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Air navigation is a science of methods and means of guiding air-
craft, helicopters, missiles, etc., as well as a set of operations to deter-
mine the parameters of the aircraft motion and their use for piloting. The
principles of navigation originate from naval navigation in ancient times
(from Latin navigato — navigation, navis — the ship), in particular the
method of using magnetic compass and method of astronavigation were
developed and used by sailors.

Air navigation provides air traffic on a given trajectory, deter-
mined by the route and flight profile, from the take-off of the aircraft in
the initial waypoint and to the landing at the final waypoint in a given
time. Moreover, the air navigation solves certain navigation tasks: main-
taining specified distances and time intervals between the aircraft on the
route, preventing collision of aircraft in flight with terrestrial obstacles,
converging two aircraft in flight, for example, meeting with a tanker air-
craft for refueling, etc.

Different technical means, which can be divided into autonomous
and non-autonomous navigation systems, are used to determine the na-
vigational elements (heading, drift angle, track angle, airspeed and
ground speed, altitude, coordinates of the aircraft's location, etc.).

Non-autonomous navigation systems include systems which de-
termine the navigational elements of the aircraft flight, using informa-
tion from the ground aids. The radio beacons are usually used for this.
Radio beacons can be ground-based and may also be on board aircraft or
spacecraft.

In autonomous navigation systems, all means of measuring the
flight and navigation parameters characterizing the flight of the aircraft
are located on board the aircraft, so throughout the flight, the aircraft
does not depend on the ground aids, airborne, or space navigational de-
vices from outside.

This manual explains the principles of the construction, function-
ing and operation of autonomous navigation systems (both radio naviga-
tion and non-radio navigation systems).

Chapter 1. THEORETICAL BACKGROUND OF NAVIGATION

1.1. Navigation systems in structure of airborne equipment



Development and improvement of aircraft, complication and ex-
pansion of realized flight missions cause the corresponding development
and improvement of their airborne equipment. The airborne equipment
is a set of technical means (instruments, indicators, machines and so on)
installed aboard of aircraft. Structurally the airborne equipment is com-
bined in the systems intended for the solution of definite tasks. Since the
essential part of practically all aircraft systems is electronics, then all
airborne radio electronic equipment is usually called avionics (from avi-
ation electronics).

The structure of avionics for various aircraft types is correspon-
dingly different. The most represented avionics can be found at passen-
ger international aircraft like Airbus A-320, Tu-204, Boeing 757. Avio-
nics can be divided into the following groups: systems of measurement
of aircraft engines parameters, automatic flight control systems (AFCS),
radio communication systems, electronic flight indication systems
(EFIS). Navigation systems comprise the separate large group.

The first group of systems measures the parameters of different
general aircraft (helicopter) systems: hydraulic, fuel, conditioning elec-
trical power supply systems and others. Sensors are under the action of
physical parameters like pressure, temperature, motion, etc. Output sig-
nals of the sensors have electrical nature. By measured electrical signals,
the system evaluates the parameter value at the sensor input. The sys-
tems of measurement of aviation engines parameters have the same
principle of operation.

Automatic flight control systems of aircraft are intended to in-
crease the efficiency of aircraft use and of pilot actions, to minimize the
fatigability of crew members and to raise the flight safety. At modern
airplanes, AFCS have been transformed from the devices used to facili-
tate the control process for pilot into the devices which sufficiently in-
crease the economic efficiency and flight safety.

The functionality of AFCS is realized by the performance of the
following functions:

- improvement of characteristics of aircraft stability and con-
trollability at manual and combined control (subsystem of
manual control);
automatic stabilization of main piloting parameters (flight
computer system);

automatic and director control at typical flight stages (naviga-
tion computer system);

control of engine thrust to stabilize or to change the flight
speed (autothrottle computer system).

Radio communication systems are used for bi-directional infor-
mation exchange between the aircraft crew and ground radio stations;
for bi-directional information exchange between the aircraft crew and
other airplanes; for inner communication between crew and passengers.

The obligatory minimum of radio communication equipment of
passenger airplanes contains: radio station of microwave communica-
tion, radio station of high frequency (HF) communication, radio station
of emergency communication. Also, the satellite communication station
is installed at many modern airplanes.

Electronic flight indication system is used to indicate the piloting
and navigation information.

The main function of the inboard warning system is to alert the
crew about critical and emergency situations during flight. The system
indicates the emergency and warning messages. It also uses other me-
thods of alerting with the help of speech and audible (rings, gongs, etc.)
signals and also tactile influences (e.g. shaking of control column).

Group of navigation systems includes:

- autonomous navigation systems;

- autonomous radio navigation systems;

- non-autonomous navigation systems;

- other information navigation systems.

The task of autonomous navigation systems is the measurement
of flight and navigation parameters of aircraft without emitting any sig-
nals. This type of systems includes airdata computer system (ADC), in-
ertial navigation system (INS), astrocompasses and star trackers.

Airdata computer system (ADC) determines flight parameters by
performing the measurement in external air environment. It measures
and evaluates the following aerometric parameters: barometrical altitude
(true and height); rate of climb; indicated and true airspeeds; Mach
number; outside air temperature; temperature of fully decelerated air-
flow; angle of attack and slip angle; static and pitot pressures; maximal
allowable airspeed. ADC system also provides warning about exceeding
the allowable speed and other aerometric parameters of flight.




Inertial navigation system (INS) is used to measure the angular
aircraft orientation in space and to determine its position. It measures the
angles: yaw, roll, and pitch; rates of change in angular parameters, linear
accelerations (overloads); it also calculates the flight path angle, true
heading, ground speed, vertical speed, drift angle, wind parameters, air-
craft geographical coordinates. Sometimes, instead of INS for the same
purpose it is preferable to use the simpler by design system - attitude and
heading reference system (AHRS). AHRS is able to measure only the
current angles of aircraft orientation - yaw, pitch and roll.

Astronomical compasses measure the true or great circle heading
of aircraft by direction finding of celestial bodies taking into account
Earth rotation and location coordinates of aircraft. With their help, it is
possible to measure the heading in any regions of Earth, including areas
near geographic and magnetic poles, and at all speeds and altitudes of
flight.

Star trackers use the method of astronomical orientation based on
astronomical measurements of parameters of two stars which are fixed
by automatic sextants. In star tracker the computer determines the coor-
dinates of the aircraft location using the relationship between astronomi-
cal and navigation coordinate systems.

Autonomous radio navigation systems include systems that oper-
ate on the radar location principle; radio altimeter; Doppler navigator;
weather radar.

These devices do not use radio beacons, but they get information
from their own radio signal reflected by ground surface or by meteoro-
logical formations.

Radio altimeter (RA) measures the height. There are two types of
RA, for low and large heights. Radio altimeter of low heights generates
the radio signal with the frequency that varies linearly in the range 4200-
4400 MHz. The signal reflected by the ground or water is received back,
then its frequency is measured and compared to the frequency of signal
generated at this moment. The frequency difference is proportional to
the measured distance.

Doppler navigator (DN) measures the parameters of aircraft ve-
locity vector: ground speed, i.e. the speed relative to the ground, and the
drift angle - the angle between the direction of the aircraft longitudinal
axis and the actual direction of aircraft motion.

DN uses the directional radiation of the ground surface and de-
termines the parameters of velocity vector by the frequency spectrum of
the signal reflected by the ground. Due to Doppler phenomena there is a
frequency shift of radiated and reflected signals. To improve the accura-
cy DN radiates not one but 3 or 4 beams in different directions.

Meteorological radar station (MRS) allows detecting areas of
thunderstorm activity and avoiding them. To solve the navigation tasks
there is ground-mapping mode.

During flight the MRS antenna scans leftwards and rightwards
from the flight direction in the prescribed range. In the scanning range
the weather radar radiates many individual radio beams; at receiving
each beam is divided by points separated one after another and then for
each point the level of reflected signal is measured. This level indicates
the presence and density of clouds and turbulence.

To speed up the scanning the pilot can reduce the scanning range
from control panel. The pilot can also set the antenna angle in the range
+ 15° degrees from the aircraft horizontal axis. This allows avoiding
noises and improving image sharpness, scanning the vertical structure of
clouds. By the downward inclination of antenna it is possible to use
MRS for scanning (mapping) the relief of ground surface for the purpose
of navigation.

