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A B S T R A C T

Mechanical ventilation maintains the gas exchange of patients in the intensive care unit which is life-saving,
but prolonged ventilation results in diaphragm atrophy. Phrenic nerve stimulation can keep the diaphragm
active so that atrophy might be avoided. To use phrenic nerve stimulation in a clinical setting, it is important
to implement a closed-loop control system that automatically adjusts stimulation parameters to achieve the
desired ventilation. This study presents the development of a robust cascaded control system for end-tidal
carbon dioxide using phrenic nerve stimulation. The control system was validated in simulations with 100
virtual patients, in which the conditions of the phrenic nerve stimulation and the patient’s condition changed,
as well as in animal trials using pigs. The control system proved to be robust to end-tidal carbon dioxide
perturbations, such as changing stimulation efficiency, varying patient conditions, and disconnection, in both
simulations and animal trials. Regarding reference tracking, the control system achieved a settling time of
5.5min–14min in simulations and of 7.3min–38.8min in animal trials. The proposed control system can be used
for further development of feedback-controlled phrenic nerve stimulation in the intensive care unit.
1. Introduction

Mechanical ventilation is used to treat patients with respiratory
insufficiencies in the intensive care unit (ICU). Following the success-
ful treatment of the underlying respiratory failure, patients typically
undergo weaning [1], where they exercise spontaneous breathing, par-
ticularly to strengthen the respiratory muscles to recover from the
mechanical ventilator. However, one risk of mechanical ventilation
is ventilator-induced diaphragmatic dysfunction (VIDD) [2], in which
patients develop diaphragm atrophy, directly impacting the weaning
outcome [3]. When a patient’s respiratory force is insufficient for
adequate breathing, it results in weaning failure, leading to prolonged
hospital stays and reduced survival rates [4]. A promising approach to
mitigating VIDD is PNS, as it triggers artificial diaphragmatic contrac-
tions to prevent diaphragmatic atrophy. Furthermore, a combination of
PNS and mechanical ventilation was also suggested [5].

For future clinical applications in the ICU, a control system that
automatically adjusts PNS settings to achieve the ventilation target is
essential. So far, few studies have been conducted on PNS or respiratory
pacing with feedback. It has been demonstrated that PNS or diaphragm
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stimulation can be triggered by measuring the airway flow or the
diaphragm electromyography [6–8]. Regarding PNS, an optimization of
stimulation amplitude and frequency was proposed by Zhou et al. [9].
Similarly, Keogh et al. [10] developed a closed-loop PNS system that
automatically identifies the most effective stimulation settings and
surface electrode configuration based on the respiratory response of
healthy volunteers.

Various control strategies for mechanical ventilation have been
developed [11] that, e.g., control the end-tidal partial CO2 pressure
(𝑃et CO2

) [12]. In contrast, there are only a few PNS studies with
objectives similar to those in mechanical ventilation. Ai et al. [13] in-
troduced a closed-loop respiratory pacemaker framework that controls
arterial O2 saturation of hemoglobin through a proportional-integrative
(PI) controller validated using a computational model. Inspired by
biology, Siu et al. [14] developed a neural-network based closed-loop
diaphragm pacing system that tracks volume profiles and was validated
in rats. Additionally, the system was utilized with concurrent stimula-
tion of the diaphragm and intercostal muscles at the same time [15].
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Table 1
Summary of recent studies on respiratory pacing with feedback. Models denote a computational model used in simulations; duration refers to the length
of respiratory pacing.

Objective Stimulation type. Subject Duration Ref.

Arterial O2 saturation control Unspecified, PNS Model – [13]
Bio-inspired volume control Implanted diaphragmatic stim. Rats 100–200 breaths [14]
Bio-inspired volume control Implanted diaphragmatic and intercostal muscle stim. Rats 5–15 min [15]
Bio-inspired 𝑃et CO2

and flow control Implanted diaphragmatic stim. Model – [16]
Bio-inspired 𝑃et CO2

and flow control Implanted diaphragmatic stim. Rats ≥15 min [17]
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Similarly, Zbrzenski et al. [16] and Siu et al. [17] developed a bio-
inspired neural-network based control system that acts on 𝑃et CO2

and
flow. A summary of these studies can be found in Table 1.

