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INTRODUCTION 
Over the years, the amateur aircraft building movement has acquired a large knowledge 
base on operating internal combustion (IC) engine aircraft. Recently there has been 
increasing interest in the alternative of electric propulsion, for which the knowledge base 
is very much smaller.  
 
The purpose of this document is to serve as a starting point for those LAA members 
considering converting their aircraft to electric propulsion and to those considering 
designing an electric powered aircraft or propulsion system. This document is not a “how 
to” on building electric aircraft, but is to provoke thought about the concept and the various 
elements that make up electric propulsion systems: what a sensible setup may require 
and possible pitfalls that might be encountered. 
 
It is also a repository of references and information to help members and inspectors pick 
their way through this new technology. It is intended that it will be updated as new 
information becomes available. 
 
There are some airworthiness standards that may also be of use to any reader that is 
serious about developing electrical aircraft. LAA Engineering is willing to assist members 
navigate these standards to help ensure their proposals are both safe and successful for 
future electric LAA aircraft. 
 

• ASTM F3239 Standard Specification for Aircraft Electric Propulsion Systems 
• ASTM F3338 Standard Specification for Design of Electric Propulsion Units for 

General Aviation Aircraft 
• ASTM F2840 Standard Practice for Design and Manufacture of Electric Propulsion 

Units for Light Sport Aircraft 
• EASA SC-LSA-15-01  Electric Propulsion Powerplant for CS LSA airplanes  

 
(ASTM standards are available by subscription, currently $75 per year) 

 
LAA Engineering offers a resource to assist any member that wishes to pursue some form 
of electrically powered aircraft: please do come forward with project ideas you have. Please 
do not see us as just a regulator to scrutinise and apply certification standards to your 
designs - we are a team of enthusiastic engineers making dreams fly. 
 
SAFETY SHOULD BECOME A VALUE! 
Just as any combustion engine has dangers and risks so will an electrical propulsion 
system. It is vital that you understand any electrical system and the risk it might pose to 
your health. Safe working practice and risk management is vital. 

Be proactive with safety on any project. Fully understand the task and the risks, set hard 
limits on your performance, work with a partner, know where and how safety equipment 
works, always use proper personal protective equipment (PPE) and be aware of the 
appropriate first aid actions for likely injuries. 

The biggest risk in such systems is of course electrocution. Systems should be designed 
so that they’re as safe as reasonably possible to use and work on, remembering that even 
relatively low voltages can cause injury in the right circumstances. The ASTM documents 
listed above give some areas for thought and the HSE gives guidance on things to consider 
when working on electric vehicles.  

https://www.astm.org/Standards/F3239.htm
https://www.astm.org/Standards/F3338.htm
https://www.astm.org/Standards/F2840.htm
https://www.easa.europa.eu/sites/default/files/dfu/SC-LSA-15-01_Electric%20Propulsion%20Powerplant%20-%20final%20version%20for%20publication.pdf
https://www.hse.gov.uk/mvr/topics/electric-hybrid.htm
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CURRENT ELECTRIC AIRCRAFT 

Figure 1 Six examples of current electric aircraft 

There are a growing number of electric aeroplane projects around the world, above are 
shown six examples spanning the range of activity. Details of these are shown in the 
table below. 

 Earthstar 
E-Gull 

Electraflyer-
C 

Electra 
One 

Silent 
Electro 2 

Electric 
Cri Cri 

Pipistrel 
Alpha Electro 

Wingspan 5.36 m 8.38 m 8.6 m 13.3 m 4.9 m 10.5 m 
Length 5.26 m 4.46 m - 6.35 m 3.9 m 6.6 m 
MTOW 249 kg 227 kg 300 kg 315 kg 170 kg 550 kg 
Battery 
Capacity 11.4 kWh 5.6 kWh 11.4 

kWh 4.3 kWh Unknown 126 kg 

Endurance 60+ 
minutes 90+ minutes 180 

minutes 
60+ 

minutes 
30 

minutes 90 minutes 

Figure 2 Headline data for six electric aircraft 
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EarthStar E-Gull  
The electric equipped Earthstar E-Gull is capable of flight times in excess of 1 hour with a 
power train taken from a commercially available Zero Motorcycles road bike. This system 
offers a 40 kW motor powered by a battery of 11.4 kWh capacity. Pilots who have flown 
the aircraft have said its performance exceeds that of the originally Rotax 447 equipped 
aircraft.  
 
ElectraFlyer-C 
The Electraflyer-C is a development of a Moni motor glider aircraft. The aircraft is fully 
electric with amateur-developed electrical components. The 13.5 kW motor can fly the 
Electraflyer-C for 90 minutes on a 5.6 kWh battery pack, thus an average draw of just 
3.73 kW. The power system is now offered as a package for homebuilt aircraft conversions 
using the same 13.5 kW motor and its accessories.  
 
Elektra One 
The Elektra One is a purpose-built electric aircraft which has been designed from the onset 
with electric propulsion in mind. The-all composite airframe is powered by a 32 kW motor 
though only requires 3 kW to sustain flight. The aircraft’s battery has a capacity of 11.4 
kWh, aided by the use of 280 solar cells embedded into the composite structure. The 
aircraft is claimed to be capable of a 4-hour endurance. The Elektra One was designed to 
be able to be charged with hangar roof mounted solar cells, with any residual power going 
into the grid for low cost operations. The company developing the aircraft is also 
developing a pilotless variant capable of an endurance up to 7 hours.  
 
Silent Electro 2 
The Silent Electro sailplane is an electric self-launching motor glider. The aircraft is 
designed to be a competitive glider that can achieve a glide ratio of 40:1. The aircraft is 
unusual in that the power system is mounted in the nose and uses a radio-controlled (RC) 
glider style folding propeller rather than a retracting engine and propeller system. The 
batteries have a capacity of 4.3 kWh and due to the aircraft’s very low drag coefficient can 
fly for 50 minutes of sustained flight following a self-launch. The 22 kW motor, controller, 
battery, battery management system (BMS), instrument unit used for monitoring the 
electric propulsion system and throttle control were all custom built for the Silent Electro. 
The battery consists of 16 off-the-shelf Kokam battery pouch cells assembled into a 
custom-built container with integrated BMS and cooling fans.  
 
Electric Cri Cri 
The famous Colomban design was adapted for electric propulsion and used to fly across 
the English Channel in mid-2015, just hours before the Airbus E-Fan completed its cross-
channel flight. The modified Cri Cri used two 35 BHP electric motors built by Electravia in 
place of the original 2-stroke engines. The electric Cri Cri used a lithium ion battery of an 
unknown capacity although has been documented to give a 30-minute endurance.  

Pipistrel Alpha Electro 
The Pipistrel Alpha Electro is a factory-built electric aircraft derived from the original Rotax 
912 powered Alpha model. The Alpha Electro is intended as a very low-cost flight training 
aircraft that is designed to stay within the circuit, although its endurance is up to 1.5 
hours. The aircraft’s lithium polymer battery is of unknown capacity but it is known to 
weigh approximately 126 kg. The aircraft can be recharged in 45 minutes using a three-
phase supply and the batteries can also be swapped out using a built-in tray on which the 
batteries are mounted. The Alpha Electro is currently priced at 69,000 Euros.  
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AIRCRAFT SUITABILITY FOR CONVERSION 
The airframes shown above are small, lightweight and have low MTOW. From the current 
successful aircraft that have been modified, using ultralights, microlights and gliders to 
form the basis of a conversion does seem to be a recipe for creating small low-cost electric 
aircraft.  
 
The weight of the battery pack is a large factor in designing an electric propulsion system, 
with aircraft capable of achieving endurances up to 2 hours requiring a battery of up to 
60% that of the aircraft’s MTOW (particularly with 2-place aircraft). The Electraflyer-C, for 
example, can cruise with a power setting of 3.73 kW (5 hp) with an endurance up to 90 
minutes. The battery pack for this aircraft likely weighs similar or slightly above that of 
the maximum 5 gallons of fuel allowed under FAR part 103. The Thundergull with its 11.4 
kWh battery has an endurance of over 60 minutes, meaning it must have an average draw 
less than 11.4 kW, accounting for take-off and climb power. The weight of its battery is 
probably in the region of 55 kg. 
 
As an aircraft increases in size or weight, the power required for flight increases. Due to 
the nature of electric propulsion this means that the cost goes up quite considerably if 
reasonable endurance is desired. Although many other aircraft that traditionally use 
powerplants in the region of 100 hp have been shown to operate with an electric propulsion 
system, the costs associated with that conversion are far greater than the purchase of the 
traditional powerplant.  
 
While some aircraft lend themselves better towards electric powerplants than others, it’s 
apparent that aircraft designed from the outset to be propelled by electric propulsion 
achieve excellent performance although the design tends to be less practical and more 
expensive than a combustion engine powered aircraft of equivalent price.  
 
