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Abstract

Acute respiratory distress syndrome (ARDS) is a disease that has a high reported mortality rate. The treatment for ARDS
typically involves mechanical ventilation that is tailored to each patient's needs. A crucial aspect of this treatment is
maintaining adequate oxygen saturation of haemoglobin by setting the fraction of inspired oxygen. This paper proposes
a design method of robust proportional-integral-derivative (PID) controllers using a gas exchange model during ARDS.
Several PID controllers were synthesized for different sub-operational ranges defined by measurable quantities of the
mechanical ventilator and the patient using a mixed sensitivity Ho approach. In simulations, the controller demonstrated
high robustness to external changes and changes in the patient's condition, with saturation always above 88%. Although
further validation of the controller is required, the results indicate that the presented robust control method has the

potential to be clinically relevant.
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Introduction

Acute respiratory distress syndrome (ARDS) is
a disease which requires treatment on an intensive care
unit. Among all intensive care unit admissions in 50
countries, 10.4% of the patients had ARDS. ARDS has
a reported mortality rate of 35.3% [1].

The respiratory system exchanges gases between the
human body and the environment through ventilation.
During inspiration, the air flows into the airways and
reaches the alveoli. The air inside the alveoli exchange
gases with the blood inside the pulmonary capillaries
occurs as carbon dioxide diffuses from the blood into
the alveoli, while oxygen diffuses from the alveoli into
the blood. In the blood, oxygen is transported mostly
by haemoglobin. The oxygen saturation of
haemoglobin, which is the percentage of available
binding sites to which oxygen is bound, can be
measured using a pulse [2].

ARDS impairs the exchange of oxygen and carbon
dioxide [3] and is typically treated by mechanical
ventilation. However, even though mechanical
ventilation is a vital therapy for ARDS, it can induce
lung injuries. Several strategies to treat ARDS have
been developed, but only a few showed a significantly
reduced mortality so that not all patients may benefit
from the same mechanical ventilator settings [4]. For

example, Nieman and Satalin proposed that mechanical
ventilation should be adjusted to each patient
individually [5].

Various physiological controllers for mechanical
ventilation have been proposed [6]. This paper presents
a novel robust control strategy for haemoglobin
saturation based on controller switching depending on
the respiratory rate, the tidal volume and the heart rate.
For control synthesis, a model for the gas exchange
with three patient-specific parameters that determine
the severity of ARDS was developed. Based on this
patient-specific model, the robust controllers are
synthesized.

Methods

Model Design

While the model consists of the gas exchange of
oxygen and carbon dioxide, in the following the model
components of oxygen will be described. Except for the
Bohr effect, the oxygen gas exchange is independent of
carbon dioxide. From the mechanical ventilator, the
inspiratory gas flows into the alveoli, whereas
expiratory gas flows out of the alveoli. The air flowing
in and out of the alveoli V, is given by
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Va = fa(Vr — Vp). (1)
The respiratory rate fp and the tidal volume Vi are
mechanical ventilator settings, while the patient-
specific dead space Vj, is anatomic and, depending on
the patient’s condition, pathologically enlarged. The
balance equation of the oxygen fraction inside the
alveoli is given by

Vao, = Vao,(t =0) + J (VA,OZ - Vdiff,oz) dt, (2)

where V0, (t =0) is the initial alveolar oxygen
volume, Vg 0, s the oxygen diffusion flow between
the alveoli and the pulmonary capillaries, and VA,OZ is
the ventilation-induced alveolar oxygen flow. VA,OZ is
VjFio, during inspiration, where the fraction of
inspired oxygen onz can be set by the mechanical

02

ventilator, and VA during expiration. V, denotes

the total alveolar volume.

The alveoli and the cardiovascular system are
connected through the gas exchange via diffusion,
which is modelled as instantaneous. Given the blood
flow through the pulmonary capillaries @, and the
oxygen concentrations in the alveoli k4, and in the

pulmonary arteries Kpq 0, Vaifr,0, is determined by

— Kpa,0, ) . (3)

The oxygen concentrations can be determined by the
equations of the haemoglobin dissociation curves for
the binding of haemoglobin with oxygen, such as
presented by Spencer et al. [7]. The alveolar partial
pressure of oxygen P, o, is given by

Vdiff,oz = Qpc(KA,o2

VA Va0,

Po, = (PA PHZO)a “4)
where the alveolar pressure p, is approximated as
Pvar + Ppeep, and Py, is the water vapour pressure.
Prrep 1 the positive end-expiratory pressure set by the
mechanical ventilator.

During ARDS, the alveolar gas exchange is typically
impaired. The gas exchange during of ARDS is
modelled as shown in Fig. 1.

