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Abstract: Electrolytic oxygen generation system (EOGS) is the only system that can provide oxygen
for astronauts in a physicochemical regenerative way in a long-term manned spacecraft. In order
to ensure that the astronauts in the cabin can obtain a continuous and enough oxygen supply, it is
necessary to carry out real-time condition monitoring and fault diagnosis of the EOGS. This paper
deals with condition monitoring and fault diagnosis of the EOGS. Firstly, the dynamic model of the
system is established based on the principle electrolysis for actual oxygen production system and
the state observer of the system has been designed by using unscented Kalman filter (UKF). The
total pressure in the cabin and the partial pressure of oxygen in the electrolytic cell can be observed.
Then, considered the actual conditions of the manned space mission with one more astronaut, i.e.,
3 astronauts, the simulation experiment is carried out. The simulation results show that the method
can effectively estimate the system state, and it is of great significance to ensure the normal operation
of the electrolytic EOGS system in the space station.

Keywords: environmental control and life support system; electrolytic oxygen generation system;
state observer; unscented kalman filter

1. Introduction

Electrolytic oxygen generation (EOGS) is currently recognized as the most reason-
able oxygen replenishment technology for the space station [1-4]. It is one of the core
technologies of the physical and chemical regenerative environmental control and life
support system (ECLSS) [5-7], and it is also the key technology for realizing long-term
manned space flight [8]. The status of EOGS directly determines the oxygen content in the
enclosed cabin with astronauts during the orbit [9]. Because the cargo spaceships between
the space and earth can’t be launched deliberately at any time, EOGS must guarantee the
high reliability and ECLSS will open the carried oxygen bottle to supply oxygen to the
astronauts [10] when EOGS fails to produce oxygen. Since the oxygen carried during each
launch is limited, and as the oxygen is gradually consumed, the oxygen content in the cabin
will continue to decline, which not only affects the normal work of the astronaut, but also
poses a serious threat to the life of the astronaut [11,12]. The electrolytic oxygen plant of the
International Space Station (ISS) developed by the United States was put into formal use
after being verified in the orbit. In 2002, the main oxygen system of ISS completely stopped
working after a few weeks of intermittent work, and the three astronauts on the station had
to use the solid fuel oxygen tank to produce oxygen [13] before the main oxygen system
was repaired. In 2004, due to the blockage of the pipeline, the main oxygen system failed
again, the two astronauts inside had to rely on the oxygen in the docking cargo tank to
maintain their lives, meanwhile waiting for the Russia cargo to transfer more oxygen [14].
Seen from the abovementioned events, it is necessary to monitor the working state and to
diagnose the fault of the electrolysis oxygen system of the space station [15-17].
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At present, different technical solutions are adopted for the EOGS system by the
US and Russian space stations. The two countries are very disparate in terms of their
design ideas, resource requirements, system configuration and service life. The biggest
difference is that Russia adopts the solution for EOGS by flow alkaline electrolyte and
membrane static water gas separator. Russia conducted flight verifications of the EOGS
device at the early stage of the construction of the Mir space station, and then directly
installed the station as the main oxygen supply equipment. In the initial stage of the
construction of the International Space Station, the Russian electrolytic oxygen plant was
used as the main oxygen supply equipment. The technical scheme of solid polymer
electrolyte (SPE) used in EOGS of United States was officially put into use after on-orbit
verification, meeting the oxygen demand of the International Space Station. The use of
EOGS has greatly reduced the amount of ground logistics supplies for life insurance,
and is one of the necessary conditions for medium and long-term manned spaceflight.
Russia uses alkaline electrolyzer PEM. Russian electrolytic oxygen generator uses strong
corrosive lye as the electrolyte, it has caused great difficulties in on-orbit maintenance
and replacement of parts [18]. The US electrolytic oxygen generator in the ISS adopts
the technical solution of solid polymer electrolyte (SPE) water electrolysis [19], and the
US electrolytic oxygen generator adopts a standard cabinet-style installation method to
facilitate on-orbit maintenance and replacement. The EOGS in China’s future space station
adopts the same method as the United States. The background of this study is China’s
long-term manned space mission, and the technical scheme of SPE is used in EOGS [20].

