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General information 

Student Researcher 

Hugo Luis Rojas Villalobos 
 
Faculty Advisor 

Christopher Brown 
 
 

Description of research problem and research objectives 

Description 

In any known civilization, the water is an important natural resource for the development 
of society and the survival of the people. At present, this same population development 
and growth demands more food and, therefore, more water. In regions where water is 
limited, administration of this resource becomes an essential factor. Thus, the water 
balance becomes a key player in the planning and long-term sustainability of a region. 
To understand the water cycle within a basin, it is necessary to know what the water 
balance (WB) is. WB is the accounting of water between the inputs, outputs, and 
storage of water in the basin and follows the conservation of mass law (Brooks, Ffolliott, 
and Magner 2012). Birkle and others studied the implications of the imbalance of water 
in the closed basin of the Valley of Mexico (Birkle, Rodríguez, and Partida 2002). As in 
the basin of Bustillos Lake in Chihuahua Mexico, the overexploitation of the aquifer 
(Comisión Nacional del Agua 2014) compromises the viability of long-term use because 
the only natural input of water is precipitation. 
Natural and anthropological systems that are within the same region should be 
balanced to avoid unbalance into its components. In the basin of the Lake Bustillos, 
there is a complex system where high agricultural productivity that requires high total 
amounts of water, contrasts with the characteristic that the basin is a closed system 
where the only source of water for irrigation is groundwater and precipitation. That's why 
this research focuses on one of the factors in the WB equation, storage. 
 
 
  
Objectives 

The objectives of the research are to build a solar powered Autonomous Surface 
Vehicle (ASV) at low-cost and to calculate the volume of water can storage Bustillos 
Lake. This ASV will minimize the time of the survey and with the data that the ASV will 
capture, it is possible to develop a 3D model to calculate the volume of water of 
Bustillos Lake.  
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Description of methodology employed 

The methodology is divided into four stages: ASV construction, the configuration of 
electronic components, obtaining lagoon depth measurements, and construction of a 3D 
model of the lagoon. 
 
ASV construction   

Hulls construction 

 
At this stage, the model of the hull design is based on a catamaran-type boat 
(Hinrichsen 2010). Four layers of two inches were cut and pasted Styrofoam one over 
another. Each Styrofoam sheet was cut using a template of the ship's hull. With a cutter, 
the hull was shaped and then coated with plaster. The plaster was polished to obtain 
the required shape and smooth surface (Figure 1). This prototype was coated with 
fiberglass for the negative template to generate the two hulls. Inside the prototype, it 
was coated with a wax layer and subsequently with fiberglass. After drying the 
fiberglass, the prototype was heated to loosen the hull. Two hulls were created using 
this method. The hull’s caps were created using the same technique. Finally, hulls and 
caps were painted (Figure 2). 
 

 
Figure 1. Hull prototype made with Styrofoam and plaster. 

 

 
Figure 2. One of the hulls finished. 
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Support structures 

 
Two structures made of PVC were created, one to support the solar panel and another 
that kept together the catamaran hulls. For the first structure, 1’ ¼”  PVC was used, also 
four sockets, four PVC union nuts, four PVC elbows, six PVC tees. The solar panel was 
screwed into the corners of the structure (Figure 3 and Figure 4). 

 
Figure 3. Solar panel mounted on the top structure 

 

 
Figure 4. Top frame structure. 

 
 

The second structure connects the two hulls to give strength and stability to the 
catamaran. The hull wall is not completely vertical. When the sockets of the structure 
were tested, there was not uniform space between the socket and the wall. Double nut 
screws were used to adjust the structure and keep it horizontal. Four PVC union nuts, two 
PVC tees, and four PVC bases were used. Figure 5 shows the type of union between hull 
wall and socket. Figure 6 shows the second structure already assembled. 
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Figure 5. PVC union nut attached to hull wall. 

 

 
Figure 6. Catamaran structure assembled and attached. 

 
 

Catamaran plus solar panel 

 
Within the construction and development of the ASV, the balance of the solar panel weight 
must be included on the catamaran. Permission was asked to Michelle Mason from 
Aquatic Centre at NMSU for testing balance and buoyancy. In this way, it was possible to 
get the right balance between port-starboard and aft-bow (Figure 7). 
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Figure 7. Testing ASV buoyancy and balance. 

 
 

 
Attaching electronic components 

 
Many pieces must be placed on the helmets. These components are motors, batteries, 
the control board Arduino and data logger, ArduPilot system, GPS antenna and a sonar 
sensor(Arduino 2016). 
 

 RC Electrical Motors. U-shaped wood supports were used to attach the electric 
motors within the hull. Two holes were drilled on each side of the support and nuts 
were embedded. Bolts were inserted and screwed to adjust the engine in the hull 
(Figure 8). 

 
Figure 8. The U-shaped wood used to adjust motors. 
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 With Velcro and silicon, the charger controls and Li-Po batteries were set within 
the bulls so that they could be removed at any time it is needed (Figure 9). 

