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ABSTRACT 
 
 
The aim of this thesis was the design of a retractable, electric propulsion system for 
sailplanes, which could eliminate the main drawbacks of internal combustion 
engines. The design process was based on a number of modern sailplanes, within 
the 12 - 15 meter class, with sustainer operation in mind. One of the goals was to 
create a universal propulsion system that could be fitted to various aircrafts. 
 
The first part of the project concerned the selection of the key components of an 
electric propulsion system. First, the required power and thrust were calculated, and 
based on the obtained results a suitable electric motor was chosen. For this motor, 
an electronic controller was selected. Later, the estimation of propeller parameters 
was performed. Finally, battery basics were discussed and a battery was selected. 
The second part of the project concerned CAD modeling of the retractable electric 
propulsion system. The used materials were discussed in the beginning. The design 
process focused on two main assemblies: the propeller folding mechanism and the 
retractable structure. The complete result, the individual sub-assemblies and the 
most important solutions were presented. The use of composite materials was an 
important point of this thesis. Performance analysis was done after the system had 
been designed. 
 
The retractable electric propulsion system was designed with optimum results. A full-
scale CAD model was created. The designed propulsion system can be considered 
as universal due to its relatively low weight, adequate power and compact size in the 
retracted position. Custom-made accessories facilitate mounting. A visit to the glider 
manufacturer Allstar PZL was the source of information about possible mounting 
solutions and battery placement options. The designed propulsion system can be 
used as a sustainer for all designated sailplanes. Self-launching proved possible in 
case of the lightest sailplanes. With similar power and flight duration, the electric 
propulsion system should be able to compete with petrol powered sustainer systems 
within the same class. 
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Chapter 1 
 

INTRODUCTION 
 
 
1.1. Sailplanes 
 
1.1.1. Gliding 
 
Gliding is a recreational activity and a competitive sport. Most sailplanes are used for 
recreational purposes, however some of them found use in the military sector. Fig. 
1.1 describes the general layout of a typical small sailplane.  

 
 

 
 

Figure 1.1 General sailplane outline [14] 
 

 
Sailplanes are usually not equipped with an engine, because they can stay in the air 
for a long time. The gliders gain altitude in columns of rising air. There are three 
types of natural wind formations that cause the air to rise [8]: 
 

 Ridge lift – created by the wind going upward, following the natural shape of 
the terrain (hill or a mountain) 

 Wave lift – generated at a certain distance from a hill or a mountain by the 
oscillating air 

 Thermals – created when the Sun heats the ground unevenly. The heated 
ground transfers some of the energy to the air, which in turn rises.  
 

To achieve good performance, sailplanes have to be light and have to create minimal 
drag for the amount of generated lift. On the other hand, sailplanes usually carry 
water ballast, which increases the gliding speed. This helps the glider reach the next 
column of rising air faster. The downside is that the aircraft will climb slower. 
Competition pilots usually start with the ballast and can drop it immediately after the 
start, depending on the weather conditions. Ballast has to be dropped before landing. 
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There are many types of gliders: single person, two people, designed for training or 
competition, and made from a variety of materials. This thesis will focus on smaller, 
single person gliders. The particular design features applied to these gliders are:  
 

 Lack of engine (motor gliders are discussed in the next paragraph) 
 High aspect ratio (long, narrow wings allow to achieve lower drag and better 

glide angle) [2] 
 Streamlined fuselage 
 Tight cockpit for one person 
 Minimum instruments on board  
 Use of lightweight composite materials 
 Single, retractable wheel for landing 

 
All of these requirements lead to a high Lift-to-Drag ratio, which is an indicator of 
glider performance [14]. The L/D is simply the glide ratio – it describes how far the 
glider can fly for a given amount of lost altitude. Fig. 1.2 contains the specifications of 
a typical high performance glider. 
 
 

 
 

Figure 1.2 Specifications of a 15 meter class competition sailplane [14] 
 
 
1.1.2. Motor gliders 
 
Glider aircrafts have to be kept as light as possible to achieve good gliding 
capabilities, and for this reason they usually have no engine. They are launched by 
other aircrafts or winches. However, some are equipped with an engine – petrol or 
electric. The benefit is substantial: the pilot can stay longer in the air and climb using 
engine power. They extend range – allow pilots to fly further away from the landing 
zone. They provide a safety value – the aircraft can fly to a suitable landing location 
and is not forced to land if it loses too much altitude. Some of them can launch 
themselves using the engine. However, these installations are quite heavy and 
impact the gliding performance significantly when they are not used.  
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Generally, the propeller is mounted on a retractable mast. When the propulsion 
system is not used, the mast is retracted into the fuselage, to reduce the drag. With 
the system retracted, there is virtually no drag added over a non-motorized version of 
the glider.  The power is transmitted from the engine, mounted at the bottom of the 
mast, through a belt drive. The belt drive adapts the rotational speed of the engine to 
the requirements of the propeller. The relatively large propeller operates at lower 
RPM (Revolutions Per Minute) than the petrol engine delivers. 
 
Usually, the power source is a petrol, two-stroke, one- or two-cylinder engine, such 
as the 16 horse-power (approx. 12 kW) Solo 210 manufactured by SOLO 
Kleinmotoren GmbH [19]. A bigger, more powerful engine from SOLO Kleinmotoren 
GmbH is the Solo 2625-01 that develops 38 kW. It can be used for self-launching 
motor gliders up to 600 kg of gross weight [25]. Both engines are shown in Fig 1.3. 
Some sailplanes are equipped with a Wankel engine. These engines have higher 
power-to-weight ratio than piston engines with the same displacement (capacity). 
Yet, they are not popular because of the high maintenance and shorter service life. 
Fig. 1.4 is a comparison of the Wankel-powered system and a two-stroke installation.  
 
 

    
 

Figure 1.3 Left – one-cylinder Solo 210 engine [60], right – two cylinder Solo 2625-01 [25] 
 

 

   
 

Figure 1.4 Left – Wankel powered system [50], right – a conventional two-stroke engine [25] 
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There exists a variety of designs but for the purpose of this project only the standard 
retractable system with a rigid mast will be presented. Fig. 1.5 shows the propulsion 
system of the Silent 2 TARGA manufactured by Alisport [22]. It is a 13.3 m sailplane 
equipped with a 28 hp (ca. 21 kW), single-cylinder, air-cooled engine [22]. Fig. 1.6 
presents the general layout of the retractable system installed in this glider. It 
features an unusual one-blade propeller, which allows for a much smaller opening in 
the fuselage than a conventional propeller. This solution, however, is not common. 
The propeller choice is covered in another chapter. 
 
 

      
 

Figure 1.5 Silent 2 TARGA and its propulsion system [22] 
 
 

 
 

Figure 1.6 Outline of the retractable propulsion system on the Silent 2 TARGA glider [22] 
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1.1.3. Modes of operation 
 
The propulsion system installed on a glider can operate in two modes: 
 

 Sustainer – these systems are used to gain altitude while the aircraft is 
already in the air. Because of their low power, they are not used for take-off. 
The technique used by motor glider pilots is called “saw-tooth” [15]. The 
engine is activated to gain altitude, at a typical rate of 150 – 300 feet per 
minute (ca. 0.75 – 1.5 m/s). When the desired altitude is reached, the 
propulsion system is turned off and retracted. The aircraft continues flight as a 
regular glider. When a minimum altitude is reached the pilot can engage the 
propulsion again and climb under power – the cycle continues. 

 Self-launch – these propulsion systems are more powerful than sustainers 
and are able to launch the aircraft without external assistance. During flight 
they are operated in the same way as sustainers. The disadvantage of self-
launching systems is the higher weight and complexity. The rate of climb for 
self-launch gliders normally varies from 200 to as much as 800 feet per minute 
(ca. 1 – 4 m/s) or more [6]. 

 
 
1.2. Electric propulsion 
 
1.2.1. The concept of electric propulsion 
 
Despite all the advantages that a propulsion system can provide, an internal 
combustion engine has a number of disadvantages. Two-stroke engines are loud and 
the motor is located behind the head of the pilot. It is also inherent for engines with 
low number of cylinders to produce a lot of vibrations. Another drawback of the petrol 
engine is that on occasions the engine does not start immediately. When the mast 
with the wind-milling propeller is deployed, the glide ratio decreases dramatically due 
to the extra drag (mainly because of the spinning propeller). The strategy normally 
adopted by motor glider pilots is to position the aircraft close to a possible landing 
field below (within easy gliding range), before extending and trying to start the engine 
[6]. This is done for safety reasons, since accidents are not uncommon. If the engine 
did not start, the aircraft would quickly lose altitude. For the above reason, some 
sailplane pilots are not fond of motor gliders, despite all the benefits they provide.  
 
In the recent years, a new idea has been spreading: electric propulsion. Electric 
propulsion solves most of the problems related to operating an internal combustion 
engine. The main advantages of electric propulsion are the following: 
 

 Very quiet 
 No vibrations 
 Low maintenance 
 Simplicity of operation 
 Confidence that the motor will start everytime 
 No pollution 

 
Obviously, no solution is perfect and an electric propulsion system has also its 
disadvantages, which are the following: 
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 Higher initial cost of the system (although lower operating cost) 
 Higher total weight of the system for the same duration of powered flight 

(energy density for petrol is much higher than for rechargeable batteries, the 
advantage belongs to the internal combustion engine even when taking into 
account its low efficiency) 
 

The majority of sailplanes still utilize internal combustion engines, however electric 
propulsion is entering the market. Electric propulsion systems are less complex – 
many components related to petrol engines can be eliminated (e.g. vibration 
dampening mounts, radiator, electric starter, exhaust system, fuel tank, fuel pump). 
In some cases, it is also possible to eliminate the transmission belt and connect the 
propeller directly to the engine. Fig. 1.7 and Fig. 1.8 show the comparison between 
the internal combustion and electric systems. In Fig. 1.8 it is visible that the radiator 
is mounted on the mast and the exhaust system is hidden in the fuselage. 
 
 

 
 
Figure 1.7 The electric propulsion of the Antares 20E, developed by Lange Aviation [38] 
 
 

 
 

Figure 1.8 The IC propulsion with the Solo 2615 engine [25]  
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1.2.2. The aim of the project 
 
The purpose of this project is the general design of a retractable, electric propulsion 
system for lightweight, single passenger sailplanes. As, previously explained, electric 
motors offer a number of advantages over IC engines. This project will aim to utilize 
the possibilities presented by electric propulsion. It is a new approach, and the 
designed electric system will be different than any existing electric installations. The 
key features of the designed system are: 
 

 Multiple battery packs can be used. The pilot can choose the right 
configuration for each flight. No batteries can be taken on-board for high 
performance gliding (minimal weight penalty, and the glider behaves like a 
non-motorized aircraft). The number of battery packs taken can be chosen 
depending on the desired range and duration of powered flight (battery 
capacity versus weight). Multiple battery packs offer great flexibility to the pilot. 

 Low weight (not including batteries), so the performance of the aircraft will not 
be significantly reduced when the system is not used (no batteries taken on-
board). Therefore, it can be installed to virtually any glider without impacting 
the performance (important for competition flying). When the pilot desires to 
use the system, the battery packs are taken on-board and the system can be 
used in the same way as an IC two-stroke installation. Note: the batteries are 
the heaviest components of the system. 

 Compact and universal installation. The system can be retracted into a small 
package, hidden inside the fuselage. The key is the adaptability of the system. 
One universal propulsion system could be retrofitted to a number of sailplane 
models in the same size class. The low weight and compact size allow for 
easy mounting with minimal modifications to the fuselage. 

 The disadvantages of petrol engine propulsion would be eliminated: noise, 
vibrations or pollution and maintenance would be reduced. 

 The electric propulsion system will be designed to operate as a sustainer. It is 
not the goal to design a self-launching system, as it would compromise the 
stated design goals. Although, in case of the lightest gliders, self-launching 
should be possible. This topic will be discussed later. 

 
 
1.2.3. Sailplane size and weight constraints 
 
The sailplanes chosen for this project will have a wingspan of 12 – 15 m. This range 
represents the most popular segment of gliders. Sailplanes with approx. 15 m are the 
most common ones. There is a number of manufacturers that produce such gliders 
and 15 m is also a competition class. Gliders smaller than 12 m are rare 
constructions. This side of the spectrum also includes ultra-light sailplanes. Ultra-light 
gliders comply with FAR Part 103, which states that the maximum empty weight of 
the aircraft is 70 kg [30]. However, due to the limitation of weight, the structure of 
ultra-light glider does not resemble classical sailplanes, and the possibility of adding 
a propulsion system is not viable in this class. On the other hand, the wingspan is not 
the determining factor. The most important aspect to consider is the weight of the 
aircraft, because the weight of the sailplanes, that have similar wingspans, can vary 
greatly. For example, the 13.3 m AL-12 manufactured by Aeros has an empty weight 
of 80 kg [19]. While, the 15 m Ventus CX designed for competition flying by 
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Schempp-Hirth, weighs approximately 290 kg [44]. Therefore, the take-off weight 
also varies greatly. The primary function of the system is sustainer operation, 
although, self-launch operation should be possible for the lightest models. The rate of 
climb (RoC) determines if the sailplane can take-off under its own power. The 
proposed minimum RoC for sustainer operation is 1 m/s (200 fpm). Rate of climb 
above 2 m/s (400 fpm) should give good performance for self-launching. Therefore, 
two operational modes can be established: 
 

 Sustainer operation only – RoC higher than 1 m/s 
 Sustainer operation and take-off capability – RoC higher than 2 m/s 

 
Table 1.1 contains specifications of some of the modern sport sailplanes. The table is 
arranged by take-off weight. The gliders from Table 1.1 will be the basis for the 
further development of this project. Once the initial specifications of the system are 
evaluated, these aircrafts can be assigned to different modes of operation. 
 
 
Table 1.1 Specifications of modern sailplanes 
 

 
 

It should be noted that the take-off weight also includes water ballast that can be 
large, such as 100 liters for the DG-808C [26]. For the estimation of the required 
power, the take-off weight plus the weight of the propulsion system will be 
considered. This is the best way to do this task, as the size of the water ballast varies 
from model to model and the information on the size is not always available. The 
smaller sailplanes are often not equipped with a ballast tank. In reality, the take-off 
weight without the ballast, but with the complete propulsion system can be lower than 
assumed, thus resulting in better performance than estimated. 
 
The project will be divided into two parts. In the first part, the necessary calculations 
will be performed and, based on the results, the key components of the electric 
propulsion system will be selected (electric motor, motor controller, propeller and 
batteries). The second part will concern creating a CAD model presenting possible 
structural solutions. Finally, the results of the project will be summarized and the 
performance of the system will be established.  

Name 
Wingspan 

[m] 
Take‐off weight 

[kg] 
L/D 

Speed for max L/D 
[km/h] 

Reference 

AL‐12  13.3  185  27  60  [19] 

Silent Club  12  240  31  85  [22] 

Silent 2 TARGA  13.3  300  40  82  [22] 

PW‐5 Smyk  13.4  300  33  73  [46] 

SZD‐51‐1‐JUNIOR  15  380  35  80  [45] 

Swift S‐1  12.7  390  30  107  [39] 

304C WASP  15  450  43  116  [33] 

LAK‐17A  15  453  44  95  [37] 

Diana 2  15  500  46  93  [27] 

ASW 27B  15  500  48  100  [21] 

DG‐808C  15  525  45  116  [26] 

ASW 28‐18  15  525  45  100  [21] 
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Chapter 2 
 

SELECTION OF THE PROPULSION SYSTEM 
COMPONENTS 

 
 
2.1. Estimation of the required thrust and power 
 
2.1.1. Foreword 
 
If possible, the components will be chosen among commercially available solutions. It 
would be unreasonable to estimate the parameters of the designed system without 
considering what options are currently available. The electric motor is the heart of the 
system. The first step is to estimate the specifications of the required motor. Then, a 
specific model among all the available choices has to be chosen. The system will be 
further design around the selected motor. 
 
As the altitude increases, the density of air is reduced – there is less oxygen 
available for the internal combustion engine. The result is lower power output of the 
engine. Electric motors don’t suffer from this problem and deliver the same power at 
any altitude. Electric motors have this advantage over internal combustion engines.  
 
It should be considered that lift generated by airfoils is also decreased – lift 
generated by wings and usually the efficiency of the propeller (which is effectively an 
airfoil). However, efficiency of the propeller is a complex concept and in some cases 
the efficiency can actually improve with altitude [12]. For our calculations one general 
value of efficiency will be considered. 
 
The minimum required thrust for level flight TR is independent of altitude [2]. What 
changes is the speed at which that value occurs. The conclusion is that the maximum 
value of L/D (which occurs at minimum TR) is independent of altitude but will occur at 
higher speed at higher altitudes. Fig. 2.1 shows how TR changes with altitude.  
 
 

 
 

Figure 2.1 Effect of altitude on the point of minimum required thrust [2] 
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For the estimation of the motor, sea-level velocity for optimal L/D will be considered, 
as it is the value provided by manufacturers of sailplanes. It should be kept in mind 
that maximum L/D itself remains constant with the change of altitude.  
 
 
2.1.2. Basic equations 
 
Rate of climb depends on the excess power, which is the difference between 
available power PA and required power PR. For a propeller-driven aircraft, PA is 
relatively constant as the velocity changes. Therefore, the highest excess power will 
occur at the point where PR is lowest, as it is seen in Fig. 2.2. It can be concluded 
that this point (value of velocity) occurs when L/D is at maximum. At this speed the 
aircraft generates the highest amount of lift for the given drag. The value of L/D and 
the velocity when it occurs are provided by glider manufacturers.  
 
 

 
 

 
Figure 2.2 Variation of the rate of climb with velocity [2] 
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Fig. 2.3 is an example of the L/D ratio plot. The 12 m Silent Club achieves the 
highest L/D at 85 km/h [22]. 
 
 

 
 

Figure 2.3 Plot of the glide ratio versus the airspeed for Silent Club sailplane [22] 
 
 
The weight of the aircraft is known so from the value of L/D, it is possible to calculate 
the drag at that speed – Eq. 2.1. 
 

