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Bergamo, ltaly

Growth chambers are critical to the characterization of higher plant performance within
BLSSs for long term crewed missions in Space. The Plant Characterization Unit (PCU) is a
2.16 m® environmentally controlled sealed chamber, realized in 2019 at the Laboratory of
Crop research for Space of the University of Naples (ltaly), within the European Space
Agency Programme MELISSA. The PCU enables terrestrial investigations of BLSS higher
plant compartments that produce food, water, and oxygen for the crew. It accommodates
two separate sub-systems, an atmospheric module and a hydroponic module. Such
systems regulate autonomously temperature, relative humidity, light intensity and spectral
composition, atmosphere gas composition, and air flow and pressure, as well as the
composition, the temperature and the flow of the nutrient solution. This method paper
describes the following phases of realization: 1) the definition of plant requirements; 2) the
design of the two modules; 3) the development of the control system for the atmospheric
sub-system.

Keywords: controlled environment, Lactuca sativa L., air composition control, thermal control, air tightness,
hydroponics, closed growth chamber, BLSS

1 INTRODUCTION

Human exploration beyond Low Earth Orbit (LEO) will require specific technologies to
regenerate resources, while recycling the waste generated by the crew, and to exploit the in
situ resources, to overcome the need of continuous resupplying from Earth, and to prevent
pollution to extra-terrestrial bodies. Bioregenerative Life Support Systems (BLSSs) are artificial
ecosystems in which appropriately selected organisms are assembled in consecutive steps of
recycling, to reconvert the crew waste into oxygen, potable water, and edible biomass, developed
to allow autonomous human long-term habitation in space (Hendrickx and Mergeay, 2007).
Specifically, BLSSs consist of producers (higher plants and algae), consumers (humans and
animals) and decomposers (microorganisms), as natural terrestrial ecosystems, able to recycle
and regenerate air, water, food, and other essential substances needed for human survival,
ultimately providing Earth-like comfortable environments (Liu et al., 2021). They are realized as
modular systems including interconnecting compartments which host the above-mentioned
organisms and enable different specific functions in a closed regenerative loop (Wheeler, 2010;
Guo et al., 2017).
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FIGURE 1 | Plant Characterization Unit (PCU) realized at the Laboratory of Crop research for Space of the University of Naples Federico Il (Department of
Agricultural Sciences, Portici Naples) within the ESA—MELISSA project PIAnt Characterization unit for closed life support system—engineering, MANufacturing and
testing (PaCMAN). Panoramic view of the laboratory and internal view of the chamber during a test on lettuce plants.

Higher plants are the most promising biological regenerators
in BLSSs for space, as they regenerate air through the
photosynthetic CO, assimilation and O, emission, to recover
purified water through the transpiration, and to recycle waste
products through the mineral nutrition, while providing fresh
food for the crew diet (Hendrickx and Mergeay, 2007), and health
and psychological benefit to the astronauts (Cahill and
Hardiman, 2020; Heer et al., 2020). However, to perform these
functions, plants need optimal environmental conditions for the
growth. This requires the knowledge of their response to the
different cultivation factors (e.g. controlled environment,
hydroponic systems) and space factors (e.g., altered gravity,
ionizing radiation) (De Pascale et al, 2021), as well as the
design of specific agricultural systems (Wheeler, 2017). To this
purpose, the creation of growth chambers that automatically
control the technical and environmental parameters is crucial
to study the plant performance. The goal is to define the
conditions (e.g. light intensity and spectrum, CO,
concentration, temperature, relative humidity) to optimize the
growth and yield of candidate crops and the nutrient and
nutraceutical value of plant food. Several review papers detail
fully controlled plant chambers, developed for both ground
demonstration and space flight experiments, and the needs for
their improvement (Zabel et al., 2016; Wheeler, 2017; Liu et al.,
2021).

Relevant efforts in developing modules for Earth and space
applications are made by the European Space Agency (ESA),
within the framework of the programme Micro-Ecological Life-
Support System Alternative (MELiSSA) (MELISSA foundation,
2022). The goal of the programme is to conceive an artificial
ecosystem, inspired by the reconversion cycle of organic matter in
natural lake ecosystems, founded on higher plants-, algae- and
microorganisms-based technologies for resource regeneration for
long-duration missions in space (Mergeay et al, 1988). The
driving element of MELISSA is the recovering of edible
biomass, water and O, from organic waste (faeces, urine, CO,
and minerals), using light as an energy source to promote
photosynthesis (Hendrickx et al., 2006).

The MELISSA cycle is a loop of five interconnected
compartments, each with a specific biotransformation task,
colonized by thermophilic anaerobic bacteria, photo-
heterotrophic bacteria, nitrifying bacteria, photosynthetic
organisms, and the crew as both the first producer (of waste)
and the final user (of products) (Lasseur et al., 2010). The
complete cycle is demonstrated in the MELiSSA Pilot Plant
(MPP), a laboratory operating at the University Autonoma of
Barcelona (Spain), dedicated to test the closed-loop at a pilot-
scale in terrestrial conditions (Godia et al., 2004). In the MPP,
compartment sizing provides the total oxygen and 20-40% of the
food required by one human (Peiro et al., 2020). Within the loop,
the Higher Plant Chamber (HPC) is a compartment designed to
cultivate plants under fully controlled conditions. The HPC aims
at regenerating air and water through photosynthesis and
transpiration respectively, as well as produce fresh food for
human consumption (Dixon et al., 2017). However, it does
not allow the precise characterization of plant physiology in
terms of rate of O, CO, and water absorption and
production. Nonetheless it is not suited for computing
separately the mass balances in the root and aerial zones,
required for modelling each compartment (Favreau et al,
2005; Waters et al., 2005).

