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ARTICLE INFO ABSTRACT
Keywords: The Institute for Microelectronics and Microsystems of the Italian National Research Council (Italy) has
Electric micro-propulsion designed and fabricated a water-fed MEMS vaporizing liquid microthruster (VLM) in collaboration with the

Small satellites

Vaporizing liquid microresistojet
MEMS technology

Pulsed heating

University of Salento (Italy) and KU Leuven (Belgium). Previous studies have demonstrated the device’s
functioning and highlighted the presence of a strong thermoelectric-hydraulic coupling that severely affects
the heating and propulsive efficiencies and reliability of the device. In this regard, the current work provides
a preliminary experimental investigation of a pulsed heating system actively controlled by temperature using
PI-D logic (proportional and integrative actions applied to the error; derivative action applied to the output).
The overall performance assessment focuses on evaluating power consumption during steady-state operation
and analyzing the dynamic response of the VLM undergoing such an actively controlled pulsed heating, which
has been built using both manual and data-driven offline adaptive tuning of the PID parameters. Concerning the
steady-state operation, results highlight a promising enhancement of the heating efficiency to values above 0.9.
The dynamic response analysis shows that operating with a single set of fixed PID parameters is not feasible and
that the manual tuning is a trial-and-error approach highly dependent on the operator’s experience, operating
conditions, and reference temperature profile. Furthermore, shorter rise and response times require a higher
proportional gain, and the overshoot experienced when crossing the saturation temperature cannot be avoided.
In this paper, we show that the response of the data-driven adaptive controller solves these issues, exhibiting
a reduced maximum settling time from around 59 s to less than 10 s, while the overshoot is avoided thanks
to the temporal adjustment of the PID parameters.

1. Introduction by continuous and independent research activities involving different
configurations, materials, and manufacturing technologies [5]. For
Secondary micro-propulsion systems easily integrated onboard small instance, concerning the silicon technology, Mukejee et al. [6] first
satellites for fine attitude control and position pointing have become a
promising solution driven by the recent development of micro-electro-
mechanical systems (MEMS) technology. In this regard, the simplicity
of the concept and the use of lighter and smaller propellant tanks
make vaporizing liquid microthrusters (VLMs) an interesting choice.
VLMs can provide thrust force ranging between 0.1 and 10 mN with Instead, Ye et al. [9] applied an electric pulse producing an impulse
a nominal specific impulse between 50 s and 100 s using water as a bit of about 2uN's. More recently, Silva et al. [10] developed a VLM
green propellant [1]. The first water-fueled MEMS-based VLM studies with embedded molybdenum heaters, which was integrated into the
date back to the end of the ’90s with Mueller’s works [2-4], followed

used wet anisotropic etching, while Maurya et al. [7] designed and
fabricated a silicon-based VLM with an integrated micro-heater and,
later, Kundu et al. [8] developed a new device design using two
heaters integrated on the silicon substrate to ensure uniform heating.
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Nomenclature

Symbols

DC Duty cycle, [-]

S outse Pulse frequency, [Hz]

I Electrical current, [A]

Kp Proportional gain, [-]

m Mass flow rate, [ml/h] or [kg/s]

N, Number of selected distances, [count]

%0S Percent overshoot, [%]

oHTP Overall heat transfer process, [J/kgK]

P, Measured power consumption, [W]

Pyeal Ideal power consumption, [W]

Py Power consumption losses, [W]

Oy Heat required for full vaporization and
overheat, [W]

Ox Joule heating of the main resistive heater,
[W]

t Time variable, [s]

Tp Derivative time, [s]

T, Integrative time, [s]

Tyer Setpoint temperature, [°C]

Trc Thermocouple reading at the inlet cham-
ber, [°C]

Trca Thermocouple reading at the microchannel
entrance, [°C]

vV Applied voltage, [V]

Greek Symbols

Nheating Heating efficiency, [-]

@) Information vector at time t

Opg Unbiased standard deviation of the power
consumption, [W]

Tpise Response rise time, [s]

Tyor Response settling time, [s]

oPID(r) Control vector at time t

Abbreviations

CNR-IMM Italian National Research Council - Institute
for Micro-electronics and Micro-systems

DD Data-Driven

MEMS Micro-Electro-Mechanical System

MOSFET Metal-Oxide-Semiconductor Field Effect
Transistor

PID Proportional-Integrative-Derivative

PVC PolyVinylChloride

PWM Pulse Width Modulation

RTD Resistance Temperature Detector

VLM Vaporizing Liquid Microthruster

attitude control system of CubeSats and PocketQubes. In contrast, Liu
et al. [11,12] developed and tested two VLM concepts using induction
heating, characterized by tubular and planar geometry. Furthermore,
for thrust forces below 300 uN, novel concepts of capillary-fed MEMS
microthrusters have been proposed in et al. [13] and Pugia et al. [14,
15], which exploit the localized evaporation of a thin water film
obtained using micro-engineered surfaces.

