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Abstract 
 

The unmanned aerial vehicles rate of use has increased exponentially in recent years. The missions for which 

they are built have different requirements, so it is necessary to define the most appropriate propulsion system 

for each operation. Although there are currently certified engines in the market, their cost is often prohibitive 

when compared to the platform or the budget allocated to them. 

In this context, this work, elaborated in CEiiA organisation, intends to be focused on the development of an 

instrumented test bench that characterises propulsion systems, enabling their break-in – mandatory stage and 

independent of the acquired system. The conceived solution must be extremely versatile, allowing its use 

during the development, evaluation and running of propulsion systems for other existent vehicles in the 

organisation, such as propulsion systems for bicycles, scooters and electric cars. 

The main characteristics of the structure were defined based on the existing limits concerning the 

components specifications. Then, the three-dimensional model was created, using CATIA V5 software, and 

the test worst-case scenario, the structural details to be produced and the sensors selected to measure the 

quantities of interest were pointed out. Its structural validation was conducted through a finite element 

analysis using NASTRAN software. 

The execution of this study, which includes the structure natural frequencies analysis, provided the 

validation of the test bench, substantiating the choice of the components and their materials, and hence 

ensuring that the applied forces are supported by the selected structural configuration. 

 

Keywords: CATIA V5, Finite Element Analysis, NASTRAN, Propulsion System, Test Bench, Unmanned 

Aerial Vehicles. 

 

 

1. Introduction 

The process of selecting, characterising and 
running propulsion systems is a fundamental step 
for the UAV design. Although there is a market for 
certified propellers and engines/motors with a 
complete datasheet characterisation, their cost is 
often prohibitive when compared with the cost of the 
platform or with the allocated budget. On the other 
hand, non-certified propeller systems are 
manufactured for hobbyists and do not include 
extensive data sheets - many of these do not even 
have performance information at all. In addition to 
this, a break-in stage must not be discarded, 
independently of the selected engine. 

In this context, it is essential to develop a 
designing project of a propulsion system test bench, 
which will consist in choosing the most suitable 
devices (selection of sensors such as load cells and 
a tachometer), the bench design, its assembly and 

testing. It is an innovative project since there is no 
test bench with these characteristics in the market. 

Moreover, the test bench might be immediately 
applied in other CEiiA design areas. 

 
CEiiA Unmanned Aerial System (UAS) project, 

designated as UAS30, started in January 2014 with 

an initial market research. After five months of 

aerodynamic and structural studies, the production 

began and the first prototype, P1 (Figure 1), final 

assembly took place in July. All tests (ground and 

flight tests) were validated throughout the year and 

the first flight happened in the end of November. A 

net landing system was developed in March 2015, 

being validated in June, and a catapult optimisation 

was performed during the summer of 2016. 

Currently it has more than 100 flight hours. 

In October 2015, the studies for the second 
prototype, P2, began. By November 2016, after 

André Miguel Correia de Sousa 
andre.de.sousa@tecnico.ulisboa.pt 

 

Instituto Superior Técnico, Lisboa, Portugal 

Development of a Test Bench for UAV Propulsion Systems 

Characterisation 



2 

some in-between projects, its detailed design (full 
drawing) was released. The UAS30 P2 production 
occurred from January 2017 to July 2017. 

The main aim of this project is to provide a prompt 
solution for power lines inspection, maritime and 
territory business needs. 

 

 
Figure 1: UAS30 P1 

 

2. Background 

A test bench is an environment used to examine, 
by simulations, the correctness of a design or model 
since it provides several basic functions to assess 
the performance of the device under test. Its main 
purpose is to save time, effort and money through 
the ability to verify ideas and their implementation. 
Test benches are greatly used by manufacturers 
and drive system designers. 

The development of a test bench is based on four 
goals: efficiency, flexibility, reusability and the 
reflection of the environment where the system will 
operate in [1]. 