Autonomous radio navigation systems also include correlation ex-
treme navigation system. Principles of their operation are based on scan-
ning the surrounding area and the comparison of its image with refer-
ence map or landmarks system saved in the memory of onboard comput-
er. Radar stations and, in particular MRS, are usually a part of correla-
tion extreme systems.

The main disadvantage of correlation extreme navigation systems
is their dependence on external information, access to which may be li-
mited by natural and artificial factors.

Non-autonomous radio navigation systems include systems
which determine the aircraft location, using signals from radio beacons.
Radio beacons used by non-autonomous radio navigation systems can be
ground or located on board the aircraft or spacecraft.

Ground radio beacons are used to control the aircraft motion at
en-route flight and at landing approach to destination aerodrome. They
are located at ground waypoints and in the aerodrome zone. The signal
radiated or retransmitted by radio beacon is fixed by the onboard receiv-




er. By measuring the signal parameters, the receiver determines the bea-
con direction and range or the cross-track error. Radio beacons are typi-
cally used to provide the flight to or from beacon. However, by two se-
parated radio beacons it is possible to determine the current aircraft loca-
tion.

Non-autonomous radio navigation systems include automatic di-
rection finder; very high frequency omnidirectional range (VOR) sys-
tem; distance measurement equipment (DME); instrument landing sys-
tem (ILS); microwave landing system (MLS); radio system of short
range navigation; satellite navigation system.

Automatic direction finder (ADF) is used for navigation by sig-
nals of marker or broadcasting radio beacons. ADF has two antennas
(loop and sense antennas) and receiver. The operation principle of ADF
is based on the comparison of amplitudes and phases of the signals ob-
tained from loop and sense antennas, then this information is used to
calculate the direction to the marker radio beacon, that is the relative
bearing.

Very high frequency omnidirectional range (VOR) system deter-
mines the azimuth of the aircraft relative to the point of radio beacon
location. The beacon antenna generates two antenna patterns: directional
and non-directional. The sense antenna radiates the reference signal
modulated at 30 Hz. The directional antenna pattern is rotated with fre-
guency 30°/s. The aircraft receiver obtains both signals; the signal from
loop antenna is modulated by amplitude (the signal maximum appears
when the antenna is directed to aircraft). The phase of reference signal
coincides with the phase of envelope amplitude-modulated signal in case
when the azimuth equals zero. It allows measuring the current azimuth.

VOR receiver takes the signals of marker radio beacons. These
signals clearly show the distance from the runway.

Distance measurement equipment (DME) is used to determine the
slant distance to radio beacon. The equipment includes the interrogator
block and slot antenna.

The interrogating impulse is sent from aircraft. This request is re-
ceived at the ground equipment and then transmitted back as coded sig-
nal with the prescribed constant delay. By measuring the interval be-
tween signals, DME determines the slant range.

Instrument landing system (ILS) operates by radio beacons of me-
tric wavelength of ILS ("CIM" in Ukraine) type and determines the air-

craft deviation from course and from glide slope during landing ap-
proach by radio beacon information. At the aerodrome two radio bea-
cons are installed: localizer and glide slope beacons.

The localizer beacon sets the plane of landing course by equisig-
nal method. It forms this plane as intersection of two antenna patterns in
horizontal plane. The beacon is located in order to form the plane coin-
ciding with center axis of runway. The airborne receiver measures the
difference of modulation depth (DMD) of received signals. In the run-
way heading the DMD equals zero. It increases proportionally to the
error of runway heading. Information about the error enters the indica-
tion system and is shown at display to the pilot. The error of runway
heading provides information about the precision of landing approach
and sign of deviation from prescribed heading direction - rightwards or
leftwards.

The glide slope beacon sets the glide path, allowing the pilot to
maintain the desired descending angle. Glide slope is given by equisig-
nal method too.

The disadvantage of operation in meter wavelength range is a
strong influence of the reflected signals and as a result - errors of aircraft
guidance to runway. This drawback is significantly reduced in Micro-
wave Landing System (MLS) working in the centimeter wavelength
range. MLS performs the same function as ILS: receives signals of two
MLS beacons located at the aerodrome. One of them specifies the trajec-
tory of runway approach by elevation angle, and the second works by
azimuth.

In comparison with ILS, the MLS has the following advantages:
smaller dependence on relief and obstacles, wider angular size of opera-
tion zone, higher accuracy of localization .

Radio system of short range navigation (RSSRN) is an analogue
of VOR/DME systems. It was used in USSR for navigation support of
en-route flights and to guide aircraft in the operation zone of aircraft
landing systems. Radio beacons of RSSRN provide information on polar
coordinates of aircraft relative to the given beacon, namely azimuth and
slant range. In comparison with VOR/DME the system additionally de-
termines the azimuth and slant range at the ground and can be used for
aircraft identification upon air traffic controller request. The action prin-
ciple of range measurement channel is the same as in DME.




Besides azimuth and range the RSSRN can receive error signals
from the axis of equisignal zones of localizer and glide slope beacons,
and also call signals from ground radio beacons.

Satellite navigation system (SNS) provides navigation data to pilot
and other systems. These data are obtained by measuring signals from
navigation aerospace satellites. SNS determines three aircraft coordi-
nates (latitude, longitude and altitude) and three components of the ve-
locity vector. To do this, SNS is adjusted to orbital satellites grouping.
Due to use of on-board atomic standards of frequency, the reciprocal
synchronization of navigation radio signals is provided for orbital group-

ing.

The navigation measurements are based on the determination of
range to satellites whose coordinates of current position are known pre-
cisely. The range determination is done by measured delay of received
code relatively the same code formed in airborne equipment. The veloci-
ty determination is done by the measured Doppler frequency shift of
received signal relatively the frequency of reference generator.

Besides named above systems the radio systems of long range na-
vigation (RSLRN) can be used. They determine the geographical coor-
dinates of aircraft by signals of ground phase radio navigation systems
like PCOH-20, «Omega» or impulse-phase systems like PCAOH-3,
PCAH-10, «Loran-C». These stations work in long wavelength range
and provides aircraft localization at large coverage - hundreds and thou-
sands kilometers, that is, worldwide. However, SNS gradually replace
RSLRN, receivers are not installed on new aircraft and ground stations
are being unmounted.

Other information navigation systems

Collision avoidance system (CAS) determines the position of oth-
er airplanes relative the given. The purpose of such system is to avoid
aircraft-to-aircraft collisions. It is possible only for those airplanes which
have the same system aboard. That is why the USA and Europe have the
presence of CAS of TCAS (Traffic Collision Avoidance System) type as
compulsory condition to perform flights at their airspace.

Ground proximity warning system (GPWS) warns the crew about
the danger of aircraft collision with ground surface. The system conti-
nuously tracks the aircraft location relatively the ground in order to in-
dentify the dangerous tendency and to warn the crew in advance. The
crew warning is generated in the following cases: when aircraft ap-

proaches the ground surface too close or to quick; when it loses the alti-
tude during the takeoff or the go-around maneuver; when it flies near the
ground surface in not-landing configuration (landing gear is not ex-
tended; flaps are not in the landing position); when it deviates down-
wards from glide slope path during landing approach.

The new generation of GPWS is named - EGPWS (Enhanced
Ground Proximity Warning System) and uses both the information of
airborne sensors and the data from digital elevation map (DEM). It al-
lows the system to predict the collision in advance, even before reaching
the dangerous relief height. Moreover, the system displays the relief im-
age on the indicator and simplifies the aircraft control process for the
pilot in the conditions of limited visibility and at night.

Critical conditions warning system alerts about reaching of air-
craft exploitation limits in vertical overload, angle of attack, minimal
and maximal flight speed, roll angle. Furthermore, the system can per-
form the following functions:

* checking the takeoff run and warning in advance about the re-
mained length of runway if it is not enough to delay a decision about
takeoff continue or its abortion;

¢ checking the flight level and warning the pilot about its viola-
tion;

* indication of wind shear.

Thunderstorm warning system can catch the lightning strikes and
notify the pilot. One of frequently used system of this type is Stormscope
by BFGoodrich company. It is a passive system that measures the elec-
trical strikes at range up to 350 km. The system determines the azimuth
and range to fixed point of electrical strike. Visualization of this infor-
mation on the screen of navigation indicator helps the pilot to identify
the incipient thunderstorm in advance and avoid it.

Eletronic clock serves to provide the precise time for the pilots
and for other aircraft system. The current time and date are indicated at
clock display and are transmitted to airborne consumers in serial code.
The electronic clock is also used by pilots to measure the time intervals
(as stopwatch), to warn the given time moment (timer), to measure and
indicate the flight duration.




