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Abstract— The paper deals with the control of oxygen with a collapsable bag that inflates when he exhales, and
partial pressure in rebreather systems. deflates when he inhales. This bag is usually called coun-
A new mathematical model describing the gas dynamics terlung. In order to prevent the diver from inhaling the
in the breathing system is developed and successively valijust exhaled gas, the rebreather is designed to force the

dated on experimental data. The model is consistent with gas circulation in one direction by using two one-way
the steady-state models commonly adopted for dive plan-yalyes located on either side of the mouthpiece. The
hing with rebreathers. system formed by mouthpiece, connecting hoses, valves

We show with some example how our model can be usedand the counterlung is often referred to as the ‘breathing
to design control action and to evaluate control system per- loop’.

formance. . L
As already said, re-breathing in the loop produces an

O, decrease and a correspondid@- increase. Hence
rebreathers have a scrubber &, removal and a supply
valve for O, injection into the breathing loop. A possible

I. Introduction classification of rebreathers can be made on the way they
rovide oxygen to the breathing loop [1].

KeyWords: control applications, underwater systems,
modelling.

Underwater breathing apparatus with the character?
tics of partially or totally recycling the breathed gasses Over-expansion of the counterlung when external pres-
are commonly called ‘rebreathers’. Differently from theure decreases is avoided by an overpressure relief valve
well known open-circuit scuba, the exhaled gasses in fd complete collapse of the counterlung when external
breathers are not discarded in the form of bubbles but &@ssure increases is avoided by the action of a demand
recirculated into the re-breathing system, so achievingy@lve which is triggered when the counterlung is almost

tremendous increase of the efficiency of the underwafémpletely collapsed. This always guarantees the avail-
breathing apparatus. ability to the diver of a minimum breathable gas volume
L at any depth. The schematics of a rebreather is given in
Human respiration is a very complex phenomenchr&lure 1
which involves many biochemical transformations. How- '
ever the macroscopic chemical effects on breathed gasse&he choice of the chemical nature and of the mix be-
are a (partial) oxygen subtraction and an increase of ci¥een inhert gasses used in a rebreather system has to do
bon dioxide with respect to the inhaled mixture. AlWwith decompression needs and to the narcotic effect of
other gasses different from oxygen are inert with respdtitrogen, the natural respiration inhert gas contained in
to the respiration process and, hence, flow through #he air. These problems will not be addressed in this pa-
lungs without being chemically transformed. They afer.- We will focus, instead, our attention on oxygen level
the greatest volumetric fraction of the breathing mixturéto the breathing loop. This is a crucial problem since
This means that a great part of exhaled gasses can bd@eavoid hypoxia and hyperoxia [2], the oxygen level in
cycled (or better re-breathed), provided that oxygen B¢ breathed mixture must be within specific limits. In

added to it and carbon dioxide be removed from it. particular, hypoxic symptoms appear when oxygen par-
tial pressure falls down below 0.16 [atm] and oxygen tox-

To recirculate the gasses, all rebreather design inclu = symptoms are possible above 1.6 [atm] [3], [4]. So,

mouthpiece, through which the diver breathes, Connectoexygen partial pressures in the range 0.7-1.2[atm] are suf-

ficiently far from these limits and can be considered safe
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Il. Rebreather Mathematical Model

An analytical model has been developed for predicting
the oxygen level in rebreather for various mission profiles
and diver activity levels.

The model considers the counterlung as adiabatic col-
lapsable recipient which contain the breathable mixture
with the following assumptions

« the breathable gas is made up of an inert gas (usually
nitrogen and/or helium) and oxygen;

« the breathing gasses behave as perfect mixture;

« the recipient internal pressure instantaneously equals
the external pressure;

« the respiration is simply modelled by a (partial) oxygen

subtraction from the collapsable bag;
« the carbon dioxide scrubber behaves ideally, entrapping
all producedCOs.

Fig. 1. Schematics of a rebreather.

On the basis of these assumptions our model can derived

UnfortunatelyO, partial pressure in the breathing loofyy writing the perfect gas law for the two components of
in subject to changes due to the breathing mixture

« diver metabolism, which depends on the workload no, RT
« internal pressure of the counter lung which changes Vo, = [(no,:pe) = . (1a)
with dive profile. mRT
o | i = flupe)=——, (1b)
While variations 0fO, partial pressure due to the depth De

can be easily predictable, the metabolic oxygen consun\*}‘ﬂierev02 and Vi are the oxygen and inert partial vol-

tion r."’?te can vary by a factor of 6'(or more) in no_rr_na&mes [liter]; pe is the underwater external pressure [atm];
conditions, and as much as 10-fold in extreme conditio is the counterlung internal temperature [KJ;, andn;
2

gie;;rt)eegdmg on the activity level and cannot be easily P'&te the number of moles respectively of oxygen and inert

in the counterlungR is the gas perfect law constant.
For these reasons controlling the oxygen partial pres-

sure in a rebreather during all phases of a dive is a crucial
task for the correct and safe use of this underwater breath- no, = N0, — N0y, (2a)
ing apparatus. It is common opinion that the diffusion of

. . . N .. ny = ni, (2b)
these devices, which are in principle much more efficient

and safe with respect to the usual open circuit scuba s¥giere subscrips indicates the gas quantity injected by

tem, will increase as soon as these control problems wjll, supply valve ando,_ is the metabolic oxygen con-
be properly and reliably solved.

bviously we can write

sumption [mole].