To address these limitations, the Plant Characterization Unit
(PCU) was realized in 2019 at the Laboratory of Crop research for
Space of the University of Naples Federico II (Department of
Agricultural Sciences, Portici, Naples) (Figure 1), within the
MELISSA project PlAnt Characterization unit for closed life
support system—engineering, MANufacturing and testing
(PaCMAN). The PaCMAN project involves 5 partners:
University of Naples Federico II (Naples, Italy), ODYS S.r.l
(Milan, Italy), EnginSoft S.p.A. (Bergamo, Italy), NTNU
Centre for Interdisciplinary Research in Space—CIRiS
(Trondheim, Norway), Hosokawa Micron Ltd. (England).

The PCU is conceived as a research facility for extensive
scientific investigations on food production, air revitalization
and water purification, in the view of the integration of the
higher plant compartment in BLSSs. Specifically, it allows
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TABLE 1 | Plant growth requirements in terms of environmental parameters for the different crop types (left panel), and Reference intervals for environmental parameters for
plant cultivation in controlled environment at the NASA’s Biomass Production Chamber (right panel) (Wheeler et al., 1996a).

Leafy vegetables Root

and tuber vegetables

Light intensity (umol/m?s) >250-275 >275-400
Photoperiod (h) 18-24 18

Air Temperature (°C) 22-28 15-25
Relative air humidity (%) 50-85 50-70

testing of multiple crop growth scenarios under different
conditions in terms of environmental and cultural variables
(temperature, relative humidity, light intensity and spectral
composition, air flow, pressure and gas composition, nutrient
solution). The chamber is not intended for a large food
production, while it offers the possibility to finely measure
growth parameters (i.e. O, evolution, CO, absorption, edible
biomass production, plant tissue nutritional and nutraceutical
properties), and to determine the mass balance in both the
rhizosphere (hydroponic module) and the aerial zone
(atmospheric module), since the two zones are separate and
leakage proof. This will allow data to be collected to develop
mechanistic models for plant growth and also to validate
theoretically developed models (Boscheri et al,, 2012; Poulet
et al,, 2020).

This paper describes the design of the chamber, based on the
plant requirements and the scientific purpose, and the
development of the control system and algorithms of the PCU
atmospheric sub-system, as well as the main results of
environmental control in a life test on a lettuce crop. Data on
growth (biomass accumulation and plant biometric parameters),
plant physiology related results (gas exchange, mass balance), and
food quantity and quality (yield and nutritional and nutraceutical
composition) will be reported on a different article.

2 MATERIALS AND METHODS

2.1 Criteria for Plant Requirements
Definition
In closed growth chambers for ground-based experiments, the
control of environmental and cultivation parameters is essential
to characterize the required inputs (energy, water, nutrients, CO,,
and O,) and the subsequent outputs (water from transpiration,
O, from photosynthesis, CO, from respiration, waste). Such
parameters are required to model the cultivation system
functioning.  Accordingly, the following environmental
parameters were considered for monitoring and control in the
PCU atmospheric module: air temperature (T), relative air
humidity (RH), light duration, intensity, and spectrum, and air
composition.

Considering the diversity of plant needs, growth requirements
were distinguished according to different crop types, hence
different reference ranges were proposed for leafy vegetables

Fruit vegetables Parameter Reference interval

>300-400 Air Temperature 10-30°C
18 Relative Humidity 40-90%
20-28 Patm >30 kPa
50-75 CO, Partial pressure 0.1-3 kPa

O, Partial pressure >5 kPa

Inert gas composition Optional

Ethylene <50 ppb (at 100 kPa)

(e.g., lettuce, kale, spinach), root and tuber vegetables (e.g.,
potato, carrot), and fruits vegetables (e.g., tomato, soybean), as
shown in Table 1.

PCU validation required plant life tests and the species
selection involved several crops, each with specific scientific
interest for technical and/or nutritional and nutraceutical
reasons., Plant requirements were developed accordingly to the
following crops selection:

e lettuce (Lactuca sativa L.), as leafy vegetable;

e potato (Solanum tuberosum L.), as tuber plant;

e tomato (Solanum lycopersicum L.) and soybean (Glycine
max L. Merr.), as fruit vegetables.

A literature review was performed to collect information on
plant characteristics and optimal environmental conditions for
these crops (Table 2) and possible additional crops to be included
in future experiments.

2.2 PCU System Design

The PCU was designed by EnginSoft (Bergamo, Italy) in
collaboration with Hosokawa Micron Ltd. (Runcorn, Cheshire,
United Kingdom), and engineered as a combination of two sub-
systems (Figure 1). The atmospheric module provides the air
circulation in the growth chamber, while controlling and
monitoring the environmental parameters and air quality. The
hydroponic module recirculates the nutrient solution (NS), while
controlling its pH and ions composition and concentration.
Particular attention was paid to ensuring homogeneous
environmental conditions, in both the root and the areal zones.