In order to ensure the safe use of controlled PNS in the ICU,
additional measures are required to comply with the relevant medical
regulations. Before clinical application, PNS control systems need to be
validated in humans, but as a preliminary step, pigs can be used as
their cardiorespiratory system is comparable to those of humans [18].
Moreover, Reardon et al. [19] suggested that PNS may prove to be
an optimal strategy for artificial breathing if diaphragm activity is
maintained within lung-protective range, which has been formulated
to prevent lung injury [20]. During prolonged application of PNS
and mechanical ventilation, the control system must react adequately
to dynamic changes in the patient’s condition, e.g. due to variations
n secretion or vigilance. Furthermore, depending on the electrode
lacement method, position changes of the electrodes might influence
NS over time. This is exemplified by our proposed minimal-invasive
ercutaneous electrode placement near the phrenic nerve [21].

This paper presents a novel PNS control system for end-tidal partial
CO2 pressure 𝑃et CO2

, developed with the specific needs of intensive care
personnel in mind. It has been designed to ensure transparent and com-
prehensible behavior in compliance with relevant medical regulations.
In order to fulfill the criteria for lung-protective ventilation outlined in
recent literature [20,22], a cascaded controller structure was selected.

he controllers were designed to be robust against dynamic changes
y employing ∞ synthesis. Given the potential safety concerns asso-

ciated with system complexity and lack of transparency in automated
herapies [23], the synthesized controllers were designed with a simple

PI structure in which the effect of each parameter is interpretable.
Additionally, the control system provides pressure support as a fail-
safe measure in the case that PNS alone does not provide adequate
ventilation. The control system was systematically validated through
simulations of varying patient conditions with a model different from
the one employed in ∞ synthesis to verify robustness. Subsequently,
the system was validated in four pigs that received percutaneous PNS
for 96 h under the supervision of human intensive care physicians.
Additionally, the system was validated in a fifth pig in which PNS was
applied after an initial mechanical ventilation period of 72 h.

2. Methods

2.1. Process overview of phrenic nerve stimulation

The experimental setup of PNS is illustrated in Fig. 1 [24]. A
host computer communicates with an embedded computer (dSPACE
Microlabbox, dSPACE GmbH, Paderborn, Germany) that has been pro-
grammed with Matlab Simulink 2019b (The MathWorks Inc., Natick,
USA). The embedded computer is linked to a modified mechanical
ventilator (EVE IN, Fritz Stephan GmbH, Gackenbach, Germany) via
an RS-232 protocol that applies pressure to the patient or pig via
a respiration tube. The mechanical ventilator transmits measurement
data of airway pressure, airway flow 𝑉̇ , and end-tidal partial CO2
pressure 𝑃 to the embedded computer. The embedded computer
et CO2

2

2 
has a digital interface to a custom-built stimulator connected to two
lectrode pairs placed near the left and right phrenic nerves, as detailed

in [21]. The stimulator applied the stimulation voltage 𝑣 to the left
and right phrenic nerves of the patient, thereby inducing a diaphragm
contraction and, therefore, inspiration. In more detail, the stimulation
oltage 𝑣 forms either alternating or biphasic pulses with the pulse
idth 𝑇pw and the pulse frequency 𝑓p, as given in Fig. 2a.

The pulses form a stimulation burst depicted in Fig. 2b. The
pulse voltage amplitude 𝑣p increases during the slope time 𝑇s from the
tart amplitude 𝑣s to the end amplitude 𝑣e to induce a smoother time
ontraction. Each pulse burst has a duration of 𝑇b, and the bursts are
epeated at the respiratory rate 𝑓r r , as each burst indicates stimulated
nspiration. Subsequently, no voltage is applied, and the expiration
tarts. For simplicity in control, 𝑣s was defined as

𝑣s = max
(𝑣e
3
, 5 V

)

. (1)

2.2. Control structure

An overview of the control design is given in Fig. 3. Three cas-
caded control loops were designed. In the outer CO2 control loop, the
reference end-tidal partial CO2 pressure 𝑟CO2

is tracked by adjusting the
reference minute volume 𝑟mv. In the MV control loop, the respiratory
rate 𝑓r r and the reference tidal volume 𝑟V are set. In the inner tidal
volume 𝑉t control loop, the stimulation voltage parameters 𝑣e and, if
necessary, the pressure support 𝛥𝑝ps are adjusted. Based on its inputs,
the stimulator applies the stimulation voltage 𝑣, and the mechanical
ventilator applies the airway pressure 𝑝aw to the patient. The patient’s
end-tidal partial pressure of CO2 𝑦CO2

and the tidal volume 𝑦V are fed
back to the controllers. All controllers are robust ∞ controllers syn-
thesized with uncertainty models. Each controller was equipped with
a clamping anti-windup method [25]. To design a patient-independent
controller, the tidal volume and minute volume are scaled by the body

eight 𝑚 so that their unit is mL∕k g. If the measured tidal volume
s above 20 mL∕k g, a disconnection is assumed, and the controllers
aintain their previous values.

