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Abstract— This paper explores how to measure aircraft 
attitude  using  Euler  angles.  It  provides  basics  of  this 
concept.  The  sensors  and  filters  for  determination  of 
attitude are described.  In addition,  the paper introduces 
sources of errors and uncertainties, along with calibration 
and compensation techniques, to reduce errors. The goal is 
to  highlight  the  importance  of  accurate  measurement  of 
Euler angles for reliable  aircraft  navigation,  control  and 
flight safety.
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I. MOTIVATION AND OBJECTIVE

In  modern  aviation  systems,  knowing the  attitude  of  the 
aircraft is of great importance for navigation and flight safety in 
all weather conditions. In all new types of aircraft, the aim is to 
reduce the load on the pilot during the flight. Because of this, 
automated control systems are being developed,  in which the 
pilot mostly monitors flight parameters and only takes control of 
the aircraft if a problem arises. Flight parameters are obtained 
from sensors, which inevitably introduces errors due to various 
influences. Therefore, it is necessary to develop methods that 
combine  data  from  multiple  sensors  and  apply  appropriate 
filtering, calibration and compensation, in order to achieve high 
accuracy and reliability of the system. This represents the basic 
motivation  for  the  study  of  Euler  angles,  one  of  the  key 
navigation  parameters,  as  well  as  the  application  of  modern 
sensors and estimation algorithms.

The objective of this paper is to describe the operation of 
these devices with reference to different sources of errors and 
methods  for  overcoming  them.  Also,  to  make  compromise 
between  price  of  the  system  installing  and  maintaining  and 
required performances depending on the use.

II. INTRODUCTION

In order for a pilot to know what his aircraft can do at a 
certain moment, he needs to know the attitude of that aircraft 
relative to a reference frame, usually the Earth. The attitude of 
the  plane  in  the  air  is  important  because  it  determines  the 
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direction in which it wants to fly, whether it climbs or descends 
to a certain height and whether it is tilted to a certain side.

Quaternions and Euler  angles  are used to determine the 
aircraft's  attitude.  Both  representations  are  used  in  practice, 
quaternions  for  internal  computation,  and  Euler  angles  for 
display on screen. Quaternions are easy to process, while Euler 
angles  rely  on  trigonometric  functions,  which  introduce 
numerical  errors,  quaternions  also  offer  greater  numerical 
stability  in  calculation.  Also,  quaternions do not  suffer  from 
gimbal lock, which will be explained later. Although they are 
easy for a computer, they are not for a human. They represent a 
system  of  numbers  in  four  dimensions,  which  extends  the 
complex numbers. They are given as the sum of the scalar part 
with three unit vectors (i, j, k), representing the displacement of 
x, y, z axis, respectively. A conversion between quaternions and 
Euler angles exists. For more [1].

First  and foremost,  it  is  important  to  note  that  the  NED 
(North-East-Down) coordinate system is used in aviation, so the 
Euler angles are defined based on it. NED coordinate system is a 
special case of the Cartesian coordinate system, where the x-axis 
is oriented to the North, the y-axis to the East, and the z-axis to 
the center of the Earth, opposite to the usual system. The NED 
coordinate  system  is  fixed  relative  to  Earth,  and  a  local 
coordinate system is defined on the aircraft that is tied to it and 
follows it. Euler angles describe the rotation of that local system 
with the respect to the NED system, and are defined as three 
rotational  angles  of  yaw  (ψ),  pitch  (θ)  and  roll  (φ). Pitch 
represents the rotation of an object (in the following text the 
aircraft) around the y-axis, going up and down. Yaw represents 
the rotation of an aircraft around the z-axis, going left and right. 
Roll represents the rotation of an aircraft around the x-axis, tilting 
around  forward  axis  (Fig.  1).  The  combined  rotation  is 
represented using a rotation matrix consisted of trigonometric 
function of the angles. The rotation matrix is the product of the 
individual rotation matrices around each axis, in right order, yaw, 
pitch and roll, respectively. [2]
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Fig. 1. Physical appearance of yaw, pitch, roll angles [3]

III. MEASUREMENT PRINCIPLES AND DEVICES

One of  the  functions of  aircraft  navigation systems is  to 
determine the attitude of the aircraft. This is achieved by certain 
devices within the system, namely gyroscopes, accelerometers, 
magnetometers and filters.