                 (2.1) 

 
Where: 
 

 Lift to drag ratio  – L/D 
 Take-off weight – W [kg] 
 Standard gravity (added to obtain the result in [N]) – g = 9.8 [m/s2] 

 
 
To proceed with the calculations, some estimated values have to be added to the 
specifications of the real gliders. First of all, it is necessary to estimate the total 
weight of the designed system. A reasonable value is the total weight of 50 kg (with 
batteries). For comparison, the total weight of the petrol propulsion systems for the 
Ventus line of gliders is the following: 30 kg for the simple 15.3 kW sustainer system  
on the Ventus cxT (propulsion system fixed outside of the fuselage, direct drive, no 
engine starter, no throttle) and 55 kg for the 38 kW self-launching Ventus cxM [44].  
 
A second estimation is the extra drag, when the propulsion system is extended. 
Usually, most of the drag is created by the propeller, when it is spinning freely – 
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windmilling (e.g. during starting of an IC engine). This is not the case here, as the 
propulsion is operating at full power and the propeller is generating forward thrust. 
The drag of the system will be determined by the mast and all the components, 
outside of the fuselage, in the stream of air. Fig. 2.4 shows a simple model of the 
propulsion mast, used to estimate the added drag. This layout is common among 
existing propulsion systems. The supports are 70 cm long (from the base of the 
motor) and give the possibility to accommodate even a large propeller (up to 1.5 m of 
diameter). The Cylinder has the dimensions of the 30 kW Taurus electric motor, with 
a cowl added in front [43]. The drag coefficent for  “bullet” shape or “half-sphere” is in 
the range of 0.2 – 0.45. The Cd of aprox. 0.4 will be assumed. The drag coefficient for 
a vertical cylinder with length/diameter ratio of more than 10, can be estimated at Cd 

 0.9 [41]. 
 
 

 
Figure 2.4 A simple model for drag estimation 

 
 
To calculate the drag force, Eq. 2.2 will be used [41]. The total drag is the sum of 
motor drag plus the drag of the two supports (the more complex geometry close to 
the motor was not considered, as its effect is negligible). Note: according to Eq. 2.2 
drag strongly depends on the velocity. 
 

   FD N C ρ V A      (2.2) 

 
Where: 
 

 Drag coefficient – Cd 
 Air density – ρ = 1.225 [kg/m3] 
 Velocity – V [m/s] 
 Frontal Area – A [m2] 
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To calculate the required thrust, Eq. 2.4 will be used, which can be obtained from the 
equation for maximum rate of climb RoC - Eq. 2.3 [2]. 
 

 RoC  

W

PA PR

W

T V D V

W
     (2.3) 

 
Where: 
 

 Power available – PA [W] 
 Power required – PR [W] 
 Weight – W [kg] 
 Velocity – V [m/s] 
 Thrust –T [kg] 

 
 
Therefore, to calculate the thrust: 
 

                  T N R C W

V
D      (2.4) 

 
Where: 
 

 Desired rate of climb – RoC [m/s] 
 Total drag of the sailplane (sailplane drag + propulsion drag) – D [N] 
 Velocity at maximum L/D 
 Total weight (sailplane + propulsion) – W [kg] 
 Standard gravity (added to obtain the result in [N]) – g = 9.8 [m/s2] 

 
To calculate the required power, Eq. 2.5 can be used [2]:  
 

  P W T V      (2.5) 
Where: 
 

 Thrust – T [N] 
 Velocity – V [m/s] 

 
 
2.1.3. Results and discussion 
 
Now, that all the necessary variables have been estimated, it is possible to proceed 
with the calculations by using Eq. 2.1, Eq. 2.2, Eq. 2.4 and Eq. 2.5 for all sailplanes 
from Table 1.1. The results can be seen in Table 2.1. 
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Table 2.1 The estimated required thrust and power for a set of 12 -15 m gliders 
 

 
 
The required thrust and power have been calculated by using basic glider 
specifications provided by the manufacturers. For the lighter gliders, it has been 
assumed that the propulsion can perform self-launches (minimum RoC = 2 m/s). It is 
indeed possible to design a universal system with two modes of operation (sustainer 
and self-launching).  
 
It should be noted that the L/D and weight have moderate effect on the required 
power. What increases the required power dramatically is high speed. For example: 
to achieve RoC = 1 m/s, ASW 28-18 requires only 10.20 kW, while the DG808C 
needs 11.36 kW. Notice, that the required thrusts are very similar for both sailplanes. 
Also, the weight and L/D ratios are identical. It is the high speed used for climbing 
that mainly affects the required power. The same can be demonstrated by comparing 
304C WASP and LAK-17A. By reducing the speed, it can be expected the required 
thrust will grow (Eq. 2.4 – V in the denominator). Analysis has been performed for the 
Silent Club sailplane. According to Fig. 2.3, the different speeds and corresponding 
L/D ratio have been evaluated and the results can be seen in Table 2.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Name 
Weight with 
propulsion 
system [kg] 

Propulsion 
drag [N] 

Sailplane 
drag [N] 

Total 
drag [N] 

Speed 
[m/s] 

Rate of 
climb 
[m/s] 

Required 
thrust [N] 

Required 
power 
[kW] 

AL‐12  235  14.06  85.30  99.36  16.67  2  375.72  6.26 

Silent Club  290  28.22  91.68  119.89  23.61  2  360.63  8.51 

Silent 2 TARGA  350  26.26  85.75  112.01  22.78  2  413.18  9.41 

PW‐5 Smyk  350  20.81  103.94  124.75  20.28  2  463.05  9.39 

SZD‐51‐1‐JUNIOR  430  24.99  120.40  145.39  22.22  2  524.65  11.66 

Swift S‐1  440  44.71  143.73  188.45  29.72  1  333.52  9.91 

304C WASP  500  52.55  113.95  166.50  32.22  1  318.57  10.27 

LAK‐17A  503  35.25  112.03  147.28  26.39  1  334.08  8.82 

Diana 2  550  33.78  117.17  150.95  25.83  1  359.60  9.29 

ASW 27B  550  39.05  112.29  151.35  27.78  1  345.39  9.59 

DG‐808C  575  52.55  125.22  177.77  32.22  1  352.65  11.36 

ASW 28‐18  575  39.05  125.22  164.28  27.78  1  367.14  10.20 
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Table 2.2 Effect of speed on the required thrust and power for the Silent Club sailplane 
 

Silent Club (Stall speed at 58 km/h) 

Speed 
[km/h] 

Speed 
[m/s] 

L/D 
Propulsion 
drag [N] 

Sailplane 
drag [N] 

Total 
drag [N] 

Rate of 
climb [m/s] 

Required 
thrust [N] 

Required 
power [kW] 

60  16.67  27  14.06  105.26  119.32 

2 

460.36  7.67 

65  18.06  29  16.50  98.00  114.50  429.31  7.75 

70  19.44  30  19.14  94.73  113.87  406.19  7.90 

75  20.83  31  21.97  91.68  113.65  386.48  8.05 

80  22.22  31  24.99  91.68  116.67  372.45  8.28 

85  23.61  31  28.22  91.68  119.89  360.63  8.51 

90  25.00  31  31.63  91.68  123.31  350.67  8.77 

95  26.39  30  35.25  94.73  129.98  345.37  9.11 

100  27.78  28  39.05  101.50  140.55  345.18  9.59 

105  29.17  27  43.06  105.26  148.32  343.20  10.01 

110  30.56  25  47.26  113.68  160.94  346.96  10.60 

115  31.94  24  51.65  118.42  170.07  348.00  11.12 

120  33.33  23  56.24  123.57  179.80  350.32  11.68 

125  34.72  21  61.02  135.33  196.36  360.05  12.50 

130  36.11  20  66.00  142.10  208.10  365.50  13.20 

135  37.50  19  71.18  149.58  220.75  372.33  13.96 

140  38.89  18  76.55  157.89  234.43  380.59  14.80 

 
 
It can be seen that as the speed grows, the required power grows. At the same time 
the required thrust decreases. For fast flying gliders, better rate of climb could be 
achieved at speed lower than the point of max. L/D, since less power is required 
(although thrust is higher and L/D is lower). The climb rate depends more on power, 
than on thrust [2].  
 
A simple conclusion: lower climbing speeds require higher thrust at lower power, 
which implies a larger propeller, spinning at lower RPM. High speeds require smaller 
propellers rotating at higher RPM. This is a general “rule of thumb”. It is possible to 
use different propellers for different groups of sailplanes. This topic will be discussed 
later. 
 
Table 2.3 is a summary of the most important parameters. In the further design 
process, the values from Table 2.3 will be taken into account. The optimal speed for 
best climb performance will be different for each glider and without efficiency curves 
and extensive flight testing it is impossible to estimate the optimal speeds. However, 
it can be concluded that for many fast flying gliders there exists an optimal and safe 
(faster than 15-20% over stall) speed below the point of max. L/D, that should 
provide better rate of climb than estimated (due to lower required power, while the 
value of L/D still remains high).  
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Table 2.3 Summary, dark green – self-launch capability, light green – sustainer operation 
only 
 

Name 
Wingspan 

[m] 

Weight with 
propulsion 
system [kg] 

Speed 
[m/s] 

Rate of climb 
[m/s] 

Required 
thrust [N] 

Required 
power [kW] 

AL‐12  13.3  235  16.67 

2 

375.72  6.26 

Silent Club  12  290  23.61  360.63  8.51 

Silent 2 TARGA  13.3  350  22.78  413.18  9.41 

PW‐5 Smyk  13.44  350  20.28  463.05  9.39 

SZD‐51‐1‐JUNIOR  15  430  22.22  524.65  11.66 

Swift S‐1  12.7  440  29.72 

1 

333.52  9.91 

304C WASP  15  500  32.22  318.57  10.27 

LAK‐17A  15  503  26.39  334.08  8.82 

Diana 2  15  550  25.83  359.60  9.29 

ASW 27B  15  550  27.78  345.39  9.59 

DG‐808C  15  575  32.22  352.65  11.36 

ASW 28‐18  15  575  27.78  367.14  10.20 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Selection of the propulsion system components   17 

2.2. Selection of the electric motor 
 
2.2.1. Electric motor types 
 
There exists a variety of electric motor designs. The most common types are shown 
in Fig. 2.5. 
 
 

 
 

Figure 2.5 Classification of electric motors [5] 
 
 

For the designed propulsion system, a brushless direct-current motor (BLDC) will be 
used.  The difference between the more common brushed motors is the lack of 
mechanical commutation – brushes. Brushless motors are electronically commutated 
[16]. Another structural difference is that the magnets are rotating and the current-
carrying coils are stationary. Fig. 2.6 illustrates a simple BLDC motor. The shaft is 
connected to the housing.  It allows the rotor with the magnets to rotate, while the 
stator with coils remains stationary.  
 
 

 
 

Figure 2.6 A single-phase, outer-rotor BLDC motor [16] 
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The main advantages of brushless direct-current motors are: 
 

 High power-to-weight ratio 
 High efficiency 
 High torque at standstill (important for starting) 
 Quiet operation 
 Low maintenance (no commutator – only bearings are subjected to wear) 

 
There are two basic BLDC motor configurations [16]: 
 

 Outer-rotor – in these motors the magnets and the housing that transmits the 
power to the shaft are located outside of the coils. The motor in Fig. 2.6 is an 
outer-rotor motor. Fig 2.7 also illustrates an outer-rotor configuration. 

 
 

 
 

Figure 2.7 Outer-rotor motor diagram [16] 
 

 
 Inner-rotor – in this case the situation is inverted. The rotating magnets are 

located inside of the coils - see Fig. 2.8. The outer-rotor type has much more 
magnetic material, therefore stronger magnets would have to be used to 
obtain the same level of performance from an inner-rotor magnet [16]. 
However, this configuration is capable of rapid accelerations due to low inertia. 

 

 
 

Fig. 2.8 A single phase, inner rotor motor [16] 
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The main operational difference between these two types of motors is the RPM 
range and torque. Usually outer-rotor motors operate at lower speed, but with higher 
torque – it is inherent to their construction. Inner-rotor motors favor higher RPM, but 
lower torque. On the other hand, the inner-rotor designs, with the coils outwards, 
feature better cooling. Fig. 2.9 shows a small three-phase, outer-rotor motor. Note: 
there is no mechanical commutation. 
 
 

 
 

Figure 2.9 Components of a three-phase, outer-rotor motor [62] 
 
 

The simple, single-phase BLDC motors have been discussed for explanation 
purposes. For this project, better performance is required. A three-phase motor will 
be utilized. Three-phase motors are more expensive, but start easier and have 
greatly reduced torque ripple (the difference between maximum and minimum torque 
in one revolution) [16]. This is the most popular configuration among high 
performance motors. Fig. 2.10 illustrates the three-phases with different colors. 
 
 

 
 

Figure 2.10 Example of a three-phase winding [52] 
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Unlike a brushed motor with mechanical commutation, brushless motors require an 
electronic controller that will power the correct phases in the correct order and at the 
correct time. In order to do this properly, the controller must know the position of the 
rotor. This can be achieved by means of [16]: 
 

 Hall-effect devices – to determine the position, a magnet rotating with the 
shaft of the motor induces current in the sensor 

 Sensorless operation – counter-electromotive force sensing – the controller 
can sense the counter-emf, which is a voltage generated in the windings, 
when the motor is spinning [16] 

Both techniques are commonly utilized. The operational difference, while choosing a 
motor, is that it will require a specific controller. Some motors and controllers are 
designed to use Hall sensors, and some are designed for sensorless operation. The 
difference between these two methods is small (sensors allow for smoother starting) 
and will not be a determining factor when choosing a motor. 
 
 
2.2.2. Key parameters of electric motors 
 
Electric motors are usually rated in terms of input power (electrical power, which is 
not equal to the shaft power) or shaft power delivered by the motor. Motor efficiency 
measures how effectively the motor converts electrical energy to mechanical energy. 
To choose a correct electric motor, the efficiency of the motor and the efficiency of 
the propeller have to be considered. Eq. 2.6 describes all the discussed relations and 
can be used to calculate the power that will be obtained from a given electric motor 
with a given propeller. 
 

  P P  P    U I             (2.6) 
 
Where: 
 

 Power – P [W] 
 Shaft power – Pshaft [W] 
 Propeller efficiency – � p 

 Input power/electrical power – Pinput [W]  
 Motor efficiency – � m 

 Voltage – U [V] 
 Current – I [A] 

 
High performance brushless motors are generally very efficient, with efficiencies in 
the 85 – 95% range. The 30 kW motor powering the Taurus sailplane is a good 
example with its 95% efficiency at maximum continous power [43]. For this 
estimation, an efficiency of 85%, which is a moderate value, will be assumed. It 
should be kept in mind that the efficiency is not constant and varies with the 
operating conditions. The value of shaft power of an electric motor can be compared 
with the power rating of an internal combustion engine. For the initial considerations 
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of propeller, efficiency of approx. 80% will be assumed [10]. Table 2.4 contains the 
values of input/shaft power necessary to achieve the required rate of climb. 
 
 
Table 2.4 The required input and shaft power of the electric motor ( = 0.85,  = 0.8) 
 

 
 
The main purpose of this project is sustainer operation, therefore the motor choice 
will be based on the DG808C glider which requires 16.71 kW of continuous input 
power. This sailplane will be the base for the components choice, since it requires 
the highest power for sustainer operation out of all gliders. In this way, the designed 
system will deliver adequate performance for all lighter sailplanes.  
 
Usually the electric motors are rated at two input power levels: 
 

 Continous power – safe operation for a long duration of time 
 Peak power – a higher value of power that the motor can generate for a short 

amount of time (typically 10 – 15 seconds), at which the motor is generating a 
lot of heat and would get damaged if the power was not reduced in time 

 
The value that determines the motor speed without load is the KV rating. It is a 
velocity constant, which determines how fast the motor can spin for a given voltage. 
To calculate the RPM of the motor, the KV rating has to be multiplied by the voltage 
supplied to the motor (See Eq. 2.7). For example, a 200 KV motor, connected to a 40 
V power source will run at 80000 RPM without load. Unlike an internal combustion 
engine a brushless DC motor will not over-speed without load and will keep the RPM 
given by Eq. 2.7. It should be kept in mind that Eq. 2.7 applies to running the motor 
without load, and the results under load will be different. The motor under 
moderate/heavy load will operate at lower RPM (approx. 5 – 15% less). If the RPM 
drop under load is too high, it usually means that the motor is overloaded and this will 
normally be accompanied by reduction of efficiency and excessive heat generation.  

 

Name 
Rate of climb 

[m/s] 
Required 
thrust [N] 

Required 
power [kW] 

Required input 
(electrical) power 

[kW] 

Required shaft 
power [kW] 

AL‐12 

2 

375.72  6.26  9.21  7.83 

Silent Club  360.63  8.51  12.52  10.64 

Silent 2 TARGA  413.18  9.41  13.84  11.76 

PW‐5 Smyk  463.05  9.39  13.81  11.74 

SZD‐51‐1‐JUNIOR  524.65  11.66  17.15  14.57 

Swift S‐1 

1 

333.52  9.91  14.58  12.39 

304C WASP  318.57  10.27  15.10  12.83 

LAK‐17A  334.08  8.82  12.96  11.02 

Diana 2  359.60  9.29  13.66  11.61 

ASW 27B  345.39  9.59  14.11  11.99 

DG‐808C  352.65  11.36  16.71  14.20 

ASW 28‐18  367.14  10.20  15.00  12.75 
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RPM KV U              (2.7) 
 
Where: 
 

 Revolutions per minute – RPM 
 KV rating – KV (RPM/V) 
 Voltage – U [V] 

 
 
To conclude, there are many other parameters that have not been described here, 
but the key parameters that will be considered when choosing the motor are (in no 
particular order): 
 

 Voltage range 
 Maximum current 
 Continuous and peak input/shaft power 
 Efficiency (Note: higher efficiency means lower generation of heat, which 

allows for higher power output, efficiency depends on the internal resistance of 
the motor – the lower, the better) 

 KV rating 
 Size  
 Weight 

 
 
2.2.3. Electric motor selection 
 
Brushless motors are relatively simple. The only parts that will require maintenance 
are the bearings. A well manufactured, good quality motor will have a long lifetime, 
as long as it is not overheated. Excessive heat can damage the windings and the 
magnets. It is essential to keep the temperature at reasonable levels. The 
temperature is the limiting factor in terms of power. It is usually possible to achieve 
higher power by boosting the voltage (which in turn increases the current draw), but it 
would lead to the inevitable destruction of the motor. Therefore, to assure reliable 
operation it is essential to operate the motor at the correct voltage for a given load. 
 