 
 

2.1. UAV Propulsion System Overview 

The UAVs propulsion system main role is to supply 
the required power to propel the aircraft for every 
flight stage. It has two major components: the 
propeller and the electric motor/engine. 

The propeller is the aircraft element that converts 
the engine rotational movement to thrust, i.e., 
conversion from mechanical energy provided by the 
engine to the power needed to pull the aircraft 
forward. Its aerodynamic features can be fairly 
compared to wings, both in terms of structure and 
kinetics [2]. 

Electric motors convert electrical energy into 
mechanical motion. They are electromechanical 
systems characterised by specific parameters, such 
as torque, current and voltage. These can be 
obtained using a dyno and a power analyser [3]. DC 
motors are fed by direct current electrical energy 

(stored in batteries, for instance). The motors 
usually used in model aircrafts are Outrunner 
Motors, which are known for having their shell 
revolving around the inside windings – the outer part 
is the rotor [4]. 

An internal combustion engine is a machine 
designed to convert the chemical energy contained 
in the fuel into mechanical energy, by means of a 
combustion process, to produce a force. These 
engines are reciprocating engines (repetitive piston 
motion and cyclic combustion) and the fuel ignition 
and burning happen inside them. The piston is 
connected to a crankshaft, which converts linear 
motion to angular motion. As the piston shifts inside 
the cylinder, this rotation produces a torque to the 
output shaft. In a Spark Ignition Engine, the air and 
the fuel mix together and a spark plug ignites the 
mixture [5]. 

Electric motors have higher efficiencies (80% to 
90%) than ICE (20% to 30%) and they do not need 
a transmission system (gears) to move through their 
full speed as they have a wide range of operating 
speeds at constant torque output, resulting in lower 
weights and easier maintenance. Full torque can be 
provided from stationary condition, i.e., from 0 
Rotations Per Minute (RPM) [6]. 

 
 

2.2. Testing Limits and Structural Requirements 

The Rotational Speed and Temperature depend 
solely on the engine/motor (power source) selected. 
On the other hand, the fuel consumption, the thrust, 
the torque and the set vibration depend on the 
propulsion system (engine/motor-propeller set) 
chosen, as described in Figure 2. 

 

 
Figure 2: Output Parameters dependency 

 
 
Per state of the art study, the sensors selection 

must consider expected maximum values and 
establish the limits of each parameter.  
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 Max Expected 
Max 

Measurement 
Values  

Rotational 
Speed 

8400RPM 195000RPM 

Torque Unknown 20kN or 500kgf 

Thrust 12kgf 500kgf 

Temperature 140˚C 1200˚C 

Fuel 
Consumption 

Unknown 0.3L/min 

Vibration Unknown 3250Hz 
 

Table 1: Limits of the Parameters to be measured 
 
The test bench is scalable because the position of 

the engine support system varies. The propeller 
diameter, the distances between the bolts that fix 
the motor and the fuel tank dimensions are the most 
suitable restraints for it. Per products owned by 
CEiiA data, the ranges of these parameters are 
displayed in the following table. 

 
 Range 

Propeller Diameter 9’’ to 24’’ 

Vertical Distance 37.7mm to 66mm 

Horizontal Distance 49.8mm to 78mm 

Fuel Tank 295mm x 134mm x 92mm 
 

Table 2: Dimensional Constraints Ranges 
 
The aspects to be considered when designing the 

test bench are: the Engine Start-Up Process 
Requirements, Fuel Tank Position, Exhaust 
Position, installation of a Protection Frame, Casters 
selection and installation of a Storage Compartment 
for tools and spare parts. 