Fault detection and isolation system serves to organize the tech-
nical maintenance of aircraft. At flight the system fixes all faults and
keeps them in nonvolatile memory, and on the ground it indicates the
data to maintenance staff. During pre-flight procedure the system orga-
nizes the testing of all airborne electronic systems.

The separate navigation systems can be combined to create inte-
grated systems (complexes), e.g. inertial and satellite navigation system,
aerometric-Doppler navigation system, astro-inertial system and others.
The combination of navigation systems in higher structural formation is
called navigation complexes or flight and navigation system.

Further the construction principles and exploitation will be consi-
dered only for autonomous navigation systems (both radio and non-radio
types).

1.2. Methods for determining navigation parameters of
aircraft motion

Navigation is used to take information about the position and mo-
tion parameters of the object relatively the environment. Methods and
means of navigation have been developed dependent on the tasks solved
with object motion.

To determine the aircraft coordinates in particular three basic me-
thods are used: dead (deduced) reckoning, position fix, and surveillance
comparative method.

Dead reckoning method. The method is based on continuous
calculation of aircraft trajectory by velocity vector data (integration of
measured velocity vector in time or double of acceleration relatively the
ground surface) taking into account the initial coordinates.

Information about the aircraft velocity can be obtained from iner-
tial navigation system, from Doppler navigator or from airdata computer
system.

With known aircraft heading and taking into account the wind
speed and drift angle, it is possible to take the velocity components in
the selected coordinate system. Their further integration gives the infor-
mation about the components of traveled path.

To determine the current coordinates of aircraft the system needs
the coordinates of initial waypoint from which the dead reckoning is
started.

Systems of aerometric, radio location, Doppler and inertial dead
reckoning are based on this method.

Position fix method. The method is based on using the surfaces of
lines of position (LOP) to determine the object location.

Position surface is the geometric locus of points where possibly
the object is located relatively the Earth, and where the physical parame-
ter is constant to be measured onboard or at ground.

The mathematical description of position surface has the follow-
ing form:

F=1(xy,2)
where X, y, z are coordinates of aircraft location.
Properties of position surface are defined by the following charac-
teristics: geometric shape f(x,y,z); gradient q; offset error S, -

The geometric shape is found as a result of building the function
f(x, Y, z) =const in the assumed coordinate system. The gradient cha-

racterizes the rate and direction of highest change in function f(x, Y, z).

The gradient direction is always normal to the position surface. The ex-
pression of gradient has the form:
. Df
g= lim —,
Dn®0 Dn

where Df is the function increment; Dn is the value of translational

motion of position surface.
Root-mean-square error of position surface offset relatively the
true aircraft location is determined as
St
Soffset =
q

where s; is the root-mean-square error of measurement of parameter

f , that defines the position surface.

To solve the navigation tasks, that is to determine the spatial air-
craft location (the coordinates X, y, z) it is necessary to have three differ-
ent position surfaces F, = f; (x, Y, z), (i =1, 2, 3) which are intersected.
The intersection of two position surfaces with ground surface determines
the object location of the Earth surface.



Line-of-position (LOP) is a geometric locus of points of projection
of possible aircraft location on the Earth surface with constant naviga-
tion parameter. That is, LOP is created as a result of intersection be-
tween position surface and ground surface. Properties of LOPs, the same
as position surfaces, are defined by geometric shape, gradient and offset
error.

Use of LOPs in navigation is of long standing. Navigator deter-
mined a navigation parameter, e.g., bearing of navigation point(NP), and
then built a line corresponding to the measured parameter on map. Then
again the navigator did the same: measured another navigation parame-
ter and built the second LOP. By the point of two lines intersection the
navigator defined the aircraft location.

In aeronavigation the following LOPS can be used:

= curve of equal bearings,

= circle of position,

= hyperbola,

= astronomic LOP.

To LOPs it is also possible to relate a rhumb line, that is a line
which crosses the geographical meridians at the same angle; and a great
circle, that is an arc of great circle which is the shortest distance between
any two points on the Earth surface.

In radio navigation systems the following LOPS are used fre-
quently (Fig. 1.1):

D =const DD =const

D>
D D1 NP>

NP NP+
Fig. 1.1

- curves of equal bearings (P = A= const) are straight lines which
pass through NP;

- circles of position (P = D = const) are circles with center in NP;

- hyperboles which are curves with equal difference in distance to-
wards two navigation points NP, and NP, (P = DD = D; - D, = const).

The position fix method is the base for construction of radio sys-
tems of short and long range navigation, satellite navigation system, sys-
tems operating by visual landmarks. Such landmarks can be bridges,
separate buildings, oil storages, etc.

Surveillance comparative methods. Idea of surveillance com-
parative navigation methods is to determine the object location by com-
parison of land given on the map or saved in the airborne memory with
its actual view observed by surveillance airborne sensors (like sights,
drift sights, cameras, radar stations, etc.). If the image of observed area
coincides with map data, then the object location is assumed to be rec-
ognized, and their coordinates can be found. Besides, the coordinates of
landmarks, targets, aerodromes, astronomic landmarks and other objects
also can be found.

Systems which realize surveillance comparative navigation me-
thods are usually called correlation extremal systems, since extreme
(maximum or minimum) of correlation function for measured and tem-
plate (saved in the memory) characteristics is reached with exact corres-
pondence of flight trajectory to the given one.

With surveillance comparative method there is no necessity to
have external (relatively aircraft) radio stations; also the influence of
inferences is weakened; accumulated errors are absent. However, the
complexity of method limits its wide use, because it requires prior in-
formation about area characteristics along the route and large capacity of
airborne memory. Also there are definite problems with calculation of
correlation function.

The most frequently used is a visual orientation at all types of pi-
loted aircraft. At flight the crew member observes the area through the
cabin glass or through drift sight and then compares it with geographic
map. The practical accuracy of such orientation is about 0.3-0.6 km at
heights 2-3 km and 2-4 km at heights 6-10 km without special instru-
ments. The use of optical drift sight allows determining the location with
accuracy about 4% from flight altitude.

In general methods of determination of navigation parameters can
be classified dependently on the nature of measured navigation parame-
ters. For example, aerometric methods are based on the measurement of
physical parameters of the Earth's atmosphere. Geomagnetic methods



use the navigation properties of magnetic field of the Earth. Astronomic
methods are based on the determination of coordinates of known celes-
tial bodies relatively the selected coordinate system and so on.

Choice of method or methods of navigation for use in the given
aircraft type is explained by the following factors:

- characteristics of environment, in which aircraft is moved (water,
air, space);

- range of change in navigation parameters (distance, velocity, acce-
leration and so on);

- required accuracy of measurement of navigation parameters;

- level of autonomy, noise immunity and reliability of navigation
measurements;

- degree of physical ability to realize the navigation method (it is
meant to have ability to create the navigation devices which fulfill the
service conditions).

Essence of navigation process is to measure different navigation
parameters by sensors of primary information. The parameters depend
on the position and motion relatively the selected coordinate system re-
lated to the ground surface. Devices of information processing use the
obtained data and determine the navigation elements characterizing ve-
locity and coordinates of object location relatively the assumed coordi-
nate system.

Thus, to provide navigation of piloted flight it is necessary to have
the definite amount of information which includes data about primary
navigation parameters, selected coordinate system, the Earth’s shape, its
magnetic and gravitation fields, aerospace in which the flight is done.

1.3. Brief characteristics of geographical fields
and the Earth’s atmosphere

1.3.1. Characteristics of the Earth’s shape

For correct orientation during the flight above the ground surface
it is necessary to know the Earth’s shape, its geometric proportions, ex-
act map and characteristics of magnetic field that covers the globe. At
the same time all navigation tasks are solved at the surface of some
geometric shapes (ellipsoid, sphere) or on the plane to which the Earth's
surface is projected by definite rules. Thus, the development of methods

of navigation problems solution, estimation of their abilities, determina-
tion of accuracy characteristics require the knowledge about geometric
proportions and shape of the Earth.

The shape of the Earth is assumed to be one of the equipotential
surface of gravity force which coincides with undisturbed surface of the
ocean. For accurate navigation calculation the Earth’s shape is assumed
to be the surface of a geoid.

