of atmospheric-pressure plasmas for plasma
medicine.
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Figure A1. The voltage—current behavior predicted by the plasma resistance-current parameterization (2) and a 1D fluid model for an RF
parallel-plate discharge in argon reported in [43]. Reproduced with permission from [43].

Appendix A. Lumped-parameter modeling of the
RF-APPJ in argon

A.1. Parametrization of plasma resistance
The plasma resistance R, can be described by [59]
Vo _ dsepme Ve

R =
S, é?

p= - ; (A.1)
ip n,
where V), is the plasma potential, i, is the plasma current, S, is
the surface area of electrodes, m, and e are the electron mass
and charge, respectively, n, is the electron density, and 7.y is
the electron-heavy particle collision frequency. In direct
plasma treatment, the inter-electrode distance in the RF-APPJ
is equivalent to the separation distance between the tip of the
dielectric tube and the substrate (dsp in figure 1). Thus, the
plasma resistance depends on the separation distance die,.

The plasma resistance is also dependent on the gas
temperature through the electron-heavy particle collision
frequency

Ve = K(Te’ ne)”O(Tg()x (A2)
where K is the collision rate constant that is a function of the
electron temperature 7, and electron density n,, ng is the
neutral density, and T, is the gas temperature in the dielectric
tube. The electron temperature 7, is assumed to be constant.
This assumption is valid when a parallel-plate discharge is
operated in the & mode [60]. In this mode, n, can be assumed
to vary linearly with the plasma current [60, 61], which yields
the linear plasma resistance-current parameterization (2).
Figure A1 shows the resulting VI characteristic curve, which
adequately describes the V-I behavior obtained from a 1D
fluid model of a RF parallel-plate discharge in argon [43].
The dependence of the plasma resistance R, on the gas
temperature arises from the neutral density no, which is
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assumed to obey the ideal gas law

Fum

= , (A.3)
kv To

no

where k, is the Boltzmann constant and P, iS atmospheric
pressure. Notice that (A.2) and (A.3) indicate that the plasma
resistance R,, is inversely related to the gas temperature Ty in
the dielectric tube.

A.2. Solution to the equivalent circuit model

In figure 3, the impedance Zj,, which relates the plasma

current i, to the voltage amplitude V,, is defined by

Z, + Zy)

0

Zn=2y+Zi+ 2.+ Z (A4)

where Z. is the circuit impedance and Z; is the impedance
associated with the parasitic capacitance C.

A.3. Velocity of the gas plume

For the separation distance between the tip of the dielectric
tube and the substrate (dep in figure 1), the continuity
equation can be written as

d(pv) _
dz
which implies that pv is constant in the gas plume. The ideal

gas law is used to obtain the average gas density p as a
function of the gas temperature along the flow axis

0, PVl:=0 = PinVin, (A.5)

Pm 1
——— (Mwpmar + Mwpi (1 — may)).
R E(Z)( ArTMA ir ( Ar))

p(@) = (A.6)
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From (A.5) and (A.6), the velocity of the plume gas is given by min J (x;, u)
V(Z) — pinvini Y‘g(z) . (A7) SUbjeCttO: XH»I :f(.f,', Ziy Ui, 9), i= 0,..4, Np — ], (Cla)
Patm (MWArmAI‘ + MWAir(l - mAr)) 0 _ g(-f Z_ U 9) l _ O N (C lb)
- 1y Kl 1A} ’ - LRRRE) )24 .
Expression (6) is obtained by inserting (A.7) into the 1D 1 s, 2 0) < 0 P N (C.1¢)
continuity equation for Ar. SO B '
u; € U, i=0,.,N.—1, (C.ld)
X0 = Xg, (C.1e)

Appendix B. Model parameters

Table B1. Parameter values of the equivalent circuit model.

Parameter Value

w 13.56 MHz

R 50 Q

L 1.04 x 10° H

Co 0.1 pF

C, 0.14 nF

a —90x 10°QKA ' mm!
J¢] 9.6 x 10’ Q K mm™"
C, 11.7 nF

R, 100

n 0.5

Coar 52157kg "K'

Pin 1.63kg m™>

Table B2. Parameter values of the heat and mass transfer model.

Parameter Value

U 100 /vy Wm > K™
k 0.1 /vin m?s”!

Tins 298 K

r 1 mm

Mwy, 40 gmolfl

Mwpi, 29 gmolfl

Table B3. Parameter values of the substrate temperature model.

Parameter Value

dy 5 mm

Ab lkgm™> s

T, 310 K

cp 3650 J kg~ K™
Cps 3680 J kg ' K™

o 1020 kg m >

h 36 /vip Wm > K !

Appendix C. Formulation of the optimal control
problem in MPC

MPC involves solving an optimal control problem at every
time instant k that the system states x; are measured [25]
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where u = [uy, ..., u M,l]T is the control input sequence over
the control horizon N, which comprises the decision
variables of the optimization problem (C.1); N, is the
prediction horizon over which the system behavior is
predicted (N. < N,); (C.1a), (C.1b) represent the system
model, with ¥ and Z denoting the predicted differential and
algebraic state variables, respectively (see (13)); J is the
objective function; [ denotes (possibly nonlinear) state
constraint functions; and U/ is a convex, compact set that
defines the input constraints. The prediction and control
horizons N, and N, are commonly treated as the tuning
parameters of MPC.

Appendix D. Tuning parameters of Pl controllers

Table D1. Tuning parameters of the PI controllers in Case Studies I
and II.

Proportional controller (P paired with V)

kp —20VW™!
Proportional integral controller (7 paired with vy;,)

k, 158ms ' K’
T 96 s
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