2.3. End-tidal carbon dioxide control

The control loop for the synthesis of the CO2 controller is given in
Fig. 4. The controller 𝐾CO2

sets a reference minute volume 𝑟MV, which
s achieved by the internal control loops. The inner control loops must
ave a higher bandwidth than the outer control loop [26] due to the
ascaded control structure. The model plant consists of a dead space

efficiency gain 𝑘D and a linearized gas exchange model 𝐺CO2
(𝑠).

Based on the relation between total ventilation, dead space ventila-
ion, and alveolar ventilation [27, p. 19], the ventilation efficiency 𝑘D

was modeled as

𝑘D =
𝑉t − 𝑉D

𝑉t
. (2)

A tidal volume 𝑉t in between 6 mL∕k g and 8 mL∕k g (inside lung-
rotective range) and a dead space volume 𝑉D between 1.5 mL∕k g and
.5 mL∕k g were assumed. The output of 𝑘 is the alveolar minute
D
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Fig. 1. Experimental setup of PNS.
Fig. 2. PNS parameters of a pulse (a). The blue line denotes a biphasic pulse, while the red line denotes an alternating burst. (b) PNS parameters of a burst.
Source: Adapted from [24].
Fig. 3. Overview of the control system with the carbon dioxide CO2 loop (purple), the minute volume MV loop (black), and the tidal volume 𝑉t loop (blue).
Fig. 4. CO2 control loop for synthesis.
w
b
o

volume 𝑉̇alv, which is the input of the nonlinear gas exchange model
from Fincham and Tehrani [28]. The model was simplified by reducing
t to the alveolar compartment for oxygen and carbon dioxide, the
issue and brain tissue compartment, and the blood transport delay. The
etails are provided in the supplementary material Section 1.1.

For uncertainty modeling, the model parameters were pseudo-
randomized 100 times using the Latin hypercube method [29, p. 76],
according to the supplementary material Tab. 1. For each parameter
set, the model was trimmed to the nearest equilibrium point, leading
3 
to the sampled plants 𝐺CO𝟐 ,i(𝑠), 𝑖 ∈ {1,… , 100}.
With the established uncertainty model, a continuous PI controller

as synthesized via the ∞ mixed-sensitivity approach, as proposed
y Skogestad and Postlethwaite [30, p. 109]. This approach depends
n the sensitivity transfer function 𝑆CO𝟐 ,i(𝑠)

𝑆CO𝟐 ,i(𝑠) =
(

𝐺CO2 ,i(𝑠)𝐾CO2
(𝑠)

)−1
, (3)

which corresponds to the transfer function from the disturbance input
𝑑 to the output 𝑦 of the 𝑖th sample plant. The complementary
CO2 CO2
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Fig. 5. Weighting functions 𝑊S(𝑠) and 𝑊T(𝑠) of the mixed-sensitivity ∞ synthesis for
the CO2 loop.

Fig. 6. Minute volume control structure. Avg10 denotes the moving average filter of
V with a length of 10 breaths.

transfer function 𝑇CO𝟐 ,i(𝑠)

𝑇CO𝟐 ,i(𝑠) = 𝐺CO2 ,i(𝑠)𝐾CO2
(𝑠)

(

𝐺CO2 ,i(𝑠)𝐾CO2
(𝑠)

)−1
(4)

is the transfer function from the reference input 𝑟CO2
to 𝑦CO2

for the 𝑖th
sample plant. The ∞ mixed-sensitivity approach minimizes the cost
function
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, (5)

where 𝑊S and 𝑊T denote the weighting functions for the sensitivity and
omplementary sensitivity functions, respectively. The chosen weight-
ng functions are shown in Fig. 5. 𝑊S is high in frequency regions

where disturbance rejection is the prior goal, whereas 𝑊T is high where
reference should not be tracked to limit controller aggression. The
target cross frequency was selected as 𝜔c,CO2

= 4.0 × 10−3 r ad∕s, so that
(

𝜔c,CO2
∕(2𝜋) ⋅ 60 s∕min

)−1
≈ 26 min. Based on 𝜔c,CO2

, 𝑊S crossed the
0 dB line at 𝜔c,CO2

∕1.8 and 𝑊T at 1.8 𝜔c,CO2
, respectively. The controllers

were synthesized by the command hinfstruct in MATLAB 2021b.