 
2.3. FEM Theoretical Principles 

Mathematical models are developed to be 
analytical descriptions of a structure physical 
behaviour, usually using very complex equations 
that can be applied to non-simple domains 
(geometries and materials), to aid the assessment 
of many existent problems in engineering. A 
numerical simulation is often performed using a 
computer system and numerical methods to help 
designing and manufacturing industrial structures. 
The basic idea of the finite element method is to 
divide a domain into a collection of subdomains 
(finite elements), assumed to be geometric regions 
where equations are solved and afterwards 
assembled using inter-element relationships, i.e., a 
process to transform a big problem into a set of 
simpler and smaller problems, obtaining an 
approximate solution. This procedure can lead to 

three different types of modelling errors: Geometry, 
Approximation and Assembly Errors [7]. 
2.4. Cantilever Beam Case Theory 

For cantilever beams with symmetric sections below 
the elastic limit, the normal stress is given by [8]: 

𝜎𝑥 = −
𝑀𝑦

𝐼
 (1) 

 
Per Euler-Bernoulli Beam Theory, the beam 

vertical deflection, y, along its length (horizontal 
direction x) can be calculated using [8]: 

𝑦(𝑥) =
𝑃

6𝐸𝐼
(−𝑥3 + 3𝐿2𝑥 − 2𝐿3) (2) 

 
And, hence, the rotation (which ends up to be the 

same as the slope), also along its length, is obtained 
using the next equation: 

𝜃(𝑥) =
1

𝐸𝐼
(−

𝑃𝑥2

2
+

𝑃𝐿2

2
) (3) 

 
On the other hand, using Timoshenko Beam 

Theory, an extra term due to shear only will show 
up, increasing the final expression for the beam 
deflection along its length. Thus, instead of using 
equation (2), one shall apply the following [9]: 

𝑦𝑇(𝑥) =
𝑃

6𝐸𝐼
(−𝑥3 + 3𝐿2𝑥 − 2𝐿3) +

𝑃(𝑥 − 𝐿)

𝐾𝐴𝐺
 (4) 

 
The beam slope based on this theory is given by: 

𝑑𝑦𝑇

𝑑𝑥
=

1

𝐸𝐼
(−

𝑃𝑥2

2
+

𝑃𝐿2

2
) +

𝑃

𝐾𝐴𝐺
 (5) 

 
2.5. Work Steps 

For thoroughly attaining a flawless solution for the 
test bench configuration, a sequence of work steps 
had to be followed. These phases are orderly 
arranged in the flowchart displayed next. The 
optimisation was not performed - part of future work.  

 
Figure 3: Work Steps Flowchart  
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3. Test Rig Design 

 
Desert Aircraft DA-50 is the most powerful engine 

to be tested whose power is 5hp. Hence, the torque 
for this power value can be obtained: 

𝑃 = 𝑄 × 𝑛 ⇔ 𝑄𝑃 𝑚𝑎𝑥 =
𝑃𝑚𝑎𝑥

𝑛𝑃𝑚𝑎𝑥

=
3728.5 × 60

8400 × 2𝜋
= 4.24𝑁𝑚 (6) 

 
 
By gathering all the information regarding the 

expected maximum values to be measured, it was 
possible to proceed with the sensors selection 
through an analytic hierarchy process. After 
executing this, it was concluded that the test bench 
required 1 computer, 1 Raspberry Pi board, 4 
INA125 OpAmp, 1 piezoelectric, 3 load cells, 1 
Thermocouple type K and 1 Infrared Thermometer. 

 
 

 
Figure 4: Test Bench Layout 

 
 
The test bench structure is composed of the main 

structure and protection structure (Figure 4). The 
first part contains the main frame, casters, all the 
fixing fasteners, a storage compartment and the 
thrust, torque and fuel consumption measuring 
systems. The protective structure is a metallic net 
frame designed to avoid something getting hit by the 
propeller in case it gets loose. 

 
 

4. Stress and Structure Natural Frequencies Analyses 

 
Using analytical calculations and FEM software, it 

was possible to validate the test bench design. The 
fuel tank structural set was assessed by considering 
that its components behaved as cantilever beams 
whereas the structure where the engine is fixed was 
evaluated in terms of stress and displacement 
caused by both the propulsion force and the engine 
torque. The framework natural frequencies were 
also obtained to assess the dynamic interaction 
between the power source and the structure. 