Concerning applied materials and manufacturing, Karthikeyan et al.
[16] and Cheah and Low [17] proposed two different ceramic MEMS
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VLMs as an alternative to Si-based VLMs i.e., the low-temperature
co-fired temperature ceramic and high resolution in pattern transfer
compared to silicon-based MEMS technology, thus prohibiting better
manufacturing flexibility and micro-electrical system integration capa-
bility to date. Recently, Wang et al. [18] proposed the first prototype
of additively manufactured vaporizing liquid microthruster, which was
3D printed using the transparent resin with heat resistance up to 320 °C.
The maximum measured thrust was about 740 pN at 2 pL/s water flow
rate, giving a specific impulse of 37.7 s.

In VLMs, the water flow is typically heated to temperatures higher
than its boiling point. This results in an inherently unstable behav-
ior due to flow boiling instabilities reducing the VLM’s lifetime and
significantly impairing its nominal performance due to low thermal
efficiency and thrust unsteadiness [19]. These boiling instabilities gen-
erally occur inside the inlet and heating chambers, causing pressure,
temperature, and mass flow rate oscillations, dramatically affecting
the expansion process into the micronozzle and hence the propulsive
performance. Chen et al. [20] first characterized the two-phase flow
in a single-channel silicon-based VLM, observing four different flow
patterns, i.e. snake flow, vapor-droplet flow, vapor-droplet-jet flow, and
vapor flow. They observed that the snake flow pattern leads to the
device failure without proper heating. Instead, Cen and Xu [21] first
fabricated a MEMS-based VLM made by parallel microchannels and
clearly detected the inception of parallel channel flow boiling insta-
bilities due to explosive boiling. Recently, Kwan et al. [22] developed
a VLM operating above the critical heat flux condition in the Leiden-
frost boiling regime. To control such flow boiling instability, a novel
MEMS-based VLM was designed and manufactured using eight paral-
lel microchannels as a heating chamber equipped with temperature
and vapor quality micro-sensors and in-channel secondary low-power
resistive heating [23]. Preliminary investigations [24] highlighted the
presence of three main flow regimes: fully liquid flow, two-phase flow
and fully vaporized flow regimes. The last one was characterized by
the establishment of an electro-thermal cycle when operating under
direct current (DC) voltage control due to the interaction between
temperature, heat flux, vapor content and the temperature-dependent
main heater resistance. Furthermore, the rapid modification of the heat
transfer coefficient quickly led to the device failure due to excessive
thermal stress caused by the boiling crisis. These findings suggested
the need for more advanced real-time control of the heat transfer
process for flow boiling instability hindering and safe thermal manage-
ment. The present work shows the first advancements in developing
a pulsed heating system actively controlled by temperature instead of
by electrical power. In particular, Section 2 presents the description
of such a temperature-controlled heating system, which has been built
to operate with both manual and data-driven (DD) adaptive [25,26]
PI-D control logic. Results are discussed in Section 3, structured into
two parts: power consumption assessment in steady-state operation
and dynamic response analysis of the VLM using both manual and
DD offline adaptive PI-D temperature controls. Finally, the concluding
remarks and future steps are outlined in Section 4. The novelty of the
present work is summarized as follows:

» A temperature-controlled pulsed heating system based on PI-D
logic is implemented in a MEMS VLM for the first time.

» The experimental assessment of the steady-state operation and the
dynamic response of the VLM undergoing pulsed heating control
is provided by using both manual and data-driven offline adaptive
PI-D temperature controls.

2. Experimental method and methodology
2.1. Device description and experimental setup

The VLM has been designed and manufactured by the Institute for
Micro-electronics and Micro-systems of the Italian National Research
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Fig. 1. Experimental setup: (a) overall physical arrangement; (b) VLM configuration with thermocouples TC1 (VLM inlet, cold side) and TC2 (micronozzle entrance, hot side).

Council (CNR-IMM) in collaboration with the Aerospace Propulsion
group of the University of Salento (Italy) and the Heat and Mass
Transfer group of the KU Leuven (Belgium). The VLM geometry consists
of an inlet chamber (rectangular or v-shaped), eight parallel microchan-
nels as a heating chamber, and a tronco-conical planar micronozzle,
having an etching depth equal to 230 pum. The CNR-IMM manufac-
tured the VLM using MEMS technology involving RIE, plasma-enhanced
chemical vapor deposition, adhesive bonding, micro-alignment, and
micro-machining. At the end of the manufacturing process, the VLM
structure presents a stacked configuration consisting of a silicon sub-
strate with fluidic structures and a borosilicate glass cover lid. As
previously described in [23], the VLM is equipped with seven resistance
temperature detectors (RTDs), two arrays of in-channel capacitive void
fraction sensors, and in-channel secondary resistive micro-heaters. This
microelectronics is deposited on the glass substrate, allowing optical
access into the device for flow diagnostics. A specially patterned glue
layer binds the silicon and glass substrates and ensures fluid tightness.
The VLM was designed to operate with liquid water as propellant, with
nominal operating conditions defined as follows:

