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Abstract. According to the working principle of pulse oxygen supplies,
we analyze how to realize the control of the oxygen flow by double
different valves. a two-dimensional fuzzy control system is proposed to
solve the unstable problem, which is brought by the shortcomings of the
open-loop control system. We add a new parameter, the rate of the
differential pressure signal changes, which contributes to a close –loop
control system and increases the stability of the system. The experiments
and the data show that the fuzzy control system make the process of
breathing much more comfortable and solve the hysteresis and overshoot
caused by the open-loop control system. The product reliability has been
greatly improved.

1 Introduction
The normal flight height of the new generation military helicopter is (2000~4000) m, with
the limit of (5000 ~ 6000) m. This kind of helicopter is normally non-closed cockpit and
not equipped with the oxygen supply system. Because of the reduction of atmospheric
pressure in the high, the oxygen partial pressure becomes lower and lower. As a result, the
pilots get less oxygen from the inhaled gas, which will directly lead to hypoxia symptoms
when they fly in the high. This is an important factor that makes a great difference on the
working efficiency and life safety in the high flight environment[1].

At present, helicopters are gradually equipped with the oxygen supply system in the
United States and some other developed countries. US PHODS has developed a single
pulse oxygen supply device and a double pulse oxygen supply device which makes the
maximum utilization use of oxygen and achieve a breakthrough in the design of its weight
and size; India IAF has developed an oxygen supply system which can be working for more
than two hours. This system was initially developed for the "Cheetah" helicopter, and their
next plan is to develop a gas supply system which can be equipped for rice-17 and Dhruv
helicopters. However, the field of technology in china is not mature enough. In spite of the
huge amount, Chinese active helicopter shave not yet installed an oxygen supply system so
far.
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As the key control unit of the oxygen supply system, oxygen regulator can follow the
pilot’s breathing pace to regulate the oxygen supply, to ensure the pilot’s essential
physiological needs[2]. According to the design of foreign helicopter oxygen supply system,
the electronic oxygen regulator has a great advantage on smaller size, lighter weight, more
flexible adjustment, easier maintenance and use[3]. Especially when the oxygen system
works in a low output pressure, the regulator still keeps the regulation to the oxygen flow,
which is a significant advantage.

The pulse oxygen supply system is designed specifically for the helicopter flight
environment. It provides the pilot an extra supplement for the oxygen. The exploration of
the control rules and the design of the controller itself occupy a dominant position in the
system. Especially in high altitude flight above 3000m, the opening point and the last time
of the valve determines the performance of the oxygen supply system. Whether the
electronic oxygen regulator can adjust the flow rate with height changes automatically
affects the system to achieve timely, precise and large amount of air supplement[4].

2 The principle of the electronic pulse oxygen regulator
The electronic oxygen regulator described in this paper has three kinds of working mode
with two different electronic valves. It can make a maximum efficiency use of oxygen at
high altitude.

As shown in Figure 1, the inlet tube is supplied with high-pressure pure oxygen, and the
outlet tube is connected to the breathing cannula. The two electronic valves adjust the
oxygen supplement according to the flight height and the breathing frequency. The
differential pressure sensor detects the pressure signal changes between the outlet tube and
the outside air environment. The circuit board controls the opening and closing state of the
two electronic valves based on the height changes. When the pilot inhales, the outlet
pressure is less than the outside air environment, then the circuit board control the
electronic valves open, oxygen supplied to the pilots, until the pressure changes between
the outlet tube and the outside air environment is offset or change to nearly zero, the valves
are controlled to close.

Fig. 1. The electronic oxygen regulator Schematic diagram.

According to the Figure 1, we can get a conclusion that the state of the valve controls
the intake state of the oxygen source and is closely related to the pilot's breathing state.
Different pilots show different physical fitness and their breathing characteristics are
different too. As a result, their needs for oxygen supply are of course not the same.
Therefore, only to find out the best control rules of the valves’ opening and closing, can we

2

MATEC Web of Conferences 189, 06012 (2018)	  https://doi.org/10.1051/matecconf/201818906012
MEAMT 2018



As the key control unit of the oxygen supply system, oxygen regulator can follow the
pilot’s breathing pace to regulate the oxygen supply, to ensure the pilot’s essential
physiological needs[2]. According to the design of foreign helicopter oxygen supply system,
the electronic oxygen regulator has a great advantage on smaller size, lighter weight, more
flexible adjustment, easier maintenance and use[3]. Especially when the oxygen system
works in a low output pressure, the regulator still keeps the regulation to the oxygen flow,
which is a significant advantage.