4.1. Fuel Consumption Measuring System 

As a preliminary analytical study, all the fuel tank 
set components were assumed to be beams with 
circular cross sections with the same radius as the 
fixing M5 screws. This is certainly a rough 
approximation, yet an enlightening and fair way to 
understand the kinematics concerning this problem. 
The following figure illustrates the simplification 
established from the design model. 

 

 
Figure 5: Fuel Tank Set Analytical Analysis Simplification 

 
 
The analytical results for the stiffness assessment 

were compared to the ones obtained using 
NASTRAN solver, concluding that the FEM model 
confirms the analytical results with a maximum 
deviation of 0.0239% and a structure maximum 
deflection equal to 0.5mm (at node 1), as displayed 
in the following table. 

 
 

Total Displacement [mm] 4.993x10-1 

Maximum Deviation [%] 2.390x10-2 
 

Table 3: Simplification Beam Model Results 
 
 
As a matter of fact, the fuel tank structure does not 

behave as a set of linked beams: the load cell 
sensor and the connection between the welded 
screw and the fuel tank centre of gravity are 
assumed to be entirely rigid. Only the screws can 
be modelled as perfect beams because it is known 
that they can yield when put under situations of high 
tension forces. The structure was then designed 
using 2 CBARs, representing both screws, and 2 
Rigid Body Elements 2, as shown in Figure 6. 
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Figure 6: Fuel Tank Set FEM Design 

 
 
The stiffness assessment results obtained for this 

model are presented in Table 4. 

 
Total Displacement [mm] 1.443x10-1 

Maximum Deviation [%] 8.236x10-3 
 

Table 4: Fuel Tank Model Results 
 
 
As expected, the results for the model with the rigid 

elements are smaller than the all bars model since 
it is more constrained due to the global structure 
stiffness (0.14mm vs 0.50mm). 

 
The Fuel Tank was also assessed in terms of 

strength, by calculating the screws Margin of Safety 
through the next equation [10]. 

 

𝑀𝑆 =
𝜎𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 − 𝜎𝑎𝑝𝑝 

𝜎𝑎𝑝𝑝 
=

𝜎𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒

𝜎𝑎𝑝𝑝 
− 1 (7) 

 
 
The results for the screws limit Margin of Safety 

are displayed in the next table. 
 
 

Screw ID Left (4-5) Right (2-3) 

MSlim 3.7 39.1 
 

Table 5: Fuel Tank Screws MS values 

4.2. Thrust and Torque Measuring System 

Before any FEM analysis, a strength assessment 
on the CATIA model must be performed by doing 
some analytical calculations to its supports. 

The torque produced by the engine will create a 
downwards vertical force at the lateral sensor 
position, indicated in Figure 7. 

 

 
Figure 7: Forces and screws positions for calculation 

 
 
After a load path analysis, it was possible to 

determine the force felt by the torque sensor and the 
forces exerted by the fixing M5 screws situated at 
the pillow block bottom. These values are presented 
in the following table. The negative sign means the 
force is downwards. 

 

Position Torque 

Sensor 

A & D B & C 

Force [N] -28.267 10.062 -24.196 
 

Table 6: CATIA Design Forces Results 
 
 
For the screws under tension (screws situated at 

positions B and C), the Margin of Safety was 
calculated using equation (7) and was equal to 
408.9 ≫ 1 . Since the forces being exerted by these 
screws have the same magnitude, the value for this 
margin is the same for both. 

 
 
A simplified FEM model (Figure 8) was created as 

a preliminary step to validate the results from the 
previous calculations. Due to some geometry 
simplifications, the design distances used in the 
calculations were slightly modified but, theoretically 
the forces exerted by the screws keep unchanged. 
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Figure 8: Simplified Approach FEM model 

 
In this model, the engine Centre of Gravity is 

represented by a point linked to four aluminium 
shock absorbers by one Rigid Body Element (RBE) 
2 and one RBE3. The RBE2 connects the master 
node, where the engine torque is applied, to the 
slave nodes along the 2 and 3 degrees of freedom 
(translations in the y and z directions, respectively), 
guaranteeing that only the forces in the y and z 
directions are transmitted. The RBE3 connects a 
dependent node, where the propulsion force is 
applied, to four independent nodes along the 
degree of freedom number 1 (translation in the x 
direction), guaranteeing that the force in the x 
direction is transmitted. 