The 16.71 kW power goal is a little above the 10 – 15 kW range used in electric 
propulsion for powered paragliders (PPGs). Fig. 2.11 shows an example of 
installation of the electric paraglider propulsion developed by Paracell. Fig. 2.12 
shows the motor specifications. The motor for the designed sailplanes propulsion 
system will not be very different, although lower operating speed would be desirable 
to avoid using transmission, which further decreases the output power. A belt drive 
that uses a “V belt”, such as the one In Fig. 2.11, has peak efficiency in the range of 
approx. 94 – 97% [7].  
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Figure 2.11 Powered paraglider trike with the Paracell motor [42] 
 
 

 
 

Figure 2.12 The propulsion system developed by Paracell [42] 
 
 
For this project, a bigger motor has to be considered. A potential candidate was the 
brushless, inner-rotor JM2 motor designed by JOBY Motors. The specifications 
seemed suitable for this application: 14 kW continous shaft power (up to 20.9 kW 
peak shaft power) at the weight of 4 kg [35]. Additionally, 2500 – 3500 RPM would 
allow for direct drive (no transmission). After contacting the manufacturer, it was 
concluded that the motor can operate continuously at the specified power and can 
reach 15 kW although experiences a significant rise in temperature. Continous 
operation at 15 kW would be possible with good cooling. Fig. 2.13 shows the JM2 
motor and Fig. 2.14 shows its specifications. 
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Figure 2.13 JM2 motor developed by JOBY Motors [35] 
 
 

     
 

Figure 2.14 JM2 motor specifications [35] 
 
 
With power up to 15 kW the motor could be suitable for the sailplane propulsion. 
However, it is not an optimal choice. At 14 kW the motor would be operating close to 
its limit. This can lead to overheating which can be disastrous. Another issue with the 
JM2 motor is the high required voltage. There exist many versions of the motor with 
different windings but the lowest voltage model has a KV value of 30 RPM/V and 
operates at nominal voltage of 70 - 100V [35]. The company has not yet developed a 
controller able to handle 100V. After researching the controllers available on the 
market, it was concluded that the ones capable of higher voltages are significantly 
heavier. Although, the motor has very good power-to-weight ratio, it would be 
negated by a heavy controller. 
  
Another candidate was the outer-rotor Power Drive 20 motor (for convenience it shall 
be called PD 20) developed by Yuneec International. It is a medium size motor from 
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the Yuneec catalogue. The motor delivers 20 kW of continous shaft power and 
weighs 8.2 kg [48]. It is heavier than the JM2 motor but also significantly more 
powerful. The Yuneec motors are used in variety of aviation applications such the E-
Spyder ultralight airplane. It is an adaptation of the Flightstar aircraft produced by 
Flightstar Sportplanes. Powered by the Power Drive 20 motor, it achieves a climb 
rate of 2.9 m/s [48]. Fig. 2.15, Fig. 2.16 show the E-Spyder and Fig. 2.17 is a 
comparison with the standard IC powered Flightstar. 
 
 

 
 

Figure 2.15 E-Spyder powered by the PD 20 motor [48] 
 

 

 
 

Figure 2.16 Close-up on the PD 20 motor and the battery packs [64] 
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Figure 2.17 Comparison of the electric E-Spyder [54] and a petrol powered Flightstar [59] 
 
 

The basic specifications of the motor are given in Fig. 2.18. The motor is rated in 
continuous shaft power. Just like with the JM2, the low operating RPM allows for 
direct drive, which is desired since no energy is lost in the transmission system.  
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Motor Designation 
Power (Kw): 
Power (Hp): 
RPM: 
Type 
Control: 
Diameter: 
Length - PD10: 
Weight - PD10: 

Voltage 
- Minimum: 
- Maximum: 
- Optimum: 
 
Current Drain 
- Maximum: 
- Cruise: 
 
Bearing Qty: 
Propeller Hub Diameter: 
Propeller Bolt size: 
Propeller Bolt Qty: 
Mounting Dimensons: 
Mounting Bolt size: 
Mounting Bolt Qty: 
Plug System: 

Power Drive 20 
20Kw 
27HP 
2,400 
Direct Drive Brushless 
Internal Sensor 
200mm (7.9") 
133mm (5.25") 
8.2Kg (18.04 lbs) 

 
50V 
75V 
66V 
 
 
285A 
180A 
 
2 
75mm (2.95") 
M8 
6 
Ø 170mm (9.85") 
M8 
6 
E-Plug (OEM) 

 
Figure 2.18 Specifications of the PD 20 [48] 

 
 
This motor can effortlessly deliver the power required for the designed sailplane 
propulsion. The maximum continous shaft power, calculated from the input electrical 
power, is 19.24 kW (at 90% motor efficiency). For this project the motor will be 
operated, most of the time, far below 19 kW. Lighter load on the motor usually leads 
to higher efficiency, lower temperature and longer service life. It should be noted that 
the motor has an internal sensor and should be operated in sensored mode with an 
appropriate controller. The Power Drive 20 is the motor of choice for this project.  
 
 
2.3. Motor control 
 
2.3.1. Brushless controller basics 
 
Brushless motors do not have a mechanical commutator and the commutation has to 
be performed electronically. This is the role of a brushless controller. The controllers 
allow for linear change of motor speed. Another function of the controller is to protect 
the battery pack from over-discharging. Some battery packs can even be damaged if 
over-discharged, such as lithium batteries. Therefore, motor controllers feature a low 
voltage cut-off. A three-phase controller has three bi-directional output wires that 
deliver DC current to the motor. 
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As it was mentioned before, the controller has to know the position of the rotor. A 
sensorless controller determines the position of the rotor by sensing the counter-emf. 
It is a voltage generated in the unpowered windings of the motor. By definition, BLDC 
motors generate a trapezoidal counter-emf waveform [3]. In every commutation step, 
one phase is supplied with positive voltage, one phase is connected to a negative 
voltage supply and one phase is unpowered. The counter-emf, generated in the 
unpowered (floating) phase will at one point cross the zero voltage value (zero-
crossing) [3]. These points occur in the middle of the two commutations [3]. Fig. 2.19 
shows the zero-crossing points. Knowing the timing of the zero-crossings, the 
controller can perform commutation without an external sensor.  
 
 

 
 

Figure 2.19 Waveforms (Phases – U, V, W, commutation steps – P1, P2 etc.) [3] 
 
 

The key issue with sensorless commutation is that at standstill the counter-emf is not 
generated. Therefore, the above described method does not apply to startup. 
Manufacturers have employed a number of startup methods. One of the methods is 
the “blind” start, when a programmed commutation timing is executed without the 
counter-emf feedback [3]. Afterwards, the controller resumes normal operation. This 
method usually works well. Most modern brushless controller have good starting 
characteristics, although a brief hesitation of the motor can occur at times. In the 
case of the sailplane propulsion it is an insignificant issue. Some controllers use Hall 
sensors to determine the position of the rotor. Hall sensors are simple devices that 
generate voltage in response to a magnetic field. The magnets are attached to the 
motor shaft and as it is spinning the sensor can detect the proximity of the magnets. 
Fig. 2.20 illustrates the principle of operation. The sensors require an external power 
supply. It should be remembered that the controller has to be designed to work with 
Hall sensors embedded in the motor. 
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Figure 2.20 Hall effect sensor principle [55] 
 

 
To choose a correct controller, the key parameters have to be discussed. Similarly to 
motors, the controllers have two operational ratings – conntinous and peak current. 
Moreover, they have a range of voltages that they can support. The controllers also 
have a maximum RPM limit that can be supported. These limits are usually set very 
high – e.g. 40000 RPM [36]. Just like in the case of motors, low internal resistance of 
the controller is desirable, as it leads to higher efficiency and lower heat generation. 
Most commercially available controller feature very high efficiencies that reach up to 
99% [36]. Therefore, the controller can be omitted in the calculation of overall 
efficiency. It should be noted that the peak efficiency is reached at full or nearly full 
controller output. This is indeed the case for the sailplane propulsion system, which 
operates at full power to achieve the best possible rate of climb. To conclude, the key 
parameters of the controller that have to be taken into account: 
 

 Voltage range 
 Maximum current 
 RPM limit 
 Weight 

 
 
2.3.2. Controller choice 
 
For the Power Drive motors, Yuneec has developed its own range of controllers. 
Their power systems can be considered as “plug-and-play”. By using the controller 
developed specifically for the given motor, it can be assured that there will be no 
compatibility issues and the efficiency will be good. The controller used for this 
project will be the Power Block 20 (PB 20). Fig. 2.21 shows a controller from the 
Power Block series. Fig. 2.22 shows the basic specifications of the PB 20 controller. 
 
 

 
 

Figure 2.21  A Power Block Controller [48] 
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Figure 2.22 Power Block 20 Specifications [48] 
 
 
The advantage of the PB 20 controller is its very low weight as compared to similar 
controllers. Although, the motor is relatively heavy, the final outcome is satisfactory.  
Another great advantage is that it is a perfect solution to power the PD motor. The 
PB 20 is designed to operate with the internal sensors of the Yuneec motors.  
 
 
2.3.3. Controller accessories 
 
To control the throttle, different types of “plug-and-play” throttle systems are 
available. The control for the E-Spyder is fairly simple and can be seen on Fig. 2.23. 
This control is also suitable for a sailplane, since usually only full throttle is required. 
 
 

 
 

Figure 2.23 Throttle control for the Yuneec power systems [64] 

Controller 
Item No.: 
To Suit Motors: 
Control System: 
Voltage (Max): 
Amperage (Max): 
AutoCut Voltage: 
Cooling: 
Protection/Alarms: 
- Audible Tones: 
- Initial Start Protection: 
- Heat Protection: 
Length: 
Width: 
Height: 
Height (with Mounts): 
Casing: 
Mounting: 
Weight: 
Plug System 

Power Block 20 
PB20 
PD20 & 20+ 
Sensor 
75V 
350A 
3.3V (Lowest Cell) 
Heat Sink 
PowerOn/Start 
Slow start - 5sec 
Alarm with Auto 
Power Adjustment 
215mm (8.5”) 
130mm (5”) 
60mm (2.5”) 
72mm (3”) 
Plastic (Fire Retardent) 
Spring System 
1.5Kg (3.3 lbs) 
E-Plug (OEM) 
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On the other hand, for an aircraft that spends more time at partial throttle, a bigger 
throttle leveler would be more comfortable. For this project, the lightweight “sliding” 
control is adequate. The functions of the control are the following: 
 

 On/Off switch (top-left switch) 
 Motor engage button (green  button) 
 Disengage button (red button) 
 Throttle (slider) 

 
For a sailplane application, it would be beneficial to modify and wire the controller 
with an additional key operated On/Off switch, similar to the one shown in Fig. 2.24. 
 
 

 
 

Figure 2.24 Key operated On/Off switch [49] 
 
 
For extra safety it would reasonable to provide the pilot with a set of instruments to 
monitor the operation of the propulsion system, although the power system can be 
operated without them. Yuneec has developed a digital display panel. It can be seen 
in Fig. 2.25. It displays battery voltage, RPM of the motor, battery discharge and 
power output [47]. 
 
 

 
 

Figure 2.25 Yuneec digital display [47] 
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2.3.4. Wiring 
 
This paragraph concerns the wiring of the system. Apart from the components 
discussed before, a fuse should be added to the circuit for protection. Since, the 
system is operating with high voltage and very high current, a fuse it is an essential 
component. The maximum allowed current for the controller is 350 A. However, the 
system will operate at a lower current level – below 285 A. A 350 A fuse can be 
added to protect the circuit and the motor. Fig. 2.26 illustrates the wiring diagram for 
the deigned propulsion system. 
 

 
 

Figure 2.26 Wiring diagram 
 
 
2.4. Selection of the propeller 
 
2.4.1. Foreword 
 
Optimal propeller choice is one of the most difficult tasks to accurately estimate. In 
many cases, after the first flight of the prototype, the propeller has to be retrofitted 
with one that is more optimal. It is virtually impossible to predict accurately the correct 
performance values [10]. This thesis is not concerned with the details of the propeller 
design – blade shape, twist, airfoil etc. For such a project, the propeller would be 
bought from a propeller manufacturer. 
 
 
2.4.2. Propeller types 
 
Propellers can be classified in many ways. One of the most general classifications 
concerns the number of blades. In general, the lower the number of the blades the 
better the efficiency – a preceding blade disturbs the airflow over the next blade [10]. 
There exists a variety of propeller choices that have their own advantages: one-blade 
propellers (aerodynamically best, uncommon, problematic balance), two-blade (most 
common and simple solution) and multi-blade (used to generate higher thrust with a 
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small diameter, a compact but slightly less efficient solution). Fig. 2.27 shows the 
single and multi-blade systems comparison. Not the: the single-blade propeller 
requires a counterweight. 
 
 

 
 

Figure 2.27 Comparison of a single-blade propeller [22] with a five-blade unit [44] 
 
 
The five-blade propeller from Fig. 2.27 belongs to the 15.3 kW sustainer system 
installed on the Ventus-2cxT. The maximum climb rate achieved for that aircraft is 
177 fpm (approx. 0.9 m/s) [44]. It should be noted that the system cannot be 
retracted into the fuselage. However, the propeller can be folded to reduce drag. The 
climb rate of the 15 m Ventus-2cxT is very similar to the goal set for this project. The 
single-blade 21 kW installation belongs to the 12 m Silent Club, which is capable of 
self-launching and achieves a climb rate of 2 m/s [22].  
Another classification divides the propellers into two categories – fixed pitch and 
variable pitch. The purpose of variable pitch is to maintain an optimal angle of attack 
as the speed of the aircraft varies. This wouldn’t provide a large benefit, since the 
sailplane propulsion system is designed for full throttle operation and constant climb 
speed. A fixed pitch propeller will be used to avoid the complexity and added weight 
associated with pitch control. Up to date, all sailplane propulsion systems use fixed 
pitch propellers. 
Some propellers can be folded, such as the five-blade propeller in Fig. 2.27. This way 
the drag is significantly reduced. In the case of a retractable propulsion system, 
another benefit is the reduction of size. A folded propeller can reduce its length by 
almost 50%. By using a folding propeller the opening in the fuselage, that hides the 
mast with the propeller, can be greatly reduced. There are two possible geometries 
of folding propellers. They can be folded in two perpendicular planes. Fig. 2.28 and 
Fig. 2.29 illustrate the two possibilities. 
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Figure 2.28 AE-1 Silent glider, both blades are folded parallel to the mast [20] 
 
 

The propeller on the AE-1 Silent from Air Energy is 1.92 m long and is powered by a 
13 kW electric motor [20]. This 12 m sailplane is capable of self-launching and can 
climb faster than 2.2 m/s [20]. The folding propeller on the AE-1 is a unique solution. 
More commonly, the propeller is folded in parallel with the motor shaft (see Fig. 
2.29). It can be also concluded that folding propellers are not common in sailplane 
propulsion systems. Usually, manufacturers opt for simplicity and use rigid propeller 
that have to be aligned with the fuselage before retracting (which, requires an 
aligning mechanism). 
 
 

 
 

Figure 2.29 Three-blade, electric paraglider propulsion [58] 
 
 

With all of this in mind, the propeller type can be chosen for the sailplane propulsion 
system. One of the goals of this project is to keep the designed system compact. 
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This will be achieved with the use of a folding propeller. Thus, to provide adequate 
thrust, a standard two-blade propeller would have to be significantly larger. A good 
compromise between efficiency and size is a three-blade, folding propeller (such as 
the one in Fig. 2.29). A three-blade propeller can transfer more power to the air at 
smaller diameter. In this way, the propulsion system supports can be shortened. The 
whole system will be smaller and will fold into a compact package.  
 
 
2.4.3. Propeller estimations 
 
A brushless electric motor behaves differently than an internal combustion engine. If 
the load is too high, the electric motor would “try” to maintain its RPM, while the 
current and power input would increase beyond the safe limit. At the same time, the 
efficiency of the overloaded motor would be reduced. This is a completely different 
behavior from a petrol engine, which would simply bog down and spin the propeller at 
lower RPM without major issues. An electric motor would get damaged in such 
conditions, due to the exceeded input power. Propeller choice conditions for an 
electric motor are different. A well suited propeller will allow the engine to operate at 
a chosen, safe power level. It is possible to choose different propellers that will result 
in different power levels, yet at the same time the RPM of the motor would remain 
fairly constant. 
 
The first step is to estimate the diameter of the propeller. The size of the propeller is 
dictated by geometrical constraints – a smaller propeller leads to a more compact 
system. On the other hand a large propeller is desired to efficiently produce thrust. 
Just like in the case of wings, high aspect ratio of the propeller leads to higher 
efficiency. The aspect ratio can be increased by reducing the chord of the blades, 
this however reduces the amount of power that the propeller can transfer into the air. 
All these complex relations, make the propeller choice very difficult. For the initial 
estimation, Eq. 2.8 shall be used, which is an empirical relation for a three-blade 
propeller diameter as a function of engine power [2].  
 

 D 18 hp      (2.8) 
 
 
Where, hp is the motor horsepower. In this case the power output of the motor was 
set at 16 kW (21.45 hp).  
 
The resulting diameter is approx. 38.74 in (98.4 cm). This value is just a guideline. 
Since, the plan is to use a folding propeller, a propeller hub will be required that will 
reduce the effective length of the blades. A reasonable maximum propeller diameter 
can be set at 1.4 m (55.1 in). Note: the 20 kW E-Spyder is powered by a two-blade 
1.65 m propeller. 
 
The next step is to check the propeller tip speed, to be sure that it is not reaching 
transonic speeds. The propeller tip speed is given by Eq. 2.9 [2]. 
 