+ mass flow rate ranging between 2.0 and 7.0 x 10-%kg/s;

* maximum vapor temperature ranging between 150°C and
300°C;

« feeding pressure ranging between 10° Pa and 2.0 x 10° Pa.

with preliminary estimations of the nominal thrust and specific impulse
of 1 mN and 10 mN for the former and 90 s — 110 s for the latter.
The overall experimental setup is depicted in Fig. 1, along with
the VLM, equipped with temperature sensors and its water injection
system. This one consists of a syringe pump (model NE-1000), a rigid
polyvinylchloride (PVC) 50 ml syringe, soft PVC tubing, micro-fluidic
valves, and fittings type Luer lock. The feeding pressure and temper-
ature were measured using a relative pressure transducer Validyne
DP15 (user calibrated in the relative pressure range 0 bar — 5 bar)
and a K-type thermocouple, respectively. Both were located along
the water feeding line before the VLM injection system. Concern-
ing the heating system, a DC power supplier (model Agilent 5751a)
was electrically connected to the main heater of the VLM through
a metal-oxide-semiconductor field-effect transistor (MOSFET), model
ICQUANZX, which operated a pulse width modulation (PWM) switch
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(maximum frequency equal to 20 kHz) allowing for a controlled power
gating. The linear Hall effect current sensor HiLetgo ACS758LCB-050B-
PFF-T (measuring range: 0 A — 50 A; response time: 16 ps; bandwidth:
120 kHz), placed between the MOSFET and the VLM heater, produced
a voltage output which was directly acquired by the oscilloscope R&S
RTB2004 (bandwidth: 300 MHz; 4 channels; sampling speed: 1.25
GS/s) using a voltage probe with attenuation factor 1:1. Two voltage
probes (attenuation factor 1:1) located on the positive and negative
leads of the VLM heater were used to read and record both the applied
voltage and the current signals across the VLM main heater. Mounted
on a 4-slot chassis NI ¢cDAQ-9174, the module NI-9401 controlled the
MOSFET gate by generating the PWM signal. The actively controlled
pulsed heating system was linked to the device’s temperature readings,
obtained from two K-type thermocouples installed on the external
surface of the quartz substrate. Fig. 1(b) shows the final configuration
of the VLM during testing: TC1 is the thermocouple placed close to the
inlet section (cold side), and TC2 is the thermocouple placed close to
the micronozzle entrance (hot side). Their signals were acquired using
the data acquisition module NI-9211 (sampling speed: 14 Hz aggregate;
4 channels), mounted on the shared data acquisition chassis. This
limited the speed of the resulting temperature controller to 4 Hz. The
software development of the control system was performed using the
toolbox Labview 2018 of National Instruments.

2.2. VLM systems under pulsed heating: an unknown nonlinear plant gov-
erning the overall heat transfer process

A theoretical equation of the overall heat transfer process oHT P(t)
occurring in a VLM can be derived by equating the total Joule heating
produced by the resistive heater QO (Eq. (1a)) and the total power
supplied to the liquid flow to boil and evaporate Q; (Eq. (1b)) without
accounting for heat losses.

2

v
— ™M pC(r)

1
Ryu® (1a)

Op =

Oy =i oHTP(t) [T,(t) — Ty ;] (1b)

In the equations above, ¢ is the time, V. is the maximum amplitude
of the supplied voltage, i is the mass flow rate, T,; is the initial

temperature of the fluid at the VLM entrance. The duty cycle DC(¢)
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is related to the pulse width W, and the pulse frequency f,,,, as
DC(t) = W fpuse: together with V.., they define the pulsed
control space. R, (¢) denotes the electrical resistivity of the heater,
which is supposed to linearly depend to the controlled temperature
T,(t) as Ry g(t) = Ay + By T, (). By coupling Egs. (1a) and (1b),
the master equation of the VLM undergoing pulse heating is obtained
as follows:

e DC2(1)

By T+ [Ayy - By Ty 1T, (1) = nax s oHT P(D) +AypTy;

@

Eq. (2) outlines the second-order and nonlinear nature of the VLM
system. Also, it is characterized by an unknown oHT P(r) due to the
complex nature of the two-phase flow, which is governed by local
micro- and nano-scale phenomena severely depending on the operating
conditions, the VLM geometry, the fluid and solid properties, etc. It is
worth outlining that 7.(r) is the control output, Qg(t) is the control
action defined by the actuation parameters V., fu. and DC(t)
(or W5 (). In this work, V,,,, and f,,, are preset during control;
therefore, the control action is directly driven by DC(z).