A. Gyroscopes
A gyroscope  is  a  device  for  measuring  absolute  angular 

velocity. There are many types of gyroscopes, depending on the 
principle  of  operation,  but  in  modern  aviation,  optical 
gyroscopes are most commonly used, followed by mechanical 
gyroscopes  and  gyroscopes  in  Micro-Electro-Mechanical 
Systems  (MEMS)  technology.  Each  of  them  will  be  briefly 
described.

Starting with mechanical gyroscope, because it is the oldest. 
It consists of a wheel or disk supported by a pair of gimbals. It 
makes use of the inertial properties of a wheel or disk spinning 
at high speed. A spinning wheel has angular momentum such 
that the axis of rotation tends to remain fixed in space, thus acting 
as reference point.  Depending on the method of suspension of 
the  rotating  part  of  the  gyroscope,  and  the  possibility  of 
movement in space around multiple axes directed towards each 
other,  gyroscopes  are  classified  as  having one,  two or  three 
degrees of freedom of movement (Fig. 2).

Fig. 2. One, two and three degree of freedom gyroscope, respectively [4]

In the further part of the text, the fundamental principles on 
which the operation of this type of gyroscope is based will be 
briefly  explained. Gyroscopic  inertia is  fundamental  to  the 
operation  of  all  spinning  mass  gyroscopes,  as  it  defines  a 
direction in space that remains fixed in inertial reference frame. 
The establishment of a fixed direction enables rotation to be 
detected. The rotation of an inertial element generates an angular 
momentum vector which is coincident with the axis of spin of 
the wheel. It is the direction of this vector which remains fixed 
in space, given perfection in the construction of the gyroscope. 
Angular momentum is defined by the distribution of mass on a 
rotor as well as by its angular velocity, expressed as H = Iω, 
where H is the angular momentum vector, I is the moment of 
inertia of the rotor, and ω is the angular velocity vector. For many 
applications, the angular momentum is chosen to be very high, 

so that disturbing torques that can act on a rotor and cause errors 
are  virtually  insignificant.  Any  undesired  movement  of  the 
direction of the spin axis is usually referred to as drift. So to 
minimize drift, one should carefully consider the value of the 
angular momentum selected for a gyroscope to use in a given 
application. Precession is a change in the direction of the axis of 
rotation  when  an  external  torque  acts  on  the  gyroscope. 
Precession is counterintuitive, so it is easier to explain it with an 
example. If one has a gyroscope that is rotating with very high 
angular velocity and one tries to tilt it, instead of following the 
direction of the force, it will turn aside. Intuitively, if a disk 
rotates and one apply force on one side, reaction occurs at a 90° 
angle.  This  happens  due  to  the  conservation  of  angular 
momentum, gyroscope maintains its  orientation and since an 
external  force  cannot  immediately  change  the  angular 
momentum,  the  resulting  disturbance  is  redirected  into  the 
perpendicular direction. Here will be introduced a negative effect 
of  mechanical  gyroscopes  called gimbal  lock.  This  effect 
prevents two-degree-of-freedom gyroscope from having 360° of 
freedom about both its inner and outer gimbal axis. This problem 
occurs  when  two  axis  of  rotation  become  aligned  and  then 
system loses one degree of freedom. This happens when the spin 
axis goes to 90° angle. This causes that we cannot distinguish 
rotations. A straightforward solution to this problem is use of 
quaternions and rotation matrices. For more explanations [5].

