Vol. 41, No. 3/2013

INMATEH — Jgu’caltuml Qiueexm'

A FUZZY CONTROL BASED ON DISSOLVED OXYGEN MONITORING SYSTEM IN
AQUACULTURE

/

B FRM BB K=5F T EEE L RREHTH

Lect. Huang D., Lect. Hu A., Prof. Chen S., Stud. Wang Z.
School of Mechanical Engineering in Huaihai Institute of Technology / China
Tel: 0518-85895332; E-mail: 2004000013@hhit.edu.cn

Abstract: Dissolved oxygen (DO) is a key water quality factor
of aquaculture water in aquaculture. It plays an essential role
in growth of aquaculture organisms. By analyzing DO
monitoring system in aquaculture, a mathematical model of
DO monitoring system was constructed. On the basis of
fuzzy control theory, the fuzzy control of DO was realized.
The simulation results show that the method proposed is
feasible and convenient for application, and it is able to
appropriatelyl monitor DO in water. In comparison with that ,
the fuzzy control based DO monitoring technique can shorten
culturing period, improve culturing efficiency and reduce the
cost of cultivation.

Keywords: aquaculture, fuzzy, dissolved oxygen, monitor,
control

INTRODUCTION

Most of living creatures on the earth cannot live without
oxygen. Accounting for 21% of air ratio, oxygen presents
high content and stability, so living creatures on the land are
living with enough oxygen. However, DO in water (DO is
molecular oxygen dissolved in water or liquid phase) shows
less content and variation. Generally, The amount of
saturated DO in freshwater is approximately equal to that of
one-twentieth of oxygen content in the air. It is even fewer in
seawater. As an indispensable element to aquatic animals
and plants, DO has been one of the most concerned water
quality factors. For instance, there are some common
cultured fishes which live by relying on DO at present: DO
content required in adult stage is of 3mg/L; when DO
content is lower than 2mg/L, slight fishes hypoxia is
observed; when lower than 0.8-0.6mg/L, serious fishes
hypoxia is presented. Serious fish hypoxia does great harm
to fishes’ health. Fishes are likely to die of suffocation if DO
content decreases to 0.5-0.3mg/L. Feeding rate, food
utilization and weight gain rate of fishes are significantly
influenced by the contents of DO. Thus, it is necessary to
monitor and control DO in the aquaculture [1-5].

Nowadays, DO monitoring techniques in aquaculture can
be classified into intelligent monitor, automatic monitor and
experienced monitor world widely. In intelligent monitor, as a
key environment factor in aquaculture water, DO and other
factors (i.e. Ph and temperature etc.) are analyzed by
computer. Then, environment factors in water can be
controlled to perform intelligent monitor. Finally, industrialized
culture can be realized. The intelligent monitor technique
characterized by high production yield, as well as high cost of
input and maintenance is generally applied in developed
countries[6]; automatic control is mainly used in fish breading
and aquaculture of rare aquatic animals which demands high
to DO content. This monitor method collects DO
concentration in water using sensor. Then according to the
demands of fishes cultured, oxygen supplementary in water
is realized by oxygen-increasing machine. This method
presents low intelligence and cost. It can fulfill high production
yield. Therefore, it is frequently used in aquaculture [7].
Based on the experiences of aquaculture operator on DO
concentration, experienced monitor usually controls
oxygenation machines and judge whether oxygen should be
enriched or not in water, to sustain the growth of fishes.
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This method is mainly used in cultivation of common aquatic
fishes. Because it has low cost and is easy to control, it is more
popular in developing countries [8,9]. The research analyzed
DO monitoring system in aquaculture water and constructed a
mathematical model of DO control. Based on fuzzy control
theory, fuzzy control of DO was realized. This technique
proposed is easy to operate and presents strong robustness. It
can be a better way to control DO in water.
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MATERIALS AND METHOD