Achieving good performance in an electric aircraft is very much about the correct matching 
of the combination of motor, battery, reduction gear (if there is one) and propeller.  Any 
one of these components being wrong can have drastic consequences, so components 
cannot be chosen in isolation.  IC powered aircraft are more tolerant of being less than 
optimally designed than an electric powered one because they benefit from so much more 
energy-dense fuel. 
 
REDUNDANCY  
Naturally, any critical aircraft system is designed with either minimum required safety 
factors or system redundancy. With electric propulsion being relatively new to aviation the 
expected/required level of redundancy has not yet been decided. However, it is clear that 
aircraft using traditional configurations with a single electric motor to rotate a propeller 
have little or no redundancy in these relatively reliable components, but there may still be 
a need for redundancy to be designed into other elements of the power train if their lower 
reliability warrants it. The mean time between failure (MTBF) where an emergency landing 
is required of an electrically powered aircraft should be no worse than an equivalent IC 
powered aircraft 
 
In trying to research this area, to date there seems to have been very little redundancy 
incorporated in electric aircraft of a traditional layout, but this has been widely discussed 
in relation to eVTOLs, where a failure might otherwise lead to a total loss of control and 
crash, rather than merely a controlled glide to a forced landing.  
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Although there may be few standards set for components used in electrical aircraft, parts 
with a proven track record in an equivalent application, such as electric vehicles, may help 
provide some qualitative evidence of reliability. 
 
The section below shows basic electric propulsion system schematics and it is worth noting 
that in the whole system there are only two major moving parts: just the rotor within the 
motor and the potentiometer in the throttle - very simple compared to that of an IC engine. 
An IC engine has little built-in redundancy: if a carburettor jet is blocked by a speck of dirt 
in an IC engine the result is likely a rough running engine; in the event of a serious 
catastrophic failure, such as a conrod failure in a 4-cylinder engine, the remaining 3 
cylinders don’t provide redundancy.  
  
SYSTEM SCHEMATICS 
Traditional internal combustion engine powered aircraft are a well-known technology and 
have their common faults and fixes well documented. For instance, an installation of a 
Rotax 912 is well understood and the requirements are set out both in design codes (BCAR 
Section S, etc) and in the Rotax operator’s manual, installation manual, etc. Electric power 
systems offer a unique challenge at the moment while the industry is still in the process 
of learning good practices.  
 
An electric power system used in a small single-seat aircraft will likely have a different 
system schematic than that of a possible of-the-shelf solution provided by a manufacturer. 
Note that these diagrams illustrate the components used and their location in the circuit; 
they are not intended to be detailed wiring diagrams.  
 

 
Figure 3 Basic electrical propulsion system 

Figure 3 shows the core components required for any electric propulsion system. From 
this system, a more complex system can be produced by adding various components to 
achieve the system desired.  
 
The complexity of the system is based on the goal or demands placed on the system. A 
hang glider pilot who wishes to add self-launch would likely only require a setup as minimal 
as a power system found on a large radio-controlled model. A single-seat microlight type 
would require a slightly more complex system with the addition of instrumentation, 
providing the pilot with current draw and battery voltage information. Typical LAA aircraft 
will likely require a more complex system with possible redundancies built in, fire 
protection strategies, methods to prevent uncommanded motor operation and external 
shutoffs in the event of a crash.  
 

BATTERY 
ELECTRONIC 

SPEED 
CONTROLLER 

THROTTLE MOTOR 
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Figure 4 A more complex system 

 
MOTOR TECHNOLOGY 
The motor converts electrical energy into a rotational motion. They have a considerable 
higher energy conversion efficiency than a combustion engine. The high efficiency of these 
motors mitigates some of the penalties of the lower energy density of batteries compared 
to petroleum-based fuel. 
 
There is a range of motor types that can be used that would be suitable for use on a light 
aircraft. As with IC engines, there is no one type that fits all. 
 
Electric motors are typically 85-95% efficient at converting the electrical energy into 
rotational movement. Their losses are attributed to heat generated by the current flow in 
the wire windings. This compares very well with petrol internal combustion engines where 
the thermal efficiency is on average only around 20%, meaning that the amount of energy 
input in fuel is far greater than the amount of useful work done. Some diesel engines can 
approach a somewhat higher efficiency (around 35%). Another factor is that the peak 
efficiency of a combustion engine occurs over a small range of RPM (the ‘power curve’), 
whereas with an electric motor the efficiency typically remains almost constant over a wide 
range of RPM. 
 
Electric motors are far more mechanically simple than combustion engines, usually with 
just two bearings, compared to the multitude of moving parts and ancillaries for 
combustion engines. Although some electric motors need a liquid cooling system, electric 
motors don’t require any consumable fluids such as a pressure-fed oil lubrication system.  
 
The overhaul time and cost for an electric motor is negligible, and if treated well they will 
continue operating indefinitely. Electric motors are also much lighter for the amount of 
work they can output compared to an IC engine - the Rotax 912 for example has a specific 
power output of approximately 1 kW/kg against the Emrax 228 electric motor’s figure of 
over 8 kW/kg. 
 
Direct current (DC) brushed motors: These are the simplest type commonly found in 
electric hand drills and combustion engine starter motors. These have brushes that make 
a physical contact within a commutator in the motor that directs the current flow through 
the appropriate coils on the rotor as it turns. The brushes incur losses and require replacing 
as they wear and there is the chance the motor could stop in a position where it is unable 

ESC BATTERY 

THROTTLE 

WATT METER 

BTT MONITOR 

MOTOR 

CHARGE SOCKET 



 

ELECTRIC PROPULSION SYSTEMS 
TL 3.28 
ISSUE 2 

MAY 2020 

 

TL 3.28 Electric Propulsion Systems  Page 7 of 28 

to self-start. These are the simplest type of motors and require only an increase of voltage 
to increase the speed. It also only requires two electrical connections.  
 
Direct current brushless motors: Compared to brushed motors these are more efficient, 
there are no brushes making contact and they never stop in a position where they cannot 
self-start.  They are heavier than other types of motors due to their use of heavy rare 
earth metal permanent magnets and require an electronic speed controller (ESC) to 
operate. Brushless DC motors have a higher peak point efficiency than AC motors as they 
generate less heat but at low speeds AC motors are more efficient.  
 
Alternating current (AC) induction motors: These are the types used on the Tesla electric 
cars and are also generally more efficient than brushed motors as they have no brushes 
making contact within the motor, creating a voltage drop and wasting power as heat. AC 
motors are usually larger than the brushless DC equivalent and produce more heat. AC 
motors require a controller to operate.  
 
Inrunners vs Outrunner brushless DC motors 
Outrunner motors have the output shaft connected to the case of the motor. Permanent 
magnets are affixed to this rotor and this section rotates. The stator is fixed on the inside 
of the motor with the windings in a fixed position (non-moving component). 

 
Figure 5 Outrunner motors. The outer case rotates. 

An inrunner is the opposite: the case of the motor, with the stator windings on it, does not 
rotate and the magnets are mounted on the rotor which rotates inside the case, the output 
shaft being connected to the rotor. In other words, the difference is the magnets are in 
the middle of the motor in an inrunner, but on the outside on an outrunner. 
 

 
Figure 6 Inrunner motors. The inner shaft rotates 

Generally, an outrunner has a larger diameter than length, whereas an inrunner is usually 
longer with a smaller diameter. Outrunners are often capable at running at lower rotational 
speeds per volt and at higher torques as they can physically fit more magnets and at a 
greater arm (distance) than an inrunner. 
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MOTOR SELECTION 
When developing an electric propulsion system for either an electric conversion or a new 
aircraft type, the motor selection is paramount in achieving the aircraft’s desired 
performance.  In the case of an electric conversion, the motor will generally need to at 
least provide the equivalent peak power to the internal combustion engine it is replacing. 
Other important considerations are the operating RPM, the torque of the motor, the voltage 
requirement and the current draw from the battery. These criteria all have to be able to 
deliver the power to the motor without exceeding its rated temperatures or current.  
 
Electric motor Specification 
The output of an electric motor is identical to that of an internal combustion engine though 
the words that describe its specifications may be different to that of an IC. For example, 
an IC engine might specify an estimate in fuel flow at a given RPM, whereas an electric 
motor will specify its current draw in amps (at a given operating voltage).  
 
At the moment, there are not many manufacturers of motors orientated for the purpose 
of powering light aircraft. One current example is Emrax from Slovenia who manufacture 
a range of motors purpose-built for aircraft. Their low power variant, the Emrax 188, is 
commonly used as an electric sustainer for modern sailplanes. Their largest motor can 
produce 380 kW (508 BHP). To give an example of the what specifications will need 
considering, look at the specifications for the Emrax 208 motor. 
 