Each shock absorber is connected to a M5 screw 
that fixes the engine to a vertical steel plate. This 
plate is bonded to four steel plates: three of them 
are completely similar, whose aim is to strengthen 
the structure, and the other one attaches the torque 
sensor to the structure. 

This torque sensor is represented by a Single 
Point Constraint (SPC) constrained along the 
degree of freedom number 3 (translation in the z 
direction) so that it can measure the force produced 
by the engine torque, the shaft is represented by six 
CBARs and a SPC on the left represents the thrust 
load cell. green). There are two RBE2 in the 
connections between the shaft and the pillow block 
and their master nodes belong to the shaft CBARs 
and the slave nodes are part of the pillow block 2D 
mesh, composed of CQUAD4. 

The NASTRAN results for this model were 
organised in Table 7 and the deviations were also 
determined. 

 

Position Force Value [N] Deviation [%] 

A & D 8.6585 13.95 

B & C -22.2796 7.92 
 

Table 7: Simplified Approach Model Screw Results 
 
It was also possible to calculate the Margin of 

Safety for the screws B and C that was equal to 
444.1 ≫ 1. These deviations seem to turn the model 
simulation into a good representation of the reality. 
Notwithstanding this appraisal, the stress results 
must also be evaluated so that the total simulation 
assessment is complete. The simulation was run 
and then the stress results were extracted from it, 
using HyperView, as shown in the next figure.  

 

 
Figure 9: Simplified Approach Model Plates Stress Results 
 
Although the forces values verisimilitude looks to 

be reliable, the stress distribution on the torque 
sensor plate seems very rough because only a 
concentrated stress area was expected nearby the 
connection between the vertical and torque plates. 
It lacks accuracy so its definition is not regarded to 
be enough to allow trusting thoroughly in this model. 
Thus, the next step to overcome this impasse would 
be to refine the mesh but the part thickness cannot 
be equal to the CQUAD length so that the Thin Plate 
Theory is respected. In this situation, the mesh size 
is already too small to be reduced and therefore this 
2D FEM model shall be discarded. The solution is 
to make a 3D model, apply the same load cases and 
simulate it. Nonetheless, this study gives an idea 
about the expected maximum stress (31.18MPa) 
order of magnitude, and therefore the limit Margin of 
Safety for the plate can be obtained: 
𝑀𝑆𝑙𝑖𝑚 𝑝𝑙𝑎𝑡𝑒 = 16.2 > 1 . 

A detailed model (Figure 10) was then created to 
surmount the problem arisen with the 2D mesh 
stress distribution. The geometry simplifications 
made in this 3D mesh were much less severe when 
compared to the ones applied in the simplified 
model production. 
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Figure 10: Propulsion System Detailed FEM model 
 
 
Like in the simplified model, one RBE2 and one 

RBE3 connect the engine CG to the four aluminium 
shock absorbers. Once again, the RBE2 links, along 
the translations in the y and the z directions, the 
node where the engine torque is applied to the slave 
nodes so that only the forces in these directions are 
transmitted. On the other hand, the RBE3 links, 
along the x translation, the node where the 
propulsion force is applied to the four RBE2 slave 
nodes so that the forces in this direction can be 
transmitted. 

 
Once more, each shock absorber CBAR element 

is connected to a fixing M5 screw CBAR element. 
However, this time each fixing screw is attached to 
the steel vertical plate through a RBE3 along all 
degrees of freedom, i.e., each screw CBAR element 
touches the plate along the three main directions (x, 
y and z), where the dependent node is the end of 
the CBAR near the plate and the independent 
nodes are part of the vertical plate 3D mesh. This 
mesh is composed of CHEXA elements. 

