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Abstract: The electronic oxygen regulator (EOR) is a new type of aviation oxygen equipment which
uses electronic servo control technology to control breathing gas pressure. In this paper, the control
method of EOR was studied, and the dynamic model of the aviation oxygen system was established.
A disturbance-observer-based controller (DOBC) was designed by the backstepping method to
achieve the goal of stable and fast breath pressure control. The sensitivity function was proposed
to describe the effect of inspiratory flow on breath pressure. Combined with the frequency domain
analysis of the input sensitivity function, the parameters of the DOBC were analyzed and designed.
Simulation and experiment studies were carried out to examine the control performance of DOBC in
respiratory resistance and positive pressurization process under the influence of noise and time delay
in the discrete electronic control system, which could meet the aviation physiology requirements.
The research results not only verified the rationality of the application of DOBC in the breath control
of EOR, but also proved the effectiveness of the control parameters design method according to the
frequency domain analysis, which provided an important design basis for the subsequent study
of EOR.

Keywords: electronic oxygen regulator (EOR); pressure control; disturbance observer; sensitivity
function; frequency domain analysis

1. Introduction

Fighter pilots need to be equipped with an aviation oxygen system to avoid the
damage caused by low air pressure and oxygen deprivation at high altitude. Oxygen
system consists of oxygen source, oxygen regulator, and individual equipment [1-3].
Oxygen regulator is the core component, and its main function is to control the oxygen
supply pressure to meet the physiological and protective requirements. Physiological
requirement refers to supplying oxygen according to the pilot’s breathing demand to
reduce respiratory resistance and improve breathing comfort. Protective requirement refers
to pressurizing the supply oxygen to prevent pilot from the harsh environment [4,5].

The mechanical oxygen regulator is the traditional type of oxygen regulator, which
uses diaphragms for breath control [6]. With the development of microelectronic con-
trol technology, the concept of electronic oxygen regulator using sensor and motor was
proposed to simplify the structure, improve the pilot’s breathing comfort, and provide
monitoring capabilities [7]. The French company Airliquide launched the first electronic
oxygen regulator for the F-35 which is the only product known to be in use [8]. In the
research of civil emergency oxygen regulator, several attempts to combine mechanical con-
trol with electronic control have been made. Siska [9] retained the mechanically controlled
valve but changed the valve seat from a fixed state to electronically adjustable. Therefore,
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this electromechanical oxygen regulator could work in two states: with electricity or no
electricity. Frederic [10] designed a new kind of electromechanical oxygen regulator by
parallel control of mechanical and electronic valves. In general, the aviation oxygen reg-
ulator is in the stage of transition from mechanical to electronic. Therefore, it is of great
significance to carry out the research on the electronic oxygen regulator (EOR).

The difficulties in breath pressure control were analyzed in references [3,6,11]. Based
on these studies and the particularity of pilot breath process, we summarize the following
three points about breath pressure control. Firstly, the pilot’s breathing demand and the
target pressure of control would change with the task load and physiological state, which
has strong randomness and uncertainty. Secondly, the breath cycle is very short and the
breath flow rate changes fast. In the normal state, the breath cycle is about 6 s, and the peak
breath flow rate is about 30 L/min. During flight, the breath cycle may be shortened to
about 1 s, and the peak breath flow rate may reach 180 L/min. Thirdly, due to the limitation
of space, the volume of the breath chamber is small, so the breath pressure is very easy to
change largely. Combined with the above characteristics, EOR needs to have fast response
speed, high sensitivity, as well as a stable and robust control law [12].

So far, several studies have been conducted on EORs to improve the control perfor-
mance of breath pressure. Yu et al. [13] designed an EOR driven by stepping motor and
controlled by switch method. Sun et al. [14] improved research in [13] by adjusting the
motor speed with fuzzy control theory. Li et al. [15] developed expert PID control for the
EOR driven by voice coil motor, which solved the deficiency of fixed parameters. Jiang
et al. uses a commercial flow servo valve as the executive structure of EOR to and apply
generalized predictive control [16], active disturbance rejection control [17], and adaptive
control [18] into breath pressure control. The results show that the intelligent control has
better robustness than PID control. All the above studies were exploratory studies on
control law schemes of EOR for physiological requirement, but the key to design control
parameters did not be pointed out clearly. In addition, only a few of these researches took
consideration into protective requirement, so the control of positive pressurization process
is still to be studied.