 
Figure 7 Specifications for the Emrax 208 

Each of these specifications gives indication to the overall performance of the motor. If in 
the development of an electric conversion, we simply find that this motor only produces 
50% of the desired output, then we eliminate the need to look any further and can instead, 
look at a more appropriate motor.  
 
Maximum Battery Voltage: In the example of the Emrax motor above, it is worth noting 
that they offer most, if not all, their electric motors in several voltage ranges. They often 
quote a LV (Low Voltage), MV (Medium Voltage) and HV (High Voltage) model depending 
on the users’ requirements. This will also determine what battery is required (See Energy 
System Calculation below). If a designer opts for the MV version which requires 350 Volts, 
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then the battery voltage at its fully charged state must be no higher than 350 V, unless 
there is some form of voltage stepdown between the battery and motor. 
  
At this stage, it’s also worth considering the Electronic Speed Controller (ESC): the rated 
voltage of the ESC must exceed that of the battery by some margin – if you try to power 
a 350 V motor from a 350 V battery through an ESC that has a maximum rating of 300 V, 
the ESC will burn out. By the end of the electric power system design, the designer will 
have a tree of components all rated above the current and voltage that those components 
will ever see during operation, to provide a safety factor.   
 
Peak Power: Modern electric motors, just like IC engines, often have a power setting that 
they can operate at but only for a limited time. In the case of an IC engine, it is common 
to have both a maximum power and a maximum continuous power. In the case of electric 
motors, you will likely see either peak power or a maximum continuous power: it’s a term 
chosen by the manufacture but implies the same concept. Maximum continuous power for 
an IC engine is often rated for 5 minutes; peak power for an electric motor may be 
considerably less time, a few seconds in some cases.   
 
In the case of the Emrax 208, its peak power is 68 kW which is equivalent to 91 BHP. Now 
if the designer is opting for an electric conversion and the engine the system is replacing 
is an 80 BHP Rotax, so at the outset, this motor seems to show promise. Do however note 
that the specifications state that the 68 kW peak power of this electric motor is achieved 
at 6000 RPM, much greater than what a suitable propeller would wish to rotate at, so 
without looking further, it’s clear that this motor would require a reduction gearbox to 
match the output RPM to a suitable propeller. 
 
Continuous Power: Similar to the peak power above, the continuous power setting is a 
common term that is well understood by pilots. In the case of the Emrax 208, this is 41 
kW which is equivalent to 54 BHP. Now if the internal combustion engine that it is replacing 
has a higher max continuous, this may imply this motor may struggle to power the aircraft, 
i.e. it may lack performance for the same loaded weight. These factors will all need 
considering against the benefits of electric power.  
 
Peak Torque: As it suggests, this is maximum torque the motor can produce and in the 
case of the Emrax 208 is 140 Nm. Now the Rotax 80 BHP has a peak torque of 103 Nm 
according to its manual. This suggests that Emrax motor can rotate a larger propeller at 
higher RPM. Do of course note that it is peak torque and the motor will not be capable to 
output at that level for any significant time.  
 
Continuous Torque: Similar to continuous power, this is the level that the motor can 
sustain a given torque for significant amounts of time (80 Nm for the Emrax 208). It is a 
common misconception that electric motors produce completely flat torque graphs unlike 
their IC counterparts which increase torque with RPM. It is true that electric motors have 
a very flat torque curve which, in the aviation world, works well with a fixed pitch propeller 
(where we effectively operate like a car with just one gear) and also means that when you 
need instant power, the motor can probably accelerate the propeller (i.e. wind up the RPM) 
quicker than an IC equivalent.  
 
Efficiency: This is where electric motors show tremendous advantages over IC engines. 
The spec sheet for the Emrax 208 above shows a 92-98% efficiency. This quite simply 
means that for every kWh that goes through the motor, at worst case only 8% of the 
energy is wasted through heat. Modern IC engines operate somewhere around 20% 
efficiency. People often wonder why electric systems have such poor range if their 
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efficiency is so much greater: the simple answer is that fossil fuel powered vehicles can 
get away with having such a poor efficiency because the energy density of their fuel (petrol 
or diesel) is so incredibly high. In terms of kWh/Kg, the best contemporary (2020) 
batteries are around 24 times less energy dense than fossil fuels!  
 
Physical Characteristics: While we could discuss the dimensions of the electric motor and 
other physical details, they don’t have a great overall impact on the aircraft design, though 
their compact size does mean motors can be installed in such a way that maximizes the 
aerodynamics of an airframe. One of the physical characteristics that stands out the most 
is the weight of the motor. The Emrax 208 in its air-cooled version weighs 9.1 kg which 
gives similar performance to a Rotax 912-UL which weighs around 68 kg. This means that 
if you were converting an aircraft to use this alternative electric motor, other things being 
equal you could install 68 – 9.1 = 58.9 kg of batteries before even bringing the aircraft’s 
empty weight back to the previous figure. Now, if the aircraft had a 70 litre fuel tank, with 
avgas having a density of 0.72 kg/litre, the original weight of fuel would have been 70 x 
0.72 = 50 kg. If we now utilize this weight for additional batteries, the aircraft can have 
58.9 + 50 = 109 kg of battery weight without changing the available payload for crew and 
baggage compared to what it was at MTWA (Maximum Total Weight Authorised) when the 
aircraft was in IC engine form. How far or long 109 kg of batteries can sustain flight is 
discussed later in the Energy System Calculation section. 
 
Voltage, Current, KV and Torque: All motors are designed to tolerate a maximum voltage 
and operate at or slightly below this maximum. The current a motor can tolerate is limited 
by the motor’s internal components, mainly the stator, windings and magnets (usually 
neodymium). It is the combination of the voltage and the current the motor is drawing 
that dictates the power the motor is consuming. Power is the voltage multiplied by the 
current, so for example, a motor operating at 100 Volts with a current draw of 100 Amps 
will be consuming 10,000 Watts (10 kW) of power.  
 
The current drawn is dependent on the load on the motor. If you increase the load, the 
current goes up. If you increase the rpm with the same propeller, the motor has to work 
harder, the current increases, as the power requirement is higher.  Knowing how much 
current a motor will draw at a given RPM can only be accurately be determined by testing. 
Calculations can be used to determine an estimated figure. 
  
An easier and more accurate solution is to find out from the manufacturer the engine’s 
RPM, power output and torque graphs for the particular propeller you wish to use. A 
propeller spinning at a certain RPM will require a certain power and torque to achieve the 
given RPM. Every propeller has a family of power curves defining the power input required 
to turn it at different RPM at different forward speeds, each curve of approximately cubic 
form.  The propeller does not care what is spinning it up.  At any particular propeller RPM, 
it’s the difference between the power required by the propeller and the power available 
from the motor that determines the surplus power available to accelerate the propeller to 
a higher RPM.   
 
A specification frequently given to electric motors is something called a ‘KV rating’. This 
rating is a measure of the motor’s RPM when supplied a certain voltage. If a motor is given 
a KV of 50, or ’50 KV’, the motor will rotate at 50 RPM for every volt supplied to the motor. 
A 50 KV motor connected to a 100 volt supply will rotate at 5000 RPM under no load. 
Model aircraft are often seen with electric motors operating between 50 KV through to 
12,000 KV. The range of their KV is usually dependent on model size with larger models 
operating very low KV motors with upwards of 8 cells in series (8S) while smaller models 
may use a 2,000 KV motor operating with just 3 cells in series. In the case of model 
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aircraft, the KV rating is often used to determine what propeller a particular motor is 
capable of rotating without damaging or overloading any of the components: an oversized 
or overpitched propeller can overload a motor by drawing an excessively high current; a 
finer pitched or smaller diameter propeller has a lower load requirement. 
  
Manufacturers of larger electric motors for use in aircraft, such as Emrax, do not usually 
quote a KV rating. The reason for this is when a motor for a model aircraft is selected, the 
motor will arrive and operate well under very basic specifications, usually consisting of the 
following: 
 

• Maximum voltage 
• Maximum current draw 
• RPM per volt (KV) 
• Maximum power 
• Internal resistance 

From these basic specifications, an aeromodeller can pick out a motor and know with some 
certainty that their chosen motor will perform well enough. Aeromodellers are usually 
satisfied with a model that both looks and flies well, and are less concerned by high-
performance, high-reliability design and optimal efficiency, hence the parameters given 
by retailers does not include such data. 
 
Manufacturers such as Emrax provide very detailed performance data on each of their 
motors, showing power and torque curves, current draw and RPM, etc. It is this level of 
detail that makes the KV rating almost obsolete in determining a motor and prop 
combination so long as the torque required to spin up a certain propeller is known (see 
below if it is not known). 
 