Working principle of do monitoring system

In this research, automatic control is selected in the study
of aquaculture DO monitor. Its working principle is illustrated
in Fig. 1. This system mainly consists of culture pond, aquaculture
water, PC, DO sensor, circuit of signal processing, oxygen-
increasing machine, AC motor, and inverter. Its working
principles are illustrated as: DO Sensor is put into the water
to monitor DO concentration. Corresponding electrical
signals are inputted into PC by circuit of signal processing.
Those signals inputted into PC are saved for conduct
analysis. Then, relative control strategies are performed by
some algorithm. By controling AC motor speed using
inverter, oxygen-increasing speed of oxygen-increasing
machine can be controlled. Consequently, DO content in
water can satisfy the requirements of aquaculture.

Mathematical model
Model of DO Sensor

A Polarographic membrane electrode method is
employed in this system. The cathode of electrode is
made by golden plate of 4 mm. Anode, also called
reference electrode, is silver plate. Electrolyte is charged
between anode and cathode. The top parts of anode and
cathode are covered using polytetrafluoroethylene film.
After applying 0.7 V of polarization voltage between the
two electrodes, oxygen which is passing through the film
is reduced on golden cathode. Due to redox reaction
happened on electrodes, electronic conversion produces
current which shows direct ratio to oxygen partial
pressure. Reactions in oxygen electrodes of polarographic
membrane can be demonstrated as [10]:
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Signal process circuit of DO is shown in Fig.2. The
currents produced by DO sensor are converted into voltage
signals. Those signals obtained are amplified to input into the
DO concentration collecting card. Owing to the influence of
temperature on measurement precision, temperature in
measurement of DO content should be taken into account.
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Fig. 2 - Signals process circuit of DO /BT 15 54 B BEF

DO in water can be expressed as
DO, = DO, [1+5%(T, -

Where, DO, denotes DO content of measured solution
at Ty; DO, indicates DO content of oxygen saturation water
at temperature T,; g, refers to potential value of electrodes
immersed in Na,SO3 solution; E, is potential value when
clean electrodes intrude into oxygen saturation water; g, is
potential value when clean electrodes intrude into the
solution to be measured; T, denotes oxygen saturation
temperature; T, is the temperature of solution to be measured.

On the basis of measurement principle of oxygen meter
and electrochemical equation, we obtain

=)

DO = DO, + =

a

Where DO is measured value (mg/L) of DO content at

t; r, is OUT value (mg/(L X min); & denotes the

electrode response speed parameter of oxygen meter
(min™),a=92min™.

Model of DO Control [11]

DO control are more influenced by environment.
Before constructing mathematical mode, it is assumed
that: culture pond is a small indoor pond
(10m X 10m X 2m); the living creatures cultured in the
pond are the only factors consuming DO; Only oxygen-
increasing machine can be used to supplement DO in
water. Temperature in cultured pond and Ph are
constant. After satisfying conditions above mentioned,
concentration variation of DO in water is expressed

dy(t) _ Q(t)
ot [Vin
Where, Q is air flow, Q(t) = K, N(t) - N(t) indicates the

motor speed. K, is coefficient of air flow; V is volume of

culture pond; y(t) is DO concentration; y. is oxygen
concentration of air inputted; y_, is oxygen concentration
of air outputted; y_ (t) is saturated DO concentration;
K a(u(t)) is function of oxygen conversion, its change is
linear with the variation of air flow. Taking K, as a
constant, K, denotes the constant of DO consumption
rate. By conducting Laplace transform on formula (8).
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The transfer function of the system is

Y(S) _ Kq(¥in = You) IV
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is obviously a first order inertial link.

System Model

By detecting the system model, the results shows that
monitoring of DO is non-linear and presents delay
characteristic. Formula (6) and (9) are used to remedy
such shortfall. 7 refers to monitoring delay. While,
Formula (9) is remedied

G5 =Y

S+K

Formula (10) can be approximately described as an
simulation model of DO monitoring system. On the basis of
experiences and experiments, U = 082 , K =0.0157 and

7 = 40 in simulation model are obtained.