2.3. Active pulsed heating using PID control

As demonstrated in [24], a power-controlled system can result in
low-frequency oscillations due to the temperature dependence of the
heater’s resistance and the emergence of a thermo-electric-hydraulic
coupling. This highlights the potential benefits of using temperature-
based control of the heating system to prevent such instabilities. To
achieve this, an effective control system is required to ensure stable
operation and minimize detrimental oscillations in pressure and tem-
perature. The Proportional-Integral-Derivative (PID) control system
is one of the most widely used in industrial applications [27-31].
The effectiveness of the control system relies on the selection of the
appropriate parameters, such as the proportional gain Kp, the integral
time 7}, and the derivative T}, time. However, in practice, some mod-
ifications are made to the basic form to enhance control performance.
One such modification is to avoid the “derivative kick” problem, which
is caused by the error signal experiencing a discontinuous step when the
setpoint is changed. This can cause an infinite output to the plant. To
avoid this problem, the derivative of the output signal is used instead
of the error signal. This way, when the reference signal changes, the
derivative term is not affected. This implementation is also known as
PI-D control. The modified block diagram is shown in Fig. 2(a).

Determining the system’s parameters can be achieved by referencing
the desired response, assuming the dynamic system model is known.
However, in the case of the VLM, the model is not known. Due to
its complex heat transfer characteristics and small scale, approximate
empirical models are the only means to describe the system’s overall
behavior. As a result, alternative tuning methods must be considered.
These methods are compared based on three key characteristics of
the step response: rise time (z,;,), settling time (z,,), and percent
overshoot (%0.5). Rise time is defined as the duration required for the
temperature to increase from 10% to 90% of the step value. Settling
time is the duration from initiation of the step until the temperature be-
comes stable within an error band of 3%. Finally, the percent overshoot
is the percentage that the signal exceeds the setpoint.

All post-processing tasks were carried out using user-defined rou-
tines that utilized the Matlab toolbox. A trade-off between the pa-
rameters is usually required since the response with a low rise time
tends to have a significant overshoot. This is a direct consequence of
the choice of PID parameters. In this regard, the classical heuristic
approach of Ziegler-Nichols [32] easily identifies the PID parameters,
yet their values can result far from the optimum. The Ziegler-Nichols
method involves setting the integral and derivative terms to zero and
gradually increasing the proportional gain until stable oscillations are
observed in the output. If the gain was increased even more from this
point, the oscillations should increase and become unstable. This value
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for the proportional gain is called the ultimate gain K,. The period of
oscillations corresponding to the ultimate gain is called the ultimate
period T,. Therefore, the PID parameters are computed based on the
ultimate gain and period.

Heuristic tuning methods such as Ziegler—Nichols tuning are chal-
lenging to apply to nonlinear systems, as is the case for the VLM.
A manual tuning approach can be a more effective alternative, in
which the user adjusts parameters through trial-and-error and directly
observes the resulting response. Ideally, the output should exhibit
minimal overshoot and rise time while also having a short settling
time. The parameters cannot, however, all be optimized at the same
time. Thus a trade-off is required while considering what is more
important to the application at hand. However, the nonlinear nature of
the VLM makes it challenging to achieve adequate control throughout
its entire operating range. Due to the impact of the vapor content on the
heat transfer characteristics, the temperature response to a change in
controller output can vary significantly depending on the flow regime.
Consequently, adaptive capabilities in setting the PID parameters are
required to achieve optimal performance based on the flow boiling
regime: for this purpose, the complex and unpredictable behavior of the
VLM makes data-driven approaches the most appropriate. Additionally,
an adaptive controller can adjust the PID parameters dynamically to
better handle the nonlinearity of the system [33]. Artificial intelligence-
based algorithms for dynamic tuning PID parameters have been widely
preferred in the literature for different systems [34-37]. In the present
work, the adaptive DD PI-D controller proposed in [25,26] has been
implemented. The block diagram of the adaptive controller is shown
in Fig. 2(b), and the adaptive algorithm consists of the following steps.
First, the database is created and the data storage function @ is built.
It includes an information vector ¢(f) and a control vector 8°10(r)
containing the PID parameters. The information vector consists of the
setpoint signal T,,,,(t), the system input signal DC(¢), and the system
output signal Ty, (7). Thus, a data set of size Ny looks as follows:

&, = [¢,). 071, j= ®)
with
(]5([_/) = [¢1(l_j)s ¢2(fj)» ¢3(l_j), ¢4(t_j)’ ¢5(I_j), ¢6(t_j)]
= [Tset,2(t_j + 1)’ Tsetl(fj)’ TTC,2(fj -1, TTCZ(fj)» DC(I_/ - 1), DC(I_J)]
4