In next Sectlon we develo'p a mathematl'cal model qf Deriving equations (1) (2) with respect to time one ob-
the dynamics of the gasses into the breathing loop. It;ig ¢
an important tool to understand the dynamic variations of

oxygen partial pressures due to variations in depth and in N0, BT 10,, RT no, RT

. . . . V02 = 2 pe; (3a)
workload during a dive. In successive sections, the math- De De De
ematical model is used to construct a simulation model Vo= ni, RT _ niRT . (3b)
which can be used to analyse various dive scenarios and ! De Doxt 2 Pe-

to test various control strategies that force the oxygen par-

tial pressure to vary in a safe interval or to stay close aWe stress that nominal metabolic oxygen consumption
given set-point regardless of variation in metabolic oxyateng, [mole/min] is variable with the workload but
gen needs and dive depth. is independent from the external pressure. This is the



main reason of the great efficiency of the rebreather syseted during different dives. Data refer to a commercial
tem when compared with an open circuit scuba diving agemi-closed rebreather (SCR). The nominal rate of oxy-
paratus. gen consumption is assumed to be 1 [liter/min].

If the supply valve works at a constant mass flow, it As an example, in figures 2 the predicted oxygen par-
is possible to write the dynamic model of counterlung itial pressure is compared to the measured pressure along
term of balance of volume flow rates [liter/min] the mission profile in figure 3. The physical model shows
a good agreement with the real scenario. Little discrep-
ancies between the two plots obviously depend from the
assumption of constant nominal metabolic rate and mea-
surement uncertainties.

alrs Loy, VOZ&,

Pe Pe Pe
(1-— a)&s - VIE,

De e

Vo, = (4a)

Vi = (4b)

where s is the flow of the supply valve [liter/min}, is AV
the oxygen fraction of the supplied gas mixture, m is tt i

oxygen metabolic volume rate consumption [liter/min rar
andp, is the pressure at the sea level [atm]. 12l !

In this form, however, the counterlung model does n il ! 1
yet consider the actions of previously described dema ool s
and relief valves. Their actions can be modelled by il
troducing two more terms in balance equations (4) repi
senting the demand valve flowy, and the exhaust flow bal
through the relief valve ag. The oxygen fraction of the
gas mixture supplied by the demand valveiighile the
gases in the mixturd @ndO-) are assumed to be vente( % 10 20 % t[mi;‘;(’ 50 % 70
out proportionally to their molar fraction.

With these two more terms the balance equations &y. 2. Oxygen partial pressure in counterlung [atm]. Dotted

become line: predicted pressure. Stars: measured pressure.
. Da Da De V02
Vo, =a—s——m—Vo,— + 84y — o -q, (53)

: De De 2pe Vo, + W1 0 * : * * ' ' * /
) DPa pe ‘/I
Vi=(1—-a)—s—Vi—+ (1 — B)sqay — ———q. (5b) 10 1

( )pe Pe ( ) VOQ +W
20 /

Since we are interested in the oxygen partial pressi
Ppo, into the breathing loop, we can compute it from th E50=
partial volume values as Eo

Vo,

= ————De. 6a ol
pP02 VOQ+‘/Ip ( ) 50 /

As already seen the fundamental difference betwe

various kinds of rebreather is mainly in how they suppl
gas to the breathing loop. Looking to equations ((5)-(6))
is apparent that the model is easily adaptable to differe
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rebreather system configurations just characterizing 1
injection system and the chemical content of the injected : . ,
. Fig. 3. Mission depth profile [meters].
mixture.
Notice that during this mission, the diver has made a
manual gas switch making a change in the supply gas
fré)m a rich (38% oxygen fraction) to a lean (23% oxygen

Th I i - h li . . : .
e mode (equgtlons_ (5)-(6)) as been va Idat‘?rac'uon) mixture at the 3-th dive minute and conversely
through extensive simulations on experimental data col-

A. Model Validation on Experimental Data



around the 18-th minute of the dive.

Ill. Model-Based Control Strategies

As already said, to minimize the risk of hypoxia an
hyperoxia, a rebreather should guarantee relatively cc
stant oxygen partial pressure in breathing loop in spite
variations in oxygen consumption and in depth.