In long-term manned missions, the oxygen concentration in the cabin of the space
station can be detected by the detection device in real time [21,22]. However, the oxygen
concentration in the cabin is not suitable as a standard for judging whether the EOGS
system is operating normally, due to the particularity of the space station. Given the
backgrounds of irregular connection of multi-cabin sections, the large space capacity, and
the uncertain metabolic activities of many astronauts, the O2 concentration in the capsule
is a slowly changing parameter, the response speed of which is very slow [23]. Under such
conditions, the concentration of hydrogen and oxygen at the outlet of the EOGS system
can be used as direct indicator parameters for online monitoring. The reason is that the
concentration of hydrogen and oxygen at the outlet are parameters that can be directly
selected. However, electrolytic core, as the core equipment of the electrolytic oxygen
system, because of its complicated structure and small space, the working condition inside
of which is known with difficulty. Many parameters of electrolytic core, such as the direct
oxygen production amount and the working efficiency, cannot be directly measured. If
accurate location of the system faults is required, especially the faults that occur inside
the electrolytic core, the limited data measured by the sensor will be insufficient, such as
the total pressure in the cabin and the partial pressure of oxygen in the cabin. In order to
solve this issue, a system state observer needs to be designed. As one kind of improved
Kalman filer, Unscented Kalman filter (UKF) can be widely used in the design of the state
observer because it can approximate the probability density distribution of nonlinear state
variables. Instead of approximating the nonlinear function, it uses a series of deterministic
samples to approximate the posterior probability density of the state variables. Compared
with extended Kalman filter (EKF), neither the derivative calculation of Jacobian matrix
is required [24,25], nor the higher-order terms are ignored during linearization, and thus
the calculation accuracy of nonlinear distribution statistics is higher than EKF [26-28]. In
addition, Yang et al. studied the health management of metal roof structure [29], Li et al.
conducted multi-factor analytic hierarchy process [30], and Sheng et al. carried out multi-
objective optimization for power system [31], all of these researches have the important
reference significance for health management of the space station system.

In this paper, according to the operating conditions of the actual system, and the
operating mechanism and conditions of the key equipment and the entire system, a math-
ematical model that can describe the dynamic changes of the parameters is established,
and then the nonlinear state observer of the system is designed by UKF to monitor the
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state of the system and diagnose fault. The most important task is to perform condition
monitoring and fault diagnosis for the electrolytic core. It is also under consideration to
locate and diagnose the faults of other main components including pipelines and steam
separators. Thus, various abnormalities or failures of the EOGS system can be timely and
accurately diagnosed, prevented and eliminated. Reliability, safety, and effectiveness of
equipment operation can be improved. In this way, the possible failure loss of the system
can be reduced to the lowest level.

The structure of this paper is as follow: firstly, the function, working process and
working principle of the EOGS in the physical and chemical regenerative environment
control and life support system of the space station are described in detail. Then, according
to the previous correlation analysis, the kinetic model of oxygen production system is es-
tablished. Then, a state observer based on UKF algorithm is designed. At last, a simulation
experiment is designed with one more astronaut than the Chinese space laboratory TG-2.
The experimental results show the accuracy of the model is good and the effectiveness of
the state estimation scheme is valid.

2. Operation Analysis and Working Principle of EOGS

EOGS is one of the essential core systems of ECLSS in long-term manned mission.
From the perspective of energy conversion, the EOGS converts the input electrical energy
into heat and chemical energy, and the input deionized water is reacted to generate hydro-
gen and oxygen, as well as un-electrolyzed water. Therefore, the dynamic model of the
actual system can be established by analyzing the processes and principles of the material
and energy exchange of the actual system.

2.1. Operation Analysis of EOGS

The role and working process of the electrolytic oxygen system in the environmental
control life insurance system are shown in Figure 1. During the operation of the space
station’s ECLSS, the EOGS receives materials from the urine treatment system and the
water treatment system, generates deionized water after certain treatment, and then uses
electricity to electrolyze the deionized water to generate oxygen and provide it for the
astronauts in the cabin. If there are some faults in the electrolytic oxygen system and
oxygen supply is insufficient, astronauts are required to promptly open the redundancy
spare oxygen cylinders in the space station to continue supplying oxygen for them.
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Figure 1. The operation of ECLSS in space station.