The pulse oxygen supply system is designed specifically for the helicopter flight
environment. It provides the pilot an extra supplement for the oxygen. The exploration of
the control rules and the design of the controller itself occupy a dominant position in the
system. Especially in high altitude flight above 3000m, the opening point and the last time
of the valve determines the performance of the oxygen supply system. Whether the
electronic oxygen regulator can adjust the flow rate with height changes automatically
affects the system to achieve timely, precise and large amount of air supplement[4].

2 The principle of the electronic pulse oxygen regulator
The electronic oxygen regulator described in this paper has three kinds of working mode
with two different electronic valves. It can make a maximum efficiency use of oxygen at
high altitude.

As shown in Figure 1, the inlet tube is supplied with high-pressure pure oxygen, and the
outlet tube is connected to the breathing cannula. The two electronic valves adjust the
oxygen supplement according to the flight height and the breathing frequency. The
differential pressure sensor detects the pressure signal changes between the outlet tube and
the outside air environment. The circuit board controls the opening and closing state of the
two electronic valves based on the height changes. When the pilot inhales, the outlet
pressure is less than the outside air environment, then the circuit board control the
electronic valves open, oxygen supplied to the pilots, until the pressure changes between
the outlet tube and the outside air environment is offset or change to nearly zero, the valves
are controlled to close.

Fig. 1. The electronic oxygen regulator Schematic diagram.

According to the Figure 1, we can get a conclusion that the state of the valve controls
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make a comfortable breathing supplement for the pilots and achieve an efficient use of
limited oxygen source.

3 The regular pattern of breathing
The regular pattern of breathing is shown in Figure 2, which expresses the curve of the
outlet tube pressure versus respiration as time goes without any external sources.

Fig.2. The curve of the breathing regular pattern.

At the beginning of the inhalation, the electronic valves keep the closed state. Once the
differential pressure sensor detects the pressure changes over 20Pa between the outlet tube
and the outside air environment, the controller controls the electronic valves to change their
state to be opening. Then the oxygen enters the outlet tube, passing through the nasal
cannula, applied to the pilots. Entering oxygen lead to the pressure increase of the outlet
tube and offset the differential pressure signal of course. As a result, the differential
pressure signal gradually approaches to 0Pa. As the inhalation process goes on, the valves
continue the opened state to keep the pressure balance of the outlet tube.

When the pilot exhales air outside, they sent some air to the outlet tube, which
contribute to the pressure increase of the outlet tube. Once the differential pressure sensor
detects the increases over 10Pa, the controller controls the electronic valves to change their
state to be closed. Therefore, a delay will be brought when the controller tries to close the
valves at the exhalation cycle, reducing the oxygen utilization seriously.

Based on the analysis above and the respiratory curve in Figure 2, the following control
laws can be summed up: according to the differential pressure signal changes, the controller
adjusts the electronic valves to be opened. After the valves opened, the oxygen is supplied
in the form of pulse to the pilot, which means the valves are opened for a period of time. As
for how long this period of time last, it bases on the flight altitude. Then the pressure of the
outlet tube will get complemented and the differential pressure approach to 0Pa.As a result,
a stable balance is rebuilt. Once the opening time is controlled, it’s not necessary to detect
the differential pressure signal changes to adjust the valves closing, the phenomenon of
delay can be eliminated in the end.

4 Research on the Control Method of double Valves
The control principle of the electronic pulse oxygen regulator can be expressed in block
diagram, as shown in Figure 3.
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Fig. 3. The control schematic diagram of an electronic pulse oxygen regulator.