As part of the lung collapse in ARDS, there is
a certain fraction F; (known as shunt) of the cardiac
output Q., that does not participate in the gas
exchange. The remaining blood flows to one of two gas
exchange compartments similarly to Melo et al. [8].
90% of the unshunted blood flow goes into the first
compartment, 10% into the second compartment. In
both compartments, carbon dioxide and oxygen are
exchanged. F, determines the ratio of the airway flow
of the first compartment to V,. The remaining volume
flow goes to the second compartment. After the
alveolar gas exchange, the shunted blood and the blood
from both pulmonary capillary compartments are
pooled in the pulmonary veins.
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Fig. 1: Two-compartment gas-exchange model.

If there is no heterogeneity in the ventilation-to-
perfusion-ratio, F4 is 0.9 and the behaviour of the two-
compartment model is equal to the behaviour of
a single-compartment model. A smaller F, indicates
a greater mismatch in the ventilation-to-perfusion-

ratio.
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Fig. 2: Overview of the cardiovascular system.

The modelled cardiovascular system is shown in
Fig. 2 and is based on the models presented by Batzel
et al. [9]. According to Batzel et al. [9], the required
time to transport blood from the pulmonary to the
systemic capillaries t, is 0.33 min for @, equal to
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6 L/min. With a reciprocal extrapolation, we defined
t,s as
DS

6
tps = 0.33— L. 5)
co
Analogously, given the time delay of 0.56 min for the
blood transport from the systemic to the pulmonary
capillaries [9], tg, is given by

tsp = 0.56i L. (6)
co
The blood coming directly from the pulmonary
capillaries is mixed, e.g., in the aorta. This mixing
process is modelled in the blood transport as
a smoothing PT1 system. The time constant of the PT1
system was chosen as 0.3 t,,; and 0.3 t,,, respectively,
such that a step response would reach 96% of its final
values after t,,s and tg,.
In the tissue gas exchange model, the oxygen
concentration of the systemic veins kg, o, is given by
(_VMR,02 + Qco(Ksa,02 - st,oz)), (7)

K = —
sv,0;
2 Viis0,

where Vi 0, is the effective oxygen volume capacity
(6 L), Ksqo, is the oxygen concentration in the
systemic arteries, and Ks,0, is the oxygen
concentration in the systemic veins. VMR_OZ is the
metabolic oxygen consumption rate.

The pulse oximetry sensor which measures the
peripheral oxygen saturation induces a delay. Since the
exact behaviour depends on the individual sensor, the
pulse oximetry sensor was modelled only partially. Our
model assumes that the pulse oximetry sensor measures
the arterial oxygen saturation S, o, with no error but
with a dead time of 0.5 minutes due to signal
processing as given by

Spo,(t) = Sqo,(t — 0.5 min). (8)

The steady states of the model were compared to
values given by the reference medical textbook of
Guyton and Hall [10] for F;,= 21% and Harris et al.
[11] for Fyp,= 40% and Fjp,= 100%. The maximum
relative difference between the simulated and reported
values was 7.90%.

Control Design

The closed-loop system is shown in Fig. 3. S,
denotes the peripheral oxygen saturation of
haemoglobin in the patient. S'poz and S0, are the
measurement and reference values of  Sp,,
respectively. The Sy, controller sets the fraction of
inspired oxygen Fj, of the mechanical ventilator.

o Spo, Fio, [ MV and g
“pOs o pO»
— || controller patient
gp(b
Sensor

Fig. 3: Nonlinear closed loop system.

The patient-specific model of the mechanical
ventilator and the patient is a 5th order nonlinear model
that includes various parameters of the mechanical
ventilator and the patient. We recall that the oxygen
saturation performance goal from the ARDS-NET
protocol [12] is to keep the measured S, between
88% and 95%. The control must additionally be able to
respond to changes in both mechanical ventilator
settings and patient condition. The given model may
contain inaccuracies that need to be considered during
the controller design process.

The controller design is based on the divide-and-
conquer principle: the full operating range is defined by
the product fg -V and the heart rate fy. Instead of
designing one controller for the entire operating range,
the operating range was divided into sub-operating
ranges. Given the general control parameters M;; of
the currently active operating point (i, k), the active
controller parameters M are switched according to

Mo fu < fu,eni-1
Misijo fru > fueniv
M =S M1, fr Vr < (frVr) th k-1, ©)
Mipr1 fr Ve < RV tnk+1
My, else

where fy ¢ and (fzVr)y, denote the thresholds of the
sub-operating ranges. The threshold values are in the
centre of two sub-operating ranges but to prevent
frequent controller switching, a hysteresis to the
threshold values is introduced.