The geoid is a body limited by surface of earth ocean in undis-
turbed state. The surface of earth ocean is a surface of seas and oceans
connected between each other which create total water mass. The sur-
face of geoid has breaks, folds, or edges, that is, its curvature is changed
in complex way and it is difficult to describe it mathematically. That is
why the calculation on the surface is not done in strictly mathematic
way.

Since the geoid surface is rather complex, then in practice the
Earth’s shape is approximated by simpler surfaces like ellipsoid of revo-
lution, for example.

In Ukraine such shape is called as reference ellipsoid after the
name F.M. Krasovskyi. Surface of the ellipsoid is very close to the geoid
surface at the territory of Ukraine and of nearby countries. Deviations
are not greater than 40 m. It is explained not only by the selected para-
meters of the ellipsoid, but also by its orientation in geoid.

In foreign countries there are in use the following ellipsoids:
Clarke ellipsoid of 1866 (USA, Canada, Mexico), Clarke ellipsoid of
1880 (France), Bessel ellipsoid (Austria), Hayford ellipsoid (Egypt, Fin-
land, others). The ellipsoid GRS 80 is most widely used in navigation. It
is also the base for World Geodetic System WGS 84.

Krasovskyi's ellipsoid (Fig. 1.2) is formed as a result of ellipse
EPy EWPs revolution around minor semi-axis PyPs, and it has the fol-

Prime =
meridian -




lowing characteristics :

- major semi-axis
a=6378245 wm;

- minor semi-axis
b = 6356863 Mm;

- ellipticity
c= aT'b = 0,00355233:

- 1% eccentricity

=0,081813334;

- 2" eccentricity

Geodetic equator d|V|des the ellipsoid into northern and southern
hemisphere; Greenwich meridian (or prime meridian) is the reference
one for longitude evaluation.

The position of point M on the ellipsoid surface is determined by

geodetic latitude B and geodetic longitude L. Geodetic latitude of point
M is called the angle between the plane of geodetic equator EEyEy, E¢

and direction of geodetic vertical, that is the normal to ellipsoid surface
in point M.

Geodetic longitude is called the dihedral angle between the plane
of geodetic meridian PsEpPy (Greenwich meridian) and plane of geo-
detic meridian PsEyy MPy of point M.

Geodetic coordinates (sometimes they are called geographic coor-
dinates) are used for aircraft flight planning. They can be obtained from
aeronautical charts of different scales or from special databases.

Ratio of difference of ellipsoid semiaxes to its major semiaxis is
very small value - 0,00355233, therefore for solution of navigation
tasks without severe requirements to accuracy and also for mapping with
small scales, the Earth's shape is assumed to be a sphere (Fig.1.3). The
radius of sphere is 6371 km, and the equator length is 40076 km.

=0,082088521.

With such representation of the Earth’s shape, the errors of aero-
navigation tasks solution does not exceed 0.5% with distance determina-
tion, and error in direction determination is not greater than 12¢. The arc
length of any great circle in 16 equals 1852 m
(1 nautical mile).
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For mapping the surface of reference ellipsoid is represented on
the surface of sphere by assumed rule. The rule defines sizes of the
Earth's sphere, that is, the value of its
radius R. Professor V.V. Karvaiskyi calculated the radiuses of the
Earth’'s sphere which provide the minimal distortions for different pro-
jecting methods.
Frequently the following values of the radiuses are used:
R = 6366707 m for normal projections;
R = 6367616 m for equal-angle projections;
R = 6371116 m for equilateral projections;
R = 6372900 m for projections, which are equilateral by meridians
R = 6378245 m for projections by central perspective.
When approximating the Earth’s surface by sphere, the point posi-
tion on the spherical surface is determined by its spherical coordinates.

Spherical latitude of point C is called the angle ¢ between the
equator plane and direction to the given point from the center of the
Earth.

Spherical longitude of point C is called the dihedral angle A be-
tween the planes of prime meridian and of the meridian of the point.



Ranges and positive directions of geodetic and spherical coordi-
nates coincide.
Range of latitude measurement is 0...90° (“ + * corresponds to

northern direction, " - "' corresponds to southern direction);
Range of longitude measurement is 0...180° (" + " corresponds to
eastern direction, " - " corresponds to western direction).

Pay attention that the values of geodetic and spherical longitudes
at any point of ground surface coincide, and value of spherical latitude
of the point depends on its position on the sphere relatively the ellipsoid
surface.

When solving the aeronavigation tasks, it is necessary to provide
the conversion from geodetic coordinate system (geodetic coordinates)
to spherical coordinate system (or spherical coordinates)

Such conversion is realized by the following relationships:

Jc=B-8t3%sin2B, I.=L
and inverse conversion is done by
B=J.+83%sin2j,, L=1,

1.3.2. Characteristics of the Earth’s gravitational
field

The Earth has a mass approximately 5.976 10% kg and therefore
creates the gravitational field nearby (the field of gravity force). The
gravitational field creates the gravity force and causes the accelerated
motion of bodies.

When solving the aeronavigation tasks, the Earth's gravity field is
considered as a source of forces which cause the accelerated motion, and
as a positional surface that allows us to determine the distance from an
object to the ground surface.

The gravity field of the Earth can be characterized by scalar value

Ur(R), gravity potential, where R is a radius vector from the center of
mass of the Earth.

For the gravitational field of the Earth as for any potential field it
is possible to define the equipotential surfaces or surfaces with equal
level of gravity potential.

Vector characteristic of gravitational field is a strength vector

gr =NU(R),

where N is a symbol of function gradient (Hamilton operator).

Direction of strength vector of gravity field is a normal to equipo-
tential surface and it coincides with direction of gravity force.

Orientation of strength vector of gravity field characterizes the di-
rection of gravity vertical in any point of circumterrestrial space. Nu-
merically the vector of gravity field strength equals the gravity force of
the Earth that acts on a unit mass, and correspondingly equals the accele-
ration of free mass point under the action of only gravity forces. That is
why the vector of gravity field strength is sometimes called a vector of
gravity acceleration.

Due to the Earth’s rotation any body unmoved relatively ground
surface anyway will be in rotational motion. The radius of circular diur-
nal motion of unmoved body is determined by its distance | to polar axis

Pw Ps . A body with mass m, that moves by circular trajectory, has the
centripetal acceleration W, (Fig. 1.4)

_ v?

chntripetal =
where V = 1Qq is a
linear velocity of a body
caused by diurnal rota-
tion of the Earth with
angular velocity Qg.

The source of
centripetal force

Feentripetal (s€e Fig. 1.4)
is a component of gravi-
ty force in the direction,
perpendicular to axis

PuPs. This component
can be found as a vector
difference between the gravity attraction force Q and gravity force G
for the given body.

Note that the gravity force or weight is called the force created by
a body that weighs upon a support or strains a suspension.




A field of gravity forces of unit masses in circumterrestrial space is
called as geopotential gravity force. Strength lines of Earth’s gravity
field coincide with the direction of gravity forces of unmoved relatively
ground surface bodies. Experimentally the direction of the lines can be
determined by suspension filament with unmoved relatively the ground
surface suspension point or by bubble level.

This direction is also called true or astronomic vertical, since sus-
pension filament or by bubble level are widely used in instruments to
determine the coordinates of a point on ground surface by astronomic
observations.

A plane perpendicular to true vertical is called a plane of true ho-
rizon.

Potential characteristic of gravity force field is a scalar function

U( ﬁ) , potential of gravity force field. Vector characteristic of the field
is strength vector g =(R), that equals vector difference between

strength vector of gravity field g, = (R) and centripetal acceleration

V_Vcentripetal (§)
g(§) = NU (§) = QQ (ﬁ) - V_Vcen[ripe[al(§) = gg (ﬁ) - EWSI
where I_o is a unit vector directed perpendicular to axis of the Earth’s
rotation from the given point.
1.3.3. Brief characteristics of the Earth’s magnetic
field
For aeronavigation the properties of the Earth’'s magnetic field are
widely used. The Earth is a huge natural magnet with axis tilted to polar
axis at angle of about 11°.
In any point of circumterrestrial space the magnetic field is cha-

ractrized by strength vector T . The magnitude and direction of the vec-
tor are well known functions of geographic coordinates dependent on
location and time of observation.

Strength vector T of magnetic field is usually resolved into two
components: vertical Z and horizontal H ;
or into three components: eastern VE , horth-

ern X and vertical Z .