The PCU has a cultivation area of dimensions 1.5 x 1.2 x 1.2 m
(LxWxH). The hydroponic system consists of 2 gullies, each of
which can accommodate 9 plants (thus 18 plants in total) at the
density of 10 plants m™>.

Two centrifugal blowers provide air recirculation. An air
velocity sensor measures the airflow in the heating, ventilation,
and air conditioning (HVAC) vertical pipe. From the side
plenums, the air is distributed in the chamber through
perforated plates and is recovered again at the top through
perforated plates (Figure 2).

The design of the PCU addressed several engineering
challenges and specific techniques were implemented to meet
the low leak rate required for the mass balance calculation. For
instance, various phenomena produce pressure changes, such as
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TABLE 2 | Main characteristics of the four crops proposed as candidates for PCU life tests (left panel; data elaborated from literature on plant cultivation in controlled
environment for Bioregenerative Life Support Systems), and optimal ranges of air temperature, relative air humidity, and light intensity and photoperiod for the crops
suggested to validate the PCU design (right panel).

Crop variables Lettuce Soybean Tomato Potato
Plant height (cm) 25 50 45 80
Growing cycle duration (days) 28 97 84 90
Maximum photoperiod (hours) 24 14 12 14
Carbon dioxide accumulation (g/m? day) 13.68 27.86 50.90 55.72
Oxygen production (g/m? day) 11.28 23.38 37.00 46.62
Water production (g/m? day) 1834 3,794 5,550 5,192
Inedible biomass (g/m? day) 0.72 11.48 9.80 156.12
Edible biomass (g/m? day) 8.16 6.58 9.80 21.00
Crop variables Lettuce Soybean Tomato Potato
Temperature (°C) 20-24 days 18-30 22-28 days 16-22
10-18 night 13-16 night
Relative humidity (%) 60-80 60-70 55-60 60-70
Light intensity (umol/m?s) 250-300 300-400 300-400 300-400
Photoperiod (h) 18-24 18 18 18 vegetative phase/12 tuberization phase

position (B).

FIGURE 2 | Schematic view of the atmospheric system of the PCU: particular of the air flow from the plant chamber to the HVAC (A) and of the components

\essssssss—————

Humidifier

external weather conditions, and temperature changes in the
chamber simulating day and nights cycles. Therefore, the
pressure inside the chamber must be continuously controlled,
to limit the gradients between the internal and external
environment. For this reason, an active pressure compensation
system was developed. A compressor extracts air if pressure must
be reduced and stores it in a tank. When pressure must be
increased to the stored air is re-injected opening valve V125
(Figure 3). In addition, particular care was paid to the design of
the connections among components. For example, inflatable seals
are used to achieve airtight door closure.

Air relative humidity and air temperature were controlled
based on RH and T sensor measurements in the chamber and a
dedicated dehumidifier and heater (Figure 2B). The dehumidifier
reduces excess air humidity, and the heater reaches proper T in
the chamber. In addition, a nozzle sprays water when RH is low.
Two additional RH/T sensors are placed in the chamber and in
the air distribution pipe, and an additional thermistor is located
downstream the dehumidifier. A stainless-steel tank collects the
generated condensate.

Lighting is provided by two dimmerable light emitting diodes
(LED) lamps (full spectrum blue, green, red and far red panel)
and a dedicated fan removes generated heat.

An O,/CO, gas analyzer measures the gas composition, and
CO; concentration is controlled by the injection of pure CO, until
reaching the desired level. The flow is measured by a mass flow
transmitter allowing the calculation of the cumulated CO,
volume injected. During standard activity of the chamber the
O, concentration is monitored, and when a threshold value is
reached, an aeration procedure is activated. This consists in
opening two valves connecting the chamber with the external
environment, until the O, falls below a user-defined threshold
and the mass balance computation is reinitialized. In addition, O,
injection can be foreseen in some advanced working mode. The
flow is measured by a mass flow transmitter, allowing the
calculation of the cumulated O, volume injected. A HEPA
Filter and a PCO (Photo-Catalytic Oxidation) filter are used to
trap contaminants.

The hydroponic loop includes a 300 L main stirred tank
manufactured in stainless steel (316-L), and the distribution
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piping composed of two lines that supply the NS flow to the
two gullies through four branches each. Two pressure
transmitters measure the liquid level in the gullies and a
flow transmitter measures the NS total flow. The liquid level
and the recirculating flow rate were controlled by means of
three control valves one on each inlet line and one on the
return line, an irrigation pump and a return pump.

The recirculating NS includes a system to remove
contaminants, consisting in three membranes with different
pore-size to remove microorganisms and suspended particles
bigger than 0.2 microns.

An advanced nutrient delivery system gives the possibility
to control the NS composition by dosing 8 stock solutions for a
total of 10 side tanks, each equipped with a peristaltic pump
and a scale to compute the dosed volume. This system gives a
high flexibility in defining the NS recipe, and it is supported by
state-of-the-art sensors. Electrical conductivity (EC), pH and
temperature are controlled as standard parameters. In
addition, dissolved O,, dissolved CO, and NO;~, NH,",
Ca’*, K', Na', ClI', Mg**, HPO,” concentrations are
monitored to gain further understanding on root uptake
phenomena. The pH and EC of the recirculating NS were
measured by pH sensors and EC sensors, respectively. The pH
control is performed according to the desired set point through
the addition of acid (0.5 M HNO3) or base (0.5 M KOH) that
are stored in two dedicated 5-L polypropylene tanks. Two
concentrated salt solutions (Stock A and B) are stored in

Closed Chamber for Plant Research

dedicated 10-L polypropylene tanks and injected into the
loop at a final concentration corresponding to the EC set point.