The specific work flow of EOGS is shown in Figure 2. The specific operation process
of the whole system is that the electrolytic water first enters the circulating water storage
tank, and then enters the electrolytic core after being pressurized by the circulating pump
together with the water that was not completely electrolyzed in the last time. The circulating
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pump plays a role in providing fixed flow water for the electrolytic core. The electrolysis of
water by the electrolytic core has certain electrolysis efficiency. Only a part of the electrolytic
water can produce electrolysis reaction in unit time, generating oxygen and hydrogen, and
generating water vapor due to the reaction heat. The other part of water changes into water
vapor. It carries the electrolysis heat and oxygen from the anode to leave the electrolysis
unit. Then, after the heat exchanger completes the heat exchange, it is separated from the
hydrogen at the water gas separator. The oxygen gas enters the cabin, and the water enters
the circulating water storage tank. The hydrogen generated by the reaction carries a small
amount of water and heat away from the cathode. After heat exchange, it needs to be
separated with water and then discharged from the tank. The separated water also needs
to enter the circulating water storage tank for reuse. The core component of the oxygen
production system of space station is the electrolytic core, which is composed of several
electrolytic cells described above. The whole oxygen production system is composed of
circulating water tank, water vapor separator, pipeline and other components. The water
source of the electrolyzed oxygen production equipment includes human metabolic water,
mainly urine. Since the battery of the electrolysis oxygen production system can provide
stable direct current, the direct power supply of the electrolysis oxygen production system
comes from the battery of its own system. The electrolysis oxygen production system
is integrated into the space station’s power supply plan as a whole, and the electrolysis
battery’s electricity comes from the space station’s power bus. The overall power of the
space station comes from PV. Hydrogen production and fuel cells are key technologies to
achieve the mutual transformation of hydrogen energy and electric energy. Fuel cell and
electrolytic oxygen production can be placed in the same equipment. When the electric
energy is sufficient, more electrolytic oxygen production can be carried out to produce
hydrogen and oxygen, which can be stored for later use. When electricity is scarce, the
electrolysis oxygen production system is turned into a fuel cell system, which uses the
reaction of hydrogen and oxygen to generate electricity to charge the electrolysis battery,
reducing the dependence on the space station’s electricity.

Water Vapor

Separator Heat Heat
H, Exchanger Exchanger
| —  —
- 1 ]  E— >
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Water
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Figure 2. The block diagram of EOGS.

2.2. The Working Principle of EOGS

The basic process of oxygen generation by water electrolysis is that direct current
is applied to the electrolyzer body, and water molecules react electrochemically on the
electrode to decompose into hydrogen and oxygen.
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Cathode reaction:
2H,0O +2e — Hy T +20H™ (1)
Anode reaction 1
20H™ —2e — EOQ 1T +2H,0 (2)
Total reaction equation:
1
H,O — Hp 1 +502 T ®3)

The electrolysis of water follows Faraday’s law of electrolysis. The gas output is
proportional to the current, and the working current depends on the working voltage,
working temperature and electrolyte concentration.

The principle of water electrolysis is also used in the oxygen production system of
the space station. However, the solid polymer electrolyte (SPE) is used as the membrane.
The SPE is a perfluorosulfonate polymer ion exchange membrane with a thickness of
only 0.3 mm and many physical properties of polytetrafluoroethylene. When the SPE is
immersed in water, it is a good ionic conductor with good conductivity. It is the only
electrolyte required for water electrolysis. Take a schematic diagram of an electrolytic cell,
as shown in Figure 3. Two electrodes are connected on both sides of the solid polymer
electrolytic membrane to form an anode and a cathode. The conductivity of ions is pro-
vided by hydrous ions. Ions are transferred from anode to cathode by solid polymer and
ion exchange membrane. Water is fed into the electrolytic cell from the cathode (hydrogen
electrode), which simplifies the requirements of water supply system and water gas sepa-
ration under weightlessness. In order to dissipate heat, the circulating water flow should
be greater than the water supply required by electrolysis. Enough water is transported
from the hydrogen electrode to the oxygen electrode through the solid-state electrolytic
membrane, and the oxygen, hydrogen ions and electrons are discharged by electrochemical
decomposition at the oxygen electrode. Hydrogen ions in the cathode are electrochemically
reacted to release hydrogen, hydrogen and water are discharged together, and the oxygen
produced does not contain free water.