Disturbance-observer-based control (DOBC) is a kind of control method which com-
prehensively estimates the external disturbance and internal model uncertainty according
to the mathematical model and control input, and introduces equivalent compensation
in the control to realize the complete control of disturbance. The disturbance observer is
extended from the state observer in modern control in which disturbance is extended as a
part of the system state. If the estimation error of the disturbance could converge gradually,
the system will obtain the ability to compensate the disturbance in time with the estimation
value of disturbance, and the control law can achieve great ability of disturbance rejection.
DOBC has been usually adapted to supplement the commonly used method of feedback
control, making the model-based control design to be applied better to the actual system
and improving the robustness of the control system [19-21].

In this paper, a basic structure of EOR driven by hybrid stepping motor was presented,
and the mathematical model of breath pressure control was established. The DOBC theory
was applied to the breath pressure control of the EOR, and the external load of the pilot’s
breath flow and the internal model error could be estimated and compensated. The
sensitivity function of the input disturbance was used to describe the effect of pilot’s breath
flow on breath pressure and analyzed in frequency domain, and the control parameters
were determined by magnitude-frequency characteristics. Simulation and experiments
were carried out to verify the control performance of DOBC on respiratory resistance and
positive pressurization.

2. System Principle and Mathematical Model
2.1. System Description

The new type of aviation oxygen system mainly includes four parts: oxygen supply
source, electronic oxygen regulator, oxygen mask, and active servo lung, as shown in
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Figure 1. High pressure oxygen flow provided from oxygen supply source is adjusted
by the EOR so that breath pressure could be keep stable around the target pressure. The
oxygen mask has two check valves, one for inhalation and the other for exhalation. During
breathing, the two check valves open alternately, not only saving oxygen supply, but also
relief the exhaled air out of the mask. It is ensured that pilots would not repeatedly inhale
the exhaled air with low oxygen concentration. Active servo lung was designed to simulate
human lungs, which could intermittently inhale and exhale gas [22].

Electronic Oxygen Regulator
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Figure 1. The structure and working principle of aviation oxygen system.

The electronic oxygen regulator mainly includes inlet pressure sensor, flow control
valve, breath chamber, breath pressure sensor, and controller. The desired breath pressure
was set in accordance with the cockpit height and vertical acceleration signal from external
sensors, to achieve the purpose of positive breath pressure for high altitude and anti-G.
When the pilot inhales, the check valve for inhalation on mask opens. Gas in the breath
chamber would be breathed into the mask, and the breath pressure would drop below the
desired pressure. The controller drives the flow control valve open to provide sufficient
oxygen flow to the pilot to maintain breath pressure stable. When the pilot exhales, the
check valve for inhalation on mask turns to close and the check valve for exhalation opens,
the controller closes the flow control valve immediately to avoid excessive gas supply,
affecting the pilot’s exhalation process. Relief hole on the breath chamber is used to relief
excessive breath pressure.

The pressure difference between the breath pressure and the desired pressure is
usually used to describe the working performance of EOR. The negative pressure difference
indicates the inspiratory resistance, and the positive pressure difference indicates the
expiratory resistance. In order to avoid the phenomenon of breathing fatigue, the pressure
difference under control of the EOR should keep within the respiratory resistance threshold
in Table 1. The control accuracy of breath pressure in positive pressurization process should
reach £ 0.1 kPa in the pressurized range of 0~10 kPa to accurately realize the protective
effect of pressurized oxygen supply.

Table 1. Respiratory resistance threshold under different pulmonary ventilation volumes.