Optical  gyroscopes use  properties  of  electromagnetic 
radiation to sense rotation. Devices often operate in the visible to 
near  infrared  wavelength  range.  Optical  gyroscopes  use 
interferometric methods to sense angular motion. When light 
travels in opposite directions around an enclosed ring, difference 
arise in the apparent optical path length of the two beams when 
the ring is rotating about an axis orthogonal to the plane of the 
ring.  They  come  in  two  forms  used  in  aircraft:  ring  laser 
gyroscope and the fiber-optic gyroscope. This type of gyroscope 
has several advantages over mechanical ones, including wide 
dynamic  range,  instant  start-up,  digital  output,  easy self-test, 
system design flexibility, extended running lifetime. 

Optical gyroscopes rely upon the detection of an effective 
path length difference between two counter-propagating beams 
of light in a closed path. Consider a closed loop with a beam 
splitter at one point: when a light beam enters the splitter, it is 
divided into two beams traveling in opposite directions around 
the loop. Since both beams travel at the same speed (the speed of 
light), any rotation of the loop causes a difference in the apparent 
path length each beam must traverse.  As a result,  one beam 
returns to the splitter slightly ahead of the other. Measurement of 
this  optical  path  difference  allows  an  observer  in  rotating 
reference frame to measure absolute rotation rate. The angular 
velocity is measured by change in light intensity at the detector, 
which is directly proportional to phase difference between the 
two beams,  and phase difference  is  proportional  to  angle  of 
rotation.

Ring laser gyroscope (Fig. 3) consists of a glass ceramic 
chamber containing helium-neon gas mixture in which two laser 
beams are generated by a single anode or twin cathode system. 
The mirrors are mounted in a triangular arrangement, direct the 
pair of laser beam around the cavity in opposite directions. Any 
rotation of the ring affects the coherence of the two beams, rising 
one in frequency and lowering the other.  The clockwise and 
anticlockwise  beams  are  directed  into  a  photo  detector  that 
measures  the  beat  frequency  according  to  the  frequency 
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difference, which is proportional to the angle of rotation. The 
advantages of the ring laser gyroscope are considerable.  The 
measurement accuracy obtained is substantially better than that 
afforded by mechanical gyroscopes in a similar price range. The 
device  is  also  considerably  smaller  physically,  which  is  of 
considerable benefit in many applications.

Fig. 3.  Simple schematic diagram of a ring laser gyroscope [6]

Fiber-optic gyroscope have superior light-guiding properties. 
The fibers have a periodic array of holes in the structure that 
provide very high-quality light-guiding properties with very low 
optical losses. The principle is same as it was explained two 
paragraphs  before.  The light  source  is  usually  light  emitting 
diode (LED). For more [5]

MEMS gyroscopes are vibratory type of gyroscopes. They 
measure angular velocity, and for that are using Coriolis force on 
vibrating  masses,  the  change  in  vibrations  is  transformed in 
angular velocity. These sensors has a mass that continuously 
vibrates, and when sensor rotates, the mass deflects depending 
on the angular velocity. By measuring the mass deflection, it is 
possible to determines the angular velocity of the object. The 
mass is  connected to the ‘internal  frame’ through a damper-
spring structure,  and actuator  is  used to  drive the mass into 
harmonic oscillation. The feedback system guarantees that the 
mass is kept in a regulated continuous oscillation along one axis. 
Then,  the  internal  frame  is  connected  to  the  ‘sensor  frame’ 
through second damper-spring structure at 90° angle, relative to 
the mass oscillation direction. This configuration allows internal 
frame to be able to move in the other axis direction when a force 
is  present  in  this  direction.  They  have  drift,  integration,  for 
getting displacement, leads to accumulation of the error, but that 
is solved by using filters. For mathematics behind this look [7].

B. Accelerometers

As  their  name  suggests,  accelerometers  are  used  for 
measuring acceleration. They are available in wide variety of 
types  and  ranges  designed  to  meet  particular  measurement 
requirements. Most accelerometers consists of a mass suspended 
by a spring and damper inside a housing. They directly measure 
force, but knowing exact mass, and using Newton’s second law 
of motion, F = ma, acceleration can be calculated. For navigation 
purposes, velocity and displacement are ultimately required, so 
the acceleration output is integrated in the central processing unit 
(CPU). For more information [5].