Selecting the right motor 
When choosing a motor for an aircraft application, it is important that a motor is selected 
that will perform as desired and will be well supported. Many cheap motors are currently 
available with a rated power of around 35 kW, perfectly suitable for single seaters SSDR 
types. Although these motors will likely perform well and operate effectively, it is unlikely 
that any factory support or detailed installation manual will be provided.  
 

 
Figure 8 Specifications of a generic motor 
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The figure above shows the specifications of an example electric motor produced by a 
generic manufacturer. This motor manufacturer does not provide torque, RPM, power and 
current curves, and so it would be difficult to determine exactly if this motor will perform 
as intended. In the case of the motor above, the webpage explained that this motor had 
a KV of 80. A motor with such limited published performance data could still be used on 
an LAA aircraft but experiments to demonstrate its performance would likely be required.  
 
Other considerations include items such as mountings and bearings. The 35 kW motor 
above is claimed by the manufacturer to produce up to 80 kg of thrust at maximum power 
on a 38 inch propeller. As the motor is not well supported by documentation and data from 
its manufacturer, can the designer be assured that this motor’s thrust bearing can cope 
with that load? The mount on the rear of the motor has eight M8 bolt holes in a hexagonal 
pattern around the motor’s shaft. Is the structure capable of carrying the same 80 kg 
thrust load, as well as the associated inertial, torque and gyroscopic loads?  
 
Other important issues in motor choice are also whether the motor can mount a gearbox 
easily or not, and if it’s to be direct-drive, whether the shaft is strong enough to deal with 
propeller gyroscopic and other loads. 
 
These are aspects that a designer/builder will need to be consider. It does not mean that 
this inexpensive motor could not be used on an aircraft, it simply means that without 
reputable data, the LAA will need to be satisfied that the motor is operating correctly and 
within the parameters of all other components of the electric propulsion system. 
 
Determining torque from a KV rating 
Larger motor manufacturers provide large amounts of data which can be used to compare 
against IC engines to determine which motor may be suitable. In the case of the smaller 
or heavily mass-produced motors with little or no data beyond the basic motor 
specification, we will need to calculate what torque we can realistically expect a motor to 
attain.  
 

1) The power (kW) consumed by an electric motor is equal to the Power input: 
 
𝑃𝑃𝑖𝑖𝑖𝑖 = 𝑉𝑉 𝑥𝑥 𝐼𝐼       (1) 
Where V = voltage and I = current (amps) 
 

2) The Power output is the what the motor actually outputs from the input power. This 
is equal to: 
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑇𝑇 𝑥𝑥 𝜔𝜔      (2) 
Where 𝑇𝑇 = torque (Nm) and 𝜔𝜔 = angular speed (radians/second) 

 
3) Angular speed  

𝜔𝜔 = 𝑅𝑅𝑃𝑃𝑅𝑅 𝑥𝑥 2 𝜋𝜋/60      
Where RPM is the KV rating of the motor multiplied by its operating voltage. For 
example, a 50 KV motor operating on 120 V = 6000 RPM.  (Only if off-load however) 
 
Therefore 
𝜔𝜔 = (𝐾𝐾𝑉𝑉 𝑥𝑥 𝑉𝑉) 𝑥𝑥 2 𝜋𝜋/60    (3) 
 

4) The efficiency of an electric motor is the ratio of the output power to the input 
power, the difference between the two being due to the losses that occur. This can 
be expressed as:  
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Efficiency = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜/𝑃𝑃𝑖𝑖𝑖𝑖 = E    

 
From this efficiency equation we can expand out this equation by substituting 
equations 1 and 2 into it.  
 
Thus: 
𝑇𝑇 𝑥𝑥 𝜔𝜔 = 𝐸𝐸(𝑉𝑉 𝑥𝑥 𝐼𝐼)              
 
Expanding again using equation 3 and rearranging for 𝑇𝑇 gives torque as: 
 

𝑇𝑇 = 𝐸𝐸(𝐼𝐼 𝑥𝑥 𝑉𝑉 𝑥𝑥 60)/((𝐾𝐾𝑉𝑉 𝑥𝑥 𝑅𝑅𝑀𝑀𝑥𝑥𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑉𝑉𝑀𝑀𝑉𝑉𝑀𝑀𝑀𝑀𝑡𝑡𝑡𝑡) 𝑥𝑥 2𝜋𝜋)    
 

The above equation will give us an indication as to what torque can be expected from an 
electric motor. Do note that this equation will require experimental data as the variable 
power (I x V) relates directly to load applied. An example is that two very different motors 
can be operating at 2000 RPM, while one is producing 1 kW of power, turning a small 
propeller the other could be producing 100 kW turning a much larger propeller.  

This element of the document is not designed as a ‘how to’ to produce and determine all 
the variables of an electric propulsion system but to give an indication as to what will need 
considering.  
 
As with any new power system, the powerplant will likely need ground testing on a ground 
test rig first. For electric aircraft, this is likely more necessary as it is such a new technology 
to aviation. All the components of an electric propulsion system will need to be tested to 
show that each component is working correctly and reliably. Experimental data can be 
collected using an electric motor and a ground adjustable propeller to vary the load at 
different RPMs. Ultimately it is down to the designer/builder to determine his/her power 
system, its configuration and then demonstrate its performance to show that it will be 
satisfactory for use in an aircraft. 
 
BATTERY TECHNOLOGY 
Batteries are energy storage devices akin to the fuel tank in a combustion engine aircraft. 
Compared to fossil fuel for the same volume or weight, they store much less energy. 
Batteries also require a lengthy charge between use and eventually will not hold their 
original energy capacity.   
 
Unlike traditional fuels, unusual and remote locations for the batteries are possible: pumps 
and fuel lines are replaced simply by wires. Batteries could be located in wings to reduce 
bending moment although the structure must be able to support the additional weight. 
Note, though, that long runs of high-current cable are heavy and result in voltage drops, 
so these factors would need to be accounted for in the design. 
 
Unlike a fuel tank being a single large volume, batteries are made up of component “cells”. 
These are then connected together by means of wires or soldered metallic strips in an 
arrangement of series and parallel connections to make up a battery of a desired rating. 
Each cell is like a mini fuel tank and can empty and charge at a different rate to the others 
– ‘cell balancing’ is discussed below.   
 
Battery Chemistry 
There are differences in battery type due to their chemical make-up, analogous to the 
different fossil fuels that can be used. There are often announcements of new types of 
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experimental batteries that are being developed that offer far more cycles or a higher 
specific capacity that far outstrips todays commercially available cells. The reality is that 
for the present, we can only plan on using the cells that are actually available and have 
some sort of safety track record. Bear in mind also that commercially available batteries 
are often designed specifically for particular applications and that the characteristics 
required for a mobile phone or laptop will be vastly different to that for an electric vehicle.  
Important factors apart from the energy density are the allowable discharge rate, the 
allowable re-charge rate, the number of charge/discharge cycles (which determines the 
operating life) and the tolerance to periods of disuse, being left part-discharged, the 
internal resistance (which affects the peak current),the physical robustness and risk of 
electrical/thermal runaway/fire.  
 
Chemistry Advantages Disadvantages 
Lead Acid • Inexpensive and simple to 

manufacture 
• Mature and well understood 

technology 
• Low self-discharge 
• Low maintenance 

requirements 
• Capable of high discharge 

rates 

• Low energy density 
• Cannot be stored discharged 
• Limited number of full cycles 
• Environmentally unfriendly (lead) 
• Transportation restrictions on 

flooded lead acids – spillage risks 
• Thermal runaway risk with 

improper charging 

Nickel 
Cadmium 
(Ni-Cd) 

• Inexpensive 
• Fast and simple charge 

requirements 
• High number of cycles if 

properly maintained 
• Long shelf life in any state of 

charge 
• No transport concerns 

• Low energy density 
• Memory effect – batteries must be 

charged/discharged to retain 
capacity 

• Environmentally unfriendly 
(cadmium) 

• High self-discharge rate 

Nickel-
Metal 
Hydride 

• Higher capacity ~35% over Ni-
Cd 

• Less prone to memory 
• No transport concerns 
• More environmentally friendly 

• Limited service life – condition 
deteriorates after deep cycles 

• Limited discharge current 
• More complex charging circuit 

required 
• Performance degrades at higher 

temperatures 
• More expensive than Ni-Cd 

Lithium Ion • Much higher energy density 
• Low self-discharge 
• Low maintenance 
• Cost is reducing rapidly 
• Manufactured in high 

quantities in standard sizes 

• Subject to ageing, even when 
unused 

• Subject to transport regulation 
• Not yet fully mature technology, 

changes in metal and chemical 
combinations affect performance. 