Fuzzy control
Definition of Variables

According to DO model in aquaculture, there are two
inputs in the system: the differences, also named as
deviation e of DO and set value measured by sensor is first
input; another one is variation ratio et of DO. Output is
motor speed n of oxygen-increasing machine. The motor
speed can be controlled based on e and et. Consequently,
DO of culture pond is stabilized to set value.

Fuzzy Method
DO model takes e which is deviation of DO content
value and set value and measured by sensor as an input.

With fuzzy domain being [-3 , 3], the difference of DO
content value and set value can be measured.
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Tablel/ #1

Saturated DO in the water temperature | F/EEE FXAFBHEGZE

Temperature(°C)/ E& Saturated DO (mg/L) / HFBMEZSE
0 14.64
5 12.74
10 11.26
15 10.08
20 9.08
25 8.25
30 7.56
35 6.95

Assuming temperature in culture pond is 20~30°C with
freshwater in the pond, as shown in table 1, saturated DO
content is about 8mg/L, while, commonly controlled DO
content is 7mg/L. The experiences show that fuzzy domain
above-mentioned can satisfy the control requirement. The
fuzzy variables correspond to seven classes [-3,-2,-1, 0, 1,
2, 3]. The classes are indicated as seven subsets based
on membership function. Using assignment of fuzzy
variables, the fuzzy variables symbols are expressed as
NL, NB, NM, Z, PM, PB and PL. They represents
maximum, large value, negative median, no deviation,
positive median, positive large value and positive
maximum of negative e respectively. The membership
function is shown in Fig.3. NL is membership function of Z
type; PL is membership function of S type, the rest five
subsets are triangle membership function.
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The variation rate of DO is an important input parameter.
Based on experiences, fuzzy domain [-0.3 , 0.3] of DO

variation rate et are selected to have fuzzy variables
corresponding to seven classes [-0.3,-0.2,-0.1,0,0.1,0.2,0.3].
According to membership function, the seven classes denotes
as seven fuzzy subsets. Based on assignment of fuzzy
variables, the fuzzy variables symbols are expressed as NL,
NB, NM, Z, PM, PB and PL respectively. Those symbols refer
to the decrease of fastest rate, fast rate and medium rate,
constant, the increase of medium rate, fast rate and fastest
rate in DO vibration rate respectively. The membership
function is illustrated in Fig.4. NL is membership function of Z
type; while, PL is membership function of S type, the rest
five subsets are triangle membership function.
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On the basis of working principle of oxygen-increasing
machine, DO shows direct ratio to motor speed. In this case,
motor speed can be adjusted to control the increase rate of
DO. The fuzzy domain of oxygen-increasing machine motor

speed n is [0 , 6] which represents coefficient of motor speed.

The coefficient multiplied by maximum speed can obtain real
motor speed. Corresponding fuzzy variables to seven classes

[0,1,2,3,4,5,6] , the classes are demonstrated as seven fuzzy

subsets based on membership function. According to assignment
of fuzzy variables, the symbols of fuzzy variables are Z, VS,
VMS, VM, VBM, VB and VL. They represent zero speed, low
speed, low-medium speed, medium speed, large and medium
speed, large speed and maximum speed respectively. The
membership function is shown in Fig.5. Z is membership
function of Z type; VL is membership function of S type, while,
the rest five subsets are triangle membership function.
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Fuzzy rule

Based on characteristics of aquaculture, four empirical
rules of controlling DO in aquaculture are obtained as follows:

(@) IF DO is smaller than set value THEN motor rotates.

(b) IF DO is larger than set value THEN motor stops working.

(c) IF DO decreases THEN motor speed increases.

(d) IF DO increases THEN motor speed decreases.