                   V V V         (2.9) 
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Where: 
 

 Tip speed when the aircraft is standing still – V   

 Forward speed of the airplane –  V∞ 
 
 
V  was taken from the fastest glider and is equal to 116 km/h (32.22 m/s). V  can 
be calculated using Eq. 2.10 [2]. 
 

                    V π RPM D     (2.10) 

 
 
Where, RPM is determined by the chosen motor. In case of the PD20, the no-load 
RPM is 2400. The resulting tip speed with the 1.4 m propeller is 178.86 m/s. The 
speed of sound at sea level is approx. 340 m/s [2]. It is much higher than the tip 
speed of the propeller (0.53 Mach). With this diameter the propeller will operate 
safely and efficiently. 
 
Pitch of the propeller is the distance, which the propeller would screw through the air 
in one revolution (assuming there was no slip). The pitch is directly related to the 
blade angle of attack. Fig. 2.30 illustrates the relations between blade angle � and 
pitch. It should be noted that different radius stations r have the same pitch but 
different blade angles �. 
 
 

 
 

Figure 2.30 The pitch triangle [40] 
 
 
To calculate the blade angles � at different stations, Eq. 2.11 can be used. 
 

arctan      (2.11) 

 
Where: 
 

 Blade angle – φ 
 Pitch – P [in] 
 Radius – r [in] 
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An example of pitch calculation: “For a blade station 24 inches from the hub centre 
(0.75r) and a 14° blade angle, the circumference = 2 × 3.14 × 24 = 150 inches, 
and tangent 14° = 0.25. Thus, the geometric pitch is 150 × 0.25 = 38 inches. 
Propellers are usually designed so that all blade stations have much the same 
geometric pitch” [17].  
 
Pitch and diameter are the two main parameters of the propeller. Usually, the pitch is 
given in inches. Fixed pitch propellers achieve their highest efficiency in a fixed range 
of aircraft speeds and RPM. A high pitched propeller, designed for fast aircrafts is not 
an efficient solution at low speeds and vice versa. For a universal propulsion system, 
different propellers for different speeds should be considered. The speeds of the 
sailplanes vary greatly from model to model. To achieve good performance, the 
sailplanes in Table 2.6 have been divided into four groups that depend on velocity 
and each group will receive a slightly different propeller. In this way, the propulsion 
system can be adapted to different aircrafts. The division is the following: 
 

 Group 1: up to 75 km/h 
 Group 2: 76 – 90 km/h 
 Group 3: 91 – 105 km/h 
 Group 4: 106 – 120 km/h 

 
It should be remembered that it is possible that the best climb rate will be achieved 
below the optimal L/D velocity. The division in Table 2.5 also corresponds to the flight 
modes: Group 3 and 4 – sustainer flight (RoC = 1 m/s), Group 1 and 2 – take-off 
capability (RoC = 2 m/s).  
 
 
Table 2.5 Division of the sailplanes into four velocity groups 
 

Name  Group 
Wingspan 

[m] 

Weight with 
propulsion 
system [kg] 

Speed 
[km/h] 

Speed 
[m/s] 

Rate of 
climb 
[m/s] 

Required 
thrust [N] 

Required 
power 

output [kW] 

AL‐12 
1 

13.3  235  60  16.67  2  375.72  6.26 

PW‐5 Smyk  13.44  350  73  20.28  2  463.05  9.39 

SZD‐51‐1‐JUNIOR 

2 

15  430  80  22.22  2  524.65  11.66 

Silent 2 TARGA  13.3  350  82  22.78  2  413.18  9.41 

Silent Club  12  290  85  23.61  2  360.63  8.51 

Diana 2 

3 

15  550  93  25.83  1  359.60  9.29 

LAK‐17A  15  503  95  26.39  1  334.08  8.82 

ASW 27B  15  550  100  27.78  1  345.39  9.59 

ASW 28‐18  15  575  100  27.78  1  367.14  10.20 

Swift S‐1 

4 

12.7  440  107  29.72  1  333.52  9.91 

304C WASP  15  500  116  32.22  1  318.57  10.27 

DG‐808C  15  575  116  32.22  1  352.65  11.36 

  
 
The velocity that the aircraft can reach depends fundamentally on the pitch of the 
propeller and the RPM. To estimate the speed of the aircraft, propeller slip should be 
considered. Propeller slip is the difference between geometric pitch and effective 
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pitch [29]. It is a non-dimensional value given as a percentage. Fig.2.31 illustrates the 
meaning of propeller slip. 
 
 

 
 

Figure 2.31 Propeller slip [29] 
 
 
The relations between top calculated speed VP, RPM and pitch are described in 
Eq.2.12. A brushless electric motor will not increase its RPM significantly as the 
aircraft accelerates. As the aircraft speed approaches VP the thrust approaches zero 
(disregarding the airfoil of the propeller which would generate some thrust even at 0˚ 
angle of attack). Therefore, the aircraft cannot travel faster in level flight, than the 
speed VP given by Eq. 2.12. This equation also considers propeller slip. Note: the 
formulation (100% – S) and �p are not exactly the same. This assumption is made to 
use Eq.2.12 for estimating propeller pitch. Nevertheless, propeller efficiency can give 
a good approximation of what propeller slip can be expected. 
  

   VP
RPM P 100% S RPM P     (2.12) 

 
Where: 
 

 Theoretical top speed - VP [m/s] 
 Revolutions per minute (with a brushless DC motor, a 10% RPM reduction 

under load is expected) – RPM = 2160 
 Propeller pitch – P  
 Propeller slip – S 
 Propeller efficiency - � 80% 

 
 
It should be noted that the thrust is not considered in the equation, yet correct thrust 
is a requirement. This simple equation can give a good approximation, as long as the 
thrust is adequate. In a simplified way, the propeller pitch determines the aircraft top 
speed in level flight and the diameter determines how much engine power the 
propeller can absorb. By adjusting these two parameters a suitable propeller can be 
chosen. By using Eq.2.12, it is possible to calculate what propeller pitch is necessary 
to achieve a given aircraft speed. Table 2.6 contains the calculated values of 
minimum required pitch.  
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Table 2.6 Calculation of minimum required pitch 
 

Name  Group 
Speed 
[km/h] 

Speed 
[m/s] 

Rate of 
climb 
[m/s] 

Required 
thrust 
[N] 

Required 
power 

output [kW] 

Minimum 
propeller pitch 

[in] 

AL‐12 
1 

60  16.67  2  375.72  6.26  22.8 

PW‐5 Smyk  73  20.28  2  463.05  9.39  27.7 

SZD‐51‐1‐JUNIOR 

2 
80  22.22  2  524.65  11.66  30.4 

Silent 2 TARGA  82  22.78  2  413.18  9.41  31.1 

Silent Club  85  23.61  2  360.63  8.51  32.3 

Diana 2 

3 

93  25.83  1  359.60  9.29  35.3 

LAK‐17A  95  26.39  1  334.08  8.82  36.1 

ASW 27B  100  27.78  1  345.39  9.59  38.0 

ASW 28‐18  100  27.78  1  367.14  10.20  38.0 

Swift S‐1 

4 
107  29.72  1  333.52  9.91  40.6 

304C WASP  116  32.22  1  318.57  10.27  44.0 

DG‐808C  116  32.22  1  352.65  11.36  44.0 

 
 
Since, various sailplanes fly at significantly different speeds, the required propeller 
pitch also varies greatly. For example, Group 1 requires a propeller with more than 
28 in pitch. While, Group 4, containing sustainer designated gliders, has to be 
equipped with a propeller with 46 in pitch (120 km/h). These sailplanes will not take-
off under their own power and will operate at high efficiency most of the time. It 
should be noticed that taking-off, would prove to be problematic in case of the faster 
gliders, due to the high pitch of the propellers. With high pitch propellers and at low 
aircraft speeds, the propeller might stall, greatly reducing efficiency. Group 1 and 
Group 2 contain all sailplanes that are designated for self-launching. 
 
Now, that the required pitch has been estimated, the propeller diameter has to be 
established. It should be noticed that the gliders in Group 1 and 2 (See Table 2.6) 
need on average higher required thrust than aircrafts from Group 3 and 4. The thrust 
is strongly related to propeller diameter. Therefore, Group 1 will require a larger 
diameter propeller than Group 4. It should be kept in mind that a smaller propeller 
requires more power to produce the same thrust as a larger one. In simple terms: 
 

 Group 1: Larger propeller, lower pitch = higher thrust, lower maximum speed 
 Group 4: Smaller propeller, higher pitch = lower thrust, higher maximum speed 

 
Another consideration is that the propeller thrust is not constant and varies with 
aircraft speed. It is typically higher at low aircraft speed and gradually falls to zero, as 
the aircraft approaches its theoretical top speed determined by the pitch. This is a 
major factor that has to be considered when choosing the pitch of the propeller. 
 
 
2.4.4. Propeller choices 
 
To aid the final estimation of the propeller, the AeroDesign Propeller Selector [31] 
program was used, that can calculate all the complex relations and performance data 
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of propellers. The calculation is based on correlations of actual propeller data 
obtained by NACA [31]. Fig. 2.32 shows the interface of the program. The software 
was developed with airplane models in mind. Nevertheless, the principles are the 
same. It is the most accurate, available approach to defining a propeller. 
 

 
Figure 2.32 AeroDesign Propeller Selector 

 
 
According to the program, the optimal propellers are the following: 
 

 Group 1 at 75 km/h 
  - Diameter: 55 [in] 
  - Pitch: 32 [in] 
  - Thrust: 477.46 [N] 
  - Power output: 9.94 [kW] 
  - Power absorbed: 14.20 [kW] 
  - Efficiency: 70 % 
 

 Group 2 at 90 km/h 
  - Diameter: 55 [in] 
  - Pitch: 35 [in] 
  - Thrust: 436.42 [N] 
  - Power output: 10.91 [kW] 
  - Power absorbed: 14.63 [kW] 
  - Efficiency: 74.6 % 
 

 Group 3 at 105 km/h 
  - Diameter: 53 [in] 
  - Pitch: 42 [in] 
  - Thrust: 425.67 [N] 
  - Power output: 12.42 [kW] 
  - Power absorbed: 15.86 [kW] 
  - Efficiency: 78.3 % 
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 Group 4 at 120 km/h 
  - Diameter: 52 [in] 
  - Pitch: 46 [in] 
  - Thrust: 379.25 [N] 
  - Power output: 12.64 [kW] 
  - Power absorbed: 15.55 [kW] 
  - Efficiency: 81.3 % 
 
All of the propellers have been chosen with a safety margin in mind. However, it 
should be noted that the full throttle can be deployed only close to the correct 
airspeed for Group 3 and 4. At lower speeds of the aircraft, the thrust generated is 
much higher (as well as power consumption) than at optimal flying speeds. If the 
speed is too low, current draw of the motor might exceed the safe limit. Therefore, 
propulsion for Group 3 and 4 cannot be operated at full throttle if the aircraft is not 
moving or moving slowly – take-offs should not be attempted. In Group 1 and 2, the 
highest thrust will be achieved at take-off and it is advised that the throttle should be 
applied gradually as the speed of the aircraft increases to avoid high currents and to 
prevent the propeller from stalling. Nevertheless, full throttle can be safely applied at 
standstill without overloading the motor (peak shaft power below 19.24 kW). In reality 
the power levels at take-off will be lower, as the RPM of the motor will further drop, 
from the assumed 2160, under heavy load. Table 2.7 contains the performance 
results for each glider. 
 
 
Table 2.7 Performance data for the four chosen propellers 
 

Name  Group 
Speed 
[km/h] 

Required 
power 
[kW] 

Achieved 
output 
power 
[kW] 

Required 
thrust 
[N] 

Achieved 
thrust 
[N] 

Shaft 
power 
[kW] 

Maximum shaft 
power (maximum 

19.24 kW) 

AL‐12 
1 

60  6.26  9.53  375.72  574.4  15.54  At standstill:     
17.08 kW PW‐5 Smyk  73  9.39  9.96  463.05  491.36  14.41 

SZD‐51‐1‐JUNIOR 

2 

80  11.66  11.32  524.65  509.45  15.92 
At standstill:     
19.22 kW 

Silent 2 TARGA  82  9.41  11.28  413.18  495.4  15.68 

Silent Club  85  8.51  11.19  360.63  473.79  15.31 

Diana 2 

3 

93  9.29  13  359.60  503.11  17.52 

At 77 km/h:        
19.2 kW 

LAK‐17A  95  8.82  12.95  334.08  490.72  17.27 

ASW 27B  100  9.59  12.75  345.39  458.84  16.59 

ASW 28‐18  100  10.20  12.75  367.14  458.84  16.59 

Swift S‐1 

4 

107  9.91  13.71  333.52  461.35  17.59 
At 94 km/h:      
19.24 kW 

304C WASP  116  10.27  13.06  318.57  405.31  16.22 

DG‐808C  116  11.36  13.06  352.65  405.31  16.22 

 
 

The propellers chosen with the help of the program satisfy all of the established 
requirements (minimum diameter and pitch, adequate thrust and power, safe level of 
power at take-off). In case of the SZD-51-1-JUNIOR the thrust is slightly below the 
required level. Choosing a higher pitched propeller is not possible as it would cause 
excessive current draw at standstill (take-off). Safety and reliability is more important 
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than performance. Nevertheless, this aircraft should still be able to take-off under its 
own power, since the thrust at take-off would be very high. The reason why this 
aircraft stands out from others is that it is a training sailplane – it is unusually heavy 
for its low speed. It should be noted that the power output is very different in Group 1 
and in Group 4 – this is possible with a brushless DC motor, which is able to maintain 
fairly constant RPM at different loads.  
 
Apart from pitch and diameter, the propeller can be fine-tuned by changing other 
parameters. As it was mentioned before, increasing the blade chord will result in 
higher thrust (higher power absorbed at the cost of efficiency – reduction of aspect 
ratio). Unfortunately, the program does not offer this function. The “propeller model” 
in the software is fixed. Moreover, the shape of the blade tips can affect efficiency. 
Additionally, changes to the airfoil, blade thickness and blade twist can be done to 
optimize performance. It can be expected that better performance and efficiency, 
than estimated with Propeller Selector, can be reached with a tailored propeller. 
 
2.4.5. Summary 
 
To conclude, the specifications of the chosen propellers are: 
 

 Type: fixed pitch, three-blade, folding (in parallel with the motor shaft) 
 Group 1: 55 x 32 in 
 Group 2: 55 x 35 in 
 Group 3: 53 x 42 in 
 Group 4: 52 x 46 in 

 
As it was mentioned before, some sailplanes can achieve their best climb rate below 
the optimal L/D speed. This value is unknown, without flight testing. Therefore, the 
final propeller for each group should be chosen based on empirical data.  
 
Propellers have to be carefully engineered to achieve high-performance. It is a 
difficult task and it is not the focus of this thesis project. The general requirements for 
the propeller have been discussed and four propellers have been proposed. Due to 
the complexity, of the propeller behavior it is impossible to determine accurately the 
performance. The chosen propellers can be treated as guidelines and proof that a 
universal propulsion system is certainly possible. The task of designing, testing and 
optimizing the propeller belongs to the propeller manufacturers. Moreover, folding 
aircraft propellers are not commercially available for general aviation. Manufacturers 
design and produce their own folding propellers that are tailored for a given 
application. Custom-made propellers would have to be ordered for this project. This 
way, the propellers would be optimized and tested for this application. The proposed 
design of the folding mechanism will be covered later. 
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2.5. Selection of the batteries 
 
2.5.1. Battery type consideration 
 
Electric aircrafts require power sources with high specific energy to achieve good 
flight times. Specific energy is the amount of energy per unit weight [9]. The batteries 
also have to provide sufficient power. The power available per weight is called the 
specific power [9]. The discharge rate has to be “only” sufficient, whereas the highest 
specific energy is advantageous, since it will be equal to longer flights. The next 
factor to consider is the battery life-time. As the battery gets older its capacity is 
reduced. The life-time of a battery is rated in discharge-charge cycles. The battery 
life-time rating specifies the number of cycles before the battery looses a certain 
percentage of capacity (typically 20%). Table 2.8 shows different battery types 
(chemistries) and the corresponding values of specific energy and energy density. 
Fig. 2.33 illustrates the specific powers and specific densities of different batteries. 
 
 
Table 2.8 Approximated parameters of various battery systems [9] 
 

 
  
 
 

 
 

Figure 2.33 Ragone plot – practical values of specific power and specific energy [9] 
 
 
Up to date, lithium-ion batteries provide the highest performance in terms of specific 
energy and power. Lithium batteries will be considered for this project. It should be 
noted that even lithium batteries are still behind combustible fuels in terms of specific 
energy. This means that for the same given weight more power can be stored in fuel, 
such as petrol. The fuel-powered flight will most likely be longer, even when taking 
into account the low efficiency of internal combustion engines. 
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2.5.2. Lithium-ion batteries 
 
The evolution of lithium-ion (Li-ion) batteries has been very rapid. In recent years, 
they have become a popular energy source for a various portable electronic devices, 
such as cell phones, portable computers and audio players. They have also found 
use in aerospace applications – in electric tools for astronauts and have been utilized 
in Mars Express and Proba missions [4].  
 
The advantages of rechargeable lithium batteries are the following [4]: 
 

 High specific energy and power 
 Low self-discharge (can be stored for long periods of time) 
 Long life-cycle 
 No memory effect and no maintenance 
 Wide operating temperature range 

 
 
Unfortunately, lithium-ion batteries have also a few disadvantages [4]: 
 

 High initial cost 
 Need for protection from overcharge (protection by the charger) and 

overdischarge (protection by the motor controller) 
 Safety concern 

 
The main safety concern for lithium-ion batteries is the fact that the active 
components are highly energetic and the electrolyte is flammable [4]. In case of 
overheating (e.g. due to exceeded current rate or overcharging) the battery might 
ignite. Though, puncturing the cells alone does not necessarily lead to self-ignition.  
 