 
With the view to accurately measuring the torque, 

the sensor is represented by a SPC constrained 
along the translation in the z direction but, in this 
model, the torque sensor steel plate hole is 
completely represented so the SPC cannot be 
directly applied on the mesh. To overcome this 

hurdle, the node where the SPC is located is 
connected to the mesh through a RBE2 along all 
degrees of freedom. 

 
Such as in the simplified model, the force felt by 

the sensor is transferred throughout the shaft to the 
pillow block. The shaft is purely composed of 
CHEXA elements and the pillow block mesh is the 
same as the one used in the simplified model. 
These two components are linked together along 
the translation in the z direction through six RBE2, 
three at the front and three at the aft, in which every 
master slave belongs to the shaft mesh. The six 
RBE2 have five slave nodes each (thirty in total), 
only along the degree of freedom number 3 
(translation in the z direction), that are part of the 
pillow block 2D mesh. 

 
After being carried around the pillow block, the 

force goes directly to the four bottom SPCs that 
denote the four fixing M5 screws positions. All their 
degrees of freedom are fixed, not allowing them to 
either rotate or move in any of the three main 
directions. The propulsion force produced by the 
propeller goes throughout the shaft until reaching 
the SPC located at its very end. This SPC has its 
translations in the x and y directions fixed. 

 
 
The NASTRAN results and deviations for this 

model are displayed in the next table. 
 
 

Position Force Value [N] Deviation [%] 

A & D 9.2090 8.48 

B & C -23.3409 3.53 
 

Table 8: Detailed Model Screw Results 
 
 
Comparing these deviations with the ones 

presented in Table 7, one can tell that the 3D model 
is much more accurate in terms of carrying the 
torque load to the fasteners since the results 
obtained from the analysis are more similar to the 
theoretical values than the ones from the simplified 
FEM analysis. 

 
 
Concerning the stress analysis, the detailed model 

should be gingerly assessed since this was the 
main reason why the simplified model was 
insufficient to describe the study at hand. For the 3D 
mesh components (plates and shaft set), the stress 
results are presented in the next figure. 
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Figure 11: Detailed Model Plates Stress Results 
 
These results (maximum value of 39.13MPa) 

seem to be easily bearable for steel plates and 
tubes within a 3mm to 5mm thickness range. Thus, 
it is possible to examine and evaluate the force flux 
in both axial and shear directions throughout the 
pillow block surfaces using HyperView 2D Element 
Force command – the only 2D mesh (shell) used in 
this model was applied to the pillow block so this is 
the only component to be studied in this flux 
analysis. Figure 12 shows the force flux throughout 
the whole pillow block structure, where the dark 
components are the ones being examined: on the 
left-hand side, its top part is the system under test, 
whereas, on the right-hand side, its bottom part is 
the system under test. The top part is oriented with 
its cylindrical coordinate system and the bottom part 
is oriented with the global coordinate system. Thus, 
in the top part examination the Elemental System 
(own cylindrical coordinate system) was the one 
selected and in the bottom part examination the 
Analysis System (global) was the chosen one. 

 

 
Figure 12: Detailed Model Pillow Block force flux 
 
What is happening can be easily comprehended 

by looking at the following figure where the 
orientation and the direction of the force flux is 
represented by the red arrows and the forces 

transmitted by the RBE2 are the two black arrows – 
the arrow at the front is longer than the aft arrow 
because the force is higher. The different areas are 
marked and separated by black dash lines and the 
force flux is symmetric in the x direction. 

 

 
Figure 13: Pillow Block Force Flux 

 
As already mentioned, the force at the front 

position was higher than the force felt at the aft 
position. Thus, it was expected to have a high 
tension force distribution at both ends of the pillow 
block top part, only axial forces at the middle and a 
mix of axial and shear forces at the remaining 
space. At the middle, the forces would be purely 
tensional, whereas the other would be both 
compression and tensional forces. These forces 
would concentrate (compression) on the area where 
the front and aft forces were transmitted. 