Relationships between the components and the vector are shown
in Fig. 1.4 and are the following:

H =T cosqy; Z =Tsing,
Xy =HcosD,,;  Yg =HsinD,,
Angles 8y, and Ay, are called angle of inclination (or magnetic dip) and

angle of declination (or variation), respectively. Arrows show the posi-
tive directions of angles.

In general conditions the magnitude and direction of the vector T
may vary dependent on time. Periodical changes of the vector (annual,

monthly, diurnal) are well investigated. Thus, information about T , H ,
Bu 1Ay is mapped. Usually such map contains: lines of equal magnetic
variations Ay, = const - isogonic lines; lines of equal magnetic inclina-
tions 6y, = const - isoclinal lines; lines of equal strengths of magnetic

field T = const - isodynamic lines.

Relative non-stationary of characteristics of the Earth’s magnetic
field can be significantly taken into account by special graphs and tables
dependent on season and day time, and by periodical updates (approx-
imately each 5 years) of geomagnetic maps.

Also it is necessary to remember the possibility of random varia-
tions of geomagnetic field (e.g., due to magnetic storms). This may sig-
nificantly complicate the use of the Earth’s magnetic field for navigation.

Measurements of mentioned above parameters of geomagnetic
field in flight and with presence of cartographic data allow solving the
main task of aeronavigation, that is, determination of aircraft location
coordinates. However, the most frequently solved navigation task is the
determination of aircraft heading by geomagnetic field.

1.3.4. Brief characteristics of properties of earth
atmosphere. Standard atmosphere

The aircraft flight is done in atmosphere - aerial layer that covers
the Earth. Information about atmosphere parameters, about characteris-
tics of air flow of aircraft and aircraft orientation in airflow has signifi-
cant importance for solving the flight and navigation tasks.



In any point of circumterrestrial space the atmospheric air is cha-
racterized by composition, temperature, pressure, density and gradients
of these values.

Besides, the flight region is usually characterized by meteorologi-
cal elements like velocity and direction of wind, cloudiness, fog, turbu-
lence, etc.

Atmosphere parameters and meteorological phenomena are signif-
icantly dependent on coordinates of observation and on time. Short time
dependences of most of atmosphere parameters have random nature. But
long time observations and study of atmosphere properties allow us to
detect the definite time-spatial regularities in changes of atmosphere pa-
rameters.

By air composition the atmosphere is divided into the following layers:

- homosphere (below 80...100 km) is characterized by constant
chemical composition of air (78.09% of nitrogen, 20.95% of oxygen,
0.95% of other gases);

- heterosphere (above 100 km) has the chemical composition of
air that varies with height.

By temperature change the atmosphere is divided to troposphere
(height is 10...12 km in medium latitudes, 16...18 km in the tropics,
9...10 km in polar latitudes), stratosphere (height is 40...55 km), mesos-
phere (up to 80 km), thermosphere (up to 800 km) and exosphere (high-
er than 800 km).

Exosphere has no upper limit and continually passes into interplane-

tary space. Among mentioned layers there are also intermediate ones

which are called tropopause, stratopause, mesopause, thermopause,
respectively.

Troposphere contains up to 80% of all air mass and up to 90% of all
water mass. It stipulates processes which form the weather on the
Earth: cloudiness formation, precipitation, thunderstorm activity,
winds, air streams, etc. Temperature here decreases with altitude

raise in average in 6.5° per 1 km.

Stratosphere contains approximately 20% of all air mass. Tempera-

ture in the layer up to altitude 30...35 km is almost constant, in aver-
age it is - 56° C, and then with altitude increase the temperature

raises almost up to 0°C. It is caused by intensive absorption of ozone

by solar radiation. Maximal concentration of ozone is in the stratos-
phere.

In mesosphere the temperature rapidly decreases with altitude in-
crease and reaches at the highest point - 88° C. Air density here is
small - almost 10 times smaller than at the ground surface.

In thermosphere the temperature increases with altitude increase and
reaches values 800...1000° C at the highest point. In thermosphere
there are layers with increased concentration of ions.

The average statistical regularities of change in atmospheric para-
meters are detected. And above all, regularity of change in tempera-
ture and air pressure dependently on change in geodetic altitude al-
lows using information about parameters of atmospheric field in
aeronavigation.

Note that solution of aeronavigation tasks by aerometrical measure-
ment is based on use of so called standard atmosphere.
Standard atmosphere is the mathematical model of earth atmosphere
in the form of dependence of atmosphere physical parameters on the

true altitude. In standard atmosphere (SA) the definite values of at-
mosphere parameters are taken instead of their true values which are
actually random functions of time and of coordinates.

These values with high accuracy correspond to mathematical expec-
tations of atmosphere parameters at the given altitude.

Nowadays in Ukraine the dependence of SA is given by standard
FOCT 4401-81, which corresponds to international standard. It contains
the numeric values of basic atmosphere parameters for altitude ranges
from -2000 m to 1 200 000 m. For altitudes from - 2000 m to 80 000 m
there are the following data: air temperature, density, atmosphere pres-
sure, acceleration of free fall, sound speed at the given altitude and some
other data. For altitudes from 80 000 m to 1 200 000 m there is reference
data.

The standard has the obligatory appendix that contains basic regu-
lations, constants, formulas and auxiliary tables required for calculations
of atmosphere parameters.

Values of standard atmosphere parameters by SA-81 at zero alti-
tude are called standard parameters. They are:

- pressure Pg =760 mm of mercury column (101325 Pa);
- temperature Tg=288.15K;



- density rg=1.225 kg/m3;
- acceleration of gravity force gy = 9.80665 m/sec? (corres-

ponds to value of g at latitude 45° 32¢ 332);
- sound speed a = 340.294 m/sec.
Dependence of pressure on height by SA is based on the equation of
atmosphere statics
dP =-rg,dh. (1.1)
It corresponds to balance of vertical pressure forces (P + dP)S; PS
and gravity forces (rg,Sdh ), which act on the air column with cross
area S and height h (Fig. 1.5)
S (P +dP)S Let's write also the equation of ideal gas
_ P
RT '
where R = 287.05287 J/kg - specific constant of
air.

(1.2)

Substituting (1.2) in (1.1) it is possible to get
i dh

Fig. 1.5 dr _ 9,9 (1.3)
P RT

In equation (1.2) the dependence g4 on h is taken into account,
that is represented with high accuracy as following:

r.2

(r+h)*’
where r=6356766 m is the conventional radius of the Earth that pro-

vides the value gq and its gradient close to true values for

latitude 45° 32¢ 332.

To simplify solution of differential equation (1.3) and to compact
the final expressions of dependence of pressure on height in (1.3) let us
change from h to new independent variable - so called geopotential
height Hgp.

Geopotential height is used in atmosphere physics and is deter-
mined as ratio

gs(h) =g, (1.4)

Hy, = (L5)

9p
9

h
where F = g,dh is the potential of field of gravity force.
0

Geopotential height is evaluated from mean sea level (MSL). Taking
into account (1.4) from (1.5) it is possible to get
h
Hy =1 =h (1.6)
o (r+h) r+h
According to (1.6) Hgp £ h, and the difference
h2

h-H, =

® r+h
is assumed to be insignificant (for h = 10 km it is 16 m, and
for h =20 km - 63 m). Based on (1.5) let’s write
_dF _g,dn

9 9

(1.7)

With integration
of equations (1.3) it is
necessary to take into
account the depen-
dence of air tempera-
ture T on height (Fig.
1.6). According to SA-
81 there are following

dependences T = f(Hgp) :
1) Hgp £11km

dT

where b = =-6510"° deg/m is vertical temperature gradient or so

gp
called lapse rate;

2) 11 km <Hgp £21 km
T= T11, (1.9)
where T11 = 216.65 K = const;
3) 20 km < Hgp £ 32 km



T = T + b(Hgp - 20000), (1.10)

where b =107 deg/m; Ty =T
Taking into account (1.3), (1.7), (1.8) for Hgp £ 11 km it is possi-
ble to get

TdP_ g,y dHy
0%p R T, +bH,

PC

and to designate the calculated pressure by index 'SA’
9
g b 0 bR
P,=Pcl+—H_+ . (1.11)
Og To * [/}
where Pg, To, go are standard values for Hgp = 0; b = -6.5 1073 deg/m.