C. Magnetometers (Compasses)

A compass is an instrument designed to indicate direction on 
the surface of the Earth relative to the horizontal component of 
the Earth’s magnetic field. On aircraft, there are two compasses 
and  both  are  used,  one  as  primary  source  and  other  for 
emergency, power loss.

The direct-read magnetic compass is the simplest and most 
basic form of a magnetic compass. Its advantages are simple 
construction,  reliability  and  independence  (does  not  require 
electrical power). It has four major limitations.  Turning errors 
mean that compass cannot be read accurately during a turn due 
to liquid swirl inside compass bowl, which occurs as a result of 
the viscosity of the liquid. Acceleration errors arise because the 
magnetic  assembly  is  pendulously  suspended.  Linear 
acceleration produces a turning moment on the compass system, 
which causes the compass card to rotate and display an incorrect 
heading. The aircraft compass system is designed to detect the 
Earth’s magnetic field. However, various influences can reduce 
the  compass  accuracy,  including  magnetic  disturbances.  The 
compass is sensitive to secondary magnetic fields, such as those 
generated  by  electrically  driven  instruments  and  the 
ferromagnetic materials within the aircraft. These disturbances 
cause the compass to deviate from magnetic north. This system 
has standalone limitations, because this system is self-contained, 
it  is  not  possible  to  extract  heading  information  from  it  as 
electrical or mechanical input into other equipment. In addition, 
even if compensated and pointing accurately, this compass has a 
very slow response, in aviation where fast response of systems 
are needed. For all these reasons, this instrument serves only as 
a secondary or emergency source of information.

The direction  gyro  indicator  (DGI)  provides  stable 
directional  reference  in  azimuth  for  maintaining  accurate 
heading.  It  attempts  to  solve  limitations  of  direct-reading 
magnetic  compass  by  use  of  an  air-driven  or  an 
electromechanical  gyroscope.  This  device  does  not  have 
magnetic elements, so it is not north-seeking, and must initially 
be synchronized with the magnetic compass. A typical DGI error 
is gyroscopic drift caused by friction and imperfection in the 
gyroscopic system, and this causes gradual deviation from the 
correct heading, requiring a periodic realignment. But there is 
one property of gyroscope that can overcome this error, and is 
called nutation. Nutation is natural phenomenon that occurs with 
two-degrees-of-freedom  gyroscopes.  It  is  small  oscillatory 
motion,  wobbling,  of  the  spin  axis  of  the  rotor.  It  is  self-
sustaining oscillation which physically represents a continuous 
transfer of energy from one degree of freedom to the other and 
back again. This motion is generally unwanted, and is suppressed 
via friction of the gimbal bearings or deliberately applied viscous 
drag damps. But in this system, this have a role. Because the 
Earth is getting narrower from Equator to poles, principle of 
nutation is used, by placing mass on one side of gimbal, to make 
correction  of  the  indication  of  the  gyroscope.  This  is  not 
magnetometer or compass, but works like one, and from it can 
be acquired an electrical signal for processing.