After being transmitted all over the top part, the 
forces are carried to the bottom part until they reach 
the fasteners. It was expected to have a vertical 
force flux on the vertical steel sheets surface with 
some mixture of both axial and shear forces at their 
middle area, because it is the position where they 
are welded to the other vertical steel sheets, and a 
high force concentration where the front and aft 
forces are transmitted (area where both parts are 
welded). The bottom steel sheet should only feel 
axial tension forces. 

 
4.3. Supplementary Assessments 

It would be a diligent study to assess whether this 
welding process is necessary or not. Thus, using 
the simplified model design, a configuration without 
the torque plate welded to the vertical plate was 
analytically examined. For this case, the limit Margin 
of Safety obtained was: 𝑀𝑆𝑙𝑖𝑚 𝑝𝑙𝑎𝑡𝑒 = 8.4 > 1 

Although it still is a safe configuration, the Margin 
of Safety almost reduces to half compared to the 
result for the welded plate. Since this happens, it is 
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preferable to keep the initial plans and fix the torque 
plate. As a matter of fact, it is the best choice 
because it provides additional hardness that helps 
the entire structure to sustain any kind of extra 
stresses caused by the engine vibration and/or any 
effects of forces that, hypothetically, are not being 
considered in this study, increasing the structure 
lifespan. Using the detailed model design, a 
configuration, displayed in Figure 14, without the 
three reinforcement plates was virtually tested. 

 

 
Figure 14: Detailed Model without Plates Stress Results 

 
When comparing these results with the values 

displayed in Figure 11, one can tell that the 
displacements are the same and the maximum 
stress value increases a little bit – instead of having 
39.13MPa as the maximum stress value, the 
structure feels a 39.20MPa stress at the same spot 
now. Thus, despite the plates effect on reducing 
minimally the maximum stress value, one concludes 
that the reinforcement plates can be withdrawn from 
the structure, allowing the company to save money 
and time.  

However, this situation should follow carefully what 
was pointed out in the previous case: although the 
plates do not have a huge effect on decreasing the 
stress felt by the structure around the Vertical Plate, 
they provide extra strength to the whole structure 
without increasing its total weight significantly. This 
fact provides a structural support to bear any 
vibration effects and forces that might not be 
considered in this analysis. 

 
4.4. Structure Natural Frequencies Analysis 

The engine maximum operating frequency is 
140Hz, so one shall be careful when testing the 
engine for a rotational speed value equal or below 
8400RPM. The structure first four natural 
frequencies correspond to 2772RPM, 2859RPM, 
3825RPM and 10073RPM. Thus, it can be 
concluded that only the first three are dangerous 
speeds for the system, and therefore testing the 
engine under these regimes should be prevented, 
i.e., setting the engine rotational speed to these first 
three speed values must be avoided. 

5. Conclusions 

It was possible to accomplish a fully designed test 
bench model on CATIA V5 that includes all the 
necessary sensors to perform the required tests for 
the entire UAV propulsion system characterisation. 
This test bench is scalable, i.e., adjustable to 
different types of motors: various power outputs, 
sizes and typologies (combustion or electric). 
Hence, CEiiA can eliminate the prohibitive costs 
associated with the acquisition of a certified 
propulsion system, allowing this test bench to 
simultaneously perform the characterisation, the 
engine break-in and an eventual certification of the 
propulsion system acquired for the project. This test 
bench is a versatile solution because it enables the 
characterisation and testing of engines/motors of 
bicycles, scooters and electric cars, which are 
products under development in the organisation. 

For this purpose, a thorough study of test benches 
solutions was made, both in terms of market 
products and academic experiences, reaching the 
conclusion that the existing models were not many 
and none could satisfy the goal of having both thrust 
and torque measurements at the same time for a 
reasonable platform total price. For this reason, a 
deep reflection on the test bench features was 
performed to formulate the conceptual design. 