Pulmonary Ventilation

Volume (L/min) Inspiratory Resistance (kPa) Expiratory Resistance (kPa)

10 <0.49 <0.25
20 <0.64 <0.39
30 <0.78 <0.59
45 <0.88 <1.08

2.2. Mathematical Model

According to the characteristics of the thermal process, the following reasonable
assumptions were made to simplify the model:



Energies 2021, 14, 5189

40f16

(1) The gas could be descried with the ideal gas state equation and the thermal process
of gas in each chamber accords with the polytropic thermal process;

(2) The gas distribution in each chamber is even and pressure could be expressed by a
uniform value;

(3) The flow of gas through the hole and valves was considered as the one-dimensional
steady adiabatic flow.

During the working process, there will be continuous flow into and out of the breath
chamber, and the exchange of mass, heat, and work exists between the system and the
outside world. Therefore, the breath chamber was modeled as an open system. The control
volume was selected according to the edge of the chamber, and the mathematical model of
the state parameters such as pressure, temperature, and gas mass in the breath chamber
were established with the mass conservation equation and the polytropic thermal process
equation. According to the law of mass conservation, the mass increment in the control
volume is equal to the difference between the mass into and out of the control volume. The
differential form is written as

dm = dm;, — Sy, 1

where dm represents the gas mass increment in the breath chamber, dm;,, and 1,y are the
mass entering and leaving the system. Based on the ideal gas state equation pV = mRT,
the gas mass increment could be written as

d d dav 4T
R k)

m p V. T
where m, p, p, and T represent the mass, pressure, density, and temperature of the gas
in the breath chamber, respectively; V is volume of breath chamber; and R is the gas
constant. Since the volume of the breath chamber is fixed, the volume differential in the
mass equation above can be ignored. According to the polytropic thermal process equation
p/p" = const, relation between temperature and pressure could be descried as

aT_n1dp
T n p’

®)

where 1 is the polytropic index, which was chosen as 1.35, because the polytropic process in
the breath chamber is close to the adiabatic process. Combined with the Equations (1)-(3),
the differential function of breath pressure could be given by

dp _ nRT (émm 5mout)

dat v \dt  dt

(4)

According to the relationship between the downstream and upstream pressure ratio
and the critical pressure ratio, the mass flow through the flow control valve and relief hole
can be divided into critical flow and subcritical flow. The mass flow rate of the critical flow
is only determined by the upstream pressure, while the mass flow rate of the subcritical
flow is affected by both upstream and downstream pressure. The mass flow model is

as follows:
{ Gm = HAPin \/ﬁ (52/k _ g(k+1)/k) / 5)
& = max(pout/ Pin, Ecr)

where g, is the mass flow rate, kg/s; u is the flow coefficient; A is the flow area, mZ; Pin
and p,,; indicate upstream and downstream pressure, Pa; k is the adiabatic constant, with
the value of 1.4. € Refers to the pressure ratio, and e refers to the critical pressure ratio,
with the value of 0.528. According to the condition of upstream and downstream pressure,
the mass flow of the flow control valve should be calculated as critical flow, and the mass
flow of the relief hole should be calculated as subcritical flow.
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The human lung is innervated by the nervous system and periodically expands and
contracts by the respiratory muscles. It is generally believed that the instantaneous breath
flow is close to the sinusoidal process, which can be expressed as

QB(t):thNsin( 2, )

/')
where Qg is the instantaneous volume flow of breath, L/min. Tidal volume V; is the
amount of air inhaled or exhaled in each breath cycle, with the value of 1 L for pilots. The
respiratory rate N is the number of breath cycle completed per minute. The product of
tidal volume V; and respiratory rate N becomes pulmonary ventilation volume, L /min.

Due to the presence of two check valves on the mask, only the inspiratory flow would
affect the pressure in the breath chamber. Therefore, the mass flow of breath is given by

& x Qp(t) during inhalation
—_ ) & B 8
Im(t) = { 0 during exhalation ' @

where g, p is the instantaneous mass flow of breath from the breath chamber, g/s.