Similarly taking into account (1.9), (1.10) it is possible to get:
- for 11 km < Hgy £20 km

€ g U
P =P expa-—(H_-11000)y, 1.12
SA 1 pg RTM ( gp )H ( )
where Pi1 = 22632 Pa (169.75 mm Hg); T11 = 216.65 K;
- for 20 km < Hgp £32 km
%
6 G
P, =P gl+ Tﬂ(ng -20000); (L13)
é 20 0

where Py = 5474.87 Pa (41.065 mm Hg); b = 10~ deg/m.

Formulas (1.11)...(1.13) regulate the dependence of atmospheric
(static) pressure on geopotential height according to SA-81. Altitude
from these formulas corresponds to actual static pressure Pg, and is

called in aviation as true barometric altitude and is designated as Hiyye.

From (1.11)...(1.13) let's replace Hgp by Hirye, Psa by Py and obtain
after transformations:

- fOI’ Htrue £ 11 km

é DR
Al 0 % '
H e =T—°‘?§&+ 14, (1.14)
b 9e 0g u
e g
where b=-6,5 1073 deg/m.
- for 11 km < Hirge £ 20 km
H,  =11000+ S pp e (1.15)
true g P
0 st
- for 20 km < Hirpe £ 32 km
é _bR
a8 P, 0 %
H, :zoooo+£€g—st+ - (1.16)
" b ge Py g u

where b=10" deg/m.

Formulas (1.14)...(1.16) are called hypsometric relations and are
used to calibrate sensors of barometric altitude of flight.

But the measurement of altitude makes sense only in case of refe-
rencing relatively the definite datum. If the reference datum is assumed
as pressure 760 mm Hg, then atmospheric pressure in the given point
corresponds to true barometric altitude. With setting another referencing
datum that corresponds to atmospheric pressure on destination aero-
drome, for example, then the atmospheric pressure in the given point
corresponds to a height (relative barometric altitude).

Aircraft flight with fixed value of barometric altitude (with con-
stant value of atmospheric pressure) is a motion by isobaric surface in
the Earth atmosphere. Usually isobaric surfaces of standard atmosphere
may not precisely correspond to isobaric surfaces of real atmosphere.
Moreover, the latter ones continuously change in time. But anyway iso-
baric surfaces of both real and standard atmospheres are never and no-
where intersected in gravitational field of the Earth. That is why air-
planes piloted by different values of prescribed true barometric altitudes
are assured of collisions. Piloting with control of relative barometric alti-
tude is widely used with takeoff and landing.

Tables of SA-81 also contain the values of air density r, air unit
weight g and sound speed a for different altitudes, which are calculated
by formulas



_P.
RT'
G m

g = \/_ = V_g = rg’
9 g
a= /A% =20.045796 /T.
Here Vg is the gas volume with mass m, and weight G; AzC—P =14 -
Cv

is adiabatic coefficient, that is equal to ratio of specific heat capacities of
air with constant pressure cp and constant volume cy ; m is molar mass of
air.

1.4 Basic coordinate systems

1.4.1. Basic navigation coordinate systems

The solution of any aeronavigation tasks requires the determina-
tion of flight and navigation parameters. For their numeric estimation the
corresponding coordinate systems (CS) are introduced.

Navigation CSs are constructed in such a way to provide coinci-
dence of their reference points, lines and surfaces with specific points,
lines, surfaces of corresponding physical bodies and fields.

As a coordinate origin the following points are frequently se-
lected:

- point in the center of the Earth (center of mass of the Earth)
for geocentric CS;

- point on the ground surface for geotopical CS;

- point onboard the aircraft for body-fixed CS.

- With selection of CS used onboard the aircraft for solution of
navigation tasks it is necessary to take into account the fact that the giv-
en CS must provide the following:

- programming of flight trajectory by minimal time;

- covering of territory area that is sufficient for using the single
CS;

- solving navigation tasks with required accuracy;

- getting the simplest relationships with solution of control and
navigation tasks;

- solving special tasks connected with flight missions;

- providing obvious information about aircraft position relative-
ly the desired track (DSRTK) or relatively its basic waypoints;

-simple determining aircraft position on a map, tablet or indicator
by its coordinates and easy determination of coordinates of other objects.

Use of definite CS depends on accuracy characteristics of flight
and navigation systems of aircraft, pre-flight preparation of aircraft
equipment, features of equipment operation during the flight, and the
specifics of using navigation information by crew.

The factors like use of different sensors of flight and navigation
information onboard and high number of tasks solved during pre-flight
procedure and during the flight are a reason of using high amount of dif-
ferent CSs in modern flight and navigation complexes (FNC).

Nowadays onboard the following CSs are frequently used:

- geocentric (geodetic, normal spherical, great circle,
equatorial, horizontal);

- geotopical (polar (spherical or cylindrical) and rectangular);

- body-fixed (moving) CS with coordinate origin coinciding
with center of mass of aircraft (local tangent plane (LTP) CS, body-fixed
CS, track CS, wind axes CS).

Standard of geocentric CS in the most of countries of former
USSR, Poland and others, is geocentric CS M3-90, and in the most of
western countries it is geocentric CS WGS-84.

Difference between CS WGS-84 and CS M3-90 is in displacement
of coordinate origin (WGS-84 is higher than M3-90 in 4 m) and in rota-
tion of one CS relatively the other by 0,6¢. Root mean square error of
coordinate determination does not exceed 5 m when using different CS.

Sometimes it is possible to use some other CSs not mentioned
above.

Note that the geodetic CS is related to the geocentric ones condi-
tionally, since geodetic system has no center. In geodetic CS the point
position on the surface of terrestrial ellipsoid is defined by two coordi-
nates: latitude B and longitude L.

Normal spherical CS is CS on the surface of terrestrial sphere.
The system determines the point position by spherical latitude j and
spherical longitude 1. The CS is used for direct solving of navigation
tasks, and formulas of spherical trigonometry are used.



Sometimes the normal spherical CS is intermediate one between
geodetic CS used for flight planning and displaying of aircraft position,
and great circle CSs that are more useful and natural for some sensors of
navigation information (inertial navigation systems, compass systems).

Usually, normal spherical CS is connected with terrestrial surface

and rotates with it with angular velocity W;.

When solving the aeronavigation tasks, the great circle CSs are
widely used. These CSs are also spherical. The feature of great circle
CSs is that their initial reference planes can be changed according to the
functionality of the navigation system, the type of aircraft, the nature of
task, solved in flight, etc.

Indeed, in some cases it is more convenient to use such spherical
CS with equator coinciding with the desired track or being close to it. It
offers several advantages, including possibility to use simpler relation-
ships for solution of navigation tasks, possibility to use formulas of
plane trigonometry keeping the required accuracy of solution.

The main planes which are reference ones for evaluation of air-
craft position coordinates are the plane of the great circle equator (plane
of great circle) and plane of initial great circle meridian (Fig.1.6).

Great circle is the planar curve which is an arc of great circle
created by intersection of sphere by a plane passing through its center.
Thus, great circle is the shortest distance between two points on a
sphere, and correspondingly widely used to plan a route of flight be-
tween two points on the terrestrial surface.

To create a great circle to the Earth’s surface or on a map it is ne-
cessary to introduce the great circle spherical CS with the coordinate
origin in the center of the Earth.

Poles of the great circle are determined as the ends of sphere di-
ameter that is normal to the main plane - plane of the great circle. There

are correspondingly northern pole Pyg in the northern hemisphere, and

the southern one Pgg in the southern hemisphere.

Let's agree to assume the point of ascending node of the great cir-
cle Y as a point at which the great circle passes in the northern hemis-
phere during the flight along the great circle route counterclockwise

when viewed from the point of northern great circle pole Pyg.

Initial

reat circle

" Great circle

Fin. 1.6
Vertex is called the point V on the great circle, which is most dis-

tant from the plane of the geographical equator.
Great circle coordinates of the point M on the terrestrial sphere

are: great circle latitude jgqc, that is the angle between the plane of the
great circle (plane of great circle equator) and geocentric vertical of this

point; great circle longitude I, that is dihedral angle between the plane
of initial great circle meridian and the plane of great circle meridian of
the point M.

If the position of initial meridian is not specifically mentioned,
then it is usually great circle meridian that passes through the point Y of
ascending node of great circle.

However, often the initial great circle meridian is chosen as meri-
dian that passes through the characteristic point of the flight, namely
through the fixed point of great circle, for example, through the initial
waypoint | or final waypoint F of the given great circle, which coincides
with the route.

