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Abstract—Many studies in recent years have been focused on
treating diseases caused by the SARS-CoV-2 virus, such as the
Covid-19 disease. In this regard, the development of mechanical
ventilation systems became very important for the care of patients
with moderate symptoms caused by the virus. Most of the works
developed used the non invasive mechanical ventilation system,
since this is rapidly assembled and replicated. This work is
centered on automating the manual Bag-Valve-Mask (BVM) ven-
tilation of the Emergency Mechanical Ventilator for ICU (UTEC-
AE EMV-ICU). For this purpose, it is necessary to implement
a satisfactory control system to reach the adequate volume or
pressure for patients. The control system implemented for the
UTEC-AE EMV-ICU is based on LQR method for the three
non-invasive ventilation modes (volumen controlled ventilation,
pressure controlled ventilation, and assisted ventilation). The
LQR control system of the UTEC-AE EMV-ICU was tested in
an artificial lung where the obtained results were compared and
discussed with the obtained results from a PI control system.

Index Terms—Covid-19, Mechanical ventilator, non-invasive
ventilation, LQR controller, PI controller

I. INTRODUCTION

Since 2019, the world has been affected by the global
pandemic due to the SARS-CoV-2 virus, occasioning on the
Covid-19 disease. At present, this disease has caused around
4.5 million deaths worldwide [1], where the most affected were
the developing countries located in Africa, Latin America,
among others [2]. Many of these deaths are caused by acute
respiratory failure that is why the virus is called SARS, severe
acute respiratory syndrome [3]. Consequently, 10-20 % of all
infected patients require mechanical ventilation to endure the
disease [4]. As a result, ventilators are crucial in the fight
against covid-19. However, the main problem with developing
countries is their poor health system, which habitually cannot
provide enough mechanical ventilators for all infected patients.

The mechanical ventilators can be classified as non-invasive
and invasive ventilation systems. The non-invasive ventilators
are characterized because of it is necessary to set all param-
eters to guarantee the air flow desired. These ventilators use
BVM (Bag Valve Mask) and provide assisted ventilation. On
the other hand, the invasive ventilation consists of a more
complex system composed of special sensors and actuators
to provide high levels of air flows required by patient [5].

Currently, many authors have been presenting contributions
in the development of mechanical ventilators that can be used

as an alternative of solution to the shortage [6]. For example,
in [7], the MIT E-Vent Team proposes a low-cost ventilator
prototype that provides air to the patient through the BVM.
In [8], the work proposes an automated system of the manual
BVM process using industrial sensors and PLC to improve the
reliability of the ventilator. Finally, in [5], the authors propose
a much more compact and portable design that consists of
compression of a plastic air tank.

This paper proposes the experimental implementation of an
automatic mechanism of ventilation in the UTEC-AE EMV-
ICU based on the patent pending before INDECOPI (The
Peruvian National Institute for the Protection of the Consumer
and Copyright) [9], and which is conformed by a two-vane
mechanism to compress the Self-inflating Bag. The Linear
Quadratic Regulator (LQR) method is used to reach the desired
pressure and volume values on an artificial lung. Likewise, a PI
control system is implemented in the mechanism of ventilation
for comparison process in terms of levels of overshoot, settling
time, and steady-state error.

II. METHODOLOGY

A. Structure

The ventilation structure used in this work (see Figure 1) is
based on the resuscitation bag principle. It consists of a bag
full of air with a desired oxygen concentration is compressed
by a mechanism pushing the oxygen out of the bag and in
direction of the ventilation circuit.
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Fig. 1: Diagram of the mechanical ventilation circuit
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The mechanism used in the UTEC-AE EMV-ICU for start-
ing the oxygen flow (see Figure 2) is actioned by a DC motor
with a planetary gearbox (188:1). The output shaft of the motor
is coupled with a 30 tooth spur gear (diametral pitch, Py = 16
and face width, F' = 0.5 in), which transfers power to another
two 48 tooth spur gears symmetrically aligned, forming an
L with the pinion. The rotation of the first gear transfers
torque to the other gears, generating movement to the two
paddles that are attached to the shafts of the mechanism. These
paddles compress the bag directing the air into the circuit.
This gear coupling is achieved with the use of keys, keyseats,
and keyways machined in the shafts, gears, and paddles. This
prototype uses AISI 304 alloy for the mechanical parts and
DURALUMINIO aluminum for the cover. Both transmission
shafts have a % in diameter and are placed in stainless steel
rowlocks. Limit switches are used to detect the initial and final
positions of the paddles, which are activated by being pushed
by cams attached to the paddles (see Figure 2).
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Fig. 2: Ventilation mechanism