1,2,... Npgs

0P () = [Kp(@), Ty (7)), Tp())] 5)

while during the PID control at ith loop occurring at the time 7; (i.e., the
current state of the system), the information and the control vectors are:

@) = [d1 (B, b)), D3 (F), B4 (@), D5 (), P6(T)]
= [Tt + 1), Tior 2(t3), Tre o0 = 1), Trea (1)), DC(1; = 1), DC(E))]

(6)

)

The adaptive algorithm compares the current data sample with
historical data to determine the best course of action. This is done by
calculating the distance between the current and historical data in each
iteration. The distances are calculated as follows:

8 b1t — ()

d;(t;,,1,) = — - —
s Z‘k;nj\é};{@(tk)}—kg}l;ﬁ{@(tk)}

0P1P (7)) = [Kp(@), T (), Tp(@)]

®

with j the number of data sets in the database the length of the in-
formation vector. The denominator in Eq. (8) represents the difference
between the maximum and minimum values of the /th element of all
data sets in the database. In the final step, the distances are sorted
in ascending order, and weights are calculated based on a selection
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PI-D control m Geometry || Propellant
Kper(t)
+ y T ()
T el er@®| |1 * + DC(t
set,Z( ) @ = eT(‘[)d‘[ _’®_ ( ) @ OHTP(S) —_—
e Tr Jo i Te2 (1)
dTrc,(t) Fouse KT
5 = Vo rc2Te2(t — Tac2)
Tre2 (1)
(@)
m Geometry || Propellant
Database |— |Adaptive algorithm
6FI0(t) = [Kp, Ty, Tp)
A 4 y TCI (t)
Toer2(t) er(t) DC(t —
o + @ —>| PI-D control ®©, @-’ OHTP(s)
Te2(0)
= A
fpulse
Vv KreaTea(t — Tac2)

max

Trea (1)

(b)

Fig. 2. Block diagrams of the PID controllers: (a) PI-D controller; (b) data-driven adaptive PID controller.

of the smallest distances according to Eq. (9) with the N, selected
distances. The smaller the distance, the larger the weight assigned to
the corresponding data set.
exp(—d,(t;,1,))
Tt exp=d (1 7,)
New PID parameters are then calculated as shown in Eq. (10) by
taking the weighted sum.

=1,2,...N,

w (9)

w,,(ti,t_j) =

Nw
0PI = Y w, (1, 7,) - 010,

n=1

(10)

It is worth observing that in such adaptive control, the data stored
in the database is crucial for the appropriate functioning of the con-
troller since the algorithm itself is not designed to correct badly tuned
parameters.

3. Results and discussion

This section presents the results of the VLM’s heat transfer anal-
ysis under pulsed heating control, which is divided into two parts:
the assessment of power consumption during steady-state operation
(Section 3.1) and the analysis of the VLM’s dynamic response us-
ing both manual and DD offline adaptive PI-D temperature controls
(Section 3.2).

3.1. Effect of the pulsed heating on VLM power consumption in steady-state
operation

The experimental evaluation of the VLM’s power consumption
P, under pulsed heating during steady-state operation (average fluc-

tuation of Tpc, with respect to T,,, within an error band of 3%,
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10 T T T T 6
sl 15
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— 6-
= {3=
~ L ~
4 12
2F 11
0==j i . i i 0
0 1 2 3 4 5
time [s] <1074

Fig. 3. Applied voltage and current pulses at /iv= 10 ml/h, f,,, = 1000 Hz, V,, =
10 V and T, = 100°C.

ie. |Trep — Tyl < 0.03 T,,,) is discussed below. In such conditions,
a number N, =3 of synchronized electrical signals (applied voltage
V(t) and current I(7)) have been acquired using the oscilloscope. Fig. 3
shows an example of the applied voltage pulse and the resulting current
pulse acquired during steady-state operation at i = 10 ml/h, f,,,, =
1000Hz, V,,,, = 10V and T,,, = 100°C.

max set
At each operating condition with a given 71, Vs fpuise> and T,

ser>
the average power P, ,,, results then as follows:

Tpulse,i
/ V(I (t)dt
0

N,

pulse

1
_fpulxe Z
N i=1

pulse

Py ave = (11D
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6 T T T

150
)

100 200 250

T
wall

Fig. 4. Power losses P, to the surroundings due to conduction, convection, and

radiation.

with unbiased standard deviation ¢p,; equal to

| Nopuise
N 2

pulse j—1

Opg = (12)

Tpulse,i
[fpulse /0 Vi(t)li(t)dt - Pd,aug
Based on the average power consumption, the VLM heating effi-
CIENCY Mpeqing 1S computed using the ideal power P, and the esti-
mation of the dry losses P, (see Eq. (13)).