When the pilot tries to get the oxygen supplied through the nasal cannula during the first
phase of inhalation, the pressure of the outlet tube gets down. The controller gets the
message from the differential pressure sensor and then controls the valve to turn on in
accordance with a certain control method programmed in the controller chip. Supply
oxygen passes through the nasal cannula to the pilot. The outlet tube pressure changes with
the oxygen gas entering into. We can get a conclusion that two factors cause a change of
the differential pressure detected by the sensor. One is the pilot’s breathing activity and the
second is the oxygen gas entering into the outlet tube. In order to achieve the most
comfortable breathing feeling, we must build a certain dynamic balance between the two
factors. Otherwise, too small oxygen flow will affect the pilot’s breathing comfort, even
cause a hypoxia symptoms. Subjected to the limited oxygen source, too large oxygen flow
will shorten the use of oxygen equipment. Therefore, controlling the opening and closing
state of the electronic valves is the key to the design of the electronic pulse oxygen
regulator.

4.1 Control method of the double valves

Breathing can be divided into two modes, calm breathing mode and strengthen breathing
mode. Our usual breathing activity is part of calm breathing mode, in which a little
breathing gas is needed. However, when we have an exercise or feel comfortable from
hypoxia, more extra amount of breathing gas is needed of course and such is the so called
strengthen breathing mode. The process of inhalation usually takes about 0.8s while the
exhalation takes 1.2s. Then the pause time is 1s if we set the breathing frequency to be
20bpm. As we all know, different pilot owns the unique inspiration curve, even the same
pilot act a different breathing characteristics in different flight height. In another word,
there isn’t a completely same inspiration curve in the world. Despite all this, the trend of
breathing movement is always consistent.

In the traditional control units, engineers would like to choose a stepping motor as the
execution unit to achieve the continuous flow controlling. The control of a motor is so
complicated and unstable that a mature product has never been available. On the other hand,
we don’t need such a precise flow controlling actually. Therefore, this paper selects two
groups of electronic valves different in the size of flow path, which have formed three types
of opening degree. This paper tries to come up with a fuzzy control method to choose the
best type of opening degree(U) according to the pilot's breathing curve. As shown in Table
1 below:

Table 1. Truth table of electronic valves combination state.

U ZO S M B
Electronic valve I 0 1 0 1
Electronic valve II 0 0 1 1
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As shown in Table 1, the flow rate of the electronic valve I is smaller than that of the
electronic valve II. From the state of ZO to B, the valve opening degree increases in turn.

Z0 means double valves closed; S means small valve open; M means large valve open;
B means double valves open.

Under different flight height conditions, the opening electronic valve will let the oxygen
pass through and enter into the nasal cannula. with the depth of breathing activities, the
monitor controller adjusts the valve’s opening degree further to meet the pilot breathing
needs, based on the signal detected by the differential pressure sensor. The greater the
differential pressure is, the larger the opening degree is needed. Once the positive pressure
occurs, namely the pressure of the outlet tube is over that of the outside air environment, U
= ZO, the regulator turns off the oxygen supply automatically.

4.2 Control methods based on fuzzy control rules

Fuzzy control is a kind of control theory based on language rules and fuzzy derivation in
modern control theories, and it is an important branch of intelligent control. As a simulation
of human thinking, fuzzy control has been widely used in industrial control fields[5].

The control of the electronic valves is designed as a two-dimensional MISO fuzzy
controller. The input quantities are the differential pressure error E and the error change rate
EC. The output quantity is the opening degree state U. If setting the reference input
differential pressure Pr to 0Pa, the value of the signal detected by the differential pressure
sensor P can be equal to the differential pressure error E (E=P-Pr). In the method of 3.1, the
error change rate EC is not taken into consideration. As a result, an overshoot or delay is
likely to occur in the control system, causing the problem of discomfort or waste of the
limited oxygen when the pilots breathe. Taking full account of those influences, we add the
change rate in the pressure difference EC as an input of the system.

In the fuzzy controller, the electronic valves open in the case of negative pressure signal.
The differential pressure sensor constantly sends the detected signal into the monitor
controller. Then the controller adjusts the valves’ opening degree U and the opening time
length. So the electronic valves can be closed in advance of the positive signal detected,
which makes the oxygen supply equipment more efficient.

