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Automatic cruise system for water quality monitoring
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Abstract: The range of unit fixed-point measurement on water quality monitoring system is limited, and the cost for multipoint
measurement is high.
Sage-Husa adaptive Kalman filtering algorithm was adopted to correct the error in GPS positioning. The boat was equipped
with ship control module, water quality parameters acquisition module, power-supply module, GPS module and GPRS-DTU
packet data transmission module. An Android application was developed so that individual users can use smartphone to
communicate with the boat at all time and places. The results show that the boat can basically cruise in the set route to
monitor the water quality. In a 4 m*aquatic plants areas, the dissolved oxygen monitored in different time were about 10.2%,
8.5% and 8.3%, respectively, higher than other areas, and the pH values were 4.1%, 3.8% and 3.7% higher than those in other
waters, which shown that plants photosynthesis released oxygen consumption of carbon dioxide will affect the dissolved

In order to solve these problems, the automatic cruise system for water quality monitoring was designed.

oxygen content and pH value.

This system can widen the measurement range, and lower the measuring cost that can be

widely used in the water quality monitoring in aquaculture and river management.
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1 Introduction

Water quality monitoring, an important part in aquaculture, is
gradually transmitted from artificial experience-based monitoring
to online real time monitoring”?. Because one measurement in a
fixed location cannot represent all the water quality information of
a large fish pond™, so the distribution networks with more
measurement nodes is required™*]. The multipoint measurement
network requires a lot of capital and human resource investments
for installation, maintenance, and operation of monitoring
equipment. Therefore, within a limited financial budget and
human capital, design an automatic cruise water quality monitoring
system to solve this problem is very important.

In recent years, many studies!®® have focused on aquaculture
water quality monitoring, from different scientific points of view.
Luo et al.”! designed a multi-parameters monitoring system based
on wireless network, the system can realize real-time monitoring on
dissolved oxygen, pH, temperature, and ammonia nitrogen content
in the water. Dong et al.l'” explored a smart water quality
monitoring system, the water quality parameters was measured by
wireless sensor network. Chung et al.l'!l designed a wireless
sensor network (WSN) with deployed field servers, which collected
the water quality parameters information from a large area of
waters to detect water pollution. Sicard et al.l'?! designed a
paper-based sensors and a novel smart-phone application for
on-site quantification of colorimetric readouts as an ultra-low cost
solution to monitoring water quality. However, most of them
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adopted fixed-point or multipoint measurement, the range of
fixed-point measurement is limited, and multipoint measurement
can accurately measure the water quality, but the cost is higher, so
ordinary farmers are beyond accepting.

In order to meet the requirement of low cost and accurate
access to water quality measuring in large area, this paper presents
a design scheme of automatic cruise measurement system that
adopts mobile single point measurement instead of multi-point
distributed measurement to send the collected water quality
information and the location information to the host computer
through wireless transmission.

2 Material and methods

2.1 Improved Kalman filtering algorithm

Because the aquatic plants may exist on the surface of fish
pond and the navigation accuracy of the boat should be higher to
prevent the boat deviates from the set path to nearby aquatic plants
area and twisted, while the GPS positioning signal has large error.
To solve the problem, it predicts and corrects the GPS positioning
error with improved Kalman filtering algorithm to improve the
navigation accuracy.
2.1.1 Sage-Husa adaptive Kalman filtering algorithm

Sage-Husa adaptive filtering algorithm, also known as
maximum a posterior estimator, estimates recursively updates the
system noise and measurement noise using the measured data.

Sage-Husa self-adaptive filtering algorithm can be described
[13,14].
as :
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where, P, is the estimate mean square error; Py, is one step
prediction variance matrix; K serves as the filter gain matrix; v, as
the residual vector, and R; is the measurement noise covariance
matrix, di=(1-b)/(1-b"). The forgetting factor b meets 0<b<1 (the
general value is 0.95-0.99). With this algorithm, the calculation
becomes simple with strong adaptability. In order to improve the
filtering speed of dynamic response, the forgetting factor b is added
to limit the memory length of the filter. With the change of the
measured values, the filter can make forecasts in a timely manner.
2.2.2  Strong tracking Kalman filter algorithm

In order to guarantee the convergence of the filter, certain
accuracy can be sacrificed for the filtering stability, such as
increasing the process noise of the system and observing the noise
variance matrix, while a large number of un-modeled errors are
included, the algorithm is simple and reliable. The strong tracking
Kalman filter algorithm is put forward!">'”), in front of the state
estimation error covariance matrix is multiplied by a weighted
coefficient A;.