Pideal

nhealing = (13)

Pd,avg - Ploss
In the equation above, P,,,, is given by the sum of the enthalpy
required to heat the liquid to saturation temperature, the enthalpy of
vaporization, and the enthalpy for overheating the vapor up to the
setpoint temperature (see Eq. (14)). Furthermore, the thermophysical
properties of the fluid, viz. the specific heat at a constant pressure of
both liquid phase c,, and vapor phase c,,, the saturation temperature
T, at the measured inlet pressure p,,,,, and the latent heat of vapor-
ization h;, are retrieved using the thermophysical property database
CoolProp [38].
Pideal =1 Cp,l(Tsat - Tf,i) + hL + Cp,v(Tser - Tsut) (14)
Power measurements obtained under dry conditions have been used
to estimate the heat losses (conduction, convection, and to a lesser ex-
tent, radiation) to the surroundings, as shown in Fig. 4: Eq. (15) relates
the resulting P, [W] as a function of the measured temperature Ty ¢
in °C.

Py, = 0.025 Ty — 0.8474  (R* = 0.9973) (15)

In this way, the heating efficiency #,,,,, provides a measure of
the energy transfer losses due to the thermodynamic irreversibilities
occurring during the overall heating process.

Power consumption analysis in dry conditions. The present analysis is
based on tests performed in dry conditions at T,,, = 100°C by varying
the f,,, from 10 Hz to 1000 Hz and increasing V,,,, from 2 V to
7 V by steps of 1 V. For each voltage and pulse frequency setting,
the parameters of the PI-D temperature controller have been manually
adjusted to keep the temperature as stable and close as possible to
the setpoint temperature. Therefore, for a given f,,,, the more V.
increases, the lower DC(r) results. Fig. 5 shows the average power
consumption, with 6p;,,, equal to 0.012 W at 10 Hz, 0.03 W at
100 Hz, and 0.05 W at 1000 Hz. It is evinced that the smaller f,,,,
and DC(t) are, the larger the power required to keep the temperature
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at 100°C becomes, with an average power consumption almost 2.5%
lower at 1000 Hz than at 10 Hz. Such a frequency effect reduces by
increasing DC(t), as the time the heating is off reduces too, no matter
the frequency. A high pulse frequency with a low voltage setting in
dry conditions is beneficial since the low voltage setting results in a
high-duty cycle, decreasing the required power. However, for control
purposes, this is not suitable as a higher voltage setting is desired to
avoid duty cycle saturation at high-temperature setpoints and ensure
faster control.

Power consumption analysis with liquid feeding. The power consumption
analysis with liquid feeding has been performed at fixed V,,,, = 10V,
fouse = 1000Hz and operating temperature ranging from 120°C to
180 °C with incremental steps of 20 °C. Three different mass flow rates
have been investigated, i.e., i equal to 10 ml/h, 18 ml/h and 24
ml/h. Fig. 6 shows a typical temporal evolution of the measured signals
during testing: the inlet temperature Tr.;, the (controlled) nozzle
temperature Trp,, the setpoint temperature T,,, and the average device
temperature T,,, = 0.5(Tr¢c; +Trcy)- It is worth underlining the manual
in-running tuning of the PID parameters Kp, T, and T, operated to
keep the temperature stable and close to the setpoint temperature, with
maximum power fluctuations ¢p; ,,, equal to 0.56 W.

Fig. 7 illustrates the average power consumption and the heating
efficiency as a function of the setpoint temperature for each mass flow
rate. The heat losses have been calculated using T,,, in Eq. (13), due to
the significant difference between T, (hot side) and Ty, (cold side).

The best performances occur at » = 18 ml/h, where a linear increase
of the power consumption P, ,,, is observed in the range of 120°C
- 160°C. According to the P, .., Hheuing AlSO increases linearly from
120°C to 160 °C, with maximum heating efficiency equal to about 94%.
This increase of the average efficiency couples with more effective
control of the flow boiling oscillations, as confirmed by the reduction
of the standard deviation of both P, ,,, and 7,.,;,,- However, at 180°C,
the efficiency decreased due to the nonlinear increase in average power
consumption, presumably due to the establishment of an extended
annular flow regime within the VLM, which also reduces the average
heating efficiency. By increasing the mass flow rate at 24 ml/h, the
linear dependency between 7y,;,, and Ty, is lost, and the performance
gets slightly worse, suggesting a less effective control of the faster flow
boiling regime. However, these results confirm that a pulsed heating
strategy can significantly enhance heating efficiency from the typical
value of 0.55 [24] to values above 0.9. Working at the lowest mass
flow rate, the heating process becomes significantly less efficient, with

approaching 0.8 as increasing T},,. The main reason behind such

nheating set*
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Fig. 6. Power consumption analysis with liquid feeding: temporal signals of the inlet temperature T, nozzle temperature T;.,, average temperature T,

T, and T

an efficiency loss is the slower flow, which triggers stronger explosive
boiling phenomena in the inlet chamber and severe flow reversal into
microchannels, causing more prominent flow maldistribution along
microchannels and, hence, mass flow rate oscillations.