 
 

 
Figure 9. Charger control and LI-Po battery set in the hull. 

 
 
 
 
 
 
Electronic components configuration  

The SD Arduino board, GPS device, and Sonar Transducer were connected to the 
Arduino UNO. A script in C language was written to get NMEA 0183 (National Marine 
Electronics Association) (Olds 2015)string data from the GPS and sonar sensor (Figure 
10), then this data is stored in the SD card every second (Figure 11). 
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Figure 10. Arduino Uno board, Arduino SD Memory board, GPS, and sonar sensor 

connected. 
 

 
 

 
Figure 11. An example of data is stored in the SD card. 

 
Ardupilot was configured to follow a pre-established waypoints to survey the lagoon 
according with procedures in ArduPilot web Page. There is no special configuration for 
boats, it is why ArduPilot suggests using the settings for Rovers (ArduPilot Dev Team 
2016a; ArduPilot Dev Team 2016b). Figure 12 shows the wiring GPS, transducer and 
data logger in charge of measuring the depth of the lagoon. Figure 13 shows the 
schematic wiring diagram of the guidance system and solar cell panel. 
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Figure 12. Transducer, GPS, and data logger wiring 

 
 
 

 
Figure 13. Ardupilot wiring 

 
 
Depth measurements 

To make bathymetric survey, the routes were predetermined to avoid three obstacles: 
reeds in the lake (Figure 14), fishing nets (Figure 15), as well as the fences that were 
installed to prevent livestock would get stuck in the mud when the lake water level drops 
(Figure 16). 
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Figure 14. Reeds in the lake 

 
 

 
Figure 15. Fishing nets 
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Figure 16. Fences in the lake 

 
 

Navigation routes were drawn in zig-zag, which is one of the most common ways to 
bathymetry over the bed of the lagoon(Jolly and Hampton 1990). 
 
Bathymetry data are converted to elevation points above sea level by the following 
equation: 
 

𝐸 = 𝐶 − 𝐷 − 𝑆 
 
When E is the reference contour at the current water level (1973.5 m), D is the depth 
detected by sonar, and S is the depth of sensor below the water (15 cms). 

 
Complementary data 

Bathymetry data are supplemented with height data surrounding the water body and 
generate a continuum of elevations outside the area of coverage. These complementary 
data is the area of coverage of the lagoon on different dates associated with a certain 
height and the topography surrounding the lagoon(Casas et al. 2006). 
 
Contour maps based on satellite images were prepared when the lagoon had different 
water level. Satellite images show the water's edge which are digitized; that digitized 
contours of the lagoon can be related with the DEM data or the level recorded by 
transducer. Three satellite images with different levels of water were used: image 
gallery in ArcGIS (DigitalGlobe World View 2, 01/19/2010) (Figure 17), Landsat 7 
composite bands 432 of 12/31/2013 (Figure 18), and Landsat 7 composite bands 432 of 
08/09/2013 (Figure 19). Each contour were assigned with a specified altitude according 
with the Continuous Mexican Elevations (INEGI 2016). 
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Figure 17. Contour map (red line) on ArcGIS Imagery (01/19/2010) 

 
Figure 18. Contour map (green line) on composite 432 of Landsat 7 bands 

(12/31/2013) 
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Figure 19. Contour map (yellow line) on composite 432 of Landsat 7 bands 

(08/09/2013) 
 
 
 
A points cloud was extracted from DEM selecting those that were above 1978 meters 
above sea level. A margin between the contour of the maximum water level of the lake 
and the following contours was given because in certain parts of the shore of the lagoon 
do not match the official altitudes DEM with topography in the field (Figure 20). The 
contours below 1978 meters above sea level were omitted as they have a drop depth of 
24 meters, which does not exist in reality (Figure 21). 
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Figure 20. Contours, cloud points and the three different water level (red, yellow, 

and blue contour) of the lake 
 

 
Figure 21. Contours, cloud points and the three different water level (red, yellow, 

and blue contour) of the lake (zoom) 
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3D Model 

Bathymetry, elevation points cloud, and contour lines were used to generate a DEM of 
the study area using Topo to Rater tool (ESRI 2016b). Then, the DEM was processed to 
generate a Triangulated Irregular Network (TIN) which allowed to obtain the 3D model 
(ESRI 2016a). From TIN, contour lines every 10 centimeters were calculated (ESRI 
2016c); they are essential to calculate the volume, area of the lagoon, and the average 
depth. Contours were selected one by one to generate an exact polygon that intersects 
the edge of the TIN. A numeric field which contains the value of contour was added to 
each polygon. The Polygon Volume tool in ArcGIS was used to generate the volume 
between the polygon and the surface of the TIN, also the total area of the polygon was 
generated (ESRI 2016d). 
 