With determination of aircraft position in great circle CS the an-
gular orientation of great circle parallel relative to the geographical me-
ridian is simultaneously determined at the same point, as a rule. This
orientation is determined by true track angle of great circle by (by),

that is measured in the horizontal plane and is defined as the angle be-



tween the projections of tangents to the geographic meridian and to great
circle parallel on the horizontal plane. The positive direction of b is

clockwise from the northern direction of tangent to the meridian.

The difference between the true track angles of great circle in two
points of the great circle is called meridian convergence angle at this
route section.

Position of great circle on the terrestrial sphere is frequently de-
termined as:

- giving the geographic coordinates of two waypoints, for exam-
ple, the initial I and final F waypoints of definite arc of great circle;

- giving the geographical coordinates of definite point P on great
circle and the true track angle of great circle by, (b,) in the same point;

- giving the coordinates of the North Pole Py of great circle;
- - giving the longitude of the ascending node Y of great circle

and the inclination angle gg of the great circle to the equator plane or

latitude jg of vertex point B of great circle (qg = Jp)-

The use of great circle CS is the most appropriate under the as-
sumption that the value of great circle latitude during the flight will be
small (less than 5 ... 10°). In this case, instead of angular great circle
coordinates, the linear coordinates are used: distance y by the great cir-
cle and deviation x from the great circle.

Herewith,

x=J,.R; y=1,R
where R is the calculated value of radius of the terrestrial sphere.

There are right and left great circle coordinate systems. In the
right great circle CS the great circle latitude x is measured to the right
from the reference direction of great circle longitude y, and great circle
track angle b, and great circle heading y . are evaluated from the tan-

gent to great circle parallel (Fig. 1.7, a).

In the left great circle CS, the great circle latitude is measured to
the left from the reference direction of great circle longitude, and the
great circle heading is evaluated from the tangent to great circle meri-
dian (Fig. 1.7, b).

Great circle /i 5
parallel ‘

Great circle
equator

Fig. 1.7

In the special case, the great circle equator of right great circle
CS can be aligned with the geographical meridian of definite point. The
great circle longitude in this case is evaluated either from the terrestrial
equator or from great circle meridian of this point.

Another special case of the right great circle CS is so called navi-
gation leg great circle CS. In this system, the proper right great circle
CS corresponds to each flight stage. It is done by alignment of the great
circle equator with desired track (DSRTK) - the great circle of each na-
vigation stage of flight route. Such CS provides simplicity and clarity in
the determination of traveled leg distance and cross-track distance rela-
tive DSRTK. The great circle longitude in this case is evaluated from the
waypoint and characterizes the distance traveled from it. The great circle
latitude characterizes the value of cross-track distance relative DSRTK.

The great circle coordinate systems are the basis for quasi great
circle CS. Such CS differs from great circle one in that they have equa-
tor radius different from the meridian radii.

The conversion from great circle coordinates of a point to the
coordinates in quasi great circle CS is done with the help of the follow-
ing ratios:

X=J,R; y=I.R,.

X
where Jgc, lgc are angular coordinates of a point in the great circle CS
which is transformed to quasi great circle CS; Ry, Ry are values of me-



ridian and equator radii accepted in this CS, for example, radius of meri-
dian curvature and the first vertical of the terrestrial ellipsoid.

If the equator of this CS is aligned with the geographic meridian
of definite point and if the radii R, and Ry are taken to be equal to the

radius of curvature of the first vertical and of the meridian which pass
through this point, then within a certain area near the point, the projec-
tion of the terrestrial ellipsoid surface will be obtained with sufficiently
low distortions. This point may be, for example, the center of flight area
or of departure aerodrome. The nature and magnitude of distortions in
this case depend on the geodetic latitude of the selected point and on
sizes of analyzed (working) area.

The equatorial and horizontal CSs are also spherical. They are
used, for example, in astronomical sensors of navigation information and
in satellite navigation systems.

Among geotopic navigation CSs, there are such coordinate sys-
tems with origin in the moving or fixed point on the Earth’s surface.

As fixed coordinate origin of geotopic CS, the following points
are usually selected: location point of ground means of radio navigation
system; point at the airport of takeoff or of landing; initial, final and in-
termediate waypoints of route; landmarks and targets.

As moving coordinate origin, the point (projection of aircraft) on
the ground surface is most often chosen.

Axes of rectangular geotopic CS can be oriented in various ways,
most often they are oriented in such a way: two of them lie in the hori-
zon plane, and the third one is aligned with the local vertical.

Azimuthal orientation of horizontal axes is determined by the na-
ture of solved tasks, composition and functionality of technical means of
aircraft navigation. These rectangular CSs in the case of fixed relative to
the Earth coordinate origin are called normal terrestrial CS and desig-
nated as O¢X,Y4Zy. Most often the orientation of horizontal axes is de-
fined by directions of geographical or great circle meridians and paral-
lels.

A
Also with rectangular geotopic v, |Ya(H)
CS, the polar (spherical and cylin- T~
drical) coordinate systems are used. TS~ oM
Fig. 1.8 shows geotopic rec- /T
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OoX4Y¢Zy) and polar CS OgNHE (spherical and cylindrical) with com-
mon center at point O, and with horizontal axes oriented in the direc-
tions of geographical parallel - axis OgZ, (OoE is the eastern direction)
and of geographical meridian - axis OgXgy (OgN is the northern direction).
AXxis OgYq (OgH) is directed in the direction of true vertical.

The coordinates of point M in these systems are determined by
values:

- segments Xpm, YM, Zi in rectangular CS;

- angles A, h and segment Ly, in spherical polar CS;

- angle A and segments L and Yy (H) in cylindrical polar CS.

At the same time the angle A is called azimuth or true bearing of
object M, in the point it is evaluated in the horizontal plane from the di-
rection to north OgN to the direction to the object O;M’ clockwise in the
range from 0° to 360°.

The angle h is angular height (angular elevation) of the object and
is measured from the horizontal plane within ranges from -90 ° (below
the plane Xy00Z) to +90 ° (above the plane X,00Z,).

Segments L, Ly, H (Yn) are respectively called: range (horizontal

distance from the point Og), slant range and height of the object above
the horizontal plane X400Z,.

In the case of orientation of horizontal axes of geotopic CS by the
direction of great circle parallel (great circle equator) from this direction,
the bearing B or conventional azimuth of object is evaluated. Sometimes
unlike azimuth this angle is called great circle or conventional bearing of
object.

Moving (body-fixed) coordinate systems are navigation reference
systems with coordinate origin aligned with the aircraft center of mass.

Among the moving CSs, the special place is taken by the body-
fixed rectangular CS OXYZ, created by longitudinal, normal and lateral
axes of aircraft. The coordinate origin of this CS is aligned with the cen-
ter of the aircraft mass, the axis OX is aligned with the direction of the
longitudinal axis of the aircraft, the axis OZ is directed toward the star-
board wing and the axis QY is perpendicular to the first two axes and is
directed upwards and is located in the plane of aircraft symmetry.



In the body-fixed horizontal coordinate system (normal moving
CS OXqYgZg) the coordinate origin is aligned with the center of aircraft

mass, the axis OXg is defined as the projection of the aircraft longitudin-
al axis on the plane of true horizon, the axis OZ, is located in the hori-
zon plane and directed to the right from the axis OXg, and the axis OYj is
parallel to the normal to the horizon plane.

In the wind axes CS 0OX_jYaZ5 the wind axis OX5 coincides with
the vector of airspeed, the axis of lift force OY, lies in the symmetry
plane and the lateral axis OZ, complements the system to right-handed
CS.

The track CS OXkYkZk is moving coordinate system with the axis
OX, which coincides with the direction of ground speed vector (speed of
the aircraft relative to the ground surface), and with the axis OY\ which
is directed upwards from the Earth’s surface and which lies in the vertic-
al plane passing through the axis OXy. In the absence of wind, the axis
OX of track CS is aligned with the axis OX; of wind axes coordinate
system.

Aircraft body-fixed (moving) navigation CSs are used as a rule to
obtain information from definite systems and means aboard the aircraft,
for example radar systems, optic drift sights, gyroscopic systems.

Often when solving navigation problems there is a necessity of
conversion from one CS to another. This conversion is performed using
transition matrices (direction cosines matrices).

1.4.2. Astronomic coordinate systems

Principles of construction of astronomical navigation systems for de-
termining the coordinates of the location and of aircraft heading are
based on the geometric or analytical simulation of celestial bodies
position relative navigation CS. Since the aviation astronomic devic-
es take bearing of natural celestial bodies, then the understanding of
such modeling involves knowledge of fundamentals of aviation as-
tronomy and in particular of astronomic CSs and of problems of time
measurement.