3.2. Dynamic temperature control using pulsed heating

The spacecraft attitude control system may require a specific thrust
temporal profile, which can be attained by changing the setpoint
temperature of the thruster. Therefore, besides steady-state stability,
the temperature also needs to be able to efficiently follow setpoint
changes. Thus, to maximize the performance of the attitude control
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vg> PID parameters Kp,

system, the vaporization and heat transfer process optimization during
step response transients becomes a key aspect. In addition, thermal
stresses are the primary source of device failure during transient set-
point changes due to the fast local deterioration of the heat transfer
coefficient coupled with severe heat flux gradients and the modification
of the flow boiling regimes. In this regard, thermal stresses certainly
concentrate at the interface between various substrates of dissimilar
materials owning different thermal behaviors. The following sections
present the assessment of the dynamic response using the PI-D con-
troller with three different tunings, i.e., the classical Ziegler-Nichols
method, manual tuning with fixed PID parameters, and the data-driven
adaptive method. Experiments were carried out at the same pulse
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Table 1
Ziegler-Nichols method: results.
PI PID
Kp [-] 0.45 K, = 0.0135 0.6 K, =0.018
T, [s] 087,=18 15T, =0.1.125
T, [s] 0 0.125 T, = 0.03125

frequency and mass flow rate as in the previous steady-state analysis,
i.e., fpuse = 1000 Hz and ri= 18 ml/h.

Ziegler-nichols and manual tuning with fixed PID parameters. According
to the heuristic rules by Ziegler and Nichols, the integral and derivative
actions of the controller are set to zero, and the proportional gain is
stepwise increased. When applied to the VLM control, T}, and V,,,,
have been fixed at 150°C and 8 V, respectively. The resulting tuning
process is shown in Fig. 8.

The beginning of the temperature oscillation indicates that the
ultimate gain K, is reached. Thus, K, and the corresponding ultimate
oscillation period T, allow setting the PID parameters via the heuristic
rules reported in Table 1. In our test, it resulted in K, = 0.03 and
T,=2.25s.

As shown in Fig. 9, the PI parameters give a very slow response
with a settling time of almost 100 s, which is unsuitable for VLM
applications. On the other hand, when using the calculated PID gains,
minor errors in the controller input are easily amplified to overly
high control action. Consequently, even without modifying the setpoint
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Fig. 8. Ziegler-Nichols method: ultimate gain analysis.

temperature, the system is prone to become unstable with unwanted
and uncontrolled oscillations, as shown in Fig. 10. In conclusion, the
nonlinear behavior of the VLM shows to be not compatible with the
Ziegler—Nichols method, and another way of tuning is required.

To minimize rise time, settling time, and overshoot, one can manu-
ally adjust the PID gains using a trial-and-error approach. This tuning
method requires considerable work to find the appropriate parameters
for every operating condition, setpoint temperature, and V,,, - fpuse
combination. The best trade-off (based on the operator experience)
between the VLM response performance among all the investigated PID
settings was retrieved in the following ones:

Kp =0.014,T; =0255,T = 0.01 s

As shown in Figs. 11 and 12 and reported in Table 2, using those
parameters, the heating control is enhanced and more effective. How-
ever, manual tuning remains a trial-and-error approach which is very
sensitive to the operator experience, the operating conditions, and the
reference temperature profile. Therefore, this approach is also unsuit-
able for VLM operations. Still, it can be used to build a dataset of the
dynamic response of the VLM for more advanced data-driven controls.

Data-driven offline adaptive method. An adaptive method adjusts the
PID parameters dynamically by using a predictive model of the system
or by referencing a database of responses obtained from multiple tests
with various fixed gains, also known as system training. This database
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Fig. 10. Ziegler—Nichols method: PI-D step response.

represents the system’s “experience” and the foundation of the data-
driven methods. In this study, this approach is selected due to the
nonlinear nature of the VLM system, whose plant functions are also
unknown. In our methodology, the training occurred once, as the initial
step of the overall procedure described in Section 2.3 and shown in
Fig. 2. Consequently, the resulting tuning method is a data-driven
offline adaptive method. The first step was thus building the database,
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Table 2

Dynamic response analysis with manual tuning with fixed PID parameters.
Text Kp T, T, Toice Tt %0S
# [-] [s] [s] [s] [s] [-]
MT1 0.0072 0.12 0.010 2.55 31.25 14.95
MT2 0.0102 0.20 0.001 2.99 21.23 -
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Fig. 11. Dynamic response with manual tuning with fixed PID parameters: test case
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Table 3
Adaptive data-driven PID control: step response database.
ATnep Kp T, Tp
[°C] [-1 [s] [s]
50-180 0.015 0.30 0.01
50-100 0.020 0.08 0.01
50-110 0.014 0.14 0.02
50-150 0.014 0.25 0.01
50-180 0.025 0.20 0.03
9 150
g
=
©
% 100
€
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50 1 1 1 1 1
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Fig. 13. Dynamic step response using fixed PID control (K, = 0.014; T, = 0.25s;
T, = 0.01s).