2.4. Minute volume control

The MV control structure is shown in Fig. 6. Since lower tidal
volumes have been associated with better clinical results [22], the
control system should first increase the respiratory rate and then the
tidal volume. The reference tidal volume 𝑟 is set via feed-forward
V

4 
Fig. 7. Illustrative GPR model. The blue area denotes the 95% confidence interval.
he dashed lines denote the reference limits of 6 mL∕k g and 8 mL∕k g. For 𝑣e below

7 V, 𝑉t was zero.

control 𝐹mv, which is dependent on the reference minute volume 𝑟mv

𝑟V =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑉 t , 𝑉 t ≤
𝑟mv
𝑓 r r

𝑟mv
𝑓 r r , 𝑉 t ≤

𝑟mv
𝑓 r r < 𝑉 t

𝑉 t , otherwise.

(6)

𝑓 r r denotes the maximum respiratory rate that can be adjusted by
he user. Retaining the lung protective guidelines, the lower limit 𝑉 t

and upper limit 𝑉 t were set to 6 mL∕k g and 8 mL∕k g, respectively.
Depending on 𝑟V, the feed-forward respiratory rate 𝑓r r,f f wr d is set as

𝑓r r,f f wr d =
⎧

⎪

⎨

⎪

⎩

𝑟mv
𝑉 t

, 𝑟V = 𝑉 t

𝑓 r r , otherwise.
(7)

If pressure support is enabled, as explained later in Section 2.5, the
lower tidal volume limit 𝑉 t was set to 4 mL∕k g so that the control
ystem decreased pressure support rather than 𝑓r r .

If the desired tidal volume cannot be reached, 𝑟mv can be achieved
by changing the respiratory rate 𝑓r r by 𝛥𝑓r r . Because the controller

mv(𝑧) reacts after each recorded tidal volume, 𝐾mv(𝑧) is discrete with
o constant sample time but reacts after each breath. The measured
inute volume 𝑦mv is the product of 𝑓r r and 𝑦V, where 𝑦V is processed
sing a moving average filter of 10 breaths. Analogous to the CO2
ontrol loop, 𝐾mv(𝑧) is a PI controller designed by mixed-sensitivity ∞
ynthesis with the open-loop transfer function 𝐿̃mv(𝑧)

𝐿̃mv(𝑧) = 𝐾mv(𝑧) 𝑘mv, (8)

where 𝑘mv is the tidal volume between 4 mL∕k g and 7 mL∕k g. The value
ange was chosen around 𝑟V = 6 mL∕k g, where the controller is active.

The weighting functions 𝑊S and 𝑊T were defined as in Section 2.3,
but with a cross frequency of 3.2 × 10−2 r ad∕br eat h. Assuming a 𝑓r r in
etween 20 min−1 and 30 min−1, the chosen bandwidth is about 3 to
 times faster than 𝜔c,CO2

of the end-tidal CO2 controller. It should
e noted that the feed-forward term 𝐹mv is dominant compared with
mv(𝑧).

2.5. Tidal volume control

The tidal volume control of stimulation was designed with GPR
odels 𝑉t,gpr (𝑣e) based on our previous work [31]. The GPR models

stimate the relationship between the tidal volume and the maximum
timulation amplitude 𝑣e for one complete breath. An illustrative ex-
mple of such a GPR model is depicted in Fig. 7. From the resulting

33 GPR models, the gradient 𝑘V = 𝑑 𝑉t
𝑑 𝑣e was determined. For each

timulation voltage setting 𝑗, the respective gradient 𝑘V was calculated
by

𝑘V(𝑗) = 1
(

𝑉t (𝑗 + 1) − 𝑉t (𝑗) +
𝑉t (𝑗) − 𝑉t (𝑗 − 1))

. (9)

2 𝑣e(𝑗 + 1) − 𝑣e(𝑗) 𝑣e(𝑗) − 𝑣e(𝑗 − 1)



A. Lohse et al. Biomedical Signal Processing and Control 105 (2025) 107649 
Fig. 8. Tidal volume control loop for synthesis.

Fig. 9. Program flowchart on how pressure support is enabled. During preprocessing,
invalid 𝑦CO2

measurement values are sorted out, and a moving average filter with a
length of ten breaths is applied. Pressure support can only be manually disabled.

As a result, the nominal gain of 𝑘V was found to be the median
of 0.6 mL k g−1 V−1, and the maximum value was the maximum ob-
served gain of 5.0 mL k g−1 V−1. The minimum value was defined as
0.2 mL k g−1 V−1 to avoid gains near zero, which can cause problems
during control synthesis. These ranges were used to define the uncer-
tain gain 𝑘V and synthesize 𝐾V(𝑧) via mixed-sensitivity ∞ synthesis.
Similar to 𝐾mv(𝑧), 𝐾V(𝑧) is discrete and reacts after each breath. The
desired bandwidth was 0.11 r ad∕br eat h, so that process noise during
PNS, modeled as a disturbance impulse 𝑑V of 1 mL∕k g, change 𝑣e less
than 0.05 V. Further, this bandwidth is approximately 9 to 14 times
faster than 𝜔c,CO2

for 𝑓r r in between 20 min−1 and 30 min−1. The block
diagram of this control loop is provided in Fig. 8. The 𝑣e maximum of
20 V can be decreased by the user if a further increase of 𝑣e does not
result in a higher 𝑉t .