B. Non-invasive Ventilation Modes

In non-invasive mechanical ventilation, monitoring and ad-
justment of parameters are necessary. Each patient requires
different ventilation mode according to its needs; therefore,
there are contrasting modes of operation for the non-invasive
ventilator. In [10], all currently used operation modes are
shown.

This work presents only two ventilation modes: control and
assist-control. The first mode is used for pressure and volume,
while the second mode is purely used for pressure support
[11]. Each of these modes used is explained below.
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o Pressure: In this control, the desired value is set for the
pressure to achieve it whit the ventilator. The volume or
flow is not taken into account since these parameters are
generated as a product to reach the desired pressure. In
addition, the pressure behavior is intended to be similar
to a square wave.

Volume: The idea is the same as for pressure, although, in
this case, the desired parameter is the volume value. As
well the values of pressure and flow are values necessary
to reach the set volume.

Pressure Suport: The ventilator uses this mode of opera-
tion when activated by the patient through the generation
of negative pressure. Despite automatic activation, this
one is an assisted control as it is also necessary to set the
required parameters for the patient.

C. PI Controller

The PI controller is the most often used variation of the
Proportional Integral Derivative (PID) controller, this variation
only uses the proportional and integral terms. The proportional
term proportionally increases the control effort with the error.
It reduces the steady-state error but does not eliminate it, it
also reduces the rise time but increments the overshoot. The
Integral Term helps reduce the steady-state error, however it
can make the system oscillate [12].

The block diagram of the Closed-Loop PI Control System
is shown in Figure 3, where r(t) is the desired output, e(t)
is the feedback error, u(t) is the control effort and y(t) is the
actual output. In the mechanical ventilator system, r(¢) is the
desired volume or the desired pressure, u(t) is the PWM or
the speed command sent to the motor driver and y(t) is the
measured volume or the measured pressure, being the former
for the Volume Control and the latter for the Pressure Control
or Pressure Support Control.
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Fig. 3: Block Diagram of the PID controller.

The output of a PI controller, which is fed into the system
as the manipulated variable input, is calculated in the time
domain as follows [12]:

u(t) = Kpe(t) + K; /Ot e(t)dt

The transfer function of the controller in the frequency
domain is as follows:
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K

B(s)
where K, is the proportional gain and K; is the integral
gain. Both gains need to be tuned in order to meet the design
requirements.
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D. LOR Controller

The linear quadratic regulator (LQR) is a state feedback
controller and is one of the most simple optimal controllers
that can be developed, as it is easy to calculate its gains [13].

The block diagram of the LQR Control System is shown in
Figure 4, where r(t) are the desired outputs, x(t) is the state
vector, K is the state feedback control gain matrix, e(t) is the
state feedback error vector and u(t) is the control effort. In the
mechanical ventilator system, r(¢) are the desired volume and
flow or the desired pressure and its derivative, x(¢) contains
the measured volume and flow or the measured pressure and
its derivative and u(t) is the PWM or the speed command sent
to the motor driver, being the former for the Volume Control
and the latter for the Pressure Control or Pressure Support
Control.
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Fig. 4: Block Diagram of the LQR controller.

Given a linear system in state-space form:

= Ax + Bu

3
y=Cx+ Du )

The controller propose the following cost function to min-

imize [14]:
oo
J :/ [T Qx + u” Ru)dt 4)
0

where @ and R are positive-definite Hermitian matrices whose
elements determine the relative importance of the error and
the expenditure of the energy of the control signals [14]. The
values of the elements of the matrices @@ and R have to be
chosen in order to meet the design requirements.