Crash tests conducted by automotive manufacturers during development programs 
concluded that lithium-ion batteries can be utilized as an energy source in vehicles 
[4]. During severe impacts of the battery at 52 km/h the batteries did not explode, yet 
the sparks during the crash resulted in a fire, burning the electrolyte, it was allowed to 
burn for 15 min, and afterwards it was easily extinguished. At the end of the 
experiment, only the battery modules in the crash zone were destroyed. The 
observations were the following: "There was no explosion, the fire was not dramatic, 
and could have been easily extinguished in a short time, there was a very slow 
transition to other modules" [4]. Table 2.9 shows the results of another abuse test. 
The test was applied to bare cells without additional protection. During testing with 
protection devices, no event occurred in case of electrical abuse [4].  
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Table 2.9 Abuse test results of a lithium-ion cell [4] 
 

 
 
 
To conclude, lithium batteries are indeed suitable to power an electric glider as long 
as a number of preventative measures are employed [4]: 
 

 Fuses to avoid short circuits 

 Voltage and temperature monitoring – in case of any anomalies the power 
should be cut. Additionally, the controller features overdischarge protection. 
When the battery pack voltage reaches minimum level, the power is 
automatically cut. 

 Cell balancing during charging – the battery charger has to manage cell 
balance. In case of highly unbalanced cells, there exists a risk of overcharging 
or overdischarching of single cells, since the battery voltage would not be 
divided equally over all cells in the battery pack. 

 In the worst case, when a single cell ignites, the fire has to be contained 
 
There are many types of lithium-ion batteries, depending on the chemistry and 
materials used for the anode, cathode and the electrolyte. The electrolyte consists of 
lithium salts in an organic solvent [9]. There exists a type of lithium rechargeable 
batteries that uses polymeric electrolyte. These batteries are called lithium polymer 
batteries (Li-poly).  
 
There are two major advantages of Li-poly over standard Li-ion batteries. First, since 
the electrolyte is gelled, Li-poly batteries do not require metal casing and for that 
reason they are even lighter than Li-ion batteries. The highest available specific 
energy translates into long flight duration on a single charge. The second advantage 
is higher, safe discharge rate (current drain). Li-poly batteries can easily deliver the 
high current required to operate a brushless DC motor. Fig 2.34 shows the 
comparison of various lithium battery chemistries. 
 
 
 
 
 
 



46  Design of a retractable, electric propulsion system for sailplanes 

 
 

Figure 2.34 Specific energy and energy density of various battery systems [1] 
 
 
Lithium polymer batteries are the best choice for the sailplane propulsion system.  
They have excellent discharge characteristics – they maintain fairly constant voltage 
throughout the discharge. It is very advantageous, as the motor will be able to deliver 
adequate power at all times, not only with fully charged batteries. Fig. 2.35 shows the 
discharge curve of a li-poly battery. The “C” value stands for battery capacity – 1C 
discharge means that the battery would be discharged after one hour (e.g. 2000 mAh 
battery discharged at 2C – 4000 mA current draw would be empty after 30 min). The 
maximum voltage per cell is 4.2V and the minimum voltage is 3.0 V (under load), at 
which the battery is approximately 80% discharged. It is the minimum value and the 
battery should never be discharged further, as it might damage it irreversibly. As can 
be seen in Fig. 2.35 the power should be cut before minimum voltage, since the 
battery voltage drops very rapidly as it gets discharged at the end.  
 
 

 
 

Figure 2.35 Typical Li-poly discharge curve [34] 
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Li-poly batteries have good life expectancy, with a typical value of 500 cycles, after 
which the battery is expected to maintain 80% of its nominal capacity [34]. The 
batteries can still be used after 500 cycles. Fig. 2.36 illustrates the capacity drop 
associated with the number of cycles. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.36 Typical li-poly cycle graph [34] 
 
 
Li-ion and Li-poly batteries don’t generate extra heat during charging and heat 
generation during discharge is low [4]. Therefore, these batteries do not require 
complex cooling systems. 
 
 
2.5.3. Battery selection 
 
The chosen Yuneec PD20 motor is designed to operate between 50 and 75V. This 
voltage range is equal to an 18-cell lithium polymer battery, which delivers 75.6 V 
fully charged and drops to 54 V when 80% discharged. Yuneec has developed li-poly 
battery packs for their power systems. All Yuneec battery packs have been designed 
with safety features in mind and are equipped with temperature sensors and voltage 
protection. These are the three candidates: 
 

 Two, 18-cell 31 Ah packs connected in parallel, giving 62 Ah –  25.6 kg 
 Single, 18-cells 70 Ah battery pack – 33.5 kg 
 Three, 18-cell 31 Ah packs connected in parallel, giving 93 Ah – 38.4 kg 

 
The maximum weight of the propulsion system was estimated at 50 kg. The motor 
and the controller alone weigh 9.7 kg. In case of the 70 Ah pack only 7 kg is left for 
the structure. It is possible to exceed the 50 kg limit, but at this moment the weight of 
the structure is unknown.  
 
Table 2.10 contains the calculation results of current draw and endurance at full 
throttle, using the three candidate power sources. In the calculation, full power is 
assumed at fully charged battery (4.2 V per cell). In reality the power will drop as the 
battery voltage drops, so the real endurance will be better than estimated. The 
calculations were performed using values determined by the selected propellers and 
with the assumption that only 80% of the battery capacity can be used. 
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Table 2.10 Endurance results with the three candidate power sources 
 

Name  Group 
Speed 
[km/h] 

 Output 
power 
[kW] 

Shaft 
power 
[kW] 

Electrical 
(input) 
power 
[kW] 

Current 
draw 
[A] 

Endurance 
with 62 Ah 
battery [min] 

Endurance 
with 70Ah 

battery [min] 

Endurance 
with 93 Ah 
battery [min] 

AL‐12 
1 

60  9.53  15.54  17.27  228.40  13.03  14.71  19.55 

PW‐5 Smyk  73  9.96  14.41  16.01  211.79  14.05  15.86  21.08 

SZD‐51‐1‐JUNIOR 

2 

80  11.32  15.92  17.69  233.98  12.72  14.36  19.08 

Silent 2 TARGA  82  11.28  15.68  17.42  230.45  12.91  14.58  19.37 

Silent Club  85  11.19  15.31  17.01  225.01  13.23  14.93  19.84 

Diana 2 

3 

93  13  17.52  19.47  257.50  11.56  13.05  17.34 

LAK‐17A  95  12.95  17.27  19.19  253.82  11.72  13.24  17.59 

ASW 27B  100  12.75  16.59  18.43  243.83  12.21  13.78  18.31 

ASW 28‐18  100  12.75  16.59  18.43  243.83  12.21  13.78  18.31 

Swift S‐1 

4 

107  13.71  17.59  19.54  258.52  11.51  13.00  17.27 

304C WASP  116  13.06  16.22  18.02  238.39  12.48  14.09  18.73 

DG‐808C  116  13.06  16.22  18.02  238.39  12.48  14.09  18.73 

 
 
The best choice is to use the smaller 31 Ah battery packs, connected in parallel. 
They have better capacity-to weight ratio than the 70 Ah battery. The basic 
configuration will feature two packs with a total capacity of 61 Ah and the third pack 
can be taken to boost the capacity to 93 Ah. This solution enables great flexibility in 
design (multiple, small battery packs can be stored separately, in various places on-
board) and flexibility for the pilot, who can choose the right capacity-weight 
compromise. Fig. 2.37 shows the specifications of the 31 Ah battery pack. 
 

 
 

 

 

 

 

 

 

 

 

Figure 2.37 Specifications of the 31 Ah lithium polymer battery [48] 
 

Type: 
Pack Voltage: 
Cell Spec (nominal): 
No. Cells: 
Pack Capacity: 
 
Maxiumum Discharge A: 
Maximum Temperature: 
 
Connections: 
 
Warnings: 
- LED Solid 
- LED Flashing + Buzzer 
- LED Flashing + Buzzer 
 
Dimensions: 
 
 
Pack Weight: 
Casing material: 

Kokam Lithium Polymer  
66.6V 
3.7V x 31Ah 
18 Cells 
31Ah 
 
150A (5C) 
70°C  
 
Yuneec E-Plug 
 
 
Battery Temperature 
Over Voltage  
Under Voltage 
 
285x150x190mm 
(11"x 6"x7.5") 
 
12.8Kg (28.2 lbs) 
Aluminium (Fire Retardent) 
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It should be noted that the propulsion system cannot be operated with a single 
battery pack, as its maximum discharge rate would be exceeded (150 A). Two 
battery packs can easily handle the current (max. 285 A at take-off).  The flight times 
in Table 2.10 may seem small, yet they are acceptable, since the glider will fly in a 
“saw-tooth” manner. The propulsion system should be operated at full throttle only to 
gain altitude. Table 2.11 shows approximated altitude gains (assuming 50 kg 
propulsion system weight).  The rates of climb are, in most cases, better than initially 
estimated. 
 
 
Table 2.11 Endurance and altitude gain 
 

`  Group 
Speed 
[km/h] 

Current 
draw 
[A] 

Rate of 
climb 
[m/s] 

Endurance 
with 62 Ah 
battery 
[min] 

Altitude 
gain with 
62 Ah 

battery [m] 

Endurance 
with 93 Ah 
battery 
[min] 

Altitude 
gain with 
93 Ah 

battery [m} 

AL‐12 
1 

60  228.40  3.44  13.03  2688  19.55  4032 

PW‐5 Smyk  73  211.79  2.17  14.05  1827  21.08  2741 

SZD‐51‐1‐JUNIOR 

2 

80  233.98  1.92  12.72  1465  19.08  2198 

Silent 2 TARGA  82  230.45  2.55  12.91  1973  19.37  2959 

Silent Club  85  225.01  2.94  13.23  2333  19.84  3500 

Diana 2 

3 

93  257.50  1.69  11.56  1170  17.34  1756 

LAK‐17A  95  253.82  1.84  11.72  1293  17.59  1940 

ASW 27B  100  243.83  1.58  12.21  1161  18.31  1741 

ASW 28‐18  100  243.83  1.45  12.21  1063  18.31  1595 

Swift S‐1 

4 

107  258.52  1.88  11.51  1299  17.27  1949 

304C WASP  116  238.39  1.57  12.48  1176  18.73  1764 

DG‐808C  116  238.39  1.30  12.48  975  18.73  1462 

 
 
2.5.4. Battery charger 
 
To charge the batteries, the Yuneec E-charger can be used. It was designed 
specifically with lithium polymer packs in mind. Fig. 2.38 shows its specifications. 
 

 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 2.38 Specifications of the Yuneec E-charger [48]

Type: 
Charge Monitoring: 
Data Screen: 
Voltage Meter-Input: 
Main Switch: 
Dimensions: 

Weight: 
Charge time per pack: 
Input Voltage: 
Output V: 
Output A: 
Output W: 

Cell Monitoring / Balancing 
Individual Cell (+/- 5mV) 
115 x 65mm (4.5” x 2.5”) 
Analogue Meter 
On/Off, Red Rocker 
380x300x160mm (14”x12”x6”) 
 
7Kg (15.4 lbs) 
3~4 Hours Balanced 
110V or 230V 
DC 75V (Max) 
10A (Max) 
900W (Max) 
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Chapter 3 
 

CAD DESIGN OF THE PROPULSION SYSTEM 
 

 
3.1. Design Basics 
 
3.1.1. Foreword 
 
This chapter covers the design of a full-scale Computer-aided design (CAD) model of 
the retractable propulsion system. All the modeling was done in an educational 
version of Inventor 2010, provided for students by Autodesk. Since, the majority of 
work was done in the modeling program, this chapter will present the results of the 
CAD modeling. The design features of each assembly will be briefly presented. 
 
The design of the structure aims to utilize mainly aluminum alloy and composite 
parts. All aluminum alloy parts (except for bought items) have been designed in a 
way that they can be machined using modern Computer Numerical Control (CNC) 
milling machines. Since the designed product is not destined for the mass market 
CNC machining is the best choice. In the recent years it has been becoming more 
affordable and more widely used. With the aid of Computer-aided design programs, 
CNC milling machines can produce aluminum alloy parts in almost any shape and 
with excellent accuracy. Metal molding and plastic parts have been avoided, as their 
cost of manufacturing would be very high in low numbers. In case of steel, welding is 
possible. Fig. 3.1 shows an example of a CAD model and the machined part. 
 
 

 
 

Figure 3.1 An example of CAD design and the machined product [53] 
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The dimensions and thread lengths of bolts and screws have been chosen from 
commercially available sizes. The fasteners chosen for the structure comply with 
standard metric dimensions according to ANSI standards (ANSI standard charts 
were available for Autodesk Inventor). All structural fasteners are socket head cap 
screws. In few cases, where an uncommon fastener (or a different type) is required, 
its application will be briefly described. Fig. 3.2 shows different types of screws – 
SHCS can be seen on the right. 
 
 

 
 

Figure 3.2 Various types of screws [18] 
 
 
Throughout the whole design, locknuts were used everywhere, where it was 
possible. Locknuts can resist loosening under vibrations and torque, thanks to an 
embedded nylon ring. Fig. 3.3 illustrates an M8 locknut. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3 M8 locknut 
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3.1.2. Materials used 
 

 Aluminum alloy 
Aluminum alloys are typical structural materials for aerospace applications. They are 
much lighter than steel alloys and display excellent corrosion resistance. The 7075 
series aluminum alloy has been chosen for this project. This aluminum-zinc alloy, 
with its very high strength and good machinability, has been commonly used for 
aerospace structures. In a non-corrosive and dry environment, these aluminum alloys 
could be used without surface treatment. Another possible candidate for this project 
is the 2014 aluminum-copper alloy. This alloy does require surface corrosion 
protection and displays slightly lower strength but also higher ductility. Both of these 
alloys are suitable, yet the same structure made with 7075 alloy will be stronger. Fig. 
3.4 shows a car suspension part machined from 7075 series alloy. 
 
 

 
 

Figure 3.4 Car suspension part, machined from 7075 series aluminum [51] 
 
 
For this application the machined aluminum parts should be anodized for corrosion 
protection. In the case of aluminum, anodizing is a process that transforms the 
surface layer into an oxide. It is an affordable electrochemical process that provides 
excellent corrosion protection. Additionally, the surface hardness is also increased, 
which is beneficial for moving parts where friction is involved. The process increases 
slightly the thickness of the part. Anodized aluminum parts can be dyed in various 
colors. For the CAD model, natural aluminum color has been chosen for aluminum 
parts, although various colors can be obtained. Fig. 3.5 shows anodized parts. 
 
 

 
 

Figure 3.5 Anodized aluminum part [56] 
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 Steel 
Steel alloys display excellent mechanical properties (tensile and yield strength, 
stiffness and toughness). Steel is the best choice for heavily loaded parts. However, 
due to its high density, their use is limited in the aviation sector. For this project, steel 
alloys will be considered only for the highly stressed parts – fasteners, shafts, rods or 
profiles. All other parts will be manufactured from aluminum alloys. Steel alloys can 
be welded to create complex assemblies from relatively simple parts, such as tubes 
and flat plates that can be bent into shape. 
 

 Brass 
Brass is an alloy of copper and zinc. It will be used in places where low friction is 
desired, such as bearings. 
 

 Carbon fiber reinforced polymer (CFRP) 
CFRP is a composite material made from carbon fibers and resin matrix. It displays 
high strength to weight ratio and high stiffness (high Young’s modulus). For this 
project, the composite made with woven carbon fiber fabrics with an epoxy resin 
matrix will be considered. Its use will be limited, as the material is relatively 
expensive. An advantage of composite parts is that they can be molded into various 
shapes and adhesively bonded. A composite structure is usually composed of 
multiple layers of carbon fiber fabric. Fig. 3.6 shows a molded bicycle frame. A 
composite frame has the potential to be much lighter than a comparable metal 
structure of similar mechanical strength. 
 
 

 
 

Figure 3.6 One-piece CFRP bicycle frame [57] 
 
 

 Glass fiber reinforced polymer (GFRP) 
GFRP is another type of composite material made with fiberglass and, most 
commonly, epoxy or polyester resin. This composite material has good mechanical 
properties, although it is less stiff than carbon fiber reinforced polymer. Glass fibers 
are also significantly cheaper than carbon fibers. In this project GFRP will be used in 
lightly loaded application and where more material is necessary – the propeller 
blades. Fiberglass composite structures, just like carbon fiber, can be made very 
lightweight. This composite material is typically used for modern sailplane structures. 
In some cases, where extra strength is needed, carbon fiber reinforcements can be 
glued into the fiberglass structure. Fig. 3.7 shows the inside of the fiberglass 
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composite fuselage (view from the cabin, toward the vertical stabilizer). The 
photograph was taken during the visit to Allstar PZL Glider. 
 
 

 
 

Figure 3.7 View into a composite fiberglass fuselage 
 
 
3.2. Design of the folding propeller 
 
3.2.1. The propeller blades 
 
Since, the goal is to use folding blades, they have to be able to pivot freely. The 
propeller will be fabricated from composite materials – preferably glass-fiber 
reinforced plastic, since it is cheaper than carbon fiber and the propeller will require a 
generous amount of material. Carbon fiber is not necessary, as the glass fibers 
provide ample strength. The blade can have a foam core, to reduce weight, but the 
detailed design is up to the manufacturer. The CAD propeller model is based on the 
biggest, 55 inch propeller, designated for Group 1. The model of the blade, apart 
from the main dimensions, is an approximation. The airfoil and the details are an 
estimate of what the real propeller would look like. Fig. 3.8 shows the GFRP blade of 
the propeller. The rotation of the propeller is clockwise (looking towards the nose of 
the aircraft from the tail). 
 

 
 
 
 
 
 
 

 
 

Figure 3.8 Propeller blade and the view of the airfoil 
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The brass bushing, glued inside of the hole, at the pivoting point of the blade is 
added for better load distribution in the composite material and reduction of 
friction. Another brass bushing is mounted to the aluminum arm that will be 
connected to the blade folding mechanism – see Fig. 3.9. 
 