2.3 Atmospheric Control System

This section details the design of the control system for the
PCU, carried out by ODYS Srl (Milan, Italy). To guarantee an
optimal operation of the chamber here developed, the control
software must manage all the aspects of the atmospheric and
the hydroponic subunits. Nonetheless, their tight coordination
must be guaranteed, to meet system-wide objectives involving
aerial and hydroponic variables, such as pressure gradients.
The controller must enable the operation of the system
according to user-defined specifications, which are based on
the requirements of the cultivated crops and the specific
test plans.

The complexity of the above-mentioned tasks does not
allow an exhaustive description of the whole control system,
therefore in this paper we focus on the main atmospheric
components, whose primary objective is to guarantee
homogeneous and fully controlled environmental conditions
in terms of air circulation, pressure, air composition, T,
and RH.

2.3.1 Control System Overview

The control and monitoring functionalities are provided by two
separate software products, a real-time controller, and a
Graphical User Interface (GUI). Both applications have been

PT
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FIGURE 3 | Schematic view and picture of the pressure compensation system implemented in the PCU. The compressor extracts air from the chamber if the
internal pressure must be reduced and stores it in the compressed tank, while when the pressure has to be increased the air stored in the compressed tank is re-injected
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TABLE 3 | Requirements considered for the design of the atmospheric module of the PCU.

Requirements description

The system shall allow the monitor and control of air temperature in the range 10-35°C, with the accuracy of 0.5°C

The system shall allow the monitor and control of air relative humidity in the range 40-90%, with the accuracy of 2%

The system will provide adjustable light intensity at floor level, in the range 0+600 pmol m2s

The system shall allow the regulation of the duration of lighting (photoperiod) until continuous lighting (24-h), with an increment time of 10 min

The system shall allow the manual adjustment of light intensity at the canopy level

The system shall provide homogeneous light intensity at the canopy level along the positions in the gullies (40 pmol m~2 s~ at different plant locations)
The system shall allow the change of light spectral composition (i.e. proportion of the selected wavelengths: blue 445-500 nm, red 620-700 nm and far red 700-775 nm and

white light 400-700 nm)

The system shall allow the on-line monitoring and control of CO, air concentration from 400 ppm (ambient concentration) until at least 2000 ppm
The system shall allow the on-line monitoring of O, air concentration in the range between ambient concentration (around 21%) and 26%. Air renewal is needed above the

threshold value of 26.5%

The system shall allow the control of ethylene (CoH,) air concentration below the threshold value of 50 ppb

The standard air flow velocity in the growth chamber shall be 0.3 m/s

The standard airflow velocity in the growth chamber shall be uniform at the level of the plant canopy

developed in Python programming language, which guarantees
code portability, faster turnarounds, and seamless functionality
extensions, all being crucial features for prototypes development.

The real time controller runs on a Unix embedded platform.
At the fastest rate, it executes the most critical tasks such as the
monitoring of all the variables that are linked to a possible fault
and/or alarm of the PCU, and the communication with the GUL
The atmospheric and hydroponic control loops run at slower
sampling rates, the faster being 5 s. Given the different timescales
of the variables at hand in the entire system, the sensors’ reading
as well as the actuations are implemented on several independent
control rings. Data logging is provided as well by the real-time
controller.

The GUI is a desktop application that can operate the system
remotely. It enables real-time inspection of all the monitored
values, as well as the current state of every manipulated variable.
The configuration of each control task can be modified in real-
time, such as set points or manual commands. The changes in the
configurations can also be scheduled, enabling an effective
planning of all the different phases of the experiment,
according to the specific needs of the crop.

Research and scientific data acquisition are the main objectives
of the PCU, therefore experiment flexibility, safety and easy
extension of testing capabilities are of utmost concern. To this
end almost every control loop, besides the most critical ones such
as the pressure regulation system, allow for different operating
regimes. The OFF mode disables any active controller of a specific
task, as well as its alarm management. Only the measures from
the sensors, if any, are collected while operating in this mode, and
every actuator is in its default position. The manual mode consists
in disabling the feedback routines of a specific control task, while
allowing the operator to manually operate from the GUI all the
actuators. Finally, the automatic mode is the one where the
feedback algorithms of a control task are active. Given the
complexity of the system, and the possibility of having the
control loops in different combinations of operating modes,
the PCU requires a very reliable handling of dangerous
situations, as well as feedback controllers that are robust
against unmatched disturbances, which are mainly caused by
crops growing and operations in manual mode.

2.3.2 Model-free Controllers

The PCU is a medium-scale process, where many tasks consist in
controlling Multi-Input Multi-Output (MIMO) systems, some of
which are interacting with each other and must be coordinated
for achieving process-wide goals. Moreover, different time-
responses coexist especially in the coordination layer given the
different nature of the variables. This challenge has been tackled
with a hierarchical multilayer system, whose control actions are
performed by several regulators working at different timescales.
Advanced model-based control algorithms, among which we cite
Model Predictive Control (MPC) (Rawlings et al., 2017), are a
natural answer to the challenges posed by such control
requirements and architecture. However, deriving control
oriented mathematical models is time consuming and not
flexible in a prototyping stage, making it preferable to exploit
model-free controllers. Therefore, for the coordination layer we
have opted for a state machine, whereas the low-level controllers
rely on Proportional Integral Derivative (PID) regulators, bang-
bang control, and the possible combinations of those.