I)k,k—] = /lkgpk—ll)k—lqjlz-—l +0,, (2
where, A;=diag[A 4, A2 s ---s Auil
Wl (k=1)
Vo =9 Posa + Vi &)

(k=22,0<p<])
I+p

This method has strong tracking ability of mutation, when
filter reaches steady state and still maintains the ability, and holds
low demands for initial values and noise statistical properties.
When the state has mutations, the increase of the estimation error
vkv,f will lead to the increase of the error variance matrix v, and
weighted coefficient 4;4, so that the filter tracking ability has been
enhanced, the reliability of the system improved.

2.2.3 Improved adaptive filtering algorithm

Advantages and disadvantages both existed in the Sage-Husa
adaptive filtering algorithm and strong tracking Kalman filter
algorithm, the former enjoys high precision but contains a large
amount of calculation, hard to ensure real-time and stability; The
latter has simple structure, high reliability, strong adaptive capacity,
but low filtering precision.  This paper will be organic
combination of the two kinds of filtering algorithm, generating one
filter algorithm which can both guarantee the filter convergence
and keep high precision.

Because of the innovation sequence vkv,f being the sum of
squares, which contains the information of actual estimation error,
it can be used to describe the actual estimation error, and variance
matrix E[vkvf] can be used to describe the theoretical prediction
error

E[vvi] = HPa H'+Ry @

Therefore, v,kairt,(E[vkv,f]) can be used to infer whether the
filter convergence occurs or not. In the algorithm, »>1 is the
adjustable coefficient, ¢. is the matrix trace. When filter meets the
convergence criterion, the Sage-Hlusa algorithm conducts in its
optimal state. If the conditions of the convergence criterion are
not met, the actual error at this point is 7 times greater than the
theoretical predictions, indicating that the filter has divergent trends;
by adjusting the value Py, through the weighted coefficient 4, for
the sake of better playing the role of the measured values to
suppress the filtering divergence.

2.1.4 Algorithm simulation experiment analysis

All algorithms in this paper were implemented in the

MATLAB R2010a under Windows 10. The value of forgetting

factor b in the adaptive Kalman filter is 0.96. Simulation
experiment is conducted for 500 s, and the filtering effect of
traditional Kaman filter and improved Kalman filter were showed
in Figures 1 and 2. Compared with the traditional Kaman filter,
the improved Kalman filter was more effective, the accurate in
location error was promoted with higher stability.

In solving practical problems, the established mathematical
model cannot reflect the actual physical process, when the model
does not match with the measured values, the filter divergence will
occur. The paper propose that on the basis of Sage-Husa filter
algorithm, through the establishment of the weighted algorithm of
one-step prediction of variance matrix Py, of estimation error,
filtering gain can be made to adapt to the observation data
automatically, reducing the estimation error, thus achieving the
purpose of inhibiting filtering divergence; therefore, it shows the

advantages of more flexibility and reliability.
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Figure 1 Position error of traditional Kalman filter
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Figure 2  Position error of improved Kalman filter

2.2 Path tracking algorithm

Experiment boat is the autonomous surface vehicle (ASV) that
does not have lateral thrusters, this is a kind of typical
under-actuated system!™'”), in this paper, the linear active
disturbances rejection control (LADRC) technique is applied to the
track-keeping control of the boat path®. First, the structure can
attain the heading angle of the expected boat with the goal of
track-keeping, eliminate the track steady-state error caused by the
wind flow interference by means of the integral term, the
constructed heading angle of the expected ship as the reference
input of LADRC, design the controller according to the course
control structure, and transform the under-actuated ship track
control into course control problem.
2.2.1 Equation of motion of the boat

Ignore the boat heave, pitch and roll, under the influence of the
function of the uniform flow, considering the motion system of the
under-actuated ship under the fixed coordinate system':
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X=v, cosy —v, siny

y=v, cosy —v siny )

w=r
where, the x, y and y are respectively indicating the position and
heading angle of the boat under the fixed coordinate system, v, and
v, are respectively indicating the component of the boat's ground
speed under the hull coordinate, 7 is the heading rate.
Construct the heading angle of expected boat??>?):

1, (0) =k, | tan HLH(E) + , tan Kk, )1dC ©

where, ky>0, k>0 and k,>0 serve as design parameters, & is used to
compress the track deviation coordinate, to adjust the curve slope,
ki is used to adjust the track convergence speed, k, for integral
speed adjustment.
2.2.2 The design of path tracking controller