The fuzzy control rules of the opening degree of the electronic valves are as follows:
If E=Ai and EC=Bi , then U is Ci.
In the rules, Ai, Bi, Ci are the variable values of differential pressure error E,

differential pressure error change rate EC and electronic valves opening degree U,
respectively. In the fuzzy control rules, the variable value of E contains four states,
including "negative big" (NB), "negative medium" (NM), "negative small" (NS), "zero"
(ZO); the variable value of EC contains three states, including " negative" (N), "zero" (ZO),
"positive" (P); and the variable value of U contains four states, including "zero" (ZO), "big"
(B), "medium" (M), "small" (S); the membership functions of E / EC / U are all triangular.
That can be expressed as follows:

E={ZO , NS, NM, NB}
EC={N, ZO, P}
U={ZO, S, M, B}
When EC is N, the differential pressure error E continues to decrease, away from the

setpoint"0"; When EC is P, the differential pressure error E is increasing and approaching
to 0.

4.3 Determination of fuzzy control rules
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1) If the differential pressure error E is too large (NB) and the error change rate EC is
negative (N), the controller chooses a larger opening degree U(B)to meet the requirements
of human breathing immediately; if the differential pressure error E is too large(NB) while
the error change rate EC is positive(P), the controller chooses a smaller opening degree
U(M) or closed state to avoid the entering gas pass too quickly to cause discomfort;
2) If the differential pressure error E is in medium (NM), the opening degree U should have
a reduction; if the error change rate EC is positive (P), U should be reduced further.
3) When E is small, U is correspondingly reduced to ensure the respiratory stability,
avoiding the phenomenon of overshoot. The controller adjusts the opening degree U
according to the error change rate EC at the same time, so as not to apply the needed
oxygen gas at the very beginning of the inhalation in time. The fuzzy control rules are
shown in Table 2.

Table 2. Fuzzy control rules.

differential pressure
error E

the error change rate EC
N ZO P

ZO ZO ZO ZO
NS M S ZO
NM B M M
NB B B M

The Mamdani fuzzy control is carried out by MATLAB tool in this paper. The model dealt by the
tool of MATLAB has been shown in Fig. 4. The Mamdani fuzzy control is used to build the controller
model and the center of gravity method is to solve the fuzzy model[6]. After solving the model, we
obtain the control data of the opening degree in different states. When the E = -10.1Pa, EC = -
5.32Pa/ms, the opening degree is U = S, only the electronic valve I opened. When the E = -18Pa, EC
= -12.9Pa / ms, the opening degree is U = B, the double valves in the open state.

Fig. 4. The fuzzy control model.

In the practice, we store opening degree values calculated by MATLAB in the form of
lookup table in the hardware. In real-time control, the E, EC data obtained by the
acquisition, are sent to the monitor controller and the controller gains the opening degree
value from the stored lookup table directly by some simple calculations.

5 Results and analysis
The pulse oxygen supply system introduced in this paper was tested in a cabin at low
pressure with a fake lung which can simulate the human breathing in different frequencies
under the condition of the ground lab. The oxygen air used in the experiment was the high
pressure medical oxygen with the inlet tube pressure of 0.2MPa. The test data are shown in
Fig. 5. According to the control rules, the actual outlet tube pressure E should be controlled
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more than -20Pa. The traditional single factor control belongs to the open loop control, and
a delay or an overshoot of oxygen are extremely to happen to cause a discomfort. If the
breathing state changing, such as a slight inspiration, the differential pressure changes are
not obvious and quick enough to cause an in-time control action, then a delay occurs. A
filling will occur with high-intensity breathing.

Fig. 5. The results curve of two control methods.

Compared to traditional differential control method, the fuzzy control method achieves
the goals of adjusting the electronic valves opening degree from small to large switching in
accommodate to the pace of breathing. The inspiration curve showed in Fig 5 suggests that
the synchronization effect is better. There is no imbalance or overshoot caused by the lag
and filling phenomenon.

6 Concluding remarks
The differential pressure error E and the error change rate EC are both considered to control
the valves’ opening degree, which avoids the shortcomings caused by the traditional open
loop control method. The fuzzy control method in this paper will greatly improve the
performance of the oxygen regulator with a practical debugging and further optimization,
which could really provide a reliable and comfortable oxygen supply environment in the
near future.
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