The gain matrix K is computed with following equation:

(&)

where P is a positive-definite matrix which must satisfy the
reduced-matrix Riccati equation [14]:

K=R'B"P

ATP+PA-PBR 'BTP+Q=0 (6)
Given the following matrix:
A.=A-BK @)
where A, B, and K can be written as
A= [“1 ﬂ B = m K = [kl k2],
as ag 1

The state variables in steady-state can be calculated as:

x(00) = —A_;'BKry ®)
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Solving the equation (8) gives:
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where det A, represents the determinant of the matrix A..
Thus, equation (10) shows the compensation gain that needs

to be used in order to allow the output signal to follow the

reference (step signal).

_ det A,

ask

Finally, the control law of the LQR is defined as follows:

a(t) = Ke(t) = K(r(t) - 2(t)) an

and the input signal of the plant can be obtained as u(t)

G.a(t).

(10)

(&

III. RESULTS
A. Low-Pass Filter

The low pass filter used in this work is a moving average
with a finite impulse response. The moving average filter
is commonly used with time series data to smooth short-
term swings and highlight long-term trends or cycles. In this
application, it is taken into account the weighted average of
the previous 10 data points [15]. The filtered output signal is
obtained as

] M-t
yll = g 2 — 2]
where M is the number of data points (M = 10).

B. LOR and PI Control System

This section presents the comparison between the proposed
LQR controller and a PI controller. This comparison aims to
determine if the LQR controller has a better performance.
Based on this, the settling time, overshoot, and steady-state
error are analyzed in each of the three operation modes.

Figure 5 presents the response of the system for a ramp
type reference of volume with a peak magnitude of 300 mL
in both controllers.
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Fig. 5: PI vs LQR in volume control.



The gains for the volume PI controller are:
K,=015K;, =04

On the other hand, the gains for the volume LQR controller
are:
K =103 0.7]

The Table I shows some response characteristics of the
system with both controllers. As can be seen, the LQR
controller exhibits a better performance of the system with
a less settling time and steady-state error, and no overshoot.

TABLE I: Comparison of system response in volume control

Settling Time (s)
1.5
0.8

Overshoot (%)
7.4
0

S-S Error (%)
18.5
6.3

PI
LQR

It also can be seen in Figure 6 that the monitoring variables
show better behavior with the LQR controller.
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Fig. 6: Monitoring variables in volume control

Figure 7 presents the response of the system for a step type
reference of pressure with a magnitude of 15 cmH2O in both
controllers.
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Fig. 7: PI vs LQR in pressure control.

The gains for the pressure PI controller are:
K,=40,K; =1

On the other hand, the gains for the pressure LQR controller
are:
K =[50 0.7]

The Table II shows the same response characteristics of
the system with both controllers. As can be seen, the LQR
controller exhibits again a better performance of the system
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TABLE II: Comparison of system response in pressure control

Settling Time (s)
0.75
0.7

Overshoot (%)
1.3
0

S-S Error (%)
4.5
0.2

PI
LOR

with a less settling time and no overshoot nor steady-state
error.

In this type of control, the monitoring variables show a
slightly better behavior with the LQR controller as shown in
Figure 8.
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Fig. 8: Monitoring variables in pressure control.

The comparison of the controllers in the pressure support
control mode is presented in Figure 9, in which a step type
reference of Pressure with a magnitude of 15 cmH20 was
also used. The response characteristics are as the same as the
pressure control (see Table II).
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Fig. 9: PI vs LQR in pressure support control.

Both controllers were implemented on a NI myRIO Em-
bedded Device (myRIO-1900).

IV. CONCLUSIONS

The focus of this work was to show the better performance
of a LQR controller against a PI controller, specifically in
medical applications, which is in this case is the generation of
an air flow at a determined volume or pressure. Both control
methods presented in this work were effective during the
tracking of the desired parameters, where they showed good
performance in terms of error, ensuring the stability of the
controlled system.

Likewise, the results obtained from the LQR control com-
pared to the PI control show a better performance with an
error of 0.2% for the pressure control and 6.3% for the
volume control. It is shown that the LQR method is a good
option for the study and implementation of a controller for a



mechanical ventilation system, allowing it to be an attractive
solution. However, it should be noted that the LQR controller
performance was tested on an artificial lung. To test the
robustness of the controller, it is recommended to use it in
more complex structures that are more closely to a human
lung in the experimentation process.
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