This article adopts the method of linear active disturbance
rejection controller (LADRC) to design track controller, and
apply the tracking differentiator (TD) in the input terminal of
reference to arrange the transition process of the expected course

angle, and extract its differential signal®***. The structure of
LADRC is shown as Figure 3. The heading control system is
completely in line with the object form of the second order of
LADRC. In the design of LADRC, input & with the reference of
w,, arrange the transition process by tracking differentiator TD,
extract its smooth transition signal &, and extract the differential
of &, that is &. Making the heading angle w as the control
output, using the linear extended state observer (LESO) to
estimate the controlled object v, the z;, z, of state variables can
track objects well, output y and its differential signal r, z;, which
can give a real-time estimation of all the acceleration action f{y, r,
w} over the system, that is z;—y, z,—r, zz—>f{y, r, o}, & and &
produced by TD together with zy, z, given by LESO form two
error amount gas e, and e, the two error amount get error
feedback u, after linear combination, and then form the controlled
variable u after the function of z; given by LESO, making the
following control rate:

{”o = kpep +ke,

7
u=(u,—z)/b, @
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Figure 3  Structure of linear active disturbance rejection controller (LADRC)

2.2.3  Straight-line tracking control simulation

Choose any two points (120.334°N, 31.438°E) and (120.340°E,
31.440°N) to constitute the planned straight-line route, set the
initial position of the boat for (120.335°N, 31.4378°E), the
simulation results is shown as Figure 4. In the figure, the
continuous straight lines signify the planned path, dotted curve
shows the tracking path of the boat. From the Figure 4, we can
see that the initial position of the boat is not on the planned path,
the boat is moving toward the specified path in the initial phase of
tracking, and after a period of time, the boat sails on the planned
path and keep stable.
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Figure 4 Straight line tracking control simulation

2.2.4 Broken line tracking control simulation
Select any 3 points (120.334°E, 31.438°N), (120.340°E,

31.440°N) and (120.338°E, 31.444°N) to combine a planned
broken line path, set the initial position of the boat for (120.335°N,
31.4378°E), the simulation results are shown in Figure 5. From
the figure, we can see that the initial position of boat is outside the
planned path, while setting towards the initial stage and moving to
the first planned path, once a turning point is detected, turn around
and move to the next path. This indicates that the method can
ensure the smooth and stable tracking realized by both the straight
line sailing and the broken line sailing.
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Figure 5 Broken line tracking control simulation

2.3 Hardware design for experiment platform

The boat used in the experiment was purchased in a domestic
electronic business platform. The control module, water quality
parameter measurement module and power-supply module were
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developed independently by the research group, and were
integrated with the GPS positioning module and the GPRS-DTU
packet data transmission module, the frame structure was shown in
Figure 6. Equipped the above modules in the boat to form an
automatic cruising system for water quality monitoring showed in
Figure 7.

Dominant controller of the boat
(STM32F107VCT6)

¢—r R5485
Y

Movement
control module

A
RS485 RS485
RS485

GPS position pH measuring Dissolved
maodule circuit OXygen sensor

Figure 6 Frame structure diagram of the system

GPRS-DTU module

Figure 7 Automatic cruising boat for water quality monitoring

STM32F107VCT6 ARM was adopted as the dominant
controller of the platform, and the Linux operation system was

Lithium batte
Motor _I—ry,

transplanted on it. The LCD screen shows the battery level and
the electric map was used to record the path of the measuring boat.
The latitudes and longitudes of the set path were sent to the boat’s
controlling ship via GPRS through the upper computer or Android
mobile client.

The system selected RK-380PH-4733 high speed micro DC
motor as the power source for the boat, and the maximum speed of
the motor under the 12V drive voltage is up to 1500 r/min. The
core driver board is L298N double H bridge DC motor-drive chip.
And the drive model is controlled by PWM (Pulse Width
Modulation).

The water quality parameter measurement module was
composed of a digital dissolved oxygen probe and a pH sensor,
which the dissolved oxygen probe adopted HACH LDO
fluorescence probe with ModBus interface; the measuring range is
0-20mg/L and response time is less than 20 seconds; the output
result is the coding value for the dissolved oxygen and water
temperature measurement and the practical measurement value can
be gained via decoding. The pH sensor is the PHJ-100B produced
by Beijing Bohai Zhiyuan Technology Company.

GPS positioning module is the sixth GPS module NEO-6M
that have 50 receiving channels and can research the satellites
quickly. This module support TTL output and we have designed a
conversion circuit to transfer TTL to RS485 signal.