Gyromagnetic compass overcomes the limitation of direct-
reading magnetic compass and DGI. This system combines the 
best of both. The short-term stability of gyroscope overcomes 
turning and acceleration errors, and long-term accuracy of the 
Earth’s magnetic field continuously corrects gyroscopic drift. 
The system includes the following elements: Magnetic direction 
unit  (flux  valve),  Compass  indicator  (Horizontal  Situation 
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Indicator  or  dial),  Precession  (salving)  amplifier,  Precession 
motor  (salving  or  synchronizing  motor)  and  Horizontal 
gyroscope. This system is protected and placed somewhere in 
aircraft that the environmental influences do not interfere with 
his work. Here will be explained principle of operation for simple 
version  of  this  system.  The  horizontal  gyroscope  is  directly 
connected to the compass card. The purpose of the magnetic 
detector unit (flux valve) is to sense Earth’s magnetic field and 
generate electrical signal which represents magnetic heading. In 
the indicator unit, the flux valve output signal is compared with 
the position of gyroscopic drive shaft. This is the shaft which 
positions the compass card, and that is the heading shown to the 
pilot. If value on the output of flux valve and gyroscope are 
aligned, no further action takes place, the compass card indicates 
correct heading to the pilot. Any difference between the flux 
valve signal and the gyroscopes alignment would only arise if 
the gyroscope were to drift. If this happens, the drive shaft will 
not be in alignment with the flux valve signal, and an error signal 
is generated and passed to the precession amplifier. The error 
signal drives the precession motor which turns the gyroscope. 
This gyroscope output is transmitted via the direct drive shaft to 
the indicator for comparison with the flux valve signal. If the two 
are aligned, the compass is synchronized and no further action 
takes  place.  If  not,  the  error  correction  continues  until  the 
compass is synchronized. This system works in both directions. 
The gyroscope smooths short-term fluctuations from the flux 
valve, and the flux valve corrects long-term gyroscopic drift. The 
output signals from flux valve and gyroscope are then led in 
CPU. [5]

D. Filters

All measured data must be processed, so measured values 
from gyroscopes, accelerometers and magnetometers are fed into 
filters for processing and data fusing. Compass readings arrive 
less frequently than data from the other two sensors, because it 
can only correct yaw, and it is measured via gyroscope also, so 
there is no need for very frequent correction.  Filters that are used 
in  these  applications  are  Kalman  (almost  always  extended 
Kalman) and Complementary filter. These two filters perform 
correction of the parameters by predicting next system state. As 
said, the  extended Kalman filter (EKF)  is actually used very 
often, that is because the standard Kalman filter does not handle 
nonlinear systems. So basically, EKF has a part that performs 
linearization of the system using Jacobian matrices (which is a 
development  in  Taylor’s  first  order).  EKF gets  values  from 
sensors and uses them to predict their state in next iteration, and 
then based on values from sensors in that iteration is comparing 
its  error  with  respect  to  his  previous  prediction  and  makes 
another one, while doing more iterations it reduces error. EKF is 
predicting state and error of the system. EKF balances between 
prediction and correction all the time, if the measurements are 
uncertain, then it trusts the prediction more, and if the prediction 
is uncertain, it trusts the sensors (measured) more. Since EKF 
works  with  nonlinear  systems,  it  directly  means  that 
complementary filter should also work with the same, but with 
little  different  approach.  Complementary  filter  works  like 
negative feedback loop, taking angular velocity from gyroscope, 
and then integrate it to get orientation. Based on estimation, it 
indicates gravity force and magnetic field vectors, and then by 
taking values from accelerometer for gravity and magnetometer 
for  magnetic  field  it  makes  error  between  measured  and 
estimated state and that error is used, via feedback, to correct 

gyroscope and reduce drift. So complementary filter is doing 
only prediction. Both filters as output gives quaternions, that are 
transformed into Euler angles. For more [8-12].

IV. AIRCRAFT NAVIGATION SYSTEM

After  describing the measurement  principles  and filtering 
methods, as well as the relevant sensors, this section provides a 
simplified overview of how these elements are integrated in an 
actual aircraft navigation system.

Figure 4 shows a block diagram illustrating what the sensors 
described earlier provide to the system. Here, the magnetometer 
is left out. Gyroscopes measure changes in attitude or turn rate 
with respect to inertial space. Accelerometer cannot distinguish 
between  acceleration  with  respect  to  inertial  space  and 
acceleration  caused  by  the  gravitational  field.  These  sensors 
measure the difference between the total inertial acceleration and 
the gravitational acceleration, a quantity known as specific force. 
The quantity is the non-gravitational force per unit mass exerted 
on the instrument.  Therefore,  the  measurements  provided by 
accelerometers  must  be  combined  with  knowledge  of  the 
gravitational  field  of  the  body  in  order  to  determine  the 
acceleration of aircraft with respect to inertial space. Using this 
information, aircraft acceleration relative to the body frame may 
be derived. That is the reason the Model of gravitational field 
block appears in the diagram.