For each sub-operating range, the model is linearized
around an equilibrium point near the centre of the sub-
operating range. The linearized model is used to
synthesize a robust PID controller G.(s) given by

(10)

where s denotes the Laplace variable and kp, k;, kp
and 7 the parameters of the PID controller. With its
simple structure, controller switching is possible with
simple algorithms when the sub-operating range
switches due to changes in fg, Vi or f. During a switch
of controllers, the internal integrator state is adjusted to
ensure that the output remains identical to the output of
the previous controller, using the new controller
parameters.

The given model has many parameters that are either
not accurately known or identified, which can be

Ge(s) = kp + L +2%

1+1s’
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considered as uncertainties. An uncertainty means in
this case that instead of an exact parameter value
a parameter range is assumed. The uncertainties of all
parameters were lumped into one single multiplicative
uncertainty A(s) as shown in Fig. 4.

FzOg

Fig. 4. Perturbed plant with lumped multiplicative
uncertainty.

The perturbed plant 5p (s) can be split into the
nominal part G,(s) and a multiplicative uncertainty
part G, (s)A(s). A(s) can be any transfer function that
fulfils ||A(S)|l < 1, where ||G(s)|l, denotes the
infinity norm of a transfer function G (s) defined by

lGo (s = jo)llew = sup|Gp(jw)l (11)

according to Skogestad and Postlethwaite [13]. G (s)
was determined by sampling the parameters of the non-
linear model 100 times and linearizing them afterward.
The parameter ranges for sampling are provided in
Table Al. The dead time was linearized with a 5th
order Padé approximation. The results are the sampled
linear transfer functions G;(s),1 < i< 100. Gp(s) is
the upper bound of the relative difference of G;(s) to
Gp(s) for all i as shown by

Gi()—Gp(s)
Gp(s)

< Gp () le , Vi. (12)

Gp(s) was determined using the UCOVER command
in MATLAB 2017b (The Mathworks, Natick, USA).
An example of G (s) is shown in Fig. 5.

Magnitude (dB)

—40 I
10-* 107* 107 10 100 102 10°

w(rad min~1)

Fig. 5: For all angular frequencies, the magnitude of
G D (s) is greater than the sampled relative
differences between G i(s) and G p(s). For
convenience, only 13 sampled relative differences are
shown.

Fig. 6 shows the linear control problem, where n and
d denote the noise and disturbance input, respectively.

d

G*p(;,) —»i—»—» Spo,

Gm (S) <

S;O GC(S)

2

SPOz

Fig. 6: Linear closed loop with a noise and disturbance
input.

The dependency of the output S,,, on the inputs
Spo,>nand d is given by

Sp0,(8) = G¢(5)Sp0,(s) + Gs(s)d(s) —

Ge()n(s), ()

where
6(5) = (14 6,©)66n() , (4

and
Go(5) = Gp()Ge()Gi(5). (15)

Robust controllers are synthesized through H,(h-
infinity) optimization. The standard #,, optimization
problem is shown in Fig. 7. Given the general plant
P(s), the optimization minimizes the infinity norm of
the transfer function from the exogenous input vector
w to the exogenous output vector z by adjusting G, (s)
[13].

W —> P(.S‘) —>» Z

[
r o

G.(s)

U v

Fig. 7: General Howo optimization problem [13].
v denotes the controller input and u the controller
output. Both are scalars in the case of this paper.

The chosen optimization problem is shown in Fig. 8
and is closely related to the mixed sensitivity Ho,
approach [13]. The transfer functions G, (s), G,(s) and
Gs(s) are weighting functions which need to be chosen.
The H,, optimization algorithm minimizes the infinity
norm of the transfer function from w =S;,, to

z = (24,3, 23)". The optimization problem is given by
G1(s)Gs(s)
min |16,()G.(5)Gs )| | - (16)
G3()G(s) I,
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Fig. 8: H, mixed sensitivity approach. The red dashed
lines indicate the borders of P(s).

The weighting functions were selected in
consideration of Equations 13-16. G(s) is the transfer
function from d to S0, . The magnitude of G, (s)G(s)
is high in frequency regions where the controller is
active. G,(s) is the transfer function from either Spo,
or from n to S,q,. Therefore, the influence of the
disturbance is minimized in frequency regions where
[|G1(5) |l is high. The controller activity is minimized
in regions where ||G,(s)||o is high. The influence of
n (and Sp,) is minimized in frequency regions where
[|G35(s)|lo is high. The weighting functions chosen for
the synthesis of all sub-operating points are given by

_ 5+1.036
G,(s) =0.5012 —ooicad (17)
5+0.9978
G,(s) = 10—S+10.97, (13)
and
. s+2.881
Gs(s) = 10—S+57_49. (19)

Fig. 9 shows the magnitude plot of the weighting
functions. The magnitude of G;(s) is the highest,
because disturbance rejection was the prioritized goal.
To avoid undesired effects such as oscillations due to
fast controller activities, G,(s) was designed to cross
the 0 dB line at approximately 0.46 rad/min. Reference
tracking was considered to be the least important goal.
The optimization problem was solved using the
command HINFSTRUCT in MATLAB 2017b.
Closed-loop stability was always achieved.