The GPRS-DTU module adopted the WG-8010-485 module
designed by Beijing Tiantong Chengye Company. We choose it
for the following reasons:
supporting online and TCP communication, only a configuration
for a long period and hard to be dropped, and rarely missing data.
The system, through this module, can upload the water quality data
and location information to the server, then through the server to

automatic connection, permanent

set the boat’s track and control it.
in Figure 8.

The system structure is shown

Android client

Remote

sever wi= Android client

Electronic
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Driving Water quality parameter
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Figure 8 Structure diagram of automatic cruising boat

2.4 Software design for the experiment system

Server system is the center of the whole system, which not
only record trajectories of measurement ship, calculating the
navigation path but also send inquiry instruction for sensor
acquisition to record the parameters of water quality and interact
with the clients. The server takes Visual Studio 2010 as
developing platform and programmed with VB.NET language.

We also designed Android mobile client for the convenience of

monitoring. Meanwhile we can control the boat’s movement
manually®**), The development environment of Android mobile
client is Android SDK+JAVA JDKS8+EclipselO. The

programming steps are as follows: first registered in the Android
Manifest.xml file for network allowing, and then do the interface
layout in activity main.xml, where a linear layout is adopted. At
last, program in the Main Activity.java file. The monitoring
result of Android mobile is shown in Figure 9.

Figure 9 Android mobile client
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3  Results and discussion

On October 16, 2015, the experiment was carried out on the
fish pond in Jiangsu University in order to verify the feasibility and
effectiveness of the method.

3.1 Experiment results and discussion on the automatic cruise
boat

Through the Android mobile client, seven measurement points’
latitudes and longitudes were send to the boat’s controlling ship via
GPRS to finish the path planning for the boat’s automatic cruise.

Conduct the experiment without introducing the filtering
algorithm. The boat completed the entire measurement process
according to the set path. And the host computer recorded the
latitude and longitude information while cruising. The path was
shown in Figure 10, the red line in the picture shows the set cruise
path and the yellow one shows the actual path of the boat. When
the signal is unstable or is interfered, the automatic cruise can
complete the established route, but its accuracy and controlling
efficiency need to be further improved. From the navigation chart
we can see that from the starting point 1 to 2 measurement point,
the track of the boat, from beginning point 1 to measurement point
2, is relatively good; Form measurement point 2 to point 3, though
along the set route first, error became bigger and tracking
efficiency lowered. The boat travel to the point 4 under the
situation that it is far away from point 3; the tracking effect from
point 3 to point 4 is ordinary common. From point 4 to point 5
and then to point 6, the geomagnetic disturbance intensity becomes
larger, and the tracking path appears larger error. Although the
boat finally arrived at the measurement point 7, its path is very
awesome and the navigation effect is kind of bad. So from what
mentioned above we can know that the original condition of the
navigation controller, although simple, cannot eliminate the static
error, and its anti-interference ability is weak. When the signal
interference was large, the control system appears to be saturated,
resulting in instability of the system. In the early stage of the
experiment, the tracking effect is good and it can travel along the
established route, but with the error accumulation and signal
interference, its controller efficiency decreased, even lead to the
boat tracker “out of control”.

The Sage-Husa adaptive filter algorithm was applied in the
automatic cruise boat and make the boat complete its measurement
in the same set route. The route was shown in Figure 11. From
the Figure we can see that the boat basically complete its route, and
the navigation effect is good. The new approach improves the
signal accuracy, speeding up the response speed of the navigation
system and eliminates the influence of static error. Applying this
to the automatic navigation system can improve its accuracy and
anti-interference ability to ensure the control efficiency.

East longitude 119.528807 North latitude 32.201836

Note: the red line in the picture shows the set cruise path and the yellow one
shows the actual path of the boat. The latitudes and longitudes showed on the
electric map is the current location of the boat.

Figure 10 Navigation result in the original condition

East longitude 119.528809 North latitude 32.201833

Note: the red line in the picture shows the set cruise path and the yellow one
shows the actual path of the boat. The latitudes and longitudes showed on the
electric map is the current location of the boat.

Figure 11 Navigation result with Sage-Husa adaptive Kalman

filter

3.2 Water quality parameter measurement

In order to make a comparison between single point
measurement and multi-point measurement, we adopt an
aquaculture networking system made by the research group. And
we use the dissolved oxygen probe that was same as the boat, pH
sensors and transmitters to measure the single point in the center of
the pond. The comparison between database-downloaded
measured data and boat collected data is shown as Table 1.