Solid
H, Polymer 0,
~a— | Electrolyte ——— g

Recycle @
Water
—~a—
H,O0
Water
Water supply
membrane

Power

Figure 3. Schematic of electrolytic cell.
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Based on the analysis of the basic principle of EOGS and the working principle of
electrolytic cell, it can be assumed that:

1.  The oxygen, hydrogen and water vapor in the core are all ideal gases, and the working
pressure in the cell will not exceed 150 kPa;

2. Water vapor and water can quickly saturate with oxygen and hydrogen in the mixed
gas flow;

3. Hydrogen and oxygen are insoluble in water;

The mass conservation equation of the electrolytic oxygen system is as follows:

gs = 4o, + qH, + Gmix 4)

where g; is the amount of water supplied to the system, kg; 4,y is the flow rate of water
vapor in the mixed flow of hydrogen and water, kg; g0, is the oxygen production, kg; gy,
is the hydrogen production, kg.

According to the basic thermodynamic conservation law, the energy conservation
equation of the electrolysis oxygen system is as follows:

. |
N = Qo, + Qu, + Qe + QF, + Qf, + Qpy) + Q" H, + Qeotd + Q0 - gm0 (5)

where Q1,0 = Pr,0 - q1,0; Pr,0 = 1.588 x 107] /kg.
According to the basic thermodynamic conservation law, the mass conservation and
energy conservation equations of the electrolytic core are as follows:

Jue = 90, + 91, + Gne (6)

Nc = Qc + Quc + Qo,c + Qmu,c + Qoyw + QHyw + QH,0 * 9H,0 )

where,Qyyc is the heat taken away from the outlet of the electrolytic cell, Q¢ is the heat taken
away by the water discharged from the electrolytic core, Qo,c and Qp, ¢ are respectively
the heat removed by oxygen and hydrogen, Qo,, and Qp, are the heat taken away by
anode water vapor and cathode water vapor. Their calculating formulas are as follows:

Qwe = (9p — Jov — guv — 4o, — qm,) - ¢p(Tco — Ter) ®)
Qc = KcFe(Tc — Ta) 9)

Qo,c = 90,¢p0,(Tco — Tcr) (10)

Qu,c = 91,¢pH, (Tco — Tcr) (11)

Qoyw = qoywlcp(Tco — Ter) + Al (12)

QHyw = JHyw(cp(Tco — Ter) + A] (13)

3. The Dynamic Model of EOGS

The whole process and principle of EOGS is analyzed above. The mass exchange
relationship of the EOGS is simple, but the heat exchange relationship is great intricate,
and it also has a complex coupling relationship with ECLSS’s other systems. The most
important thing is that the heat value in the heat exchange process is difficult to measure
and calculate accurately. In order to reflect the problem more clearly and intuitively, the
functional block diagram of the EOGS in the space station can be simplified as shown in
Figure 4, in which two valves are valve_O2 and valve_H2 is a back pressure valve, and the
water vapor separator is a membrane separator.
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Figure 4. The simplified workflow sketch of EOGS.

In long-term manned missions, the cabin’s oxygen partial pressure and total pressure
need to be monitored. Therefore, it is necessary to establish the state equation of these two
state quantities.