The difference variation measured of DO content and
set value, and variation rate of DO mainly rely on that
specific variable corresponds to fuzzy subset. The relative
control rules can be illustrated using fuzzy conditional
statement as:

IF e=NL AND et=NL THEN u=VL

IF e=NL AND et=NB THEN u=VB

IF e=PL AND et=NL THEN u=Z
IF e=PL AND et=NB THEN u=2Z

Based on analysis abovementioned, 49 control rules
can be abbreviated as one rule table of fuzzy control, as
shown in table 2.
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IF e=NL AND et=NL THEN u=VL
IF e=NL AND et=NB THEN u=VB

IF e=PL AND et=NL THEN u=Z
IF e=PL AND et=NB THEN u=2Z
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Table2/ &2
The control rules / 24300 5%
Variation ratio (et) / ¥
Speed(n) / &
NL/ B SFEZF ) [NB/ REBZ PNV FUETFN Z | FF | PM/ FETA | PB/ REFTA| PLI BRBEFTA
NL/ R BAE VL VB VBM VM VMS VS z
NB/ LI AEH VB VBM VM VMS VS z z
o NM/ B4 F VBM VM VMS VS z z z
Deviation
)/ & ZI ElRZE VM VMS VS z z z z
PM/ EE#) A8 VMS VS z z z z
PB/EMAE VS z z z z
PL/IEHS @A z z z z z

Fig.6 displays 3-D relationship of inputs e, et, and
output n based on the rules.With the decrease of e and et,
n increases; when e, et and n are NL, NL and VL, the
motor speed is fastest, the oxygen-increasing speed of
oxygen-increasing machine reaches to maximum; when
both e and et are zero, n is zero and motor stops working;
Only when e is large and et is small, n is not expected to be
zero. Otherwise, n is zero; when e is small, n increases
with the decrease of n. All these results are in agreement
with DO control rule in aquaculture water.
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Defuzzification

Fuzzy values outputted are multiplied by motor speed
factors (300), motor speed required to be controlled is
obtained. The value of speed control is transferred to
inverter. Motor speed can be thereof controlled to further
control the DO content in aquaculture water.

RESULTS
SIMULATION AND EXPERIMENTS
Simulation

On the basis of mathematical model of DO in
aquaculture, the DO monitoring system of aquaculture was
conducted simulation by using fuzzy logic toolbox and
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Fig. 7 shows the relationship of input and output of
fuzzy control. Using 3 editors in fuzzy logic toolbox including
Fuzzy inference system editor, Membership function
editor, and Fuzzy rule editor, the rules of input, output, and
fuzzy control are set by referring Figs.3, 4, 5, and 6.

A

Fuzzy Logic
Cantroller

Add

%ain2

7 REMEERARERRE, EHENZETER
B 3 NREBEE (EHHEERSRES,. FERRERE
BS. BHIMNGmERS ) REFAA. WHARERZEN
n, arsEE 3, 4, 56,

0.8z

2>

&ain

Out1

0.0157+1 é{

Transter Fen  Transport
Delay

Derivative

duidt

[

Fig. 8 - Simulation frame of control system /#Z2#/R % (5 E4EF

As shown in Fig.8, SIMULINK is used to establish the
simulation mode of the system. DO is set to 7mg/L
(substituted by step signal, with the amplitude of 7 );
meanwhile, some gain links are added in the system.
Corresponding gain values are set by experiment.
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Fig. 9 shows the responses of step signals with
amplitude o f 7 at 1,000 seconds. The figure indicates that
the system delays 40 seconds. Such delay is decided by
the characteristics of DO sensor and large inertia in the
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system. Fine adjustment is presented when the response
is equal or larger than 7mg/L. It takes about 70 seconds for
it to reach the maximum; the response is stabilized to
about 7mg/L. The step response of the system shows that
the system presents advantages such as stability,
precision, small overshoot and fast response.
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Fig.10 displays the responses of sinusoidal signals. The
sinusoidal signal with amplitude of 1, deviation of 1, the
circle of 250 s and simulation time at 1,000 s is taken as
input signal. Fig.10 shows that comparing with input,
output delays about 40 s. This is consistent with that of
step response. In first response circle, input does not fit
well with output in the system. But output begins to
response input precisely since second circle. This phenomenon
indicates the control system presents strong robustness.