and the manual tuning process has been demonstrated to be an effective
way to do so. It is worth observing that the data can be appropriately
chosen to reduce the database size while ensuring adequate experience.
The most straightforward way is to add step responses for each flow
regime so that the controller can adapt its parameters to it. However,
that still leaves many options regarding how to build the experience of
the system. In the present work, the adaptive controller is based on the
consecutive step responses at fixed PID parameters reported in Table 3,
which experienced the system over the different flow boiling regimes.
A preliminary analysis highlighted no significant enhancement when
using numbers of selected distances higher than 20; thus, the number
of selected distances N, was set to 20.

The comparison of the response characteristics between the dy-
namic response under DD adaptive PID control and manually tuned
fixed PID parameters is presented in Table 3.

As confirmed in Fig. 13, the fixed controller exhibited increas-
ing rise and settling times as a function of the setpoint temperature,
with maximum z,;,, and T,,, equal to 6.35 s and even about 1 min,
respectively. Furthermore, a relatively high overshoot of about 12%
occurred when crossing the saturation temperature at T,,, = 140°C.
The proportional gain and increases with larger temperature steps
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Table 4
Dynamic response analysis: comparison fixed PID control (K, = 0.014; T, = 0.25s;
Tp =0.01s) vs DD adaptive PID control.

PID controller Tyer Trise Tyt %08
[°C] [s] [s] [-]
90 1.15 8.08 2.72
Fixed 140 3.73 11.09 12.02
180 6.35 59.36 1.16
90 1.70 2.80 2.11
Adaptive 140 3.08 3.35 0
180 3.25 9.17 2.33

primarily cause overshoot. To mitigate this effect, an intermediate step
of 140°C may be implemented, though it also prolongs the response
time. This highlights the nonlinear nature of the system, which cannot
be effectively addressed using fixed PID parameters alone.

Fig. 14(a) shows the VLM response using the data-driven adaptive
controller. Enhanced control authority is found above the saturation
conditions with respect to using fixed PID parameters: rise time and
settling time are considerably reduced, and the overshoot at 140°C is
not experienced, as evinced in Table 4. A slight disturbance is observed
at T,,, = 140°C and about 109 s, presumably due to occurrence of a
flow boiling instability which was immediately controlled. Fig. 14(b)
illustrates the temporal evolution of the PID parameters during the test.
In this regard, when the setpoint changes, the parameters adapt as well;
when the setpoint is fixed, the parameters remain mostly stable, as
expected when the steady-state operation is reached.

Finally, it is worth noting that the performance of the data-driven
adaptive control strictly depends on the database training: the more
reliable the system experience is, the higher the supervisory authority
becomes.

4. Conclusions

A water-fed MEMS vaporizing liquid microthruster has been de-
signed and fabricated. This study provides a comprehensive and de-
tailed experimental evaluation of a temperature-controlled pulsed heat-
ing system using a PI-D logic applied to the VLM. The performance of
the actively controlled pulsed heating was assessed in terms of power
consumption during steady-state operation and dynamic response of
the VLM using both manual and data-driven offline adaptive PI-D
temperature controls. This study reveals a substantial improvement
in heating efficiency during steady-state operation, with values ris-
ing from 0.55 (previously obtained with power-controlled heating)
to above 0.9 using temperature-controlled pulsed heating, reaching
a peak of 94% at a setpoint temperature of 160°C. Furthermore, it
is found that the thermal response of the device during fast heating
transients requires a more advanced control strategy than a trial-and-
error method, as the manual tuning process is highly dependent on the
operator’s experience, operating conditions and reference temperature
profile. For instance, shorter rise and response times require a higher
proportional gain, while the overshoot experienced when crossing the
saturation temperature cannot be avoided, especially in the presence
of faster modification of the setpoint temperature. In the present work,
the use of a data-driven adaptive controller largely overcame this
issue, reducing the maximum settling time from approximately 59 s
to less than 10 s and eliminating overshooting through the dynamic
modification of PID parameters. However, it is worth noting that the
scope of this investigation was limited to a specific range of operat-
ing conditions and control parameters. Future research will involve
expanding the analysis to different mass flow rates and voltage settings,
as well as incorporating embedded RTDs and secondary heaters to
enhance the temperature-based control system’s speed and exploring
different versions of PID controllers, such as fractional order PID and
proportional-integral-derivative-accelerative controllers.
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