The selection of sensors based on the 
requirements imposed by the project was the 
starting point for the detailed design, ensuring that 
their cost respected the allocated budget. Hence, an 
exhaustive market research was necessary. 

After considering this entire device selection, a 
market research was carried out on structural 
components to defining the global test bench 
configuration and design. 

Thus, using CATIA V5, it was possible to obtain a 
three-dimensional rig model whose configuration 
allows measuring the propulsion system rotational 
speed, thrust, torque, temperature, vibration and 
fuel consumption at the same time, contains enough 
space to store the tools required for any 
maintenance needed and can provide protection in 
case the system gets loose. 

FEM structural analyses were performed to this 
test bench critical areas so that its robustness could 
be virtually guaranteed and validated, proving it can 
sustain the worst-case scenario for CEiiA UAS 
propulsion system. These computer simulations 
used HyperMesh as the pre-processor, NASTRAN 
as the solver and HyperView as the post-processor. 

The Fuel Consumption Measuring System 
analysis, for the worst-case scenario of having the 
fuel tank completely full which corresponds, by 
excess, to a maximum weight of 3kg, obtained a 
maximum displacement value equal to 0.14mm with 
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a deviation of 0.008% and a 3.7 minimum limit 
margin of safety for the fasteners. 

The Propulsion System Measuring System 
analysis had two analysis models: the FEM 
simplified model that and the FEM detailed model. 
Both models underwent a simulation whose applied 
thrust was equal to 12kgf and the torque applied 
was 4.24kNm, values that correspond to the most 
powerful CEiiA engine. For this simulation, based 
on the analytical calculations, the results were: the 
thrust sensor sustained a force of 117.720N, the 
torque sensor felt a 28.267N force, the fasteners 
installed at positions A and D support a force of 
10.062N, the fasteners installed at positions B and 
C support a 24.196N force and the limit margin of 
safety obtained for the fasteners under tension was 
equal to 408.9. 

Two supplementary assessments were also 
performed. For the “welding” case, the margin of 
safety for the completely welded structure was 
equal to 16.2 but this parameter dropped to 8.4 for 
the not welded plates configuration, which is a 
limitation. So, it was concluded that the first option 
was the most suitable for the structure since welding 
is an easy and fast process and it does not increase 
substantially the overall manufacturing price. For 
the “removing” case, since the results for the 
stiffness and strength assessments are almost the 
same for both configurations, it was concluded that 
it is possible to remove the three plates, turning this 
model into a hypothetically cheaper and easier 
solution. Notwithstanding, they make the entire 
structure harder and stronger, providing additional 
support to sustain forces and vibration effects that 
can occur during testing, without increasing much 
the total structural weight. For this reason, the 
plates should be kept in place. 

Finally, a natural frequencies analysis performed 
to the test bench structure allowed to infer that the 
engine can safely operate within its rotational speed 
range when the value is away these ranges: from 
2700RPM to 2900 RPM and from 3800RPM to 
3900RPM. 

 
5.1. Future Work 

The test bench design can likely be improved by 
reducing the margins of safety, which can be 
achieved by changing the fasteners, the fixing 
systems and the thickness of the structure built 
(plates and pillow block), for optimising the structure 
weight, as an example. In case of any intention of 
testing the engine for the rotational speed values 
equal to the structure natural frequencies, the 
framework must be modified by installing a suitable 
damping system or changing its configuration. 

The FEM detailed model can suffer an upgrade by 

solely using 3D elements for the entire structure, 
avoiding the problem in the connection between the 
shaft and the pillow block top part by using linear 
contacts, instead of RBE2. 

An ADAMS model should be produced to help 
verifying the force transmission throughout the 
entire structure and assessing the load transient 
due to the engine start-up and shutdown. 

The step to be taken next is to create a production 
manual and follow it to build the entire rig so that it 
can be physically assessed. Further investment can 
be made regarding data filtering techniques and 
sensors selection. A more accurate and precise set 
of sensors can provide a more stable data that 
represents a progress in terms of future results 
analysis. 
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