PID controllers are implemented in parallel form, with anti-
windup action for taking care of the nonlinearities introduced by
actuators saturation, which is very frequent in valves control. Let
u(k) € R be the manipulated input, y(k) € R the controlled
output, yrf (k) € R the reference trajectory and e (k) = yrer (k) —
y (k) the tracking error, with k the current timestep of a system
with sampling time T. Let u(k) = P(k) + I (k) + D (k) be the
non-saturated input command, with P (k) the proportional
action, I (k) the integral action and D (k) the derivative action,
then the saturated control command of a discrete time, parallel-
form, PID controller is:

u (k) = p (yret (k), y (k) = max (min (i1 (k), Upax)> Upmin)

where Uyin, Umax € R are the lower and upper bounds for the
control command. We recall that P (k) is a term proportional to
the current tracking error, I(k) is proportional to the error
integrated over a period of time, and D (k) depends on the
rate of change of the error with respect to time.

In the next we discuss the design of the crucial atmospheric
controllers. It is worth noticing that many minor tasks are
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involved in the atmospheric system even though they are not
described in detail in this article. Among them, we cite the day/
night cycle scheduling, with the regulation of light intensity and
spectrum, the air filtering, and the photocatalytic oxidation for
removing bio and non-biological contaminations.

2.3.3 Air Velocity Control

The automatic control of the air velocity is crucial in the PCU,
because if an adequate flow rate of air is not guaranteed then it
is not possible to effectively control T, RH, and air composition
in the growth chamber. Nonetheless a correct air flow is crucial
to guarantee heterogeneous conditions to all the plants. The
objective of the control is to manipulate the rotational speed of
two blowers, namely blower 1 and blower 2, such that the air
flow inside the chamber is regulated to a defined set-point,
which can be dynamic during the experiment. Blower 1 is
located before the chamber, with the aim of overtaking
pressure losses due to the chamber distribution unit and the
dehumidification system, whereas blower 2 is placed
downstream the chamber, to overtake pressure losses in the
remaining elements of the HVAC unit.

In order to coordinate the two actuators, blower 1 is controlled
in open-loop as a function of the flow rate set point. In the
specific, let u;,; be the rotational speed of blower 1, expressed in
rpm, and f, e the air flowrate setpoint, expressed in m/s, we
define up; (k) = #(farer (k) the function computing the ideal
rotational speed for up; (k) such that the pressure upstream
blower 1 is identical to the pressure upstream blower 2. Such
function has been experimentally derived. On the other hand, the
rotational speed of blower 2, namely u,, is controlled in closed-
loop by a PID (y;) which computes the deviation from uy,; (k) to
effectively steer the air velocity f, to its set-point, despite any
disturbance in the circuit. Additionally, given the wide
operational range of the velocity and the abrupt impact that
the change in the set-point has on the open-loop control, the
reference trajectory is filtered by incremental constraints. In the
specific the air velocity control can be summarized by the
following equations:

Faret (k) = fazes (k = 1) + max(min( fozes (k) = fages (k= 1),
., max)> A, min)

p () = 1 farer (K))

upy (K) = 1ty (k) + py (fares (K)> fa(K))

where df min <0 and d s max > 0 are the minimum and maximum
increments allowed for the set-point in a time step.

2.3.4 Pressure Control
The objective of this function is to limit the differential
pressure between the chamber and the external
environment, thus reducing potential gas leakage, while
simultaneously maintaining an overpressure to prevent any
air intake from outside.

The PCU is equipped with a synthetic air cylinder
controlled by an on-off valve to increase the pressure in the
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system, and a compressor to extract air from the system and
thus decreasing the pressure. The compressor is a binary
actuator as well. The controller regulates the pressure
upstream blower 2, indicated as p; (barg), which is the
point of minimum pressure of the system. Let p;,.f be the
target overpressure, a deviation d, from the setpoint is defined
so to implement a bang-bang controller. Assuming that air
injection or removal are mutually exclusive, v, is a virtual
actuation which is mapped to air injection if v, =1,
compressor operation if v, = —1, and no actuation if v, = 0.
The pressure requirements can be then effectively handled
with a hysteresis control as in the following:

-1 lf pl (k)zpl,ref+dp
or vp(k=1) = -1 and p;(k)> py e
Vp (k) = 1 lf Pl (k) < pl,ref - dp
or vy (k=1) =1 and py (k)< py e
otherwise

o

2.3.5 Air Composition

In order to allow accurate measurement of plant gas-exchange,
0, and CO, concentrations of the closed atmosphere in the
chamber must be monitored and controlled. Under nominal
conditions, the O, concentration is monitored continuously,
and when the threshold value of 26% (maximum safety limit) is
reached, an aeration procedure is activated. This consists into
opening two valves connecting the chamber with the external
environment, until the O, falls below a user-defined threshold.
The PCU is however equipped with an O, cylinder, and O,
injection can be activated to operate at oxygen concentrations
higher than the atmospheric level.