 

 
Figure 3.9 The composite blade assembly 

 
 

3.2.2. The folding mechanism 
 
The function of the folding mechanism is to fold the three propeller blades parallel to 
the shaft. Springs will be used to keep the blades folded when the motor is not 
running. With the blades folding backwards, the only force that the mechanism has to 
overcome is the weight of the blades in the folded position (only the blade facing 
downwards). When the motor is activated, the centrifugal force will cause the blades 
to unfold. When the right RPM is reached, the centrifugal force is great enough to 
ignore the force of the springs. As long as the motor is running, the blades will 
maintain to be unfolded. When the RPM drops the blades begin to fold again. It is a 
commonly used technique (see Fig. 2.29 and Fig. 2.27). It should be kept in mind 
that it is important to apply the throttle gradually to give time for the blades to unfold – 
the controller has to be programmed with a feature of soft start. It is possible to leave 
this task for the pilot, yet for safety reasons the slowly advancing throttle should be 
automatic (in the range of approximately 3 – 5 seconds from standstill to full throttle). 
The propeller hub is the base for the folding mechanism. Fig. 3.10 shows the folding 
propeller in the folded position and Fig. 3.11 illustrates how the blades unfold. Note: 
the main dimensions and the mounting pattern of the PD20 motor has been included 
in the model. 
 

 
 
 
 
 
 
 
 
 

Figure 3.10 The folding propeller in the folded position 
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Figure 3.11 The folding propeller in the unfolded position 
 

 
The mechanism consists of three springs – one for each blade. The spring-loaded 
slider acts also as a blockade when the blades are folded. In the folded position, 
the force of the spring puts the slider arm to rest on a rubber damper (brown ring) 
– the blades are approx. parallel to the propeller hub and they cannot travel 
further. This mechanism is quite robust and guarantees reliable and predictable 
operation – see Fig. 3.12. Note: the blades require a non-standard bolt to mount 
to the hub. The suitable bolt is an M8x90 SHCS, with the thread length of 20 mm. 
It is required because the bolt and the brass bushing in the blade are in direct 
contact – the blade pivots on the bolt. Also, the thread should not contact the hub. 
 

 

 
 

Figure 3.12 Close-up of the folding mechanism – folded 
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Inside of the sliding aluminum tube, there is a �5 threaded steel rod, which 
carries all the tensile loads from the spring. The aluminum tube is not stressed 
and serves only as a slider - see Fig. 3.13 and Fig. 3.14. 

 
 

 
 

Figure 3.13 Close-up of the folding mechanism – unfolded 
 
 

 
 

Figure 3.14 The tensile load-bearing rod exposed 
 
 

3.3. Design of the retractable system 
 
3.3.1. The geometry 
 
To maintain horizontal position of the motor shaft, a simple parallelogram linkage will 
be used. Parallelogram linkage is a type of four-bar linkage, where the two pairs of 
bars have equal lengths. Fig. 3.15 illustrates this type of four-bar linkage. It can be 
seen that bar 3 (horizontal) maintains the same angle at all times.  
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Figure 3.15 Parallelogram linkage and the paths of selected nodes 

 
 
In terms of mass distribution, electric propulsion is different than IC engine 
propulsion. Typically, a petrol engine is located at the bottom of the mast and power 
is transmitted through a belt drive to the top of the mast where the propeller is 
mounted. The engine is the heaviest and largest component in the system. In this 
configuration, the mast pivoting point is close to the wings and the structure is folded 
backwards – see Figures 1.4, 1.5 and 1.6. The weight distribution is very different 
with an electric motor. There is no transmission and the motor with the propeller are 
located at the top of the mast – see Fig. 1.7. With a fixed propeller, the mast is also 
folded backwards. In this project the situation is different, since a folding propeller will 
be used, with the blades folding backwards. Therefore, the mast has to be folded 
forwards. This is an advantageous situation, since in the folded position, the relatively 
large and heavy motor will be hidden very close to the wings, where the fuselage is 
wide and the center of gravity is located. When the structure is folded, the impact on 
the center of gravity of the aircraft would be relatively small. The weight distribution 
would shift backwards in powered flight. However, this should be counterbalanced by 
the momentum generated by the operating propulsion, since the propeller is located 
on a long mast above the wings (the momentum would try to push the nose of glider 
downwards). 
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3.3.1. CAD design of the retractable structure 
 
In this paragraph, the retractable structure will be presented. The final result can be 
seen in Figures 3.16 (extended position) and 3.17 (retracted position). Afterwards, 
individual subassemblies will be presented and described. This arrangement, where 
the final result is presented in the beginning, gives a better picture than going through 
the process from the start. After seeing the complete structure, it is easier to 
understand how the individual subassemblies work. 
 
      
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

  
 

Figure 3.16 Propulsion system in the extended position (left) and with folded blades (right) 
 

         
     

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

     
Figure 3.17 Electric propulsion system in the retracted position 
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In the retracted position the beams are not vertical, they are pivoted 5˚ past the 90˚ 
angle to allow propeller clearance – see Fig. 3.18. In Fig. 3.19, it can be seen that the 
whole system folds in to a compact package.  
 
 

 
 

Figure 3.18 Extended position - angles 
 
             
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 3.19 Folded position – side view 
 
 

Fig. 3.20 shows a foam damper, that prevents damage to the main beam in the 
retracted position. It is wrapped around an aluminum frame offset, which without the 
foam could damage the carbon fiber beam during shocks (e.g. hard landing). Apart 
from the damper, the aluminum motor mount should be supported in the retracted 
position – a supporting bench should be installed in the glider fuselage. The points 
that should be supported have been marked in Fig. 3.20. 
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         Foam damper          Support here 

 
Figure 3.20 Motor mount and the foam damper 

   
 
Now, that the complete assembly has been presented, the most important solutions 
can be described. The first step in the design process was the motor mount. The 
motor mount has to support the three beams (supports) that will hold the motor. 
Three beams were chosen to provide better stability for the structure than two beams 
in a single plane. The aluminum mount has to withstand the thrust generated by the 
motor. To achieve high strength it was better to design a frame, rather than solid but 
smaller (thinner) parts. It should be noticed that the “L” shaped arms are joined with 
the vertical motor frame piece with three fasteners each. This arrangement, to use 
six smaller bolts is better than four larger fasteners, as it reduces stress 
concentrations and allows the use of a thinner motor mount. Fig. 3.21 shows the 
motor mount assembly and the mounting points for the three vertical beams (foam 
damper not installed). 
 

 
Figure 3.21 Motor mount assembly 
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The use of composite materials (GFRP and CFRP) is an important point of this 
project. For the vertical beams, carbon fiber composite will be used. Such a structure 
can have considerably lower weight than a comparable metal construction. 
Moreover, the beams will be exposed to airflow, as the aircraft is flying. It is important 
to obtain the lowest possible cross section to reduce drag. CFRP composite is a 
great candidate material for these elements. It displays excellent mechanical 
properties and is very stiff.   
 
To join composite components, adhesive bonding is usually used instead of bolts and 
rivets [13]. This way the mechanical loads are distributed over large areas. The 
typical approach, when assembling metal components, is to use highly stressed 
fasteners, passing concentrated loads. In case of composite materials, it is beneficial 
to distribute the load over a wider area to avoid excessive stress concentrations [13]. 
With this in mind, the composite parts have been designed as complete components, 
bonded together from smaller subassemblies, so no mechanical fasteners have to be 
used. Fig. 3.22 shows the CFRP supports in their place, before fastening to the 
aluminum fuselage mount. Note: there are brass inserts glued in the carbon fiber 
composite tubes. A real-life beam will be thicker around the joint between the 
horizontal and vertical tubes, as the tubes have to be glued together and reinforced 
with many extra layers of carbon fiber fabric. 
 
 

 
Figure 3.22 Carbon fiber composite beams and the fuselage mount 

 
 
Although the vertical beams could be replaced with a more aerodynamic shape, 
tubes were chosen for easier and less expensive manufacturing. The extra 
complexity would not be worthwhile. The diameters of these tubes are small and the 
amount of drag generated is relatively low. 
 
The fuselage mount features three mounting holes on each side (total of six). It is up 
to the manufacturer of the given glider to come up with the way to mount the 
propulsion system. The designed mount gives a lot of flexibility and with supporting 
frames or profiles it can be easily attached to the fuselage. An example of installation 
method will be presented later, based on the SZD-55-1 sailplane, manufactured by 
Allstar PZL Glider. 
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3.3.2. Servo system 
 
To extend the structure, a servo motor will be used. A servo system (or commonly 
servo) is an electromechanical device that can provide position control (position of 
the output shaft).  It is a closed-loop system, as it uses feedback from a sensor, to 
correct the position of the shaft. Fig. 3.23 illustrates the schematics of a typical 
industrial servo motor. 
 
 

 
 

Figure 3.23 Servo motor position control [28] 
 
 

The selection of the correct servo system from a chosen manufacturer should be 
done with the aid of a specialist. This thesis will not cover the selection of the 
servomechanism, as not enough information can be found on manufacturers’ 
websites. A custom made servo system might be required. Detailed design is not the 
purpose of this project and only servo system basics will be presented. 
 
The servo systems available on the market typically consist of a servomotor and a 
gearbox. Fortunately, the required output speed of the servo shaft for this project is 
very low and the required torque can be achieved with the use of a high-ratio 
gearbox. Fig. 3.24 shows two types of servo gearboxes. 
 
 

 
Figure 3.24 Left – servo motor with a planetary gearbox, right – servo with a worm drive [63] 
 



Conclusions  65 

For this project two servo motors are required – one to extend the structure and a 
second one to lock the structure in the extended position. The locking mechanism is 
required not to overload the extending servomechanism when the propulsion is 
engaged. The retracting servo has to be powerful enough to overcome the force of 
gravity acting on the propulsion system when it is folded in the fuselage. In this 
position, when the supporting beams are horizontal, the momentum required to rotate 
(extend) the main beam will be the highest. Therefore, the selection of the retracting 
servomechanism should be based upon the weight of the retractable structure. The 
second servomechanism will lock the structure in place. For this task little force is 
required. Servo motor with a worm drive is the choice for the locking mechanism. The 
worm drive can display (depending on the design) a self-locking effect – the output 
gear cannot drive the worm. Fig. 3.25 illustrates a worm drive.  
 
 

 
 

Figure 3.25 Worm drive [61] 
 
 

The main beam, locking arm and the servo arm (tube structure), that will be 
connected to the servomechanism, become a single, adhesively bonded and 
reinforced with layers of carbon fiber fabric, structure. The servo arm consists of 
tubes that create a lever used to retract the structure. Additionally, this also serves as 
extra reinforcement to the main beam. This is highly desirable, as the locking arm will 
introduce extra stress in that location. This solution for the servo arm allows some 
flexibility in the location of the servo motor in the fuselage, which can be installed in 
any suitable forward position from the retractable structure. Note: the discussed 
before locking arm sub-assembly has to be bonded before one of the mounting tubes 
(horizontal tubes at both ends of the beam) and before the servo arm tube structure, 
or else assembly will become impossible. The main beam and the locking servo 
motor can be seen in Fig. 3.26 (also, see Fig. 3.22). 
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Figure 3.26 Details of the main carbon fiber beam and the lock 

 
 
The locking mechanism is located between the two aluminum fuselage mount 
frames. The main beam can be locked in the extended position with a steel pin. The 
mechanism can be seen in Fig. 3.27 and in Fig. 3.28. The assembly that supports the 
pin is made of a steel alloy (a profile, bent into shape from a flat plate and a tube – all  
welded together) and attached to the aluminum frames with four bolts. The servo for 
this purpose will use a worm drive. Speed, or high torque is not required, therefore 
the servo system can be kept lightweight. It will be assumed that the weight of the 
servo will not exceed 300 grams. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 3.27 Locking mechanism – locked (left) and unlocked (right) 
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Figure 3.28 Locking mechanism and its servo 
 
 

The retracting servo motor will be connected to the main beam with a steel alloy 
pushrod. The pushrod is welded together from three elements (two tubes and a 
profile). The “U” shaped profile can be bent into shape from a flat plate. The servo 
can be mounted in any forward position from the fuselage mount, as long as the 
pushrod and servo horn are in the same vertical plane as the main beam. The length 
of the pushrod can be changed by using a longer or shorter tube. Note: the servo 
horn is made of steel alloy, it absolutely necessary to use a harder material than 
aluminum, as the torque from the servo will be transferred by a spline shaft. Splines 
are a common method of transferring torque. An example of a single spline (tooth) 
can be seen in Fig. 3.25. The servo horn is made from two parts – the arm and a ring 
with the spline. Both of these parts are welded together. Fig. 3.29 shows the servo 
and the complete retracting mechanism. 
 
 

 
Figure 3.29 Retracting mechanism 
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Basic retracting servo requirements (with a 110 mm servo horn): 
 

 Operating angle: at least 103˚ servo shaft rotation is required to achieve 90˚ 
propulsion system mast rotation, but a reasonable minimum value should 
include a 20% margin for various installation possibilities and geometries. 
Therefore, the servo should be able to rotate approx. 124˚ within its range. 

 
 Rotational speed: comparing with other sailplanes, the goal is to achieve a 

retracting time of 10 – 15 seconds (103˚ servo shaft rotation). Therefore the 
minimum speed, for a 15 s retraction time, is approx. 52 s/360˚. 

 
 Torque: the motor with the mount, propeller with the folding mechanism and 

the three carbon fiber composite supports weigh together approx. 15.59 kg 
(detailed weight estimation is presented later) which is equal to 155.9 N of 
force. The center of gravity is located 683.2 mm from the pivot point of the 
main beam. The center of gravity can be seen in Fig. 3.30. 

 
        

 
 
 
 
 
 
 
 
 

 
Figure 3.30 Center of gravity 

 
 
In the retracted position the beams are positioned at 5˚ angle from horizontal plane – 
see Fig. 3.18 and 3.19. The required torque can be calculated from Eq. 3.1 

 
                     τ r F sin θ         (3.1) 

  
Where: 
 

 Length of the lever arm – r = 0.6832 [m] 
 Force – F = 155.9 [N] 

 Angle between the force vector and the lever arm vector – θ = 85 [˚]  
 
 
The minimum required torque is approx. 106.1 Nm. An extra 50% margin will be 
assumed. The final servo torque requirement (with a 110 mm horn) is 140 Nm. 
 

 Weight: for the weight estimation it will be assumed that the maximum weight 
of the retracting servo is 2 kg. 
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3.3.3. Motor cooling 
 
The Power Drive 20 motor is equipped with a cooling fan that is integrated with the 
rotor face – see Fig. 2.16 and 3.12. It appears that the motor line from Yuneec can 
be obtained in two versions – for “pusher” (motor in front of the propeller) or “tractor” 
(motor behind the propeller) applications. This is the case with the PD10 motor, 
which is used as a “pusher” in the EPac paraglider propulsion system [48]. The air 
enters the motor on the mounting side (circular radiator) and is being sucked out by 
the fan. The EPac can be seen in Fig. 3.31. 
 
 

 
 

Figure 3.31 Epac – 10 kW electric paraglider propulsion system [48] 
 
 
From the photos, provided by the manufacturer it is impossible to see, whether the 
fan blades on the PD20 motor have any curvature or airfoil – no airfoil means that the 
motor is universal and can be operated in both directions with equal cooling. If the 
blades are curved, then the correct version of the motor will have to be ordered for 
this project (“pusher” operation). In the event that a “pusher” is not available, a new 
rotor face can be machined with a CNC milling machine (the rotor can be 
disassembled). Clockwise rotation of the propeller will be assumed (relevant if the fan 
is universal). However, the motor and folding mechanism can be operated in both 
directions. 
 
 
3.4. Results and installation 
 
3.4.1. Propulsion system dimensions 
 
Fig. 3.32 and 3.33 show the general dimensions of the designed propulsion system. 
The dimensions in the figures have been rounded off to full [mm]. Various technical 
drawings can be generated from the CAD files to view the desired dimensions. 
 
 



70  Design of a retractable, electric propulsion system for sailplanes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.32 Extended propulsion system – general dimensions 
 
  
     
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 3.33 Retracted propulsion system – general dimensions 
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3.4.2. Structure weight estimation 
 
In this paragraph, the weight analysis of the designed structure will be presented. 
Only the final results (assemblies) will be shown. Details of individual parts do not 
have to be presented and can be accessed through the CAD files. The weight 
estimation does not include structural reinforcements of the fuselage. 
 
Material densities for weight estimation: 
 

 Glass fiber reinforced polymer (assuming 60% fiber volume, glass fibers 
density: 2.55 [g/cm3] [24], epoxy resin density: 1.3 [g/cm3] [32]): 2.05 [g/cm3] 

 Carbon fiber reinforced polymer (assuming 60% fiber volume, carbon fibers 
density: 2 [g/cm3] [24], epoxy resin density: 1.3 [g/cm3] [32]): 1.72 [g/cm3] 

 Aluminum alloy (from Autodesk Inventor database – 6061 alloy): 2.71 
[g/cm3] 

 Steel alloy (from Autodesk Inventor database): 7.85 [g/cm3] 
 Brass alloy (from Autodesk Inventor database): 8.47 [g/cm3] 
 EPP foam (single part – “Foam damper”, assuming medium density expanded 

polypropylene – 90 [g/l] [23]): 0.09 [g/cm3] 
 Rubber (from Autodesk Inventor database): 0.93 [g/cm3] 

 
The weight of the complete system and individual subassemblies can be seen in 
Table 3.1. For a more accurate result, it was assumed that each propeller blade 
weighs 500 g instead of 761 g calculated by the program (solid material). This 
assumption is based on the way propeller blades would be manufactured. A foam 
core can be used to save weight and give shape to the blade or the blade can be 
made from two molded shells that are glued together. Additionally, the CAD model 
features relatively wide blades. In reality, narrower blades can be expected.  
 
 
Table 3.1 Propulsion system weight calculation results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Part/Assembly  Weight [g]  Comments 

Propeller with folding mech.  2698  Blade weight ‐ 500g 

Retractable structure  7999    

Locking servo  300  Assumed weight 

Retracting servo  2000  Assumed weight 

Power Drive 20 Motor  8200    

Power Block 20 Controller  1500    

Accessories (e.g. wires)  2000  Assumed weight 

TOTAL 24697 
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To achieve high strength, the propulsion system has been designed with an 
approach to “oversize” key structural components. The results of the weight 
calculation are satisfactory. 24.7 kg is a good value for this relatively complex 
system. Nonetheless, with detailed stress and fatigue analysis there is certainly room 
for weight saving. 
 
As it was written before, there is a choice between a 62 Ah pack (25.6 kg) or 93 Ah 
(38.4 kg) battery pack. These batteries will put the final weight of the system at 50.3 
kg or 63.1 kg. 
 