Fig. 4. Functional components of an inertial navigation system [5]

The  navigational  function  is  fulfilled  by  combining  the 
measurements  of  aircraft  rotation  and  specific  force  with 
knowledge of the gravitational  field to compute estimates of 
attitude,  velocity  and  position  with  respect  to  a  pre-defined 
reference frame. All of that is computed in some microcontroller 
that had an EKF or a complementary filter. [5]

V. MEASUREMENT UNCERTAINTY AND ERRORS

Measurement uncertainty is quantified doubt about the result 
of a measurement. It  tells how much the measurement value 
might deviate from the true value. Depending on the type of 
sensor that is used on aircraft, they cover a very wide range.

No sensor is ideal. All of them have physical limitations that 
affect on measurement performance. These limitations cannot be 
fully  eliminated,  just  reduced,  and  that  depends  on 
manufacturing methods, the construction, the type of device and 
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its operating conditions. Because no device is perfect, all sensors 
have some degree of bias due to their imperfection.

Mechanical gyroscopes as the oldest, are the least precise due 
to  their  mechanical  construction.  Physical  contact  between 
moving parts leads to drift over time. Drift is phenomenon in 
which the gyroscope output slowly deviate from the actual value 
over  time,  even  when  there  is  no  rotation  at  all.  The  main 
contributors to drift are bias, temperature variation, noise, and 
manufacturing imperfections. Environmental influences such as 
vibration also represent  sources of  uncertainty.  The range of 
accuracy for this type of gyroscopes are 0.001-10°/hour. It is not 
very precise, in comparison with optical gyroscopes, but it still 
find  use  in  certain  applications.  Nevertheless,  this  type  is 
increasingly being replaced by the optical type.

Optical gyroscopes have an accuracy range between 0.001 
and 1°/hour, where fiber-optic ones are more precise. The main 
sources of uncertainty are photon noise, temperature variation, 
bias,  mechanical  stress  in  the  fiber,  electronic  noise  in  the 
detector  and lock-in effect.  Lock-in effect  is  a  phenomenon, 
typically observed in ring laser gyroscope, when, at very low 
rotation speed, the gyroscope stops measuring the rotation and 
‘locks’  to  zero  output.  This  is  happening  because  the  two 
counter-propagating laser beams begin to synchronize, causing 
their frequency difference to approach zero. The main reason is 
scattering of light in the tube. The standard solution is dithering. 
Its  a  process  where  gyroscope  is  slightly  vibrated  about  its 
sensing axis, continuously pushing the system out of the lock-in 
zone. Optical gyroscopes are increasingly prevalent due to their 
precision and compact size.

MEMS gyroscopes are the least precise of the three types. 
Their accuracy range is between 10 and 100°/hour. Since they 
are used in phones and drones,  high precision is generally not 
required. Also they can be a secondary source of information on 
airplane. The relatively low accuracy stems from manufacturing 
imperfections inherent to the MEMS fabrication process. The 
main factors affecting their precision are thermal noise (noises 
that are made by thermal motion of particles in material), electric 
noise, temperature sensitivity and vibration sensitivity.

There  are  many  variants  of  accelerometers,  each  with 
different uncertainty characteristics. They have fixed bias, due to 
manufacturing imperfection. They have scale-factor error, that 
means that output is not proportional to real acceleration, and this 
is caused by temperature changes and nonlinearity of sensor. 
Noise also affects measurement precision, such as thermal noise 
and vibration noise. Sensors have cross-axis sensitivity, which 
means that acceleration along one axis influence the measured 
acceleration along another axis. Table 1 presents measurement 
uncertainty of some accelerometers used on aircraft.