Figure 9 Advantages and disadvantages of different cell chemistries 

Due to the constraint of energy density, and other factors listed above, at present the only 
suitable battery type for an electric aircraft is lithium ion. 
 
Lithium ion chemistry covers a range of different ions, and new types emerge as they are 
shown to be viable. they all have different characteristics. Selecting the most suitable type 
will depend on the factors such as cost and availability, specific energy, specific power, 
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safety, performance and lifespan. The batteryuniversity.com website compares the 
different lithium battery chemistries and their applications. 
 

 
Figure 10 Volumetric energy density against specific energy density for different battery chemistries 

A cell is rated in ampere-hours (Ah). This specifies how much charge a cell can hold. Like 
fluid in a container, the energy can be dispensed slowly over a long period of time or 
rapidly in a short time. The total energy contained in a battery is rated in watt-hours (Wh). 
This is calculated by the nominal voltage (V) of the battery multiplied by the ampere-hour 
rating. The amount of liquid a container holds is analogous to the energy in a battery; how 
quickly the liquid is dispensed is analogous to power. When selecting a battery it’s 
important to bear in mind that both the amp-hour rating and the watt-hour rating may be 
affected by the discharge rate, so their energy density performance may not be as good 
as you think it is in your application if the discharge rate is higher or lower than that for 
which the battery capacity has been quoted.   
 
Batteries also have a C rating: this is a measure of how quickly a battery of a specified 
rating can be discharged compared to that current which would discharge it in one hour. 
A 2 Ah battery with a C rating of 1 (i.e. 1C) has a maximum discharge current of 2 A which 
it should be able to sustain for an hour. If a similar 2 Ah battery has a C rating of 2 (2C) 
then it means that it can be discharged at a rate of 4 A for 30mins.   It is vital that a cell 
with the correct C rating is chosen for the application. A cell that is rated at 3 Ah and 3C 
can be discharged at 9 A with no real problem: the cell may get warm but is well within 
its limitations. If the battery was discharged at a much higher current (12 Amps, for 
example, which for this battery we would call a discharge rate of 4C since 12/3 = 4) then 
the cell would be able to withstand it for a short time but would heat up more severely.  If 
the cell gets too hot it could enter into a thermal runaway where the chemicals in the cell 
break down in a self-sustaining reaction, perhaps leading to a fire. For some cells, to allow 
them to operate at a high discharge rates (above their rated ‘C’ rating), external cooling 
is required to prevent them reaching dangerous temperatures.  

https://batteryuniversity.com/learn/article/types_of_lithium_ion
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The physical dimensions are specified by volume in litres (l) and weight in kilograms (kg). 
Factoring in the volume and weight provides specific energy in Wh/kg, power density in 
W/l and specific power in W/kg. Most batteries are rated in Wh/kg: comparing this value 
for different batteries gives a measure of how much energy a given weight of battery can 
generate.  
 
Battery packs are custom made for a specific use - mobile phone and Electric Vehicle (EV) 
markets are examples of opposite extremes of specific use.  
 
A common example of a general-purpose cell is the lithium ion 18650 cell. 
                      

 
Figure 11 The 18650 lithium ion cell 

All energy sources have limitations and batteries are no different. Power must be 
harnessed carefully so as not to cause an overload. Battery management systems must 
be used in conjunction with batteries when placing heavy demands on a battery. When a 
system is loaded in a conservative way such as pulling 10C from a 30C rated battery it is 
unlikely to require a BMS. However, being conservative by specifying a higher C rating 
battery to avoid needing a BMS may add weight and cost to a system.  
 
Batteries of the scale of typical LAA aircraft would likely require a form of battery 
management system (BMS). Battery management systems generally perform three basic 
functions: 
 
Battery pack protection from over discharge. Should the voltage of the battery get too low 
it will become irreparably damaged, thus the BMS will not allow the voltage to drop to the 
level at which damage occurs. BMS also protect during charging and prevent over-charging 
– this is to stop the cells becoming over-volted and greatly reduces the fire risk. 
 
State of Charge (SoC) calculation (the amount of energy left in the battery). This is the 
equivalent of the fuel gauge. 
 
Battery “health” measuring current flow and sometimes temperatures/pressures of the 
pack allows the user to see if there is a fault within the battery and whether it may be 
failing. 
 
Some BMS also perform some secondary functions. These include:  
 
Cell balancing. As cells may tend to discharge and charge at different rates, it is beneficial 
for overall pack life and battery reliability that the cells are all charged to the same no-
load voltage. Some BMS can control the charging of individual cells in a pack so as to 
achieve this.  
 

The 18650 battery is a lithium-ion cell classified 
by its 18mm x 65mm size, which is slightly 
larger than an AA battery. These 18650 cells 
are often used to make up the battery used in 
modern electric vehicles. These cells are 
available in numerous Ah and C ratings. 
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Data logging/management/monitoring. Data from a range of additional sensors can be 
logged or displayed to the operator. Override controls and warning systems can be 
implemented here too. The BMS can directly control the cooling system for the battery if 
one is installed. 
 
Samsung 30Q 

 

Size: 18650 (D18 mm x H65 mm) 
Weight: 46 g 
Nominal voltage: 3.6 V  
Capacity: 3.0 Ah 
Manufacturer’s discharge rate: 5C (15 A) 
Maximum charge current: 4 A 
Cost per unit: £4 (volume discounts available) 
By far these are the most common size of Li-ion cell, these 
however will require some enclosure to contain them and to 
connect up the required amount in series and parallel. 

RS-Pro-26650 

 

Size: 26650 (D26 mm x H65 mm) 
Weight: 86 g 
Nominal voltage: 3.2 V  
Capacity: 3.2 Ah 
Manufacturer’s discharge rate: 3C (9.6 A) 
Cost per unit: £13 (volume discounts available) 
A larger diameter cylindrical cell with a higher weight and 
lower discharge rate 

NPB100AH 

 

Size: 183x288x27 mm Pouch 
Weight: 2350 g 
Nominal voltage: 3.2 V  
Capacity: 100 Ah 
Manufacturer’s discharge rate: 0.3C (30 A)  
Cost per unit: £80 
A higher capacity pouch type cell. These do require a 
receptacle that provides a pressure onto the cells. They are 
more prone to damage compared to cylindrical cells but 
have a higher specific capacity. 

ZG-LFP020AH 

 

Size: 178x71x28 mm aluminium case 
Weight: 650 g 
Nominal voltage: 3.2 V   
Capacity: 20 Ah 
Manufacturer’s discharge rate: 0.5C (10 A) 
Maximum continuous discharge rate: 3C (60 A) 
Cost per unit: £20 
A small prismatic cell with a higher capacity than cylindrical 
cells and more mechanical resilience and higher discharge 
rate than pouch cells.  

Figure 5 Typical lithium cells 
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CHARGING 
Charging the battery is akin to refueling a fuel tank. It must accomplish the task of refilling 
its storage energy capacity at an optimum and safe rate, and it must stop at the correct 
time to avoid overcharging and damaging the battery. This is either controlled by the 
Battery Management System or the charger.  
 
Compared with filling a fuel tank, charging a lithium ion battery takes longer and there are 
multiple stages to how it must be done to ensure that damage is not done to the cells and 
the battery as a whole is optimally charged.  Initially the charge current is kept constant 
at around 1C for the cell whilst the battery voltage increases. Once the cell reaches its 
peak rated voltage the saturation charge commences. Now the voltage is maintained at a 
constant and the current will steadily fall. When the current falls to around 0.1C the 
charging must stop completely. 
 
There are some precautions that must be taken when charging lithium ion cells to prevent 
damage or to avoid compromising safety. The charge current must be controlled: some 
cells can be charged at above 1C but their temperature increases during the charge 
process and efficiency degrades. Overtemperature of batteries can also cause fires and so 
must be monitored. Lithium cells can also be damaged if you attempt to charge them at 
temperatures below 0°C. Over-voltage across the terminals of a cell will also damage the 
cells. Monitoring the current and voltage of the charger and cell is vital when charging as 
lithium cells must not be overcharged. Charging must stop once the cells are saturated.  
 
At low C ratings, the charge efficiency is very high. Around 95% of the energy from the 
charger is put into the cell.  
 
FIRE PROTECTION 
An aircraft that is equipped with a large battery pack poses several very real risks. While 
lithium batteries do not spontaneously ignite, it is appropriate to either contain the battery 
within a case or provide suitable fire suppression.  
 
Lithium-ion batteries usually catch fire due to some form of short circuit or thermal 
runaway. Both conditions are due to mishandling either in the form of a physical damage 
(e.g. as a result of a crash impact) or electrical over-loading.  
 
A short circuit can occur due to poor manufacturing or quality control but is more likely 
through an impact which may have displaced the components within the pack.  
 