We must consider however that the oxygen partial va
ability due to external pressure during ascent/descent
be easily computed (and hence compensated) from
knowledge of the depth and of the oxygen fraction in tt
supply gassesy(and 5 in equations (5)). The variations
in metabolic oxygen needs, instead, vary from person
person especially during high exertion and cannot be e
ily predicted.
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This means that we can plan a dive by selecting thgig. 5. Oxygen consumption during the mission [liter/min].

right oxygen fraction in the supply mixture referring to
nominal values of oxygen consumptions with the risk ¢
exposing the diver to excessively low or high oxygen pé
tial pressures.

Consider, for instance the mission profile given in fic
ure 4 with a planned oxygen consumption of 1[litre/mir
and a real time-profile of oxygen consumption as th
given in figure 5. This situation is rather usual, especial
in a commercial dive, where the diver has a workload dt
ing the deeper phase of the dive.
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Fig. 6. Oxygen partial pressure dynamics corresponding to the
/ depth profile in figure 4. Lean mixture.

Instead, with a richer oxygen mixture (38% oxygen
fraction), we have the results shown in figure 7.

10 20 30 40 50 60 70 80 90 100
t [min]

In both cases the diver, especially during the deeper
phase of the dive, is dangerously exposed to oxygen pres-

. . _ sures out of the safety bounds.
Fig. 4. Mission depth profile [meter].

To overcome this situation the diver could do a supply

Facing this dive with a 28% oxygen fraction breathing,s syitch from rich to lean oxygen mixtures and vice-
mixture and with a constant mass flow (typical injectioflorsa - Our model can simulate this situation with a sud-

of an SCR) fixed to 10 [sliter/min], the dynamics of th

Ben change in the: parameter in equations (5) and the

oxygen partial pressure in the loop, simulated with the gidg s are those given in figure 8. Consider however that

of our model, is shown in figure 6.

the switch time instant is very critical and can dramati-
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can be considered as having a nominal compofiant a
variable componens. The nominal control component

is designed to counteract the effect of the nominal dis-
turbance in steady-state conditions. It can be evaluated
as the solution of the following system, representing the
steady-state behavior of equation (5)

0 = a&§ — &ﬁ — Vog& - q, (7a)
De De Pe
0= (1- a)%é VX (1-y)g  (7H)

whereg is the steady state exhaust from the counterlung,

andy = % is the steady-state oxygen fraction into

" the breathing loop.

By using the previous equation the nominal component

Fig. 7. Oxygen partial pressure dynamics corresponding to {hethe control input turns out to be
depth profile in figure 4. Reach mixture.
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cally modify the rofile.
Y fy theppo, P from which the very well know formula that is commonly

used for dive planning with SCR

(9)
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Fig. 8. Oxygen partial pressure dynamics corresponding tot
depth profile in figure 4 with supply gas switches at the 3-
minute and at the 20-th minute of dive.

From the control point of view, in this case the dive
operates a manual open-loop control of the oxygen particu
pressure. Obviously better performances can be obtainggl 9. Oxygen partial pressure dynamics corresponding to the
by modulating the gas supply (the tesmn model (5)) depth profile in figure 4; controlled injection (solid line) and
with respect to a measure of the number of breath p@minal injection (dotted line)
minute, which is an indirect estimate of the actual 0Xygen The metabolic oxygen Consumption can be estimated
consumption. on the base of the respiration frequenbypm [number

The metabolic oxygen consumption can be consider@gbreath/min], and of the tidal volumey, through the
as having a nominal constant componantand a vari- formula
able componenfm(¢). In the same way control input
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m(t) = e(bpm(t)) x (tv(t)), (10)



tal part of this work.
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Fig. 10. Injected flow [liter/min] into the breathing loop; con-
trolled injection (solid line) and nominal injection (dotted line).

wheretv is the amount of gas moved in and out of the
lungs with each breath [liter/breath], andepresents the
oxygen fraction burned in in one liter breath.

While the breathing frequency can be easily measured
by a very simple and reliable counter located into the
mouthpiece, the tidal volume can not be measured on-
line. However tidal volumes lie into well known bounds,
thus we can compute the feed-forward control action
Am(t) as

Am(t) = ge(bpm(t) — bpm) x (tv),  (11)

wheretv is the mean tidal volume valuépm is mean
breathing frequency value, agds a constant gain.

Results of the control actions relative to the mission
profile in figure 4 can be evaluated in figures 9-10. Simu-
lations refer to a supply mixture havirg= 5 = 0.25.

As expected oxygen partial pressure lies always the
safe interval also during the heavy and deep part of the
dive.

Future work will be addressed to the further validation
of the proposed model on different rebreather systems,
on the model-based design of simple and reliable feed-
back control strategies, and on field testing of all research
work.
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