State equation of cabin’s oxygen partial pressure is written as:

e R, T, ;
cabin __ atc cabin
B8, = Mo v W (14)

State equation of cabin’s total pressure is written as:

bi R4T, ; ; ;
Ptcabm _ M:ir‘C/C (wgzzbm + wg\t]zzbm + wccagzzn (15)
The core index reflecting the state of the core is the electrolytic efficiency of the core,
which can be reflected by the oxygen and hydrogen production. Due to its small volume
and complex internal structure, it is impossible to install sensors to measure the oxygen
and hydrogen production. However, the electrolytic core’s oxygen production and hydro-
gen production can be used as state variables of the system. The hydrogen and oxygen
production volume of the electrolytic core can be obtained through the establishment of
the state equation of oxygen production and hydrogen production and the design of the

system state observer.
The established equations of state for oxygen production and hydrogen production

are as follows:
Ru Te

P}E _ wE _wcahin 16
H2 MH2<‘/S + Ve) ( H2 H2 ) ( )
R,T, ;
E __ aze E b
O, — MOz‘/E (sz - 812 ”1) (17)

where V, = 1.29 m%;V; = 0.29 m?.
According to Figure 4, Valve_O2 and Valve_H2 are back pressure valves, and the
w%‘bm and wﬁ}zbm in Equations (16) and (17) are as follows:

2
wBy"™ = \/2p0,Ca1 Aor 1/ PG, — PE™" (18)

w%lzzbin — ZpH2 Cd2A02:B2 \/PT‘I-:}Z )
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where Cdl = 0.01; Cd2 = 0.002; A01 = 0.08; A02 =0.01 ;Bl =1 ‘Bz =1
According to Faraday’s law, the production of oxygen and hydrogen can be obtained
as follows:

In

wp, = Mo, 77 (20)
In,

sz My, — = (21)

where n, = 24; F = 9.65 x 10*/3600 Ah/mol; z = 2.

. . cabin - cabin .E . . .
Selecting [Pp, ,P; ,Pn, Po,] as the state variables of the system, ie.,

.cabin .cabin .E .E T T X
x = [Po, ,Py ,Pu,,Po,] = [x1,x,%3 %4 , the state equation of the system can be

obtained as follows:

noabin _ RaTc cabin
0O, — Mo (0)}
P:abzn _ AZQ“-T\C/C( cabin + wcubm + wcubzn) "
atrr
P R, T, (ZUE wcabzn) (22)
Hy = My, (Vs+Ve) N Ha Hy
. E
_ _R;T, E _ _ cabin
POZ - M02 Vg (wOZ woz )

It can be found from the Equation (24) that the Pg2 has no direct relationship with
factors such as the length of the system running time and the number of astronauts.

Substituting Equations (14)-(17) into Equation (22), and the coefficients can be defined
as following:

R,T, R, T, R.T, '

ki1 = Mo, V7 ki2 = \/200Ca1 Ao1 1. ka1 = 51t koo = MZYEC(W%}ZZ”” + wgfg;”), 23)
__ RT, R,T.

ka1 = Wy, (V777 ko2 = \/ZPHzchAoz,BZIkM = M

The state equation of the EOGS can be written as follows:

x1 = ki1kiy/ (x4 — x2)

9:62 = k21k12\/ (x4 —x2) + k2 (24)
i3 = kap (My, e — kap/33)

Xy = ko [+ 22 e —kip /(x4 — x2))]

The system observation equation is as follows:
T
y=(x1,x2) +ot (25)
where v; € RZ*1 is the zero mean Gaussian white noise, E(Ut?JtT) = Ry € R?*2,

4. State Monitoring of EOGS Based on UKF

The state equation of the system has been determined, so the four states of the system
can be estimated on-line by using the observation values of oxygen partial pressure and
total pressure in the cabin. The condition monitoring and fault prediction of the two key
components of the electrolytic core and the water gas separation device are carried out
by two states of the internal pressure of the oxygen chamber of the electrolytic core and
the downstream back pressure of the water gas separator. Therefore, the system state
observer based on UKEF filter algorithm can be designed. UKF algorithm does not need
forced linearization, but uses unscented transform (UT) to make the mean and covariance
of sampling points equal to the mean and covariance of the original state distribution. By
using UT, the accuracy is at least 2-order Taylor expansion, and 3-order accuracy can be
achieved when the system noise is Gaussian distribution. For different time k, the nonlinear
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system composed of random variable X with Gaussian white noise W(k) and observation Z
with Gaussian white noise V(k) can be described as follows:

{ X(k+1) = f(x(k), W(k)) (26)
Z(k+1) = h(x(k), V(k))

The specific process of UKF algorithm are shown in Figure 5.