 
3.4.3. Visit to the Allstar PZL - mounting ideas 
 
For the purpose of this thesis, a visit has been conducted to a Polish sailplane 
manufacturer Allstar PZL. Allstar PZL is the maker of SZD-55-1-JUNIOR and SZD-
55-1. The former has been included in the power calculations and the latter will be 
considered in detail later. The SZD-55-1 can be seen in Fig. 3.34. 
 
 

 
 

Figure 3.34 SZD-55-1 in flight [45] 
 
 
The SZD-55-1 is an all composite sailplane - it is almost entirely made out of 
fiberglass composite. No other types of fibers have been used for reduction of cost. 
To reinforce highly stressed areas, more layers of fiberglass are simply added.  The 
fuselage is mostly a monocoque design, where all the loads are transferred by the 
skin. In the section behind the wing, there are no stringers and just a few formers that 
hold the elevator and rudder control linkages. The rudder linkage (pull-pull) and the 
elevator linkage (push-pull) travel close to the walls of the fuselage. For most gliders 
the linkages are typically on the sides and bottom of the fuselage. With smart 
placement of the propulsion system mounts, the control linkages should not be a 
problem. Fig. 3.35 shows the control linkages on the SZD-55-1. Fig. 3.36 also shows 
control linkages and Fig. 3.37 shows their travel in the fuselage. 
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Figure 3.35 Control linkages on the SZD-55-1 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.36 Rudder (SZD-55-1) and Elevator (different glider) 
 
 

 
 

Figure 3.37 Control linkages in the section behind the wing 
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Since the propulsion system is folding forward, the mounting point will be located 
relatively far behind the wing. In case of the SZD-55-1, the area around and behind 
the wing has the thickest walls and consists of six layers of fiberglass. Structural 
integrity should not be a problem in that location. The determining factor for the 
mounting location will be the clearance of the motor with the wings, wing spars or 
wing control linkages (ailerons, air brakes, ballast valves). For any saiplane the 
propulsion system should be mounted as far forward as possible. Fig. 3.38 shows the 
location of the wing spar and linkages in the SZD-55-1. 
 
 

 
 

Figure 3.38 Wing spar and linkages on the SZD-55-1 
 
 
In the SZD-55-1, mounting points, such as landing gear frame mounts are created by 
reinforcing the mounting areas with additional layers of fiberglass and embedding 
bronze bushings into the fiberglass composite. This way the loads are transferred 
without damage to the relatively thin walls of the fuselage. Fig. 3.39 illustrates a 
landing gear bronze bushing in the SZD-55-1 glider. 
 
 

 
 

Figure 3.39 Bronze bushing in the fiberglass wall 
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The approach to avoid stress concentrations should be applied to mounting the 
propulsion system in the fuselage. The mounting points should be designed in a way 
that loads are distributed over a larger area, and they should also serve as a 
reinforcement of the fuselage. The fuselage is fabricated from fiberglass. Therefore, 
the same material has been chosen for the main mounts. Although, fiber glass is 
weaker than carbon fiber, this can be negated by using larger parts. This is not a 
problem, since these components are located inside of the fuselage, where the 
space is ample and there is no drag from moving air. 
 
One idea to install the propulsion system is to introduce additional formers to the 
fuselage. Two fiberglass composite formers could be glued into the fuselage. The 
inside is not painted and after surface preparation, new elements can be adhesively 
attached. The formers would act as reinforcements to the fuselage and would 
distribute the load from the propulsion system over a large area. The propulsion 
system would be attached to the formers with a set of steel frames or profiles that 
can be manufactured at low cost for each glider individually. The use of mounting 
accessories of any shape facilitates installation of the propulsion system. Fig. 3.40 
(also see Fig. 3.38) shows the possible mounting location on the SZD-55-1 sailplane. 
The drawing is in 1:10 scale – 1 mm measured by the ruller is equal to 1 cm in the 
full-scale aircraft. Note: the horizontal control linkages in the middle of the photo 
travel on the sides of the fuselage and should not be a problem. Note: the two 
formers (vertical) serve as guides for control linkages. 
 
 

 
 

Figure 3.40 Mounting location on the SZD-55-1 
 
 
In Fig 3.40 – the vertical line on the left marks the location that should not be crossed 
in order to maintain clearance with the aileron control. The aileron controls levers are 
on the side of the fuselage. Most likely this line can be moved further left. This 
position is assumed as the worst case scenario. The vertical line on the right marks 
the ending of the propulsion system (vertical side of the aluminum fuselage mount) – 
the distance between these lines in full scale is 1122 mm – refer to paragraph 3.4.1.  
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To conclude, it seems possible to mount the propulsion system in the SZD-55-1 
sailplane. More accurate positioning is not possible, since no other accurate 
dimensions of the fuselage are available. Height of the fuselage will be the 
determining factor for most gliders. Fortunately the propulsion system is folding 
forward and the fuselage mount is relatively small. Additionally, modifications are 
always possible – to both fuselage and propulsion system. 
 
Fig. 3.41 and Fig. 3.42 show an example of installation using simple L-shaped steel 
alloy profiles. If profiles are not suitable, there is a possibility to use a welded steel 
frame or other accessories. Note: the formers are mock-ups and are not based on 
any accurate dimensions.  
 

 
Figure 3.41 Example of installation using fiberglass formers and steel alloy profiles 

 
 

 
 

Figure 3.42 Shape of the formers that allows clearance for control linkages 
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3.4.4. Battery placement and aircraft balance 
 
All aircrafts need to be correctly balanced to achieve good flying characteristics. For 
all gliders the Center of Gravity (CG) will be located at the wings. The exact CG 
range is given by sailplane manufacturers and is measured from the leading edge of 
the wing. In case of the SZD-55-1 the CG is located between 28.3 cm and 44.1 cm, 
measured from the leading edge of the wing. The main water ballast (195 l) is located 
in the wing, just in front of the wing spar. With this location, the impact of the ballast 
on the CG is small. 
 
With the propulsion system installed, the center of gravity will be shifted toward the 
tail of the aircraft. To combat this, the battery packs can be placed in the front section 
of the glider. The battery packs are the heaviest components of the propulsion 
system at 25.6 kg for the 62 Ah pack and 38.4 kg for the 93 Ah battery pack. 
Positioning of the batteries will have great impact on the CG of the aircraft. The SZD-
55-1 sailplane is equipped with two routes to adjust the CG: 
 

 The main battery is located in the tail fin. The battery weighs 2.2 kg and is 
located very far from the CG. Therefore, it affects the balance significantly. 
The battery is installed by the factory and is included in the mass of the empty 
aircraft. Removing the battery entirely or placing in the in the nose will help to 
offset the weight of the propulsion system. 

 The sailplane is also equipped with a 9.6 l ballast tank that is also located in 
the tail fin. With the propulsion system installed, the ballast would be 
unnecessary. Fig. 3.43 shows the water ballast inlet (hole) and the battery 
compartment hatch. 

 
 

 
 

Figure 3.43 Tail fin of the SZD-55-1 
 
 

Usually sailplanes feature a baggage compartment that is located right behind the 
pilot’s seat. Fig. 3.44 shows a typical sailplane layout. Part of the baggage 
compartment can be sacrificed for battery space. 
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Figure 3.44 Layout of the DG-808C [26] 
 
The best place to position the batteries are: 
 

 Baggage compartment or available area near. The maximum weight of 
baggage for the SZD-55-1 is 15 kg. To mount the batteries some 
reinforcements and a mounting bracket have to be introduced. Fig. 3.45 
shows the baggage compartment on the SZD-55-1. Note: the speaker is a 
non-factory upgrade. 

 Nose of the aircraft. This location would certainly help balance the sailplane 
properly, due to the large distance from the CG. There is usually some space 
available in the nose of the aircraft and it should be possible to mount the 
batteries there for most sailplane models. It is, indeed, possible for the SZD-
55-1. Some structural reinforcement of the fuselage might be required. Fig. 
3.46 shows the nose of the SZD-55-1. 

 
 

 
 

Figure 3.45 Baggage compartment on the SZD-55-1 
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Figure 3.46 Available space in the nose of the  SZD-55-1 
 
 
3.4.5. Final performance evaluation 
 
The final performance evaluation has been done in the same manner as in Chapter 
1, but with the new obtained data. This paragraph will provide a more accurate 
prediction than estimated in Chapter 1. Fig. 3.47 shows a new, more accurate model 
for drag calculation.  
 

 
 

Figure 3.47 A new model for drag estimation 
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By using, the new drag value, weight and the thrust data (for all four selected 
propellers), it is possible to calculate new performance figures. Since, it is known that 
the SZD-55-1 carries a 195 l water ballast, it can be assumed that the total take-off 
weight of the aircraft will not change as simply less ballast can be taken. The results 
for the SZD-55-1 were done separately from other models. Table 3.2 contains all the 
performance data for the SZD-55-1. 
 
 
Table 3.2 Performance data for SZD-55-1 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Since, not all gliders feature water ballast, for general calculations of other sailplanes, 
the same approach as in Chapter 1 was used – the final weight of the sailplane is 
assumed to be equal to its maximum weight plus the propulsion system weight. 
Table 3.3 shows the results.  
 
 
 
 
 
 
 
 
 

SZD‐55‐1 

Wingspan [m]  15 
Take‐off weight [kg]  500 
Weight with propulsion system [kg]  500 
L/D  44.1 
Speed for max L/D [km/h]  119.4 
Speed for max L/D [m/s]  33.17 
Propulsion drag [N]  69.7 
Sailplane drag [kg]  125.13 
Total drag [N]  194.83 
Desired rate of climb [m/s]  1 
Required thrust [N]  361.21 
Required power [kW]  11.98 
Propeller  52x46 
Achieved thrust [N]  385.85 
Achieved output power [kW]  12.75 
Achieved rate of climb [m/s]  1.39 
Electrical (input) power [kW]  17.47 
Current draw [A]  231.04 
Endurance with 62 Ah battery [min]  12.88 
Altitude gain with 62 Ah battery [m]  1073 
Endurance with 93 Ah battery [min]  19.32 
Altitude gain with 93 Ah battery [m]  1609 



Conclusions  81 

Table 3.3 Performance summary for various sailplanes 
 

Name 
Achieved rate of 

climb (62 Ah battery) 
[m/s] 

Achieved rate of 
climb (93 Ah battery) 

[m/s] 

Endurance 
with 62 Ah 
battery 
[min] 

Altitude gain 
with 62 Ah 
battery [m] 

Endurance 
with 93 Ah 
battery 
[min] 

Altitude gain 
with 93 Ah 
battery [m] 

AL‐12  3.41  3.20  13.03  2664  19.55  3752 

PW‐5 Smyk  2.13  2.04  14.05  1799  21.08  2576 

Graal  2.54  2.43  12.72  1938  19.08  2782 

SZD‐51‐1‐JUNIOR  1.88  1.81  12.72  1438  19.08  2074 

Silent 2 TARGA  2.50  2.39  12.91  1937  19.37  2779 

Silent Club  2.88  2.72  13.23  2283  19.84  3242 

Diana 2  1.65  1.60  11.56  1141  17.34  1660 

LAK‐17A  1.79  1.73  11.72  1259  17.59  1826 

ASW 27B  1.53  1.48  12.21  1123  18.31  1631 

ASW 28‐18  1.40  1.36  12.21  1027  18.31  1492 

Swift S‐1  1.80  1.72  11.51  1244  17.27  1785 

304C WASP  1.48  1.43  12.48  1110  18.73  1603 

DG‐808C  1.22  1.18  12.48  917  18.73  1328 

 
 
The darker green color marks the self-launching sailplanes. It can be seen that in 
case of the SZD-55-1 JUNIOR, the rate of climb is below the set goal of 2 m/s. In all 
other cases, the calculated performance is better than initially expected. The 
designed propulsion system should be able to easily compete with petrol powered 
sustainer systems within the same class. 
 
Often, the two-stroke propulsion systems are not designed for operation at partial 
throttle or cruising [26]. Generally, the objective of the two-stroke petrol engine is to 
climb to altitude at full power for several minutes. Running times are in the range of 
10 – 15 minutes per launch [26]. By comparison, the designed electric propulsion 
system can achieve similar or even longer flights. Moreover, cruising flight is 
possible. 
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Chapter 4 
 

CONCLUSIONS 
 
 

4.1. Electric propulsion and its key components 
 
4.1.1. Advantages of electric propulsion and designated sailplanes 
 
The objective was to design a retractable, electric propulsion system for sailplanes. 
The designed system would be operated in a similar manner to a typical installation 
that uses an internal combustion engine. The pilot would climb to altitude at full 
throttle and afterwards the mast with the propeller would be retracted into the 
fuselage, eliminating unnecessary drag. The benefit of having a propulsion system 
on board is substantial: the pilot can stay longer in the air and can fly further away 
from the landing zone. Additionally, propulsion provides a safety value – the aircraft 
can fly to a suitable landing location and is not forced to land if it loses too much 
altitude. Electric propulsion has a number of major advantages over two-stroke petrol 
engines and one downside – the higher cost. The advantages of electric propulsion 
are the following: 
 

 Very quiet 
 No vibrations 
 Low maintenance 
 Simplicity of operation 
 Possibility of cruising flight at partial throttle (not possible with many simple 

two-stroke sustainer systems) 
 Lower cost of operation than a petrol engine (although higher initial cost) 
 Confidence that the motor will start every time 
 No pollution 

 
 
The designed system aimed to utilize the new possibilities presented by electric 
propulsion. The key features of the designed system are the following: 
 

 Multiple battery packs can be used. The pilot can choose the right 
configuration for each flight. No batteries can be taken on-board for high 
performance gliding (minimal weight penalty).  

 Low weight (not including batteries), so the performance of the aircraft will not 
be significantly reduced when the system is not used. 

 One universal propulsion system could be fitted to a number of sailplane 
models in the same class. The low weight and compact size allow for easy 
mounting with minimal modifications to the fuselage. 
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The sailplanes chosen for this project have a wingspan of 12 – 15 m. This range 
represents the most popular segment of gliders. The sailplanes that have been 
considered in the calculations are listed in Table 4.1. 
 
 
Table 4.1 Specifications of modern sailplanes 
 

 
 
The primary function of the system is sustainer operation, although, self-launch 
operation is possible for the lightest models. Therefore, the two operational modes 
have been established: 
 

 Sustainer operation only – rate of climb higher than 1 m/s 
 Sustainer operation and take-off capability – rate of climb higher than 2 m/s 

 
 
4.1.2. Selected components 
 
The key components of the electric propulsion system are the following: electric 
motor, motor controller, propeller, battery, battery charger. The heart of the system is 
the electric motor and the selection of other components is based upon the chosen 
motor. A three-phase, brushless direct-current (BLDC) motor has been chosen for 
this project. For the chosen motor, an electronic speed controller has been selected 
and propeller parameters have been established. Lastly, a lithium-polymer battery 
pack has been chosen as a power source. To conclude, the key components of the 
retractable, electric propulsion system are the following: 
 
1. Electric motor: three-phase, brushless, direct-current, sensored Power Drive 20 
electric motor developed by Yuneec International. The selected motor can easily 
deliver the power required for the designed sailplane propulsion system. It is 
equipped with an internal sensor that will aid smooth starting. The RPM range is 
suitable for direct-drive, so no transmission system is neccessary. The basic 
specifications of the motor are given in Fig. 4.1. The motor is rated in continuous 
shaft power. The Power Drive 20 motor can be seen in Fig. 4.2. 

Name 
Wingspan 

[m] 
Take‐off 

weight [kg] 
L/D 

Speed for max 
L/D [km/h] 

Reference 

AL‐12  13.3  185  27  60  [19] 

Silent Club  12  240  31  85  [22] 

Silent 2 TARGA  13.3  300  40  82  [22] 

PW‐5 Smyk  13.44  300  33  73  [46] 

SZD‐51‐1‐JUNIOR  15  380  35  80  [45] 

Swift S‐1  12.7  390  30  107  [39] 

304C WASP  15  450  43  116  [33] 

LAK‐17A  15  453  44  95  [37] 

Diana 2  15  500  46  93  [27] 

ASW 27B  15  500  48  100  [21] 

DG‐808C  15  525  45  116  [26] 

ASW 28‐18  15  525  45  100  [21] 
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Motor Designation 
Power (Kw): 
Power (Hp): 
RPM: 
Type 
Control: 
Diameter: 
Length - PD10: 
Weight - PD10: 

Voltage 
- Minimum: 
- Maximum: 
- Optimum: 
 
Current Drain 
- Maximum: 
- Cruise: 
 
Bearing Qty: 
Propeller Hub Diameter: 
Propeller Bolt size: 
Propeller Bolt Qty: 
Mounting Dimensons: 
Mounting Bolt size: 
Mounting Bolt Qty: 
Plug System: 

Power Drive 20 
20Kw 
27HP 
2,400 
Direct Drive Brushless 
Internal Sensor 
200mm (7.9") 
133mm (5.25") 
8.2Kg (18.04 lbs) 

 
50V 
75V 
66V 
 
 
285A 
180A 
 
2 
75mm (2.95") 
M8 
6 
Ø 170mm (9.85") 
M8 
6 
E-Plug (OEM) 

 
Figure 4.1 Specifications of the Power Drive 20 electric motor [48] 

 
 

 
 

Figure 4.2 Power Drive 20 electric motor [47] 
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2. Motor controller: Power Block 20 electronic controller developed by Yuneec 
International. By using the “plug and play” Yuneec controller developed specifically 
for their motors, it can be assured that there will be no compatibility issues and the 
efficiency of this solution will be excellent. The throttle is controlled by a compact 
device equipped with a “slider” throttle. The system can be equipped with an LCD 
panel to monitor the key parameters of the propulsion system, such as battery 
voltage, RPM of the motor, battery discharge and power output [47]. Lastly, it would 
be beneficial to modify and wire the controller with an additional key operated On/Off 
switch. Fig. 4.3 shows the basic specifications of the Power Block 20 controller. Fig. 
4.4 shows the wiring of the electric propulsion system. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3 Power Block 20 Specifications [48] 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.4 Wiring diagram 

 
 

Controller 
Item No.: 
To Suit Motors: 
Control System: 
Voltage (Max): 
Amperage (Max): 
AutoCut Voltage: 
Cooling: 
Protection/Alarms: 
- Audible Tones: 
- Initial Start Protection: 
- Heat Protection: 
Length: 
Width: 
Height: 
Height (with Mounts): 
Casing: 
Mounting: 
Weight: 
Plug System 

Power Block 20 
PB20 
PD20 & 20+ 
Sensor 
75V 
350A 
3.3V (Lowest Cell) 
Heat Sink 
PowerOn/Start 
Slow start - 5sec 
Alarm with Auto 
Power Adjustment 
215mm (8.5”) 
130mm (5”) 
60mm (2.5”) 
72mm (3”) 
Plastic (Fire Retardent) 
Spring System 
1.5Kg (3.3 lbs) 
E-Plug (OEM) 
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3. Propeller: fixed pitch, folding, three-blade, fiberglass composite propeller. A three-
blade propeller is a good compromise between efficiency and size. By using a folding 
propeller the opening in the fuselage, that hides the propulsion system mast, can be 
greatly reduced. The whole system can fold into a compact package. Propeller 
choice was one of the most difficult tasks to accurately estimate. This thesis was not 
concerned with the details of the propeller design – blade shape, twist, airfoil etc.  A 
custom propeller would have to be designed and bought from a propeller 
manufacturer.  
 