The O, injection is therefore achieved by actuating a
proportional valve v; for the O, cylinder. However, a
prolonged injection can cause large violations on the
chamber pressure limits. The correct coordination of
pressure and oxygen control is guaranteed by a supervisor
state-machine that can disable injection to avoid pressure
violations. Let 0, be the percentage of oxygen concentration of
the chamber, o0,,.f its setpoint to be reached at the beginning
of the experiment or after an aeration, and e, (k) = p1rer (k) —
p1 (k) the error in pressure regulation, the control operates at a
sampling time of 5s and such that:

1y(02er (K), 0, (K)) if e, (k) <O
n(k-1) if 0<e,(k)<o,d,
0 if e,(k)>o,d,

vy (k) =

with v; (-1) = 0 and o, € [0, 1] a tuning coefficient. Please note
that we indicate with f¢ the flow-rate in I/h of the injected oxygen
when v; is actuated.

A single PID (y,) is also the base for the CO, regulation in
the closed atmosphere. A dynamic set-point (c,ref) can be
imposed, and the controller actuates the valve (v,) of a CO,
cylinder to restore the CO, consumed by photosynthesis. We
indicate by f¢ the flow-rate in I/h of the CO, injected in the
chamber when v, (k) is actuated. There is however no control
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action to remove the CO, produced during the respiration
phase, as its net consumption is expected on a day/night cycle.
Let ¢, be the CO, measure, the control operates such that:

v (k) = {.‘43 (Corr (R)Co (k) if (k) < o (K)
2T 0

otherwise

Given the mono-directional control and the fact that it is
continuously operating, a hysteresis method is built around ¢, (k)
to improve the steady-state performance.

2.3.6 Air T and RH Control

The objective of this function is to regulate the temperature t,
(in °C) and the relative humidity h; (in %) in the growth
chamber, so to track time-varying references ( t1er and Ay rer
respectively) that commonly change from day to night hours.

The system is equipped with a heating coil, a cooling coil,
and a humidifier. The heater and the de-humidifier normalized
proportional control actions are indicated by gi, g, € [0,1].
The humidifier consists instead in a water spray nozzle and its
on-off control action is indicated as g3 € {0, 1}.

Let w, (k) (in g/Kg) be the water content in the chamber at
time step k, and w,.s (k) the target water content given the
setpoints of T and RH for the chamber, that are respectively
tires (k) and hy .z (k). With these premises the combined air T
and RH controller works as in the following:

bh = #(tl,rej%tl)

bc = [4( — Weref (k)> —W (k))
g1 = max (b, 0)

g2 = b. —min(0,by,)

On the other hand, the humidifier g; is actuated by a
hysteresis control, function of hy,; and h;. However, the
humidifier is required only during the very early stages of
plant growth, when the total transpiration rate is still low.

3 RESULTS AND DISCUSSION

3.1 Plant Requirements

The literature review performed to collect information on plant
cultivation in a controlled environment provided useful data to
define the optimal environmental parameters for the selected
crops. Table 1 shows the reference ranges adopted in NASA’s
plant cultivation experiments for BLSSs, performed in the
Biomass Production Chamber (BPC) at Kennedy Space
Center, consisting of a 20 m* growing area within a 113 m’
closed growth chamber (Wheeler et al., 1996a). Extensive
testing of crop responses to air T and RH, photoperiod, light
intensity and spectral composition was conducted in the BPC as a
part of the NASA CELSS (Controlled Ecological Life Support)
program (Wheeler, 2017). The overall focus of these studies was
to define the optimal environmental conditions able to boost the
growth and yield of selected candidate species for space missions
(Wheeler et al., 2003). The growth chamber was decommissioned
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in 1998 after nearly 10 years of continuous operation, and many
of the results of the crop tests were reported in the literature,
including biomass yield and gas exchange (CO, removal and O,
production) (Wheeler 1992; 1996b), and radiation use efficiency
(Wheeler et al., 2008). Table 2 shows the reference values
recorded in the BPC regarding some main biometric,
physiological, and productive characteristics of four of the
species selected for the PCU life tests (lettuce, soybean,
tomato, potato).

The main plant requirements for the atmospheric module of
the PCU involved monitoring and controlling air T, RH, and
lighting conditions. In the specific, the required performance of
the lighting system was analyzed in terms of photoperiod, light
intensity and spectral composition, in order to provide different
lighting durations, up to continuous lighting, to test the
possibility of improving plant biomass yield as well as oxygen
production in the PCU. The light intensity was dimmable, to
adapt the radiation level to the needs of different crops, as well as
to optimize the light use efficiency. In addition, the light radiation
was homogeneously distributed to achieve a maximum
fluctuation of 40 umol m >s™" at the canopy level for different
plant positions. Finally, the spectral composition (red:blue ratio,
red:far-red ratio, blue:green ratio, etc.) was customizable
(Table 3), to influence the crop-specific response in terms of
plant physiology (leaf gas exchange analysis) and morphogenesis
(stem elongation, plant size) (Paradiso and Proietti, 2021). Based
on the ranges of optimal values reported in the literature for the
selected crops (Langhans and Tibbitts, 1997; Anderson et al,
2018, Favreau et al., 2005; Wheeler et al., 1996a, 1996b, 2003,
2008), and considering the possibility of including potential crops
for future experiments, the ranges of each environmental
parameter to be ensured in the PCU were determined (Table 2).