1.The UT is performed first to obtain the sigma point set and the corresponding permissions

V=X ) = A
" n+ A
0 _ ¥ =1~
7V =X+(/(n+)P),i=1~n W§°>=L+(l—0{2+ﬂ)-
20 =X-(J(n+A)P),,i=n+1~2n T4 '
W’(ni): Ei): ’i:n+1~27’l
2(n+A)

Xk k) =[X(k|k) X(k|k)+(n+AD)Pk|k) X(k|k)-J(n+ )Pk |k)]

2.The one-step prediction of 2n+1 Sigma points is calculated, and then the one-step prediction
mean and covariance matrix of the system state quantity are calculated.

. . ~ 2}’1 o .
X (k+11k)= fTk, XV (k| k)] X(k+11k) =Y wOX Ok +1k)
i=0

P(k+1|k):iw”)[f((k+l|k)—X(i)(k+1|k)][)?(k+l|k)—X“)(k+1|k)]T +0

i=0

3.According to the above one-step prediction value, by using the UT again, the new Sigma

point set and its predicted values can be obtained
XD (k|k)y=[X(k|k) X(k+1]k)+(n+ AD)P(k+1k) X(k+1|k)-[(n+A)P(k+1]k)]
ZO(k+1|k)=h XDk +1|k)]

4.Then, the mean and covariance predicted by the system are obtained by weighted summation

2n
Z(k+11k)=>w"Z(k+1|k)

i=0

2n _ ) _
P = Zw(”[z(”(kﬂ k)= Z(k+11 I ZV(k+1|k)-Z(k+1|k)]" +R
i=0

P, :iw(”[)((”(kﬂ|k)—Z(k+1|k)][X“)(k+1|k)—Z(k+1|k)]T

i=0
5.the Kalman gain matrix is calculated, and the status update and covariance matrix update of the

system can be calculated
K(x+D)=P,_P]

X(k+1|k+)=X(k+1|k)+ K(k+D[Z(k+1)=Z(k+1|k)]
P(k+1]k+1)=P(k+1k)—K(k+DP,_ K" (k+1)

Figure 5. The specific process of UKF algorithm.
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According to the steps of the UKF algorithm, the state equation and observation
equation of EOGS, i.e., Equations (24) and (25), are iteratively operated according to the
method in Figure 5, and the partial pressure and total pressure in the cabin can be obtained
by real-time estimation of oxygen.

5. Simulation Results

The simulation of monitoring the status of the EOGS is carried out according to the
actual operating conditions of the space station on orbit. During orbiting, there are usually
three astronauts in the space station. The overall cabin capacity is 150 m?, the electrolytic
temperature in the electrolytic cell is 35 °C, the temperature in the cabin is 25 °C, the
electrolytic current is 20 A, and the orbital situation of Tiangong 2 is 2 people and 30 days.
We set the simulation test as 3 people and 30 days (720 h), which is in line with the actual
situation of the long-term stay of the space station.

As shown in Figure 6, the estimated value of the total pressure in the cabin can track
the real value well, almost coincident with the real value. The enlarged picture shows the
comparison between the real value and the estimated value of the total pressure in the
cabin on the 20th day of the system operation.
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Figure 6. Comparison of true value and estimated value of total pressure in cabin.

As shown in Figure 7, the estimation error of UKF based cabin total pressure is shown.
The estimation error of the total pressure in the cabin is tiny, and the amplitude of the
positive and negative values does not change great. The estimation error does not exceed
2% of the true value, which not only shows the high accuracy of the model, but also shows
that the accuracy of the UKF estimation is high. which not only shows the high accuracy of
the model, but also shows the high accuracy of UKF estimation.

L S e e B S m s s S s Sy e B s S S S S S S L S m S m m S e S e S e B B AN B m e p S m e S s s e |

-1 I T TR T T T TN S Y T T T N Y T Y SN T S T T T Y Y S T T T T Y S S T Y N N S |
o 120 40 360 4580 Ly 720
Time (h)

Figure 7. Estimated error of total pressure in cabin.