As shown in Fig. 3, if PNS-based respiration is insufficient, pressure
support is enabled. The conditions for enabling pressure support are
shown in Fig. 9. In addition, manual activation of pressure support is
possible.

Similar to the PI controller that adjusts 𝑣e, the pressure support
controller was synthesized via the ∞ mixed-sensitivity approach with
an uncertain gain 𝑘ps given by

𝑘ps =
𝐶̃
𝑚̃

. (10)

Using data from preliminary animal trials, the uncertain
respiratory compliance 𝐶̃ was estimated to be between
15 mL hPa−1 k g−1 and 30 mL hPa−1 k g−1, while the pig’s body weight 𝑚̃
lied between 40 k g and 50 k g, as defined in the test protocol. The cross
frequency was chosen as 0.07 r ad∕br eat h so that it is 9 times faster than
𝜔c,CO2

at 𝑓r r = 30 min−1.
In addition to maintaining the exchange of CO2, minimizing the

required pressure support is a defined goal. Therefore, if pressure
support must be enabled, 𝑓 and 𝑣 remain at their maximum and
r r e

5 
Fig. 10. Respiratory and gas exchange model for simulation.

can only decrease if the pressure support 𝛥𝑝ps is zero. All synthesized
control parameter values are given in supplementary material Tab. 2.

2.6. Simulation

2.6.1. Validation model
For validation, a different model shown in Fig. 10 was used to avoid

designing controllers tailored to a specific model. The respiratory model
combines PNS and pressure support, so that 𝑉t is given by

𝑉t = 𝑉t,pns(𝑣e) + 𝐶 𝛥𝑝ps +𝑤, (11)

where 𝑉t,pns(𝑣e) denotes the tidal volume generated by PNS depen-
dent on 𝑣e. The underlying physiological model [32] is described in
supplementary material Section 2.1. A white process noise 𝑤 was
added to capture the variation in tidal volume of individual breaths.
The standard deviation was set at 0.51 mL∕k g such that ±1.0 mL∕k g
defines the 95% confidence interval. 𝑉t was used along with 𝑓r r as an
input of the gas exchange model. The gas exchange model described
in supplementary material Section 2.2, based on Batzel et al. [33]
and Spencer [34] was modified from our publication [35]. The gas
exchange model output 𝑦CO2

is 𝑃et CO2
.

2.6.2. Robustness validation
In physiological models, many parameters are patient-specific. To

validate the robustness of the control system, all patient- and time-
varying parameters were varied. While most of the value ranges are
given by values taken from literature [28,33,34,36–38], supplementary
material Section 2.3 explains how each parameter range was defined.
Given the parameter ranges, 100 virtual patients were generated via
Latin-Hypercube sampling and simulated in the scenario defined in
Table A.1. The scenario contains an 𝑟CO2

reference step, a disconnec-
tion, and dynamic fluctuations in 𝑉D, 𝑉̇mr,𝐶 𝑂2 , and 𝑄co. The metabolic
CO2 production rate 𝑉̇mr,CO2

values were obtained from [39,40], and
the cardiac output 𝑄co values were taken from [41]. Moreover, the
input and output PNS efficiency were modified. A reduction in the
input PNS efficiency by 80% means that in Eq. (11), 𝑉t,gpr

(

𝑣e
)

is
substituted by 𝑉t,gpr

(

0.2𝑣e
)

, while a reduction in PNS output efficiency
is 0.2𝑉t,gpr

(

𝑣e
)

.

2.7. Experimental validation

The developed control system was validated in animal trials with
five healthy pigs (German Landrace, female, between 40 k g and 50 k g)
that were stimulated or mechanically ventilated for 96 h. The mechan-
ical ventilator operated in continuous positive airway pressure mode
with optional pressure support during PNS. The inputs and settings of
the control system and the applied continuous airway pressure were
adjusted according to the pig’s needs. PNS patterns were selected from
our published systematic evaluation [24] and are listed in Table 2.
PNS patterns with lower pulse widths 𝑇pw and pulse frequencies 𝑓p
were preferred, but if the tidal volume achieved without pressure
support was inadequate, the next PNS pattern that achieved higher tidal
volumes was manually selected.
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Fig. 11. Single simulated tidal volume response of the nominal parameter set. In the second graph, the gray curve denotes the unfiltered measurement. The blue area marks the
disconnection event defined in Table A.1.
3. Results