According to the above model, the mass flow variations in the breathing chamber in-
clude: control input—oxygen supply flow of the flow control valve, load disturbance—mass
flow of respiration, state variable—leakage flow through the relief hole. The mathematical
model of breath pressure control is

d nRT
CTIZ = 7 (qm,in(A(t)/ pin) - Qm,leukage(p) - Qm,B(t)) . (8)

3. DOBC Design

In order to maintain the control stability and achieve better control accuracy of breath
pressure, a disturbance-observer-based controller was designed to quickly adjust the
oxygen supply flow and accurately compensate the inspiration flow and leakage.

3.1. Design of Feedback Control

Let b = nRT/V, and according to the definition of mass flow variation, the differential
function of breath pressure can be written as

p=0b(u—f(p)—d)), ©)

where f(p) represents the leakage of the system, # and d indicate input flow and inspiration
flow, respectively. There may be some uncertainties in the system, such as parameter
error between the model and the actual system. The input flow may also be not equal to
the expected flow. Considering these uncertainties, the differential equation of the actual
breath pressure is given by

p=(b+AD)(u+Au—f(p) - Af(p) —d(t)), (10)

where Ab reflects the influence of temperature variation and the uncertainty of chamber
volume and polytropic index. Au represents the uncertainty of the input flow, which
may be caused by the flow control error of the flow control valve. Af(p) represents the
uncertainty of the leakage, which may be caused by the inaccurate leakage area or the
variational flow coefficient. Let D; represent the disturbance caused by internal model
uncertainty, D, represent the disturbance caused by external load, and D represent the total
disturbance of the system. These disturbances could be given by

{ D; = (b+ Ab)(Au— Af(p))
D, = (b+ Ab)d(t) . (11)
D=D;-D,
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The differential equation of breath pressure with uncertainty is rewritten as follows:

p=>b(u—f(p)+D. (12)

Let p; represent the desired breath pressure, which is set according to the cockpit
height and vertical acceleration. For control system, the target is to make breath pressure
stable around the desired breath pressure and the control error was expected to the 0. The
control error of the system e and its change rate is

e=pg—p
{é—p'd—iﬂ—p'd—b(u—f(p))—D' 13)

Define the Lyapunov function V; as V; = ¢2/2, then the derivative of V7 is
Vi = ee = e(pg — b(u— f(p)) — D). (14)

The control input is design by back-stepping method as follows:

(Pa — D +kie) + f(p), (15)

Sl

u =

where k; is the state feedback gain. Then the derivative of Lyapunov function V1 can be

rewritten as V; = —kje2. According to Lyapunov stability criterion, if Lyapunov function
satisfies the conditions below:

V(e) >0
Vie)<o , (16)
e#0,V(e)#0

the system has Lyapunov stability and the control error tends to 0. Therefore, under this
feedback control law, the control stability of breath pressure could be guaranteed. The
convergence speed of control error is related to the state feedback gain k;. The control
error converged faster with larger ki, but it also might cause overshoot of the system.
There is disturbance term of the system in the control input of the feedback control, so the
second part is going to design an appropriate disturbance observer and use the estimated
disturbance to calculate control input.

3.2. Design of Disturbance Observer

In the high frequency control system, the uncertainty of the system parameters and
the external low frequency disturbance caused by the inspiratory flow can be regarded

as a slow time-varying process, so it can be assumed that D(t) ~ const, D(t) ~ const. Let
D represent the disturbance estimated by the disturbance observe, and the disturbance
estimation error D is D = D — D, the derivative of disturbance estimation error is

D=D-D~—D. (17)

Define Lyapunov function V; as Vp = /2 + D* /27, where 7 is the disturbance

estimation coefficient. The derivative of V is V5 = e¢ + DD /7. By substituting the control
input into the derivative of V5, we can get:

Vo = —kie2 —D(D/y +e). (18)

Let the estimation function of the disturbance observer be D = —e, then the deriva-
tive of V; can be rewritten as V5 = —kje?. According to Lyapunov stability criterion, the
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system controlled by state feedback and disturbance observer has Lyapunov stability. The
control input of DOBC can be expressed as