Experiments

Culture pond is indoor type with 10 m, 10m and 2m in
length, width, and depth respectively. The mandarin fish is
selected for culturing. The comparative experiments are
conducted in two ponds. Traditional oxygenation machine is
used to supplement oxygen within 24 h in the first pond; while,
in the second pond, the system proposed is used to monitor
DO in water. The optimal temperature of mandarin fish's

growth and feeding is set to the range of 23 ~28°C. With

water temperature at 26°C, optimum DO in water is 7mg/L. It
is a culture period for the mandarin fish grows about 7 months
(for sale in market), with its weights of 500 g. The same
amount of mandarin fishes is put into two ponds respectively.
After culturing 7 months, the results are shown in table 3.

10 AREEXESHNE, EHAEEN 1, RER
7, BHR 250 WWERESERMAES , HENER
1000 ¥. ME 10 PATEW , WHAXNTHASF 40s £4
WEE  XEMREMNERYE, EMMNNE—AR X%
MR ERAMEETRS , BEMNE-NBEBFH , WL
REERI R R | X BRI RGN B R KA,

xE

FRIEMAERM , KRS EH 10m, 10m M 2m, FF
EERFENFE, PRIERNIFEREHT LR , —
FEURAESHNEENS XN KEIEES , —MRAA
IS X TR A AN FRIE M A TRRENRE, RAFesE
KEENRERER 23~28°CzE , RKEELRFE 26
°C, KEWREFEAEEN 7Tmg/ll. 7cm EEMNFE K
E| 5009 £/ (T LTHE ) R—IFEAHR , ABEE
7M. WANFIEHRAERKENTE 27 MNANTE
i, £RMNEK 3R

Table 3/ #3
Comparison of culture effect /| FEXREX LT
Comparison parameters | X/t No monitoring / B4# Fuzzy monitoring / Z&#l#
Growing period of reaching the weights of 500 g (Month) /
P15 H/500 ZREHTHS) ! 6
Total weight of mandarin fish after culturing 7 months (kg) /
7 PEERIEE S L) 290 390
Power consumption per month(kW/h) /
1543 961
K& BB TR
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After five months culturing, 10 mandarin fishes are randomly
selected in two ponds for every 10 days. Those fishes selected are
weighed and their average weights are calculated. The weights of
fishes in the pond without the monitoring system are smaller than
that of the pond with the monitoring system. In the pond without
monitoring system, it takes 7 months for the weights of fishes
reaching to 500 g, while, the weights of the fishes in the pond with
the fuzzy monitoring system reach to 500 g in less than 6 months.
The culture period is shortened about one month. After culturing 7
months, mandarin fishes in two ponds are weighed respectively.
Comparing the fishes in the pond without the monitoring system,
the total weights of fishes in the pond with the monitoring system is
100 kg more than that of the pond without the monitoring system.

It is apparently found that DO content in culturing pond
with fuzzy monitoring system is stabilized to the optimum value
(7mg/L). This is very favorable to the growth of mandarin fish.
Comparing with the powder consumptions of oxygenation
instruments in two ponds, the power consumption of fuzzy
monitoring system is obviously lower and onlyabout 62.3% to
that of the power consumption without monitoring system.
The system greatly reduces the culture cost.

CONCLUSIONS

By analyzing monitoring system and control system of
dissolved oxygen in aquaculture respectively, a mathematical
model of dissolved oxygen monitoring system was
constructed. Then, by applying fuzzy control into monitoring
system of dissolved oxygen, a fuzzy control based dissolved
oxygen monitoring system was established.

The system proposed was simulated using MATLAB.
The simulation results show that stability, rapidity and
accuracy of the system can satisfy the control requirements.

The comparison experiments show that comparing with
aquaculture without the dissolved oxygen monitoring
system, the fuzzy control based on dissolved oxygen
monitoring system can shorten culturing period, improve
culturing efficiency and reduce the cost of cultivation.
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