Finally, another key aspect of closed growth chamber is the
control of airflow velocity and homogeneity. Previous ESA work
(ACSA project) conducted in the HPC of the MELiSSA Pilot
Plant showed that increased uniformity of airflow velocity
significantly ~improved the homogeneity of biomass
distribution throughout the growth chamber (Peiro et al,
2020). In the specific, under inhomogeneous air velocity
conditions, the unbalanced airflow configuration negatively
affected the homogeneity of plant growth, resulting in adverse
environmental conditions in the different modules of the growth
chamber, responsible for plant bolting, leaf rot and increased
inedible biomass. Therefore, referring to the values found by
Peiro et al. (2020), the airflow velocity in the PCU was set to an
average of 0.3 m s, trying to ensure optimal airflow uniformity.

The overview of the main requirements considered for the
design of the PCU is summarized in Table 3.

Lettuce cultivar ‘Grand Rapids’ was the genotype selected for
the first PCU life test. The test was conducted following the plan
and protocol of a previuos ESA work (ACSA project) conducted
at the MPP in 2017 (Peiro et al,, 2020). The followed approach
allowed to compare past data obtained during the ACSA project
with the results of the present life test, thus having a reference
PCU performance evaluation. Specifically, lettuce crop was grown
in the PCU with conditions as close as possible to the ones of
ACSA test. Those include genetic material, seedling production,

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

April 2022 | Volume 9 | Article 820752


https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Pannico et al.

A0.12 T T T T T T T

01

o

=}

o
T

air velocity [m/s]
o
o
D
T
===

1400 1600 1800 2000 2200

0.02

— fﬂ.
= = Jaref
0 ! i . . ! : : ) : ‘
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
time [s]
B 3500 : : ‘ : . :
NS S NN —~—t—— "

3000 N\ 1
= 2500 1
=
kel
© 2000 g
a | VN
"

T 1500 g
S
©
2 1000 .
500 Up |
———=Up
0 : : : . ‘ ‘ . ! . !
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

time [s]

FIGURE 4 | Evaluation of air velocity control during system startup and
sudden changes of the set-point. Plot (A) shows the tracking performance
under different step changes, while Plot (B) the commanded rotational speed
for the two blowers.

climatic conditions, nutrient solution composition and
concentration, cycle length and phenological stages (Peiro
et al.,, 2020). Lettuce plants in the PCU was grown according
to a light/dark regime of 16/8 h with an intensity of 420 +
40 umol m > s™!, while air T and RH was set at 26/20°C and
50/70%, respectively. The experiment was carried out with a CO,
concentration set at 1,000 ppm, while the harvesting of all the
plants was performed at 28 days after transplanting.

3.2 Control System Validation
The performance of the atmospheric control system was
evaluated on specific maneuvers designed to stress the
challenge of the algorithms. For each controller, particular
attention was devoted to tracking performance, limits
satisfaction and actuation effort. Air T, RH, and CO, controls
are common in other BLSS projects, at least in the most recent
ones (Zabel et al., 2016), but discussions on the control strategies,
and details about algorithm performance are an added value to
the current state-of-the-art research.

Figure 4 shows the air velocity control. The test scenario was a
cold start, meaning a system startup from rest position, followed
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by a series of step changes in the air velocity set-point,
commanded by the user. The transient of the cold start
maneuver clearly shows the benefit of the incremental
constraints on the velocity reference. The rise time for a step
of 0.1m/s was about 500s, and the steady state error amounts at
just sensor and system noise. We recall that the total range for the
set-point is 0.015m/s to 0.15m/s. Smaller step changes were
handled smoothly as well as shown in the picture.

Figure 5 shows the pressure upstream blower 1, which was
controlled by the bang-bang controller with hysteresis described
in Section 2.3.4. The reference value for the overpressure was set
to 50Pa while the maximum allowed deviation was 40Pa. The
figure shows the correct activation of the air injection system
when the pressure falls below the lower limit, and the activation of
the compressor when the pressure exceeds the upper limit. The
hysteresis makes sure the pressure was close to the reference when
the activation was turned off. It is important to consider that this
data shows few seconds of the life test, therefore many sources of
disturbance in the pressure were present. These include gullies
level, air flow rate and temperature. The control strategy could
keep the target pressure inside the prescribed limits with
reasonable accuracy.
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FIGURE 5 | Pressure control keeping the pressure upstream blower 1
inside the design constraint, plot (A) by switching ON and OFF the air injection
and the compressor for air removal, shown in plot (B).
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second day of the experiment. The objective was to show the
FIGURE 6 | Evaluation of O, recovery control, for different set-point controlled flow rate of the CO, injection while the CO,
values. Plot (A) shows the tracking performance, Plot (B) the actuation valve concentration must be maintained around the 1000 ppm  set-
E);ﬁil(:;eagd ::jc;tc ﬁthhe simultaneous control of the chamber pressure that point. During the night, the CO, produced by the plants
2 : contributes to steer the concentration above the target reference,

For the air composition we evaluated both O, and CO,
concentrations. The O, control is mostly passive, as oxygen
enrichment was not provided in this first life test. The control
behaviour for an O, injection event was collected in Figure 6. The

and the nominal value was then reached again in a few hours after
the photosynthesis has begun. When the controller was active,
namely when the concentration is close to its reference, the
steady state error was limited to 5ppm and the controller
correctly compensates the consumption of the plants. We also
stress the fact that there was no means to remove CO, from the
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atmosphere in this hardware setup, thus the typical saw-tooth profile
of the CO, concentration.