To achieve good performance, the sailplanes from Table 4.1 have been divided into 
four groups that depend on velocity and each group will receive a slightly different 
propeller. In this way, the propulsion system can be adapted to different aircrafts. 
  
Four different propellers have been selected, based on the velocity of the sailplanes: 
 

 Group 1 (up to 75 km/h): 55 x 32 in 
 Group 2 (76 – 90 km/h): 55 x 35 in 
 Group 3 (91 – 105 km/h): 53 x 42 in 
 Group 4 (106 – 120 km/h): 52 x 46 in 

 
 
4. Battery: 18-cell, lithium-polymer battery. Themain advantages of Li-poly batteries 
are high specific energy, low self-discharge and excellent discharge characteristics. 
The disadvantages are the high initial cost and need for protection circuits and 
devices. The chosen Yuneec PD20 motor is designed to operate between 50 and 
75V. This voltage range matches an 18-cell lithium polymer battery, which delivers 
75.6 V fully charged and drops to 54 V when 80% discharged.  
 
Three possible battery configurations have been established:  
 

 No batteries taken on board 
 Two, 18-cell 31 Ah packs connected in parallel, giving 62 Ah – 25.6 kg 
 Three, 18-cell 31 Ah packs connected in parallel, giving 93 Ah – 38.4 kg 

 
This solution enables great flexibility in installation (small battery packs can be stored 
separately, in various places on-board) and flexibility for the pilot, who can choose 
the right capacity-weight compromise. Fig. 4.5 shows the specifications of the 18-cell 
31 Ah battery pack developed by Yuneec. 
 
 
 
 



88  Design of a retractable, electric propulsion system for sailplanes 

 

 

 

 

 

 

 

 

 
 

Figure 4.5 Specifications of the 31 Ah lithium polymer battery 
 
 
5. Battery charger: Yuneec E-charger. It was designed specifically with lithium 
polymer packs in mind. Fig. 4.6 shows its specifications. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 4.6 Specifications of the Yuneec E-charger 
 
 
The design of the structure aimed to utilize mainly aluminum alloy and composite 
parts. All aluminum alloy parts (except for bought items) have been designed in a 
way that they can be machined using modern Computer Numerical Control (CNC) 
milling machines. With the aid of Computer-aided design programs, CNC milling 
machines can produce aluminum alloy parts in almost any shape and with excellent 
accuracy. Metal molding and plastic parts have been avoided, as their cost of 
manufacturing would be very high in low numbers. In case of steel parts welding was 
possible. The dimensions and thread lengths of bolts and screws have been chosen 
from commercially available sizes. The fasteners chosen for the structure comply 
with standard metric dimensions according to ANSI standards. Throughout the whole 

Type: 
Pack Voltage: 
Cell Spec (nominal): 
No. Cells: 
Pack Capacity: 
 
Maxiumum Discharge A: 
Maximum Temperature: 
 
Connections: 
 
Warnings: 
- LED Solid 
- LED Flashing + Buzzer 
- LED Flashing + Buzzer 
 
Dimensions: 
 
 
Pack Weight: 
Casing material: 

Kokam Lithium Polymer  
66.6V 
3.7V x 31Ah 
18 Cells 
31Ah 
 
150A (5C) 
70°C  
 
Yuneec E-Plug 
 
 
Battery Temperature 
Over Voltage  
Under Voltage 
 
285x150x190mm 
(11"x 6"x7.5") 
 
12.8Kg (28.2 lbs) 
Aluminium (Fire Retardent) 

Type: 
Charge Monitoring: 
Data Screen: 
Voltage Meter-Input: 
Main Switch: 
Dimensions: 

Weight: 
Charge time per pack: 
Input Voltage: 
Output V: 
Output A: 
Output W: 

Cell Monitoring / Balancing 
Individual Cell (+/- 5mV) 
115 x 65mm (4.5” x 2.5”) 
Analogue Meter 
On/Off, Red Rocker 
380x300x160mm (14”x12”x6”) 
 
7Kg (15.4 lbs) 
3~4 Hours Balanced 
110V or 230V 
DC 75V (Max) 
10A (Max) 
900W (Max) 
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design locknuts were used everywhere, where it was possible. Locknuts can resist 
loosening under vibrations and torque, thanks to an embedded nylon ring. 
 
Materials used: 
 

 Aluminum alloy (7075 or 2014 series alloy, anodized) 
 Steel (only heavily loaded parts) 
 Brass (friction involving applications) 
 Carbon fiber reinforced polymer (adhesively bonded assemblies) 
 Glass fiber reinforced polymer (propeller blades) 

 
 
4.2. Project accomplishments 
 
4.2.1. CAD Model 
 
A CAD model of the propulsion system has been created for the purpose of this 
project. The design focused on two main assemblies – the propeller folding 
mechanism and the retractable structure. 
 
The function of the folding mechanism is to fold the three propeller blades parallel to 
the shaft. Springs were used to keep the blades folded when the motor is not 
running. With the blades folding backwards, the only force that the mechanism has to 
overcome is the weight of the blades in the folded position (only the blade facing 
downwards). When the motor is activated, the centrifugal force will cause the blades 
to unfold. When the right RPM is reached, the centrifugal force is great enough to 
ignore the force of the springs. As long as the motor is running, the blades will 
maintain to be unfolded. When the RPM drops the blades will begin to fold again. Fig. 
4.7 shows the folding mechanism. 
 
 

 
 

Figure 4.7 Folding mechanism – unfolded (left) and folded (right) 
 
 
For the retractable structure, a simple parallelogram linkage was used. In terms of 
mass distribution, electric propulsion is different than IC engine propulsion. There is 
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no transmission and the motor with the propeller are located at the top of the mast. A 
folding propeller was used, with the blades folding backwards and the mast folding 
forwards. This is an advantageous situation, since in the folded position, the relatively 
large and heavy motor will be hidden very close to the wings and the Center of 
Gravity, and where the fuselage is the widest. Fig. 4.8 and 4.9 show the retractable 
propulsion system. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 4.8 Propulsion system in the extended position (left) and with folded blades (right) 
         

              
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.9 Electric propulsion system in the retracted position 
 
 
The use of composite materials (GFRP and CFRP) was an important point of this 
project. For the vertical beams, carbon fiber composite was used. Such a structure 
can have considerably lower weight than a comparable metal construction. 
Moreover, the beams are exposed to airflow, as the aircraft is flying. It was important 
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to obtain the lowest possible cross section to reduce drag. The composite parts have 
been designed as completes components, bonded together from smaller 
subassemblies, so no mechanical fasteners had to be used. 
 
To extend the structure, a servomechanism will be used. For this project two servo 
motors are required – one to extend the structure and a second one to lock the 
structure in the extended position. The locking mechanism is required not to overload 
the extending servomechanism when the motor is engaged. The locking servo will 
use a worm drive. Speed, or high torque is not required, therefore this servo can be 
kept lightweight. It was assumed that its weight will not exceed 300 grams.  
 
Basic retracting servo requirements are the following (with a 110 mm servo horn): 
 

 Operating angle: at least 124˚ servo shaft rotation is required 
 Rotational speed: minimum speed, for a 15 s retraction time, is 52 s/360˚ 
 Torque: the minimum required torque is 140 Nm 
 Weight: it was assumed that maximum weight of the retracting servo is 2 kg 

 
Fig. 4.10 and 4.11 show the general dimensions of the designed propulsion system. 
The dimensions in the figures have been rounded off to full [mm]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 4.10 Extended propulsion system – general dimensions 



92  Design of a retractable, electric propulsion system for sailplanes 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 4.11 Retracted propulsion system – general dimensions 
 
 
The weight of the complete system and individual subassemblies can be seen in 
Table 4.2. The results of the weight calculation are satisfactory. 24.7 kg is a good 
value for this relatively complex system. As it was written before, there is a choice 
between a 62 Ah pack (25.6 kg) or 93 Ah (38.4 kg) battery pack. These batteries will 
put the final weight of the system at 50.3 kg or 63.1 kg. 
 
 
Table 4.2 Propulsion system weight calculation results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2.2. Installation of the propulsion system 
 
For the purpose of this thesis, a visit has been conducted to a Polish sailplane 
manufacturer Allstar PZL. Allstar PZL is the maker of composite sailplanes: SZD-55-
1-JUNIOR and SZD-55-1. The visit gave valuable information about composite 
sailplane construction and propulsion system mounting possibilities. 
 
The determining factor for the mounting of location of the system is the clearance of 
the motor with the wings, wing spars or wing control linkages (ailerons, air brakes, 
ballast valves). For any saiplane the propulsion system should be mounted as far 

Part/Assembly  Weight [g]  Comments 

Propeller with folding mech.  2698  Blade weight ‐ 500g 

Retractable structure  7999    

Locking servo  300  Assumed weight 

Retracting servo  2000  Assumed weight 

Power Drive 20 Motor  8200    

Power Block 20 Controller  1500    

Accessories (e.g. wires)  2000  Assumed weight 

TOTAL 24697 
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forward as possible. The approach to avoid stress concentrations should be applied 
to mounting the propulsion system in the fuselage. The mounting points should be 
designed in a way that loads are distributed over a larger area, and they should also 
serve as a reinforcement of the fuselage. The fuselages are usually fabricated from 
fiberglass. Therefore, the same material has been chosen for the main mounts. The 
idea was to introduce additional formers to the fuselage. Two fiberglass composite 
formers would be adhesively attached to the fuselage. The formers would act as 
reinforcements and would carry the load over a large area in the fusealge. The 
propulsion system would be attached to the formers with a set of steel frames or 
profiles that can be manufactured at low cost for each glider individually. The use of 
mounting accessories of any shape facilitates installation of the propulsion system. It 
would be up to the manufacturer of the sailplane, in which the propulsion is installed, 
to come up with a way to mount the system. Fig. 4.12 and Fig. 4.13 show an 
example of installation using simple L-shaped steel alloy profiles. Note: the formers 
are mock-ups and are not based on any accurate dimensions.  
 

 
Figure 4.12 Example of installation using fiberglass formers and steel alloy profiles 

 
 

 
 

Figure 4.13 Shape of the formers that allows clearance for control linkages 
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All aircrafts need to be correctly balanced to achieve good flying characteristics. For 
all gliders the Center of Gravity (CG) will be located at the wings. The exact CG 
range is given by the sailplane manufacturers and is measured from the leading edge 
of the wing. With the propulsion system installed, the center of gravity will be shifted 
toward the tail of the aircraft. To combat this, the battery packs can be placed in the 
front section of the glider. The battery packs are the heaviest components of the 
propulsion system at 25.6 kg for the 62 Ah pack and 38.4 kg for the 93 Ah battery 
pack. Positioning of the battery will have great impact on the CG of the aircraft. 
 
The best locations for batteries are: 
 

 Baggage compartment or area near – neutral balance, close to CG 
 Nose of the aircraft – this location would certainly help balance the sailplane 

properly, due to the large distance from the CG. Some structural 
reinforcement of the fuselage might be required. 

 
 
4.2.3. Achieved performance 
 
The final performance evaluation has been performed for the SZD-55-1 and the 
results can be seen in Table 4.3. Since, not all gliders feature water ballast, for 
general calculations of other sailplanes, it was assumed that the final weight of the 
sailplane is equal to its maximum weight plus the propulsion system weight. Table 
4.4 shows the results.  
 
 
Table 4.3 Performance data for SZD-55-1 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SZD‐55‐1 

Wingspan [m]  15 
Take‐off weight [kg]  500 
Weight with propulsion system [kg]  500 
L/D  44.1 
Speed for max L/D [km/h]  119.4 
Speed for max L/D [m/s]  33.17 
Propulsion drag [N]  69.7 
Sailplane drag [kg]  125.13 
Total drag [N]  194.83 
Desired rate of climb [m/s]  1 
Required thrust [N]  361.21 
Required power [kW]  11.98 
Propeller  52x46 
Achieved thrust [N]  385.85 
Achieved output power [kW]  12.75 
Achieved rate of climb [m/s]  1.39 
Electrical (input) power [kW]  17.47 
Current draw [A]  231.04 
Endurance with 62 Ah battery [min]  12.88 
Altitude gain with 62 Ah battery [m]  1073 
Endurance with 93 Ah battery [min]  19.32 
Altitude gain with 93 Ah battery [m]  1609 
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Table 4.4 Performance summary for various sailplanes 
 

Name 
Achieved rate of climb 
(62 Ah battery) [m/s] 

Achieved rate of climb 
(93 Ah battery) [m/s] 

Endurance 
with 62 Ah 
battery 
[min] 

Altitude gain 
with 62 Ah 
battery [m] 

Endurance 
with 93 Ah 
battery 
[min] 

Altitude gain 
with 93 Ah 
battery [m] 

AL‐12  3.41  3.20  13.03  2664  19.55  3752 

PW‐5 Smyk  2.13  2.04  14.05  1799  21.08  2576 

Graal  2.54  2.43  12.72  1938  19.08  2782 

SZD‐51‐1‐JUNIOR  1.88  1.81  12.72  1438  19.08  2074 

Silent 2 TARGA  2.50  2.39  12.91  1937  19.37  2779 

Silent Club  2.88  2.72  13.23  2283  19.84  3242 

Diana 2  1.65  1.60  11.56  1141  17.34  1660 

LAK‐17A  1.79  1.73  11.72  1259  17.59  1826 

ASW 27B  1.53  1.48  12.21  1123  18.31  1631 

ASW 28‐18  1.40  1.36  12.21  1027  18.31  1492 

Swift S‐1  1.80  1.72  11.51  1244  17.27  1785 

304C WASP  1.48  1.43  12.48  1110  18.73  1603 

DG‐808C  1.22  1.18  12.48  917  18.73  1328 

 
 
The darker green color marks the self-launching sailplanes. It can be seen that in 
case of the SZD-55-1 JUNIOR, the rate of climb is below the set goal of 2 m/s. In all 
other cases, the calculated performance is better that initially expected. The 
designed propulsion system should be able to compete with petrol powered sustainer 
systems within the same class. By comparison, the designed electric propulsion 
system can achieve similar or even longer flights. Moreover, cruising flight at partial 
throttle is possible. 
 
 
4.2.4. Enviromental study 
 
The inefficient two-stroke internal combustion engines generate pollution, whereas 
no harmful gasses are released to the atmosphere during operation of electric 
propulsion systems. However, the environmental impact of using electric propulsion 
for sailplanes is insignificant, as the number of operating motor glider is low and the 
amount of time they spend with the engine on is small. Reduction of pollution was not 
the main drive behind this project. The main advantages of electric propulsion lie in 
the comfort that it provides for the pilot (reduction of noise, vibration and 
maintenance). 
 
At the end of the service life, lithium batteries have to be disposed. Lithium polymer 
batteries are environmentally friendly. However, due to the highly energetic nature of 
their electrolyte, the batteries have to be disposed of appropriately. If thrown into a 
landfill in a charged state the batteries could cause a fire in case of damage to the 
battery case and leakage of the electrolyte. Before recycling, lithium batteries have to 
be fully discharged. For safety reasons the discharge process should be slow. It can 
be done by connecting the battery to a resistive load. At the end, the batteries can be 
submerged in salt water for a period of time. Drained lithium polymer batteries are 
landfill safe. 
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4.2.5. Designed system features 
 
The purpose of this project was to evaluate the possibility of designing a retractable 
electric propulsion system. In doing so, the key parameters were calculated, and the 
mechanisms necessary for the correct operation of the system were designed.  
 
The main features of the designed system are: 
 

 Compact size: Due to the use of a folding propeller, the length of the system 
in the folded position, and consequently the required opening in the fuselage 
is reduced from typical systems with fixed propellers. 

 Various propellers can be used: The designed system can accommodate 
several propellers, up to 55 in (1.4 m). By using relatively large propellers with 
thinner blades (high aspect ratio), high efficiencies can be achieved. 
Additionally, the propeller parameters can be fine-tuned for different 
sailplanes, resulting in higher performance than with the use of a single 
selected propeller. 

 Good performance: Performance is comparable with petrol powered 
sustainer systems. 

 Viable commercial application: The retractable electric propulsion system 
offers a number of important advantages for the pilot over traditional petrol 
powered systems, such as no noise, lack of vibration, reduced maintenance, 
confidence that the motor will start, no pollution, flexibility (multiple battery 
packs can be used). 

 
Electric power for aircrafts is a relatively new endeavour but due to recent 
advancements in battery technology it is, indeed, a viable concept. In the aviation 
sector, electric propulsion has been already used to power small aircrafts, 
paragliders and sailplanes. It is expected to see more electric powered vehicles (not 
only aircrafts) in the future. With very efficient motors already available, the limiting 
factor is the battery capacity. The full potential of electric power will be exploited 
when new battery technologies appear. Higher specific energy and lower cost would 
lead to popularization of electric propulsion on a large scale. 
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