Magnetometers  have  various  sources  of  error,  such  as 
declination and inclination of Earth’s magnetic field (it is not 
constant  everywhere),  errors  due  to  electromagnetic 
incompatibility and dynamic errors. The direct-read magnetic 
compass  exhibits the highest uncertainty, in static conditions, 
between  ±1°  and  ±3°,  while  dynamic  conditions  ±5°.  The 
direction gyro indicator has, in static conditions, an uncertainty 
between ±1° and ±3°, while dynamic conditions between ±5° 
and ±10°. The gyromagnetic compass is the most precise in this 
group of three. In static conditions, the uncertainty is between 
±0.5° and ±2°, and in dynamic conditions between ±1° and ±3°. 
That is why it is primary source for yaw. [5]

Table 1. Measurement uncertainty of accelerometers
Accelerometer type Measurement uncertainty

Force-feedback pendulous 
accelerometer

~ 10-4-10-3 g

Optical-fiber accelerometer ~ 10-6-10-4 g

Vibrating beam accelerometer ~ 10-4-10-3 g

Interference accelerometer ~ 10-6-10-4 g

Vibrating fiber accelerometer ~ 10-5-10-4 g

Photo-elastic accelerometer ~ 10-4-10-3 g

Piezoelectric accelerometer ~ 0.001-0.01 g

VI. CALIBRATION AND COMPENSATION

The sensors are calibrated by comparing signals produced by 
the sensor, with known input motion. The output signals from 
gyroscope can be compared with the accurately known rotation 
rate and the scale-factor defined as so many milivolts per degree 
per second of rotation rate. Similarly, using gravity vector as an 
accurate standard, the scale-factor of an accelerometer can be 
defined.  Scale-factor  represents  the  relationship  between  the 
actual physical quantity and the output signal of the sensor. That 
is, how much sensors output changes its signal when the actual 
magnitude is changed by one unit.

Calibration is based on the fundamental idea of correction of 
the effect of a predictable systematic error on sensor accuracy. A 
basic requirement is that the error process can be represented by 
an  equation  and  modeled  mathematically,  and  that  a  signal 
corresponding to the disturbing effect is available and can be 
measured  to  the  required  accuracy.  Accelerometers  have  a 
standard calibration method by placing them in six orientations, 
from where can be determined bias, scale-factor and mutual axis 
influence. Magnetometer also have several calibration methods 
specific to them. Soft iron calibration is achieved by correction 
of deformation of the magnetic field caused by ferromagnetic 
materials in the environment. In the 360° rotation method, the 
sensor is rotated in all directions, the data is forming ellipsoid in 
measurement space, which is then mathematically transformed 
into  a  sphere.  Tilt  compensation  is  achieved  by  combining 
magnetometer  with  an  accelerometer,  because  magnets  are 
measuring correctly only when it is in horizontal position. [5]

Predictable  error  components  can  be  estimated  from 
observations  of  performance,  and  used  in  opposite  sense  to 
correct,  or  compensate,  for  the  imperfections  in  the  sensor 
performance. Often this technique relies on the use of constant 
coefficient  error  representation,  but  for  more  demanding 
applications, it  is common to use polynomial representations. 
Each sensor in the system has its own set of error coefficients 
which have to be read into the system processor. The coefficients 
for correction is stored electrically in a chip on each sensor. This 
technique offers a significant improvement in the performance 
of each sensor, consequently, for the system in whole. The choice 
of  compensation  techniques  is  usually  a  trade-off  between 
various factors, but particularly the balance between the ease of 
implementation and the benefits granted from improved sensor 
accuracy, also in the extra cost of the detailed characterization 
and the price.

In  all  sensors  is  only  considered  to  compensate  only 
repeatable error  components,  that  can be measured.  It  is  not 
practical to attempt to compensate the in-run random error and 
such effects can only be controlled by careful sensor design and 
manufacture.
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There  are  mathematical  models  of  the  measured unit  for 
gyroscopes, accelerometers and magnetometers, but we will not 
consider them in this work. As the mathematical models are 
known,  control  functions  can  be  made,  and  based  on  them, 
design a system that can do compensation and calibration of the 
systems. This is usually achieved by usage of feedback loops in 
microcontrollers.  It  is  important  to  note  that  the  measured 
coefficients vary with time, temperature and from switch-on to 
switch-on, and it is these variations which ultimately determine 
system performance. Whilst it is not possible to compensate for 
most  of  these  effects,  temperature  compensations  are  often 
essential to achieve given performance goal. Thermal effect on 
bias and scale-factor errors can be very significant and are often 
difficult to model accurately. Temperature gradients within the 
sensor can alter the performance of many of its components. 
Therefore, it is usual for a very accurate inertial system to control 
the temperature of its sensors very precisely. 