A thermal runaway occurs due to a user or controller error allowing the battery to go far 
beyond what the battery is designed to withstand in terms of temperature, voltage or 
current. This is when the heat generated within each cell due to current discharge exceeds 
the rate at which the battery can dissipate its heat, thus the temperature can rise to the 
point where cell breakdown occurs.  
 
RC aircraft avoid the use of complex BMS by simply not drawing a high enough current to 
take the battery beyond its C rating. Problems could occur though for example if a bigger 
or more highly pitched propeller were substituted, causing the motor to draw more current, 
or if the same motor/battery/prop were fitted to a more draggy, slower airframe that 
loaded up the motor.  
 
When a single cell fails, the amount of energy released is dependent on the cell’s state of 
charge. A discharged cell will simply emit smoke with a metallic odor, while a fully charged 
cell will emit smoke and then burst into flame, with a considerable release of heat. This 
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lasts for the time taken for the battery to be destroyed whereupon, provided it has not set 
fire to the surrounding material, it will begin to cool down. Importantly, because the 
battery contains its own oxidant, it does not require oxygen in the air to burn so the flame 
cannot be extinguished by conventional extinguishers which operate by depriving the fire 
of oxygen. 
 
With a battery made up of several hundred cells, little is currently known about whether 
the energy released from a failing cell can generate enough heat to cause a domino effect 
on the surroundings cells and cause the whole battery to burn up. In the links section 
below is a report of a glider powered by a Front Electric Sustainer (FES) that had a 
catastrophic battery failure on landing that destroyed the aircraft. The accident report 
includes a very detailed investigation that also gives recommendations to reduce risk. The 
document also states how the FES manufacturer later modified the system to increase the 
battery’s ability to contain a fire.  
 
Containment, Suppression or Both? 
All electric vehicles have a form of containment for the battery pack: this may be a simple 
tray that supports the weight of the pack or a fully enclosed fire proof box which is designed 
to contain a battery fire with the flammable gasses venting overboard through an exhaust. 
Fireproof containment of a lithium battery in an aircraft may be a viable concept although 
it would incur a weight penalty over an unenclosed battery pack.  
 
Current fire suppression systems have proved relatively effective with lithium-ion 
batteries, although the ability to extinguish a failing battery is an ongoing issue. The AAIB 
report into the FES glider battery fire linked to below indicated that the fire in that case 
was successfully extinguished. It does not, however, note whether it was the failing battery 
that was extinguished or the fire in the surrounding structure caused by the already-failed 
battery pack.  
 
With any emerging technology, the best approach to dealing with each of the various 
issues will likely be determined over several years of in-service development. It may be 
possible that battery packs are made so reliable and kept within the limits so precisely 
that the risk of fire will decrease below that of a fossil fuel-based vehicle, eliminating the 
need for containment. 
 
COMPONENT COMPATIBILITY 
There are a huge number of different parts on the market, but there is no guarantee that 
the components are compatible or suitable for use in aircraft. Discussed below are the 
requirements that will need to be considered when selecting components for an electric 
powerplant. 
 
Motors 
Understanding the minimum power requirements for an aircraft is vital to ensure the 
correct motor is selected. A motor may have a peak power output equivalent to a 
combustion engine but may only be able to sustain that for a few seconds, rather than the 
5-minute maximum continuous rating typical of an internal combustion engine. There may 
also be a requirement for a cooling system, which could be liquid or air. You will also need 
to consider the mountings for both motor to airframe and motor to propeller. Some motors 
may not have a suitable thrust bearing for a propeller and will need to be modified as 
such.  
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Electronic Speed Controllers (ESC) 
These must be compatible with the motor in that it must be of suitable voltage and current 
rating, comfortably above those for the motor so as to provide a margin of safety. An 
overhead for both parameters will be required. Exactly how much overhead will be 
determined as service experience is gained with electric power systems. 
 
Controls and instruments 
These will be connected to the ESC and motor. The throttle will have to be compatible with 
the ESC: some will require an analogue signal, others a pulse width modulated (PWM) 
signal generated by a digital throttle. Instruments such as motor temperature, rpm, power 
draw, and “fuel gauge” will also need to be fitted. They will also need to demonstrate a 
reliability equivalent to the components installed in a combustion engine powered aircraft. 
 
Battery isolators and contactors 
It may be that any 12V electrics to be used within the aircraft will be fed from a separate 
battery and charging system, or from the main propulsion battery by way of a DC/DC 
converter to the 12V bus. In the latter case, a separate isolator will be required, mounting 
the isolator within cockpit.  
 
Due to the very high voltage associated with all electric vehicles, connecting the propulsion 
battery must be done without creating the very large arc of potentially hundreds of volts. 
Large DC contactors can be located in line between the battery and ESC, so long as the 
contactor is open, the battery can be safely connected and then when the aircraft is ready 
for flight, the aircraft can be armed by activating the contactor with a switch mounted on 
the panel. The contactor used in this scenario would have to be suitably rated for the 
worst-case voltage and current likely to be drawn by the motor. 
 
It will be important that dangerously high voltages can be completely isolated so that 
maintenance can safely take place. 
 
Wiring 
Must be of suitable gauge for the current being transmitted through it, bearing in mind 
the differing scenarios of ‘max continuous’ and peak current flows. It must also be routed 
safely in the aircraft structure and be insulated to prevent any current leakage or shorts 
to the airframe, occupants or nearby electrical equipment. Large gauge cabling and thick 
insulation adds considerable weight to an electrical powerplant: the further the distance 
between high-current components, the higher the weight. Power will also be lost due to 
the voltage drop along the cable. Consider also the suitability of the connection method of 
the cabling to the components, as with such high currents being involved, poor connections 
are a likely source of fire, as well as causing reliability issues. 
 
Assembling components of an electric propulsion system must be done with a great deal 
of care, not just to ensure personal safety but also to prevent damage to the components. 
Simple safety precautions such as not fitting propellers to motors unless the motor is 
securely mounted and the electrical system has a means of being safely isolated may save 
a trip to A&E, or worse. 
 
ENERGY SYSTEM CALCULATION 
Converting an aircraft with an internal combustion engine to one with an electric propulsion 
system requires some basic mathematics to determine an appropriately sized battery pack 
and motor. The battery pack will need to withstand potentially thousands of duty cycles 
(how many times the battery is charged and discharged), be capable of a high rate of 
discharge during take-off and be durable enough for safe flight.  
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Determining the size of an aircraft’s battery pack requires only simple calculations to 
determine the power required. As discussed earlier, the unit of power for an electric motor 
is measured in kW (kilowatts). The storage capacity of a battery is measured in kWh 
(kilowatt hours), meaning a battery with a capacity of 50 kWh can supply a 50 kW motor 
for one hour at full power, assuming 100% efficiency. To determine the capacity required 
of a battery we will need to know, roughly, the power of a chosen powerplant. We will 
assume 50 kW as this converts to 67 BHP, similar to the Continental A65 for example. If 
an aircraft is being converted and always had an internal combustion engine, you can 
convert the BHP of the installed power in kW by simply dividing the installed horsepower 
by 1.341. 
 
To determine the battery pack capacity, an energy audit needs to be conducted. This needs 
to account for all the stages of flight the aircraft will undergo, each with a different demand 
of power from the battery. With the efficiency of electric powerplants being so high, these 
calculations should prove to be relatively accurate. 94% efficiency can be achieved with 
an electric propulsion system.  
 
The calculations below assume that the aircraft’s flight profile is a take-off, climb, cruise 
and a go-around should an approach be unfavorable.  The calculations below do not take 
into account the currently unknown requirement for a power reserve and other 
inefficiencies.  
 
The equation below gives the power required of a battery. The variations of power and 
duration of applied power of each stage of flight are tallied up to give the overall capacity 
required of the battery for this particular mission profile. The example is for an aircraft 
such as the Rans S6 with a 67 BHP (50 kW) engine. 
 
Capacity required in kWh = kW x (minutes of applied power/60) 
 

STAGE OF 
FLIGHT 

ESTIMATED 
POWER 

REQUIRED 

MINUTES REQUIRED 
CAPACITY 

TAKEOFF 50 kW 0.5 0.41 kWh 
INITIAL 
CLIMB 

45 kW 1 0.75 kWh 

CLIMB 40 kW 3 2.0 kWh 
CRUISE 25 kW 20 8.3 kWh 
GO 
AROUND 
  
  

50 kW 0.5 0.41 kWh 
45 kW 1 0.75 kWh 
25 kW 5 2.08 kWh 

  TOTAL 14.7 kWh 
Figure 6 An example energy audit 

 
Adding the ‘required capacity’ figures gives a required a total battery capacity of 14.7 kWh. 
At this stage, adding an additional 6% onto the total would account for the 94% efficiency 
of the motor.  This value can now be used to determine the battery’s particular architecture 
and design. (Note that propeller efficiency, typically 0.7-0.9, is assumed to be the same 
for both IC and electrical configurations and therefore not included in this example.) 
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If the 50 kW motor fitted to this aircraft operates on 120 volts then that is the voltage the 
battery will need to supply. In this exercise, we will not account for any voltage drop in 
the system. (The voltage drop in the cable even at high amperes and volts is negligible 
when considering the lengths cable to be used in light aircraft: 10 m of 000 AWG cable at 
120 VDC and 200 A will see a 0.8 V drop over that length.) 
 