D= [l —ye(t)dt
{ w=1(pa=D+ke) +f(p) 49

3.3. Design of Anti-Windup Mechanism

Since the input flow rate is always positive, the disturbance observer may appear
integral saturation. In order to reduce its influence, a clamping anti-windup mechanism
was added into DOBC. After each completion of the control input calculation, the clamping
anti-windup mechanism will examine whether the calculated control input has reached
the limitation. If the control input exceeds the limitation and the sign of the total input
is the same as the control error, the disturbance observer will stop working. Under any
other condition, the disturbance observer would work normally. The DOBC with clamping
anti-windup mechanism is as follows:

D(k) = D(k) — a x ye(k) x Ts, (20)
where T is the sampling period and « is the anti-windup coefficient:

_ 0 if{u(k—1) & [tmin, umax] || u(k —1) x e(k) > 0}
‘= { 1 else ' @1

The block diagram of DOBC with clamping anti-windup mechanism is shown
in Figure 2.
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Figure 2. The block diagram of DOBC with clamping anti-windup mechanism.

3.4. Design of Control Parameters

Laplace transform is applied to the DOBC in normal working mode to obtain the
transfer function of the control input:

1 E(s
U(s) = 5 (sPd(s) —0—772 ) +k1E(s)> + f(P(s)). (22)
Assuming that the desired pressure remains constant, the leakage is relatively small
compared to the inspiratory flow and the supply flow. The transfer function of control
law can be simplified as C(s) = U(s)/E(s) = (k1 + 1). Similarly, the transfer function

of breath pressure could be obtained by Laplace transform, G(s) = b/s. According to the
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transfer function of control law and the plant, the influence of the inspiratory flow on the
breath pressure can be expressed by the input sensitivity function:
B G(s) B bs

1+ G(s)C(s)  s2+kis+o

Si(s) (23)

Let the feedback gain and disturbance observer coefficient as k1 = 2{w,, v = w,?. Then,
the characteristic equation of the close-loop system can be expressed with the natural fre-
quency wy and damping coefficient ¢ in the standard form of the second-order system. The
magnitude-frequency characteristics of the input sensitivity function can be expressed as

- b/wn . (24)

R

It can be analyzed that the magnitude-frequency characteristic decreases monoton-
ically with the increase of damping coefficient. When natural frequency w;, is greater
than input disturbance frequency w, the magnitude-frequency characteristic decreases
monotonically with the increase of natural frequency, and increases monotonically with
the increase of input disturbance frequency.

In order to make the respiratory resistance within the threshold in Table 1 it is nec-
essary to limit the magnitude-frequency characteristics of the input sensitivity function
under different input disturbance frequencies. Combined with the sinusoidal formula
of inspiratory flow, the design objective of magnitude-frequency characteristics could be
given by

- bjw
M(w) = —w? + 2Cwys + wy?

27 bjw
—— M(w) < .
60/N (w) < —w? + 28wps + wy?
According to the above equitation, the respiratory resistance threshold in Table 1 could
be converted into the desired magnitude-frequency characteristic in Table 2.

(25)

When w =2nf =

Table 2. Desired magnitude-frequency characteristics of the input sensitivity function.

I"uh'nonary Input Disturbance Maximum of Inspiratory Resistance . Desired
Ventilation Volume F (Hz) Inspiratory Flow (g/s) Threshold (kPa) Magnitude-Frequency
(L/min) requency (Hz nspiratory Flow (g/s resho a Characteristics
10 1/6 0.65 <0.49 <0.754
20 1/3 1.3 <0.64 <0.492
30 1/2 1.95 <0.78 <04
45 3/4 2.9 <0.88 <0.303

Combined with the monotonically relationship analyzed above, it can be concluded
from the Table 2 that if the magnitude-frequency characteristic of the input sensitivity
function drops below 0.303 when the input disturbance frequency is 3/4 Hz, the control
performance of DOBC could meet the inspiratory resistance threshold. The volume of
breath chamber was set as 0.3 L, and the temperature was set as 293.15 K, so the coefficient
b was calculated as 378.6 kPa/(g/s). The damping coefficient was selected as 0.707, and the
natural frequencies were set as 10 Hz, 15 Hz, and 20 Hz, respectively. The Bode diagram
of input sensitivity function was drawn in frequency range less than 1 Hz, as shown in
Figure 3.