3.1. Simulation

For the nominal virtual patient, the simulation results of the internal
V and 𝑉t control loops are given in Fig. 11. 𝑦mv followed 𝑟mv, and

while 𝑦V is noisy, the 10-breath moving average filter 𝑦Vavg10 tracks 𝑟V.
The disconnection at 𝑡 = 25 min does not affect 𝑦V. During the reduction
of PNS efficiency from 𝑡 = 98 min to 𝑡 = 100 min and from 𝑡 = 115 min
to 𝑡 = 132 min, neither 𝑟mv nor 𝑟V were achieved, but in both cases, 𝑣e
increased to its limit of 20 V in 2 min.

When the reduced input PNS efficiency was restored at 𝑡 = 100 min,
the control system reduced 𝑓r r while 𝑦V remained at 9 mL∕k g to
10 mL∕k g, even though 𝑣e continuously decreased. 𝑓r r initially de-

−1
creased but returned to 20 min when 𝑟V was tracked again at 𝑡 =

6 
104 min.
At 𝑡 = 122 min, pressure support was activated, and both 𝑟mv and

𝑟V were tracked. When PNS efficiency increased back to 100% at
𝑡 = 132 min, 𝛥𝑝ps gradually decreased to zero, and 𝑣e decreased to its
steady-state value range in between 6.0 V and 6.5 V in 1 min.

Fig. 12 shows the CO2 simulation results from all virtual patients
of the scenario defined in Table A.1. The reference step of 𝑟CO2

from
45 mmHg to 39 mmHg achieved a settling time (𝑃et CO2

< 40 mmHg) in all
simulations in between 5.5 min and 14 min with a mean settling time of
9.0 min. Both changes in 𝑉D and in 𝑉̇mr,CO2

led to a change in 𝑦CO2
of

approximately 1 mmHg. During changes in 𝑄co, 𝑦CO2
varied from 𝑟CO2

up to 7 mmHg. After the input PNS efficiency was restored, 𝑦CO2
tracked

𝑟CO2
in less than 10 min. During decreased output PNS efficiency, 𝑦CO2

increases up to the pressure support limit of 50 mmHg. Afterwards, 𝑦CO2

decreased to 43 mmHg, and over 30 min, 𝑟CO2

was reached. When the
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Fig. 12. Accumulated simulated 𝑦CO2
of the nominal parameter set (black line) and 100 virtual patients (gray lines). The red dashed line denotes 𝑟CO2

. The blue area marks the
disconnection event defined in Table A.1.
Table 2
Stimulation patterns used in the animal trials. BIP denotes a biphasic pulse, in which
the pulse voltage changes polarity within the pulse; ALT denotes an alternating pulse,
in which the pulse polarity changes after each pulse.

Stim. pat. 𝑇pw (ms) 𝑓p (Hz) 𝑇s (s) Pulse dir.

I 0.05 40 1 BIP
II 0.40 78 0.5 BIP
III 0.60 208 1 ALT
IV 1.00 143 1 BIP

output PNS efficiency increased back to 100%, 𝑦CO2
decreased shortly

ut returned to its previous trend.

3.2. Animal trials

Two illustrative examples of reference tracking of MV and 𝑉t during
the animal trials are shown in Fig. 13. The control system was activated
at 𝑡 = 0 min. As shown in Fig. 13a, no pressure support was applied,
and in the first 10 min, 𝑟MV was tracked by increasing 𝑓r r , while 𝑟V was
kept constant at 6 mL∕k g. After saturation of 𝑓r r , 𝑟V increased according
to the behavior defined in Eqs. (6), (7), and 𝑦V followed by increasing
e. In Fig. 13b, the pressure support controller was active while 𝑓r r and
e were saturated. The controller output variables did not overreact to
he process noise in 𝑦V.

Example responses of the MV and 𝑉t control loops to disturbances
re displayed in Fig. 14. In Fig. 14a, 𝑟V was not achieved even when all

actuators were saturated. At 𝑡 = 10 min, the mechanical ventilator was
7 
disconnected from the animal’s lungs. The applied pressure support did
not decrease. At 𝑡 = 16 min, the maximum 𝑓r r was manually decreased
from 30 min−1 to 28 min−1, leading to an increased 𝑦V so that 𝑟V could be
tracked and 𝛥𝑝ps decreased. In Fig. 14b, the pig activated its respiratory
muscles at approximately 𝑡 = 9 min, leading to an increase in 𝑦V, similar
to an impulse disturbance.