Assuming our batteries will be made up of Samsung 30Q 18650 type cells with a nominal 
voltage of 3.6 V and 3 Ah: 
 

120 volts / 3.6 volts per cell = 33 cells in series to give the required motor voltage 
 
The required capacity of the battery is 14.7 kWh. 
 
Considering the efficiency losses of the motor, an extra 6% of the pack capacity is added 
so to achieve the required flight time in the example energy audit.  
 
Thus, 14.7 kWh + 6% of required capacity (0.882Kwh) = 15.58 kWh 
 
Using the formula Energy (Wh) = Voltage (V) x Ampere Hours (Ah) 
 
We can rearrange the formula to give:  
 

Required Capacity (Ah) = Energy (Wh) / Voltage (V)  
 

Thus 15580 Wh / 120 V = 130 Ah 
 
Since each cell contains 3 Ah, the number of cells required in parallel is 130 / 3 = 44 
 
The above calculations now show that for the aircraft to achieve the mission profile shown 
in the table above the aircraft will require 33 cells wired in series to make a pack that is 
120 volts at 3 Ah. The last calculations show that we require 44 of these 33 series packs 
to make up the required power. This equates to a total cell count of 44 x 33 = 1452.  
 
Battery weight 
Having determined that our pack will consists of 1452 cells and the weight of each cell is 
46 grams. This will mean that just the cells alone will weigh 66.8 kg. This weight obviously 
doesn’t take into the account any wiring within the battery pack, any BMS, battery 
containment or fire protection and/or suppression equipment.  
 
The weight that will need to be added to the total cell mass will depend on the complexity 
of the battery. A simple ultralight aircraft may only have the internal connections (often 
done with strip of pure nickel - some suppliers sell nickel coated steel which has a higher 
resistance and can reduce the battery’s ability to output current - spot welded onto the 
ends of the cells) and rely on a low discharge rate (C rating) to ensure the battery’s limits 
are not exceeded. A more complex aircraft where the battery is being discharged 
approaching the individual cell’s C rating will need a more complicated setup of BMS, 
cooling systems and fire protection and/or containment. This will add further weight to the 
final assembled battery. 
 
Maximum Discharge Rate 
The battery that has been calculated above is capable of providing the power required but 
has not been optimized for discharge rate. So, with the C rating being the indicator to how 
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hard a battery can be pushed before exceeding its limits, the battery must be designed to 
ensure either of the two scenarios.  

 
1) At maximum power, the current draw from the motor does not exceed the 

maximum discharge rate of each individual cell. 

or 
 
2) If the individual cells can be taken beyond their maximum discharge rate at full 

power, the BMS will either limit the time the battery is kept under this condition or 
now allow it in the first place. 

  

Our motor produces 50 kW at 120 volts. Rearranging the power formula gives: 
current (A) = power (W) / voltage (V) = 50000 / 120 = 416 amps 

  
So, when our motor is operating at maximum power, we are pulling 416 amps from our 
battery. Now our battery is made up of 44 parallel connections of which each connection 
is made up of 33 cells in series. Thus 416 / 44 = 9.45 amps per individual cell.  
 
Our Samsung 30Q cell has a maximum discharge rate of 15 A as indicated by the 
manufacturer (see Figure 9). This means that our battery is being operated comfortably 
below the limit of what the battery can output. 
 
This does two things for our battery, both of which are advantageous: 
 

1) Pulling less current than the battery is capable of outputting drastically reduces the 
operating temperature of the battery. The battery at this state will likely only 
become warm (experiments would be needed to determine the exact temperature 
while operating at this current draw, when the cells are enclosed in close proximity 
and with the intended cooling arrangements). This will mean a less sophisticated 
cooling system is needed, or even be capable of operating without any dedicated 
cooling system.  This again would need experimental test to ensure that battery 
remains within its limits.  
 

2) Because the battery is not really working very hard, the number of cycles the 
battery can withstand goes up significantly. The correlation between C rating, 
current draw and number of cycles is a well-studied topic within the automotive 
industry and mass-produced battery packs. The number of cycles likely to be 
achieved in an aircraft’s battery is not as well documented though is it clear that if 
a battery operates comfortably below the maximum discharge rate the battery is 
rated for, the life expectancy is generally considerably increased. 

Charging the battery  
Charging the battery is an integral part of operating an electric aircraft and considerations 
must be made to ensure charging the battery pack at the airfield is possible or the pack is 
removeable to allow the pilot/operator to take the battery home for recharging.  
 
The time taken for the charging process depends on such factors as the power supply 
available, the ratings of the cells and state of discharge of the cells at the start of the 
process. Below are details of the charging requirements for the battery pack discussed 
above. 
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To calculate time to charge from completely discharged we must know how much power 
is available from the supply. 

Power (W) =  volts RMS (V) x current (A) 

Domestic single-phase supply = 230 V x 13 A = 2990 W = 2.99 kW 

The time to charge from fully discharged is determined by the power available and the 
electrical capacity of the battery pack. 

Pack capacity = 15.58 kWh    

Time to charge (hrs) = Pack capacity (kWh) / Power supply (kW) = 15.58 / 2.99  

= 5.2 hrs (assuming 100% charger efficiency) 

The pack capacity is 15.58 kWh, so from empty on a domestic power supply would take 
at least 5.2 hours to charge. Chargers are not 100% efficient and so this time may be 
about 20% longer. Three-phase power supplies would be able to charge in less time due 
to more supply power being available. 

The example battery pack is constructed of Samsung 30Q cells arranged 33S 41P (33 cells 
in series, of which are repeated 44 times in parallel). The Samsung 30Q cell has a 
maximum voltage of 4.2 V so the charger for this pack must have a rating equivalent to 
that of 33 cells in series. For cells in series, the voltage is the sum of the individual cells’ 
voltage. 

  Vtotal = V1+V2+Vn…  

4.2 V x 33 = 138.6 V 

If the charge voltage is higher than this, then the cells could become overcharged and 
increase the risk of fire. If the charger is underrated, then the cells won’t be fully charged. 
The BMS or the use of a battery balancer will ensure the cells are charged to the same 
voltage. Modern chargers are programmable, so a charger with an output voltage from 70 
V to 140 V would cater for a wide range of batteries.  

The Samsung 30Q has a standard charge rating of 0.5C recommended by the 
manufacturer. As the cell has a rating of 3 Ah, the charge current can be calculated by 
multiplying the charging C rating by the cell’s rating 

Icharge (A) = Ccharge x Cell Rating (Ah) = 0.5 x 3 Ah = 1.5 A 

For an ideal battery the current is divided equally between each parallel bank of cells so 
the current that the charger can supply must be equivalent to the cell charge current 
multiplied by the number of parallel connections. 

1.5 x 44 = 66 A 

As the voltage of the required supply is 138.6 V and the current 66 A we can calculate the 
power required: 

Power (W) = Volts (V) x Current (A) = 61.5 x 138.6 = 9148 W  

This is considerably more than a domestic power supply can provide. 
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To charge the 30Q cell at maximum current specified by the manufacturer (4A), a 176 A 
rated charger would be required. This would require 24 kW supply power: 

4 x 44 = 176 A 

176 x 138.6 = 24.4 kW  

The current only determines the rate that the pack charges at. Providing the type of 
battery is suitable, a lower current charger would simply take longer to charge the pack.  

The longevity of the pack can be extended by not charging the pack to 100% state of 
charge or by avoiding charging at currents above the manufacturer’s rated charge current. 
Charging must also be conducted at the correct temperature range to prevent damage to 
the cells.    

As with the battery and BMS, the charger will be selected on the specifications of both 
pack and its BMS. If a BMS can only allow a charge current of 5A, then using a charger 
with a 10A output will not charge the battery any quicker as the BMS will only allow 5A. It 
could overload the BMS, causing the BMS to shut down that charge cycle completely to 
protect the battery.  
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Useful Links 
 
Electric motors 

Emrax 228 55-100kW – Specification Sheet 
ULM 50-100kW – Sale Website 
EP238/50 50kW - Hobby grade motor 
238 - 50 25kW – Hobby grade motor 

 
Electronic Speed Controllers 

DTI HV500 – Website 
Unitek Bamocar D3 – Website 
E-Power Hobby ESC – Website (Hobby ESC is a large ESC for radio control models 
and is simple to implement) 

 
Batteries & cells 

The design of the battery is a very bespoke component and the design of such is 
dependent on the motor to be used, the power of that chosen motor and endurance 
desired at a certain energy consumption.  Below are links to educational videos and 
books that may prove educational on the design, build and testing of a flight pack.  