Table 1 Data of single-point and multi-point measurement

14:00 15:00 16:00
Measuring position

T DO pH T DO pH T DO pH
Fixed-point 2531 536 735 24.82 528 757 23.92 5.03 7.66
1 25.32 532 7.33 24.79 531 755 24.01 5.02 7.67
2 25.33 533 731 24.82 530 7.56 23.98 5.05 7.65
3 25.32 532 7.38 2478 532 7.58 23.94 5.06 7.66
Cruise I;‘g?j:‘remem 4 25.34 541 7.36 24.83 527 7.52 23.95 5.01 7.64
5 25.29 5.95 7.64 24.85 5.73 7.86 2391 5.46 7.94
6 25.28 5.39 731 24.83 5.33 7.58 23.88 4.98 7.68
7 2531 541 7.33 24.82 528 756 23.89 5.02 7.67

Note: T: water temperature; DO: Dissolved Oxygen.
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From the measurement point in the center of the pond, we can
get the following factors. From 2:00 pm to 4:00 pm, the water
temperature began to fall. Between 2:00 pm to 3:00 pm, the water
temperature fall from 25.31°C to 24.82°C, the percentage is about
2%. 3:00 pm to 4:00 pm, the water temperature fell about 3.6%,
from 24.82°C to 23.92°C. That’s because the weather
temperature is highest at 2:00 pm, afterwards, the temperature falls
down with the weakening in sunshine.
passing by, the falling speed become faster and dissolved oxygen is
less, which reduces about 1.5% from 5.36 to 5.28 between 2:00 pm
to 3:00 pm. And from 3:00 pm to 4:00 pm, the dissolved oxygen
reduced about 4.7%. Because from 2:00 pm to 4:00 pm, the
sunshine is weakening and the photosynthesis of phytoplankton in

Gradually, with time

the fish pond also weakens, the releasing oxygen decreases, thus,
So the dissolved oxygen is gradually reduced; pH
changed from 7.35 to 7.66 because the photosynthesis of
phytoplankton consumes carbon dioxide, and the content of
carbonate in water decreases, so the value of pH increased
gradually. However, the photosynthesis between 2:00 pm and
3:00 pm is stronger than that between 3:00 pm and 4:00 pm, so the

also reduce.

improving speed of pH is falling.

Data from the 7 locations of the measurement and central pond
measurement data indicates that the water temperature in the pond
is basically the same in three time periods. However, in the No.5
measurement area, the dissolved oxygen in three time periods is
respectively higher about 10.2%, 8.5% and 8.3% than other 6
measuring areas because there are almost 4m’ aquatic plants
around No.5 measuring areas. The photosynthesis of aquatic
plants releases more oxygen than other waters, so the content of
dissolved oxygen around here is higher than the other waters, but
with the weakening of photosynthesis, the dissolved oxygen in this
area, though higher than other areas, will lower its higher range.
The pH value in No.5 measurement area in three time periods is
higher about 4.1%. 3.8% and 3.7% than other water areas. It is
also because that photosynthesis consumes more carbon dioxide,
the carbonate content in this area is lower than other areas, so that
the pH value is higher than other areas.

In order to study the difference degree of DO of aquatic plants
area and no aquatic plants area, we download 1d measurement data
of the No.5 and the fixed measurement point from monitoring
system database, and carry on the variance analysis for 2 sets of
data. The results are shown in Table 2.

Table 2 Variance analysis of 2 sets of measurement data

S.ource of Sum of degree of  Mean Square F P
difference Square (SS) freedom (df) MS)
Between groups 47.47 4 11.87 555 276
Error 53.50 25 2.14
Total 100.97 29

As seen in Table 2, Fj5=2.76<5.55, which is below the
significant level 0=0.05. Thus, we suppose that there have
significant differences of the DO near 4 m? area with and without
aquatic plants.

4 Conclusions

An automatically cursing system for water quality monitoring
system using improved Kalman filtering algorithm and path
tracking algorithm are designed to monitor the water quality
parameters in a large area of culture areas. It solved the problem
that single point measurement cannot reflect the overall water

quality of the fishpond and the high cost of the multi point
measurement. The Android mobile client designed in this paper
will enable managers get the water quality parameters of any areas
whenever they are and provide some reference for decision making,
which has its own applied values. This system is not only suitable
for aquaculture, but also can be applied to the water quality
monitoring of water plant and emergency water pollution.
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