It can be seen from the magnitude-frequency characteristic diagram (upper panel) of
the Bode diagram that when the natural frequency reaches 15 Hz, the magnitude-frequency
characteristic can be maintained below the desired magnitude-frequency characteristic.
At this time, the respiratory resistance control can theoretically achieve the control target.
On the other hand, it can be seen from the phase-frequency characteristic diagram (lower
panel) of Bode Diagram that the phase lag is between 80° and 90° at each natural frequency,
which means that the response of breath pressure is ahead of the inspiratory flow in phase.
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Because of the sinusoidal wave of the inspiratory flow, the phase lead feature makes the
peak of the inspiratory resistance appear at the beginning of the inhalation. Moreover, at
the end of the inhalation, pressure error will become positive, which may lead to a higher
expiratory resistance.
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Figure 3. The Bode diagram of input sensitivity function, upper panel: magnitude-frequency
characteristic, lower panel: phase-frequency characteristic.

4. Results and Discussion
4.1. Simulation Research

Simulation Researches were carried out to simulate the breath pressure during the
whole breath process. Simulation parameters and conditions were set as follows. The
natural frequency was set as 15 Hz and the damping coefficient was set as 0.707. Therefore,
the state feedback gain k; was calculated as 133, and disturbance observer coefficient was
calculated as 8883. In order to simulate the discrete characteristics in the electronic control
system, the sampling period of the controller Ts was set as 1 ms, and the time delay of
system T,; was set as 3 ms. White noise signal with the standard deviation of 0.005 kPa was
added to the feedback loop to simulate the measurement noise of breath pressure signal.

e  Simulation of normal breath

The desired pressure was set as 0 kPa to simulate the normal breath process. Figure 4
shows the dynamic curves of breath pressure under the control of DOBC for four different
pulmonary ventilation rates of 10 L/min, 20 L/min, 30 L/min, and 45 L/min, respectively.

It can be seen from the simulation results that DOBC can provide appropriate supply
flow according to the feedback breath pressure to meet the control target of respiratory
resistance. In the stage of inhalation, when the pulmonary ventilation volume is small,
the control process was affected significantly by the measurement noise, and the pressure
fluctuates frequently near the desired pressure; when the pulmonary ventilation volume
gets larger, the influence of measurement noise reduced gradually, and the phase response
of breath pressure is basically consistent with the phase frequency characteristics in the-
oretical analysis, with the peak of inspiratory resistance at the initial of inhalation, and
positive pressure at the end of inhalation. During exhalation, the breath pressure maintains
a positive pressure of 0.1 kPa, result in a small expiratory resistance. This phenomenon
is caused by the influence of measurement noise on control input of DOBC, making the
supply flow fluctuate in a very small range.
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Figure 4. Simulation results of breath pressure during breath under different pulmonary ventilation volume, (a) 10 L/min,
(b) 20 L/min, (c) 30 L/min, and (d) 45 L /min.

e  Simulation of positive pressurization

The desired pressure was increased from 0 kPa to 10 kPa in a step process of 1 kPa to
simulate the positive pressurization process. The curve of controlled breath pressure and
the control error of DOBC were shown in Figure 5. In order to compare with the accuracy
requirement, the control error was also amplified in part.