 
Ebike Battery Build Video Series – A 5-part video series on the design, build and 
test of the battery detailing good practise., installing a BMS and selecting an 
appropriate charger.  
 
DIY Lithium Book – Book showing the design and build of a battery, inclusion of 
BMS and general notes/tips.  
 
Battery University – A website dedicated to educating the website audience on 
battery technology. The site discusses the basic principles, battery chemistries, 
charging, the issues associated, links to studies carried out on specific cell type and 
their performances etc.  
 
Battery Test Requirements – Brief discussion on the requirements battery cells 
must meet to be certified by EU & DOT. 
 
Samsung 30Q - Datasheet for the 30Q battery. 
 
Gen2 Battery pack - A specification sheet for Gen2 FES battery packs. 
 
GWL Power YouTube – A battery distributer that conducted some abuse tests on 
the cells they distribute. 
 
DIY 18650 Battery bank – An ‘Instructables’ article overseeing the build of a custom 
18650 pack. Article covers the basic principles required for any pack design and/or 
assembly. Article includes a list of the parts required to build the pack, add 
connections and install the BMS. 
 
How to build a DIY EBIKE Li-Ion Battery – Web article giving details on the build of 
a custom battery designed for an Ebike. The article goes over good practise during 
the build of custom batteries, the type of nickel to be used, spot welding etc etc 

 
 
 

https://emrax.com/wp-content/uploads/2017/01/emrax_228_technical_data_4.5.pdf
https://www.aeroexpo.online/prod/mgm-compro-171210.html#product-item_31055
https://epowerhobby.com/product/ep238-50-35kw-brushless-motor-for-paratrike/
http://mymobilemms.com/OFFTHEGRIDWATER.CA/Brushless-Motor/25kw-238-50-Lightweight-Brushless-Motor-Halbach-Array-AVAILABLE
https://www.drivetraininnovation.com/product-page/HV-500
https://www.unitek-industrie-elektronik.de/bamocar-d3-en
https://epowerhobby.com/product/e-power-hobby-esc-500a-120v-with-heat-sink/
https://www.youtube.com/watch?v=b3eRv_FZjBc&list=PLPqn8bOJKP_nYD-BAKxJHOYovjickM3wD
https://books.google.co.uk/books?id=UmRsswEACAAJ&dq=diy+lithium+batteries&hl=en&sa=X&ved=0ahUKEwiNlIiC74DoAhVMQ8AKHd1-D2kQ6AEIKDAA
https://batteryuniversity.com/learn/
https://batteryuniversity.com/learn/article/battery_testing_and_safety
https://eu.nkon.nl/sk/k/30q.pdf
http://www.front-electric-sustainer.com/Manuals/FES%20BATTERY%20PACK%20GEN2%20manual%20v1.19.pdf
https://www.youtube.com/channel/UC4A-sFOf3FM9krpZH2iyguQ
https://www.instructables.com/id/DIY-Professional-18650-Battery-Pack/
http://www.ebikeschool.com/how-to-build-a-diy-electric-bicycle-lithium-battery-from-18650-cells/
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Throttles 
The throttle that is chosen for an aircraft is entirely dependent on the type of signal 
required by the ESC. While some ESCs use digital throttle that output a PWM signal 
to the ESC, many use analogues types that are simply high-resolution 
potentiometers that output voltages from 0-5v (typically the 0-5v is the most 
common analogue throttle range).  
 
EV West Billet Throttle Potentiometer - Website 

 
BMS 

Like the case of the batteries, if the requirements of the battery dictate the need 
of a BMS then there’s a large number to choose from. A BMS can be selected 
depending on the specification of the battery, the charger and the load placed on 
the system. The number  of cells is also critical as the BMS will have balance leads 
to monitor the behaviour on charge of each individual cell connected in series (a 10 
cell battery will have 11 balance leads, as 10 will go to the positive connections of 
the series connections while the other will connect to the negative). 
 
Dilithium BMS Controller – Website  
Generic 20S40Ah BMS – Website  
Orion BMS - Website 

 
Chargers 

Chargers will be specific to the battery pack. Selecting one of the correct voltage is 
the primary requirement. If the battery pack can be separated into sub-packs that 
are equivalent to bike packs then commercially available e-bike chargers could be 
used. 
 
Larger battery packs will require bespoke high-voltage chargers. If the 
infrastructure is available, high-power chargers that utilise 3-phase electrical 
supply may be used to speed up charge time. 
 
EV Charging point - Website 
One of many commercially available e-bike chargers - Website 

 
DC Components 

Suppliers such as RS Components may be able to provide a range of DC electronics 
components for your project. 

 
Educational Web Pages 

How the ESC works with the windings of the motor – A Brief web article on how the 
windings of a motor work and how they create their magnetic field due to the ESC. 
 
Brushless Motor Types – A web article discussing the types of motor used in 
industry.  
 
Brushless Motor designator description – A brief description what the numbers on 
a motors type designator correlate to.  
 
Ohio Electric Motors – Information regarding the maintenance requirements of DC 
electric motors 
 

https://www.evwest.com/catalog/product_info.php?cPath=25&products_id=418
https://www.evwest.com/catalog/product_info.php?products_id=491
https://vruzend.co.uk/products/20s-40a-72v-bms-battery-management-system-li-ion-cell-battery-ann-balanced
http://www.orionbms.com/
https://evchargingsolutions.co.uk/home-charging-station/
https://www.bikester.co.uk/cube-fazua-evation-10-battery-charger-black-885330.html
https://uk.rs-online.com/web/
https://howtomechatronics.com/how-it-works/how-brushless-motor-and-esc-work/
https://www.rs-online.com/designspark/different-types-of-motors-and-their-use
https://www.dronetrest.com/t/brushless-motors-how-they-work-and-what-the-numbers-mean/564
https://web.archive.org/web/20120126160809/http:/www.ohioelectricmotors.com/dc-motor-maintenance-guide-610
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PyroPhobic Systems Limited – A company developing intumescent, fire resistant, 
polymer composites to form fire resistant battery pack components that contain 
the spread of runaway lithium batteries. 
 
Multidisciplinary Digital Publishing Institute – Energies Paper - discusses the 
thermal runaway mechanism and presents various thermal runaway mitigation 
approaches. 
 
AAIB Battery fire investigation – A detailed analysis and design recommendations 
on battery fires following glider sustainer fire. 
 
Brimstone Fire Protection – Battery safe bags tested under demanding conditions 
to prove the bags ability to contain flames and minimise heat output.  
 
RISE Report 2019:50 - Fire Safety of Lithium-Ion Batteries in Road Vehicles. 
Background information regarding lithium-ion batteries and battery pack 
integration in vehicles. 
 
Health and Safety Executive - Electric and hybrid vehicles. Hazards and safe 
working when working on electric road vehicles. 
 
Hybrid Power in Light aircraft – A presentation by Dr Paul Robertson who modified 
a SONG SSDR into a hybrid electric aircraft.  
 
Aviation Benefits Beyond Borders Environmental Efficiency - information on the 
many measures and initiatives taken by the industry to limit the environmental 
impact of aviation 
 
EASA Special Condition FES – Document SC-22.2014.01 covers the special 
condition given to applicable powered sailplanes equipped with electric sustainer. 
 
Civil Aviation Authority CAP 1524 - Information on aviation’s environmental impact.  

 
 

--END-- 
 
 

Please report any errors, omissions or comments to LAA Engineering: engineering@laa.uk.com 
 

https://pyrophobic.com/battery-fire-containment/
https://www.mdpi.com/1996-1073/11/9/2191/pdf
https://assets.publishing.service.gov.uk/media/5b74225ce5274a0b344cabd5/HPH_Glasflugel_304_eS_G-GSGS_09-18.pdf
https://brimstonefireprotection.com/pages/videos-1
http://www.diva-portal.org/smash/get/diva2:1317419/FULLTEXT02
https://www.hse.gov.uk/mvr/topics/electric-hybrid.htm
https://www.aerosociety.com/media/5962/3-hybrid-power-in-light-aircraft.pdf
https://aviationbenefits.org/
https://www.easa.europa.eu/sites/default/files/dfu/SC%20Electric%20Sailplanes_issue2_141114.pdf
https://publicapps.caa.co.uk/docs/33/CAP1524EnvironmentalInformation29032017.pdf
mailto:engineering@laa.uk.com