Fig. 15 shows the offset of pressure support due to changing stim-
ulation efficiency as the electrodes were relocated at approximately
𝑡 = 9 min. 𝛥𝑝ps decreased and 𝑟V was followed, and at approximately
𝑡 = 15 min, 𝑣e started to decrease while 𝑓r r was kept constant.

Fig. 16a shows a sample reference 𝑟CO2
step without pressure sup-

port. At 𝑡 =0 s, 𝑟CO2
was set to 39 mmHg. 𝑦CO2

converged with 𝑟CO2
after

approximately 50 min. The corresponding minute volume, tidal volume,
and controller outputs are shown in Fig. 13a. The 𝑦CO2

response to
the stimulation efficiency change in Fig. 15 is given in Fig. 16b.
After stimulation efficiency increased, 𝑦CO2

decreased from 44 mmHg
to 38 mmHg in 2 min and gradually converged to the reference 𝑟CO2

.
Table 3 shows the control performance for reference step changes

during the animal trials. The settling time was defined as the duration
at which 𝑦CO2

differed less than 1 mmHg from 𝑟CO2
and was between

8.25 min and 38.8 min. For PNS without pressure support, no overshoot
was observed, while the maximum overshoot for PNS with pressure
support was 1.3 mmHg.

Table 4 shows the closed-loop performance of disturbances during
the animal trials. The compensation time was defined as the duration
between the time at which the maximum error was recorded and the
time at which 𝑦 reaches the 1 mmHg bound of 𝑟 for the first time.
CO2 CO2
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Fig. 13. Reference tracking of the MV and 𝑉t loops without (a) and with (b) pressure support. For (b), 𝑓r r was kept at 30 min−1 and 𝑣e at its limit set to 14.0 V.

Fig. 14. Closed-loop disturbance response to (a) disconnection and secrete removal (arrows) and (b) the pig’s own respiratory effort. It should be noted that the y-scales of the
upper graphs are different. For (a), 𝑣e was constant at 13.0 V, and for (b), 𝑓r r was 30 min−1 and 𝑣e was 13.0 V.
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Fig. 15. Closed-loop response to a change in stimulation efficiency. 𝑓r r was 30 min−1.

Table 3
Performance of 𝑟CO2

step responses during animal trials.

Pig Initial 𝑦CO2
𝑟CO2

Settling time Overshoot Pressure Stim.
(mmHg) (mmHg) (min) (mmHg) support pat.

1 46.2 39.0 38.8 0 Off I
2 33.0 41.0 23.7 0.3 On III
2 39.3 42.0 37.4 1.1 On IV
3 43.0 39.0 32.0 0 Off III
3 43.6 41.0 22.2 0 Off III
4 41.5 45.0 8.25 0.7 On II
4 44.3 41.0 30.7 1.3 On II
5 40.7 45.0 7.3 0 Off III

Table 4
Disturbance rejection performance of the animal trials.

Pig Peak error Compensation time Settling time Pressure Stim.
(mmHg) (min) (min) support pat.

1 11.6 25.9 31.7 On III
2 3.67 2.33 2.33 On IV
3 8.46 26.3 26.3 Off III
3 6.59 5.72 5.72 On III
3 3.53 1.80 20.3 On III
3 2.53 2.05 22.0 On III

Whereas disturbances with a magnitude below 7.00 mmHg had a com-
pensation time of 5.72 min or less, disturbances above 8.00 mmHg had
a compensation time of approximately 26 min. The maximum settling
time was 31.7 min.

4. Discussion

A novel cascaded control system for PNS with optional pressure
support to maintain CO2 gas exchange was developed and validated.
The control system demonstrated robustness in simulations of virtual
patients with dynamically changed conditions and PNS effectiveness.
To the best of our knowledge, this study shows the first reported closed-
loop control of end-tidal partial pressure of CO2 (𝑃et CO2

) in pigs and
controlled in-vivo PNS for longer than 20 min. The control system was
robust to real-world disturbances, including disconnections, the pig’s
own respiratory effort, and fluctuations in PNS effectiveness.

The 𝑃et CO2
dynamics of the validation model and the recorded

nimal trials were different. For example, the time constant of 𝑃et CO2
as faster in the validation model, which was designed with a gas
9 
exchange model for human subjects. In the animal trials, a pig was
stimulated and mechanically ventilated. Therefore, different results are
expected between the simulation and the animal trials. Even though the
control response was slower in the animal trials, the ability to control
both is further evidence of the control system’s robustness.