The simulation results show that the DOBC can reduce the control error in a very short
time after the step of desired pressure signal and the overshoot could be limited to about
0.4 kPa. The control system has good ability of reference following and small overshoot
characteristic. Furthermore, DOBC can achieve pressure control stably in the small breath
chamber, and the steady-state error of control is basically maintained in the range of
£0.1 kPa, which basically meets the control accuracy requirement. According to the
characteristics of the sensitivity function, the small input sensitivity function means that the
complementary sensitivity function is close to 1. Therefore, the large control parameters in
DOBC make close-loop system have good reference following performance and disturbance
rejection at the same time. As a sacrifice, the negative effect of measurement noise was

inevitably amplified. It can be deduced that the frequent fluctuation of control error is
caused by measurement noise.
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Figure 5. Simulation results of breath pressure and control error under DOBC during positive pressurization process: (a)
breath pressure curve; (b) control error curve and its amplification in lower panel.

4.2. Experimental Research

The experimental platform of EOR is shown in Figure 6. The function of the host
computer is to communicate with the FPGA controller, setting the desired pressure and
record experimental data. Active servo lung can simulate breathing movements of a variety
of pulmonary ventilation volume. The pressure of oxygen supply source is adjusted in
the range of 0.08 MPa~0.6 MPa working pressure in advance. When the breath pressure
is 10 kPa, the leakage flow rate of the relief hole has been calibrated as 0.062 g/s, which
is equivalent to the volume flow rate of 3 L/min. The mask pressure sensor was added
to evaluate the pilot’s breath comfort. The YM-6 pressurized oxygen mask was selected
as the mask. The NI-9146 chassis with onboard FPGA chip is selected as the controller,
and the acquisition and control functions of the controller are realized by NI-9205 and
NI-9403, respectively. The operating frequency of the controller was set at 1 kHz. The
control parameters of DOBC used in the experiment were set in accordance with the theory
analysis, which has been used in the simulation. The flow control valve is driven by a
high-precision, linear motion hybrid stepping motor. The flow curves under different
inlet pressures are shown in Figure 7. Although the flow control valve has a hysteresis
characteristic, the flow rate is generally linear with the output step. The output step of the
flow control valve is adjusted according to the required flow calculated by DOBC, inlet
pressure signal, and flow characteristic curve.

e  Experiment of normal breath

The normal breathing processes of four pulmonary ventilation volume were simulated
by using the active servo lung. The recorded experimental results of breath pressure and
mask pressure were shown in Figure 8. In addition, the maximum values of inspiratory
resistance (IR) and expiratory resistance (ER) obtained from simulation and experiment
were compared in Figure 9 with the thresholds in Table 1. It could be found that the
control parameters of DOBC designed based on the frequency domain analysis could make
the respiratory resistance under each pulmonary ventilation volume meet the threshold
requirements of IR and ER. Combined with the mask pressure curve in Figure 8, the breath
pressure was kept relatively stable and the pressure variation in mask was mainly affected
by the flow resistance of the check valve on mask. This indicates that the pilot will have a
good breath experience and not suffer from breathing fatigue.
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e  Experiment of positive pressurization

The desired pressure in experiment of positive pressurization process was set as same
as the simulation condition. The curve of controlled breath pressure and the control error
were shown in Figure 10.

The experimental results also verified the breath pressure control performance of
DOBC in positive pressurization of the EOR. When the desired pressure was increased
in the step of 1 kPa, the rise time of breath pressure was about 0.2 s, without significant
overshoot. The steady-state error was kept within the control accuracy requirements of
+0.1 kPa, and only exceeded the requirements at few time points, which is acceptable in
practical use. The continuous fluctuation of pressure was caused by the measurement noise
amplified by large control parameters, and the reason has been explained in the discussion
of simulation results.



Energies 2021, 14, 5189

13 of 16

T T 0.6 ———————
04| = Breath Pressure _ ] —=— Breath Pressure I
—e— Mask Pressure O:drfen iigt  Nack Brossure T S S R e
0.3 0.4
= 02 - as
g S PY
Z o1 il
£ 00 £ 00
-0.1
-0.1
-0.2
_02 1 1 1 1 L 'l L _03 I 1 1 1 1
2 4 6 8 10 12 0 | 2 3 S 6
Time (5) Time (s)
(a) 10 L/min (b) 20 L/min
0.8 —_— — 12 UG S O OV SR S S
= Prcath Pressurc i [—m— BroathiProssures = e imamis i s

0.6 | —*— Mask Pressure

—e— Mask Pressurc

Pressure(kPa)

Pressure(kl®a)

Desired
Pressure |

Desired
" Pressure

0 | > 3 i 0.0 0.5 1.0 1.5
Time (s) Time (3)
(c) 30 L/min (d) 45 L/min

Figure 8. Experiment results of breath pressure during breath under different pulmonary ventilation volume, (a) 10 L/min,
(b) 20 L/min, (c) 30 L/min, and (d) 45 L/min.