[ Gi(s) — Gals) -+ Gols) |

30

20

10

Magnitude (dB)

=

107 102 100 100 100 107 10°
w (rad min™1)

Fig. 9: Bode plot of the selected weighting functions for

the mixed sensitivity H,, approach.

Results

As an illustrative example, a patient with moderate
ARDS was simulated (F;= 0.3, F,= 0.4, Vp= 200 mL,
fu= 80/min, V;= 500mL, fr= 25/min). The
simulation results for different events can be seen in
Fig. 10. During the simulation S,,, was set to 91.5%
and fz to 20 /min. After 10 minutes, V; was reduced
from 500 mL to 400 mL. Between 20 minutes and
30 minutes, fy increased from 80 to 120 /min.

Vrl fo 1 Ctrl switch

S
g 92 : Lo
Z 90 : L [— S0
z ] 1 1 ____S*
45 88 1 1 1 pO2
»n - : :

0 10 20 30 40
S : L
& 30 - Co

Time (min)
Fig. 10: Simulation of a virtual patient with moderate
ARDS. The upper graph shows the patient's saturation;
the lower graph shows the controller output. Events are
marked by the dashed vertical lines. “Ctrl. switch”
denotes a controller switch.
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Fig. 11: Controller response to a virtual ARDS patient
with varying parameters F;, F,, and VMROZ.

The maximum error between S, and Spp, was
0.8%. The rise in f resulted in an increased oxygen
intake by the body, leading to a higher S, o, . The active
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sub-operating range changed at 26 minutes due to the
increase in fy and the controller gains from
Equation 10 were adjusted according to the synthesis
of the new active sub-operating range. The increase in
Fjo, due to the controller switch was less than 1%.

Fig. 11 shows the controller response to patient-
specific parameter changes unknown to the controller.
For gradual changes of F;, F, and VMROZ in the first
60 minutes, the maximum difference between S, and
the target value was 0.7%. After the increase of VMROZ
at 60 minutes, Sp,,, dropped to 88% but settled within
1% of the target at 104 minutes.

Discussion

The simulation results included possible events
which could occur in clinical situations. Since V7 is
a setting of the mechanical ventilator, it can be adjusted
by either medical personnel or by another controller.
A gradual increase in fy indicates a change in the
patient’s condition, which can be measured and which
determines the active sub-operating range and
therefore the active controller. The sudden increase in
VMROZ shows a change in the patient’s condition that
cannot be measured. The controller demonstrated
sufficient robustness against all events, reacting to
changes in the mechanical ventilator settings and both
measurable and unmeasurable changes in the patient’s
condition. In particular, the reaction to the sudden
increase of I'/MRO2 indicates a high level of robustness.

Compared to the control strategies summarized by
von Platen et al. [6], the controller was only validated
through using a model that was utilized in the control
synthesis. To ensure clinical relevance, further testing
is required with, e.g., an independently developed
model, hardware-in-the-loop simulations and animal
test experiments. Nevertheless, the simulation results
demonstrate the controller's robustness and potential to
pass such validation tests.

Conclusion

Physiological closed-loop control can help to
improve the treatment of ARDS with mechanical
ventilation. The presented paper shows a mathematical
model that captures relevant pathological effects of
ARDS in three parameters (Vp, Fy, F;). A robust control
strategy for S,p, was developed and validated in
computer simulations.

Appendix

Table Al: Uncertain parameter ranges.

Param.  Min. Max. Unit Ref.
F; 0.02 0.60 a.u. -

Fy 0.15 1.00 a.u. -
V,(t=0) 2.4 3.6 L -

fu 60 180 1/min -

Vs 50 100 mL [14]
ts 0.264 0.396 min -
tsp 0.448 0.672 min -
Viis,0, 4.8 7.2 L -
Viisco, 12 18 L -
Vuro, 240 360 mL/min -
Vmrco, 200 300 mL/min -
o, 7.60 11.12 mmol/L [15]
ag, 0.3809 0.3863 a.u. [7]
Ko, 13.26 16.72 a.u. [71
Qo, 0.019 0.045 1/mmHg  [7]
Bo, 0.0043 0.0123 1/mmHg  [7]
Tco, 74.5 97.7 mmol/L  [7]
Aco, 1.723 1.915 a.u. [7]
Kco, 110.0 278.8 a.u. [7]
Qco, 0.0519 0.0599 1/mmHg  [7]
Beo, 0.0304 0.0348 1/mmHg  [7]

V;: heart stroke volume, €O, denotes model values for
carbon dioxide.
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