 

Description of results 

Results 

Autonomous survey 

 
 
The ASV prototype had a satisfactory performance in most of the tours. It was possible 
to carry out the bathymetry in three of the five preset routes. In the first two trips ASV 
completed in less time (around 4 hours) than had been predicted (6 hours), weather 
conditions allowed to finish the courses without any problem. On the third trip, starting 
the journey, the weather was favorable for navigation, but in the last thirty minutes the 
wind increased causing higher waves that swung sharply the boat by hitting the 
propeller on the floor of the lagoon disconnecting the propeller and drive shaft of the 
right hull. Because there were no spare parts, servicing a fisherman was requested to 
complete previously planned routes.  
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Figure 22. Right hull without drive shaft and propeller. 

 
The Figure 23 shows the routes followed by the ASV. The green lines are the routes 
that the boat automatically followed, the red line is the way that the boat sailed until lose 
the drive shaft and propeller, and the blue line is the line that the sonar recorded with 
the help of the Fisherman boat (Enrique Dominguez).  
 

 
Figure 23. Routes followed by the ASV 
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3D model and calculated volumes 

 
Sonar data collected were sufficient to generate the 3D model shown in the Figure 24 
as a TIN where the colors represent a range of altitude. 

 
Figure 24. TIN of Bustillos lagoon. 

 
In the Figure 25, it is possible to see the contours of the lake which have a slight slope 
on the west side of the lagoon and in contrast, the slope on the east side of the lagoon 
is stronger. The underwater topography shows that in the central portion is the deepest 
area (1970.3 m), the shallowest area is where some islands are appreciated. From 
these islands to the right edge of the lagoon it has a shallow constant height 
approximately between 1972 and 1972.3 meters above sea level. 
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Figure 25. Overlap DEM and satellite image. 

 
The Figure 26 and Figure 27 show the 3D views. The first image does not have 
magnification, which is a representation of the topography with a ratio of 1 between the 
heights represented. The second image has a magnification of 20.  
 
 

Shallow 
constant 
height 

Deepest area 
Shallowest area 

Islands 
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Figure 26. 3D view without magnification. 

 

 
Figure 27. 3D view with magnification (20). 

 
The Table 1 shows the volume and area of coverage calculated from the lagoon at 
different heights. According to registered bathymetric data, the maximum depth is 4.7 
meters when the level of the lake is 1975 meters above sea level. 
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Table 1. Contours, area of coverage, volume, and average depth. 

 

Estimated costs 

 
The final costs of the prototype are far from the original price of a commercial RC Boat 
in Mexico (more than $ 30,000.00). The Table 2 shows the approximate total cost of the 
ASV. The table shows only the costs of the most important parts to assemble the ASV. 
Additional costs of cable, connectors, screws, nuts, PVC pipes and components such 
as guides for arrows transmission and propeller. These additional costs did not exceed 
$ 250.00. 

Table 2. Costs table 

 
 
 
Findings 

According to the fisherman, the population believed that certain areas of the lagoon, 
especially where there is aquatic vegetation (reeds), the depth was very short so that if 
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they were fishing and there was a heavy storm, they could down from the boat and walk 
to the shore. These areas are located south of the lagoon. Also it found that underwater 
topography is very irregular, especially in the central part where there is a vertical band 
corresponding to the maximum depths and is next to the islands that form another strip 
of land near the surface. 
 
Conclusions 

In conclusion, the construction of an ASV at low cost is possible. Beyond the duration of 
the trips, which were lower than expected, and the problem of transmission and 
propeller shaft, it was shown that it is possible to build an ASV less than $ 2000.00. In 
addition, bathymetric data were consistent along paths did not show unexpected 
variability in measurements and were very helpful in building the 3D model to calculate 
the volume of water at different levels. It is also concluded that the lagoon has averaged 
very low depth according to bathymetric surveys; in some areas it is possible to walk 
tens of meters with depths between 20 and 40 centimeters. 
 
Recommendations 

There are some recommendations: 

 The design of the boat must include a flap that protects the propellers of the 
bottom of the lagoon, and even to protect against vegetation and debris. 

 Watch weather forecasts because the wind can produce large waves that affect 
navigation and sensors ASV. 

 Having a normal boat to monitor remotely the ASV boat. 

 The hull of the boat can be designed and built with the help of a 3D printer and 
epoxy compounds to reduce weight. 

 

Benefits 

There are two important direct benefits: 
1. Now, the fishermen will know where to put their fishing nets according to the 

water level of the lagoon as the fish move to deeper parts. 
2. We can define by a GPS point where the water's edge is located (preferably in 

the area with lower slope), attach it to the appropriate height (by contour), and 
calculate the volume of water, surface coverage, average depth, and maximum 
depth. 

 

Presentations 

The project was presented at 60th Annual New Mexico Water Conference (October, 8-
9, 2015. Taos, NM). http://nmwrri.nmsu.edu/?page_id=4450. 
 
 

http://nmwrri.nmsu.edu/?page_id=4450
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