Breath Pressure(kPa)

12

0.8

0.4

0.0

ER Threshold

Simulation ER

max

<o~ Experiment IR |

X

Simulation IRM

IR Threshold

| L | L 1 L I . 1

10 20 30 45

Pulmonary ventilation volume(L/min)

Figure 9. Comparison of respiratory resistance between the threshold values in Table 1, simulation
results, and experiment results.



Energies 2021, 14, 5189

14 of 16

:a 12 T T T T T T T T T T

= N

= o

5 8 'INJM lq“l« -
2 p

el ™ !

£ 4t e -. -
= ol b

= s N

o [ e

0 0 i Bospt O o L 1 L 1 1 1 1

0,3 [ X T Y | T T T
0.2 ‘

0.1 ] ,
0.0 p— h
-0.1

-02F

_0.3..|.1.|.|.|......
0 5 10 15 20 25 30 35 40 45 50 55

Time(s)

o Rl

Error(kPa)
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Comparing the simulation results with the experimental results, it was found that
the simulation research can nearly reflect the actual DOBC control performance. The
experimental results are slightly better than the simulation results. The error between
simulation and experiment might come from model errors and parameter uncertainties.
First, the actual physical processes were simplified in mathematical model. Furthermore,
the simulated white noise signal could not be identical to the measurement noise in
experiment. Secondly, although some physical parameters can be measured directly, some
other parameters might not be set accurately, such as standard deviation of noise and
delay time of system. In addition, hysteresis characteristics and the fitting of linear gain
of flow control valve will also cause errors between simulation and experiment. Overall,
the simulation accuracy is acceptable and the mathematical model could be use in further
study about the EOR.

5. Conclusions and Perspectives

In this paper, the mathematical model of the electronic oxygen regulator was estab-
lished, and the main factors affecting the breath pressure control were analyzed. Based on
the Lyapunov stability and backstepping design method, the DOBC with better stability
and robustness has been designed, which can compensate the model error and the pa-
rameter uncertainty in the system. To avoid integral saturation, the clapping anti-windup
mechanism was designed and adopted. The influence of the inspiratory flow on the breath
pressure was described by the input sensitivity function, and the frequency domain analy-
sis was applied to design the control parameter of DOBC for the first time, which could
provide important theoretical guidance for the design of controller and control parameters
of EOR.

The study shows that when the natural frequency of the close-loop control system
reaches 15 Hz, the inspiratory resistance can meet the threshold requirements in theory.
Through simulation and experimental researches, performance of the respiratory resistance
and positive pressurization of the EOR under DOBC were obtained, which meets the
physiological and protective requirements. It can be concluded that the application of
DOBC in breath pressure control of EOR was reasonable and effective. However, it was
found that although larger control parameters could reduce the respiratory resistance
range, it will inevitably lead to the amplification of measurement noise, so that the control
steady-state error cannot be completely eliminated and the pressure fluctuate continually.
Further studies will be conducted to solve the contradiction.
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Although there are certain errors between simulation and experiment, the main trend
and approximate range of breath pressure can still be estimated by simulation, which
proved the validity of the proposed model and provides a basis for further research on
breath pressure control of EOR through simulation technology.

In the future study, the design method of control parameter based on frequency
domain analysis will be applied to some other control laws. Then, we could compare the
advantages and disadvantages of various control methods in the breath pressure control
of EOR fairly. It is also possible to conduct physiological experiments in low-pressure-
chamber to simulate performance of EOR during flight more realistically.
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