Figure 8 shows that the comparison between the true value of the oxygen partial
pressure in the cabin and the estimated value based on UKF. As seen from Figure 8, there
are periodic increases in estimation errors over the time, but these increases take place
during the working condition switching of electrolysis current (5 A to 10 A), therefore there
is the larger error between the true value and the estimation value during the working
stage of 10A electrolysis current. During the working stage at 5 A electrolysis current
within 30 days, the estimation error is small and the estimated value of the oxygen partial
pressure in the cabin can also track the real value well. In Figure 8, the enlarged picture
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also shows the comparison between the real value and the estimated value of the oxygen
partial pressure in the cabin on the 20th day of the system operation.
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Figure 8. Comparison of true value and estimated value of oxygen partial pressure in cabin.

As shown in Figure 9, the estimation error of oxygen partial pressure in the cabin
based on UKF. The estimation error of the oxygen partial pressure in the cabin has little
change in the range of positive and negative values, and it will increase periodically, but
the estimation error is less than 2%.
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Figure 9. Estimation error of the partial pressure of oxygen in cabin.

6. Conclusions

Based on the principle analysis and system dynamics of the EOGS, the mathematical
model to describe the dynamic characteristics of EOGS is established. On this basis, the
UKEF based state observer is designed. The simulation experiment is carried out under
the condition of setting the same actual working condition as China’s tiangong-2, with
one more astronaut compared with scheduled 2 astronauts. The main conclusions are
as follows:

1. The established dynamic model of the system is relatively simple and accurate. It
can be used for the simulation experiment of EOGS, avoiding the complex coupling
relationship between the system and other systems caused by energy exchange.

2. Using UKF algorithm to design the observer the state of the system can achieve a
high accuracy. The estimation error of the system state is within 2% by comparing the
estimation value with the real value.

3. The model and UKF algorithm built in this paper can monitor the state of the system,
and diagnose the fault of the core components based on actual observation values
simultaneously, which will lay a solid foundation for the subsequent comprehensive
fault diagnosis of the EOGS.
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flow rate of water vapor in the mixed flow of hydrogen and water
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input power of the system and are the heat carried by oxygen
and hydrogen

heat carried by oxygen and hydrogen

electrolysis cell

heat dissipated to the environment by the oxygen

heat exchanger, the hydrogen heat exchanger, and the
water-gas separator, respectively

heat carried by water vapor in the mixed flow of

hydrogen and water

theoretical power consumption of electrolyzed water

heat taken away by the cold mass through the heat exchanger
theoretical power consumption required for water electrolysis
theoretical power consumption per unit mass of water electrolysis
mass of water being electrolyzed

mass of water entering the electrolytic core

mass of water discharged from the cathode

heat taken away from the outlet of the electrolytic cell

heat taken away by the water discharged from the

electrolytic core

heat dissipation coefficient of the electrolytic cell to

the environment

total heat dissipation length of the electrolyzer

temperature of the electrolytic cell

ambient temperature

heat removed by oxygen

heat removed by hydrogen respectively

mass flow rate of water vapor carried by the cathode and
anode respectively

inlet and outlet temperature of the electrolytic core respectively
heat taken away by anode water vapor and cathode water vapor
specific heat capacities of water, hydrogen, and oxygen

latent heat of vaporization of water

oxygen partial pressure

total pressure

molar mass of air

Ideal gas constant

temperature in cabin

total volume in cabin

mass flow of oxygen into the cabin

the mass flow of nitrogen into the cabin

mass flow of carbon dioxide into the cabin
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Pflz hydrogen partial pressure in cell kPa
sz oxygen partial pressure in cell kPa
molar mass of hydrogen kPa
Te temperature in the electrolysis cell °C
W mass flow of hydrogen produced by the electrolysis cell kg/s
wsabi mass flow from electrolysis cell to cabin kg/s
Vs volume of water vapor separator cavity m
Ve volume of chamber in electrolysis cell m
we, mass flow of hydrogen produced by the electrolysis cell kg/s
Cin,Cspn Valve_O2’s flow coefficient and Valve_H2’s flow coefficient respectively ~ Kv
Ag1, Ay Valve_O2’s valve area m
B1, B2 Valve_H2's flow coefficient, valve area and opening respectively \
I electrolysis current A
fe number of single cells in the electrolysis system \

Faraday constant Ah/mol
z amount of charge \
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