Lastly, Figure 8 shows the regulation of air T and RH in the
growth chamber. The plots in the left column detail the 1st day of
the experiment, the ones on the right the 27th day. The aim was to
compare the performance at the beginning and at the end of the
experiment, thus showing the impact of the plants on the tracking
performance. Both air T and RH set-points underwent the typical
step changes on the switch between day and night. As expected,
the humidifier was mostly used at the beginning of the
experiment. It must be pointed out that T and RH dynamics

are a MIMO system that was inherently hard to control with
coupled PIDs. As it was evident, the performance when plant
transpiration was very low was much worse than that obtained at
the end of the experiment, suggesting the need to develop more
advanced control algorithms. Indeed, the control achievements
were found to be sufficient to conduct a first complete life test, but
the wide range of operating conditions for air T, RH, and air flow
rate, as well as the impact of the lights and crops could be handled
optimally only with a model-based controller.

Based on these results, MPC is a potential candidate for
developing a robust and accurate predictive controller, and we
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TABLE 4 | Total mass balance computation in terms of moles and % of volume during the 27 days life test on lettuce in the PCU.

Time Hours P system P tank T system T tank TOT Leak Volume Absolute
interval [Pa] [Pa] K] K] [mol] [mol/ gradient [%V/h]
h] [I/h]

Days 1-20 16/11/2020 480.00 99,955 341,715 298.0 297.4 222.9 -0.149 -3.71 -0.081%

22:30

06/12/2020 98,790 347,585 295.7 296.2 223.0

22:30
Days 07/12/2020 144.00 99,371 277,145 295.9 295.9 216.2 -0.139 -3.44 -0.075%
22-27 22:30

13/12/2020 99,536 292,289 295.6 295.1 218.5

22:30
TABLE 5 | Daily mass balance computation in terms of % of volume per hour in the 0.14 1 T T T T T
27 days life test on lettuce in the PCU.

012+ 8
Leak [mol/h] Volume gradient [I/h] Absolute [%V/h]

Day 1 ~0.140 ~3.45 ~0.075 Ot
Day 2 -0.143 -3.52 -0.076
Day 3 —0.142 -3.50 -0.076 w008
Day 4 -0.233 -5.77 -0.125 <
Day 5 ~0.127 _3.15 ~0.068 > 0.06
Day 6 -0.125 -3.06 -0.066
Day 7 -0.129 -3.15 —-0.069 0.04
Day 8 -0.135 -3.31 -0.072
Day 9 -0.124 -3.03 -0.066 0.02
Day 10 -0.210 -5.14 -0.112
Day 11 -0.131 -3.21 -0.070 0
Day 12 -0.159 -3.91 -0.085 . 5 10 . »B e 25
Day 13 ~0.129 -3.18 ~0.069 experiment day
Day 14 -0.137 -3.38 -0.074
Day 15 ~0.133 399 —0.071 FIGURE 9 | Air leakage evaluation in terms of percentage of volume per
Day 16 ~0.132 -3.26 —0.071 hour in the 27 days life test on lettuce in the PCU (during day 21 an aeration
Day 17 -0.138 _3.44 —0.075 was performed, thus the leakage is not reported).
Day 18 -0.132 -3.28 -0.071
Day 19 -0.230 -5.72 -0.124
Day 20 ~0.162 -4.03 -0.088 air was renewed and mass balance computation reinitialized.
Day 21 - - -
Dzz oo 0190 305 0066 Consequently, the total mass balance was computed for the first
Day 23 0142 353 0077 20 days and for the following 6 days (Table 4). In addition, mass
Day 24 -0.169 -419 ~0.091 balance was computed daily in order to estimate the leak rate
Day 25 -0.153 -3.81 -0.083 (Table 5). The calculation considers corrective factors due to
Day 26 -0.133 -3.31 -0.072 atmospheric pressure, system pressure and temperature
Day 27 -0.117 -2.89 -0.063

foresee a future review of some control strategies to have more
consistent dynamics over the entire operating range and possible
disturbances. A modelling activity is foreseen to derive control-
oriented models of plants’ behaviour, necessary for accurate
predictive control systems (Hu et al., 2008; Poulet et al., 2020).

3.3 Leak Rate Computation

The life test reported in this paper proved the capability of the
system to collect the data required for mass balances computation.
At the 21st day, the system was aerated due to the high O,
concentration accumulated which could pose a safety risk. The

variations. To minimize the temperature corrective factor, the
daily mass balances were computed when the temperature was
in controlled and in stable conditions. For simplicity, the 22:00 of
each day has been selected.

The results show a good system tightness, comparable with
the preliminary tests and, more importantly, stable along the
life test (Figure 9). The average leak rate for the first 20 days is
0.081 and 0.075% for the following 6 days. In addition, mass
balance was computed also daily (Figure 9).

In conclusion, the research scope of the PCU implies the need
to measure variables of interest for the mechanistic modeling of
the higher plant compartment. Functional and life tests
performed on the atmospheric module demonstrated the
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efficiency of both the design and the realization of this sub-
system. The controller was proven to finely regulate
environmental parameters and to collect precisely data, in a
efficiently sealed growth chamber., The performance
assessment shows that the PCU is suitable for investigations
aiming at modelling the higher plant compartment of BLSSs.
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