Reported step responses in rats reached a steady state of 𝑃et CO2
fter approximately 15 min [14,17]. While our system reached steady

state after similar durations in patient simulations, the settling time of
our steps in pig trials from Table 3 reached almost 40 min. The time
constants of CO2 in rats may differ from those in pigs. Furthermore,
he time constants depend on the physiological state of the animals.

Another reason may be different prioritization during control design.
The proposed system focused on disturbance rejection and robustness
against dynamic changing conditions, leading to a lower performance
in reference tracking.

The control system proposed by Siu et al. [14,17] incorporates a
nonlinear fifth-order model comprising more than 20 parameters and a
neural network with 72 neurons, resulting in a complex control system.
In contrast, the proposed cascaded robust PI control structure was
relatively simple and computationally less expensive, comprising only
six control parameters. However, the control systems developed by Siu
et al. and Zbrzeski et al. [16] generates a volume profile, while the
resent study focused exclusively on tidal volume control.

The PNS pattern shapes were defined in advance based on our
previous studies [24]. This step can be automated if the automatic
rocedure proposed by Keogh et al. [10] is combined with the proposed
ontrol system.

Regarding limitations, the results of the animal trials were only
exemplary. Since the primary objective of the animal trials was not
ontroller validation, no systematic validation of the control system in
nimal trials was possible. However, the control system was statistically
alidated in simulations.

Because direct blood gas measurements were not available in real-
time, we have used 𝑃et CO2

as a surrogate parameter for the arterial
partial CO2 pressure, but they may differ depending on the individual
patient [42]. If this control system is used on patients, the reference
CO2

has to be set in such a way that the desired arterial partial CO2
pressure is achieved.

The model developed to test controller robustness was not validated
ith the measurement data in its final form. However, the human

gas exchange model is a slightly modified model from literature [33]
with the dissociation curve from Spencer [34]. The GPR [31] and the
hysiological PNS model [32] were validated with pig measurement

data. Therefore, the relationship between tidal volume and stimulation
oltage may differ in humans.

This study demonstrated 𝑃et CO2
control via PNS in pigs. Further, it

was shown that pressure support can maintain gas exchange if PNS
ecomes unfeasible due to an unexpected event. The proposed control
ystem can help develop systems applied in ICUs to prevent VIDD.

5. Conclusion

This study demonstrated a cascaded robust control system for
et CO2

, minute volume, and tidal volume in PNS combined with me-
chanical ventilation via pressure support. The control system’s robust-
ness was validated in simulations and animal trials with pigs, which
esponded adequately to various disturbances and changes in the pig’s
onditions. Further developments may include the automation of PNS

parameters and volume profiles. While the results are promising, fur-
her validation is required before the control system can be considered

safe for use in humans. Nevertheless, the feasibility of the PNS control
system demonstrated in this study may facilitate the development of
PNS control systems suitable for the ICU.
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Fig. 16. Exemplary closed-loop response of 𝑦CO2
to (a) an 𝑟CO2

step and (b) stimulation efficiency change. The gray lines show the measurements, and the black line shows the
low-pass filtered signal (3rd order with crossover frequency at 0.1 Hz). The dashed red line denotes the reference 𝑟CO2

.
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Table A.1
Scenario used to validate the control system.

Time (min) Event description

5.0 Step of 𝑟CO2
from 45 mmHg to 39 mmHg

25.0–25.5 Disconnection from the mechanical ventilator
27.0 Increase of 𝑉D from 1.88 mL∕k g to 2.81 mL∕k g
37.0 Decrease of 𝑉D to 1.88 mL∕k g
42.0–47.0 Increase of 𝑉̇mr,CO2

from 225 mL∕min to 317 mL∕min
47.0–52.0 Decrease of 𝑉̇mr,CO2

to 106 mL∕min
52.0–57.0 Increase of 𝑉̇mr,CO2

to 225 mL∕min
59.0–59.5 Decrease of 𝑄co from 6 L/min to 2.2 L/min
72.0–72.5 Increase of 𝑄co to 11 L/min
85.0 Decrease of 𝑄co back to nominal value of 6 L/min
98.0–100.0 Decrease of input PNS efficiency by 80%
115.0–132.0 Decrease of output PNS efficiency by 80%

Appendix A. Robustness validation scenario

See Table A.1.

Acronyms

GPR Gaussian process regression
ICU Intensive care unit
MV Minute volume
PI Proportional-integrative
PNS Phrenic nerve stimulation
VIDD Ventilator-induced diaphragmatic dysfunction

Appendix B. Supplementary data

Supplementary material related to this article can be found online
t https://doi.org/10.1016/j.bspc.2025.107649.

Data availability

Data will be made available on request.
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