The accuracy achievable through compensation techniques 
depends on how precisely the coefficients in the error equations 
represent the actual sensor errors. This representation can often 
vary as a function of time, the environment in which sensor is 
used  and  how  often  it  is  used.  For  the  more  demanding 
applications,  it  may  be  necessary  to  re-calibrate  the  sensor 
regularly,  to  ensure  that  the  compensation  routines  are  as 
effective  as  required.  Some  calibration  and  compensation 
methods are elaborated through the text. For more, look [5].

VII. DISCUSSION

Despite significant developments, determinating the attitude 
of an aircraft is still challenging problem in the practice. The 
basic problem is that no single sensor can provide sufficiently 
accurate and reliable data in all operating conditions.

Gyroscopes  suffer  from  drift,  which  causes  error  to 
accumulate over time. Accelerometers are sensitive to vibrations 
and cannot distinguish the types of acceleration. Magnetometers 
are affected by external electromagnetic disturbances and local 
deformation of the Earth’s magnetic field. The very application 
of  Euler  angles  instead  of  quaternions  introduces  additional 
problems, such as gimbal lock and numerical instability.

Important  aspect  is  the  compromise  between  price  and 
system  performance,  therefore  flight  safety.  High-precision 
sensors  provide  small  measurement  uncertainty,  but  are 
expensive and complex, while MEMS sensors are significantly 
cheaper,  but  with  greater  errors  and  limitations,  but  with 
appropriate filtering, manageable. Therefore, the problem that is 
put  before  the  engineer  becomes what  is  the  cost  of  system 
safety,  how low can the price  go without  crossing a  certain 
threshold.

There is no single solution for this problem. Depending on 
the system, like aircraft, optimal results are achieved through a 
combination of multiple technologies and algorithms, and for 
drones, where price have a significant role, the MEMS sensors 
are usually in use.

It  is  shown that  each sensor has  specific  advantages and 
limitations.  For  this  reason,  main  technique  on  modern 
navigation systems is data fusion from multiple sensors. One of 
the approach could be use of more filters, e.g. two EKF for same 
sensors and third for monitoring and control of those two.

It can be said that reliable determination of the attitude of the 
aircraft is not based on one sensor or method, but on a carefully 
design system that  integrates multiple  data sources,  with the 
application of advanced filtering, calibration and compensation 
algorithms.

VIII.CONCLUSION

This paper demonstrates how to determine the attitude of an 
aircraft using Euler angles together with appropriate sensors and 
filters.  The various types of  sensors used in  modern aircraft 
navigation systems are  described in  detail,  including a  wide 
range of gyroscopes, accelerometers and magnetometers, as well 
as their role in measuring aircraft rotation and acceleration.

The paper also addresses key sources of error and uncertainty 
in  measurement,  as  well  as  calibration  and  compensation 
methods  that  enable  the  reduction  of  these  errors.  Special 
attention is given to role of filters and their ability to process 
nonlinear systems. These filters process and fuse sensor data in 
order to accurately determine the attitude of the aircraft.

At the end of the paper is discussion about problems and 
some of  their  solutions,  that  are  also  elaborated through the 
paper. It is clear that precise measurement of Euler angles and 
proper  processing  of  sensor  data  are  essential  for  reliable 
navigation,  control  and  flight  safety.  Understanding  the 
characteristics  of  sensors,  their  limitations,  and  methods  to 
reduce errors enables the design of systems that can provide a 
high level  of  accuracy and stability  under realistic  operating 
conditions.
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