In the aviation astronomy the distances to celestial bodies are not of
importance, only their angular positions are important. Therefore, for

convenience of solution of positioning problems the term of celestial
sphere of arbitrary radius centered at point M of aircraft location is
used (Fig. 1.9). Points P’y and P’s, lying on the axis parallel to the
axis of the Earth’s own rotation, are called the
north and south poles of the world, and this axis
is called the celestial axis. Also the term of the
plane of the celestial equator is introduced
which is parallel to the plane of terrestrial equa-
+|  tor. All celestial bodies are projected onto the

M celestial sphere at points C; with keeping their
Celestial relative angular orientation.
equator In some cases, the center of the celestial
Pt sphere is more convenient to align with the cen-
Fiﬂ_s ter of the Earth, and the celestial sphere is

aligned with the terrestrial, that is acceptable
because of the remoteness of celestial bodies and as a rule is used in avi-
ation astronomy. In this case, the point C; is called geographical body
position.

Depending on the solved tasks the horizontal and equatorial (mov-
ing and fixed) systems of astronomic coordinates are used. The center of
celestial sphere in equatorial systems is usually connected with the cen-
ter of the Earth.

Equatorial fixed system is (Fig.1.10, a), that does not rotate in the in-
ertial space, is easy to take the relative position of celestial bodies.
Planes of evaluation of angular coordinates are the plane of the celes-
tial equator, and of declination circle, that is the plane passing
through the celestial body C and through the celestial axis and that
coincides with the plane of body meridian.

According to the name of this CS the positions of bodies are con-
stant, while the Sun as a result of the annual motion of the Earth
makes a turn by circle whose plane is called ecliptic and is inclined
to the plane of equator at an angle of 23°27¢. The point of intersection
of the circumference with the equator when the Sun passes to the
northern hemisphere (March 21) is called the vernal equinox and is
designated by symbol .
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Position of celestial body in the fixed equatorial coordinate sys-
tem is defined by angles a and d. The angle a is so called right ascen-
sion and is measured along the arc of the celestial equator from the point
Y to the circle of declination. The positive direction of measurement
is shown by the arrow (see Fig. 1.10, a). The angle d is called the decli-
nation and is measured along the arc of declination circle from the celes-
tial equator to the celestial body. When the body is in the northern he-
misphere the angle d is considered to be positive. Naturally, the coordi-
nates a and d can also be defined by corresponding central angles.

Equatorial moving CS (Fig.1.10, b) is connected with the Earth and
rotates relative to the fixed system with angular velocity ‘Q of the
Earth’s own rotation. It allows determining the position of celestial
bodies relative the navigation CSs. Besides angle d, the coordinate of
the body in this CS is hour angle t. The coordinate origin is the celes-
tial meridian the plane of which coincides with the meridian of point
M of object position. The angle t is measured between the planes of
the celestial meridian and of body declination circle in the direction
opposite to the Earth’s own rotation. Note that the passing of celestial
body through the celestial meridian, when t = 0, is called the upper
culmination.

Local t and Greenwich tg; hour angles are mutually dependent
t=t, +1, (1.17)
where 1 is the eastern longitude of position.

Note that the hour angles of stars, of the Sun and of the planets
vary with different angular velocities.

Since the value tg, depends not only on time, but varies from a
body to another body, then the tabulation tg, for a large number of navi-
gational stars is irrational. To do this, instead of (1.17) it is practical to
use another form of expression of t with taking into account the relation-
ships between moving and fixed systems of equatorial coordinates,
which is explained in Fig. 1.11. This relationship is defined by sidereal
time S, which is the hour angle
of the vernal equinox. The de-
finition of S implies the depen-
dence

S=t+a. (1.18)

By analogy with (1.17) it

is possible to write down:
S=5; +1 (1.18)
where S, is Greenwich si-

dereal time.
From (1.18) and (1.18) .
the following expression can be Fig.1.11
obtained:

t=S; +1-a. (1.19)
This expression is convenient for practical use, since the value of
right ascension a of stars is constant for many years, and S, is tabu-

lated as a function of Greenwich time.

In the horizontal coordinate system the position of celestial body
is defined by altitude angle h and by azimuth A (Fig.1.12, a). Altitude
angle is the angle between the horizontal plane and direction to the ce-
lestial body, and azimuth is the angle measured from the northern direc-
tion of meridian to the horizontal projection of direction to the body. To
establish the relationships between the equatorial and horizontal coordi-
nates represent the latter are placed on the celestial sphere centered at
point M of location (Fig. 1.12, b). The reference plane for angles A and h
is the horizontal plane and the vertical of the body, that is the vertical
plane containing the point C. The point Z of local vertical Z'Z is called
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zenith. The plane of the celestial meridian, which passes by definition

through the points Z and Py, intersects the horizontal plane at points of
the north N’ and the south S’. Obviously, the azimuth A can also be de-
fined as the angle between the plane of the celestial meridian and the
vertical. The arc ZC, which equals 90° - h, is called the zenith distance.

Let's give short information about time measurement. Sidereal
time in accordance with its definition varies with the angular velocity of
the Earth’s own rotation. Sidereal day is time interval between two suc-
cessive upper culminations of the vernal equinox (time of one full turn
of the Earth about its axis) and it is shorter than solar day by about 4
minutes because of annual rotation of the Earth. Considering the sidereal
time is very important in astronavigation systems which bear stars.

In everyday life, so called solar time is usually used. Its unit of
measurement is a second, determined as 1/86400 of mean solar day,
which is equal to the time interval between two successive culminations
of so called mean Sun, that is an imaginary point which uniformly
moves along the equator (duration of the true solar day is not constant).
Another definition of the second is 1/31556925.9747 of tropical year
(for 1900), corresponding to averaging the observation data for 300
years. The accuracy of such time standard is of the order 10™. Because
of increasing the requirements to the accuracy of time measurement in
1965 the atomic standard of a second was adopted, and a second is de-
termined as a time during which there are 9192631770 transitions be-
tween two hyperfine ground states of caesium Cs 133, which gives pre-
cision about 5 10,

The origin of the solar time is the north (moment of lower culmi-
nation point of the Sun when its hour angle is p) which depends on the
local meridian. Therefore, the local time T,, depending on the longitude
I, is not used in practice. For convenience, the zone time T, is adopted,
which varies by 1 hour relative to neighboring zones (total 24 zones) and
at territory of CIS the daylight saving time Ty is introduced, which is
greater than zone time by 1 hour (Ty=T,+ 1).

With astronomical measurements by T4 with taking into account a
number N of zone the Greenwich time is determined Tg,=Tq- N - 1.

By T, for the measurement date it is possible to find tg; and d of
the Sun and of planets and unified Sg, of stars in the Aviation
Astronomical Almanac.



1.4.3. Connection between astronomical and navigation
coordinate systems

All methods of determination of the position coordinates and of
aircraft heading by astronomical measurements are based on dependen-
cies between astronomical and navigational CSs. This basic relationship
is relationship between geocentric (geographical) and astronomical -
equatorial (moving) and horizontal - coordinate systems, that is ex-
plained for the spherical model of the Earth in Fig. 1.13, a (see. also Fig.
1.10, b and Fig. 1.12). Vertical ZM is considered to be geocentric and
directions to the body from point M and center O of the Earth are paral-
lel.

Then the spherical triangles
ZP'yC on the celestial sphere and

MP,C’ on the Earth will be similar
, B£XC \ gcu___é (triangle ZP’, C is called the paral-
lactic triangle). Obviously, the arcs
<= N\ ] ;I::,Q,(MP!\,), P,Q,C(PNC_¢) and

(MC’) are correspondingly equal
90°-B a to (90°- j), (90°- d) and (90°- h), and
the vertex angles Z(M) and P, ’'(Py)
2 N M %re equal to the azimuth Aand to (2p -
B o For each of these triangles, for
example MPyCt, it is possible to write

the equation using formulas of spherical
trigonometry which establish the rela-
b) tionship between the geocentric (geo-
graphical) coordinates j, 1 of point M
Fig,1,13 and the astronomical coordinates of the
body. From sines theorem it is possible

to get:
cosd _ cosh
sinA~ sint
or, taking into account (1.19),

cosdsint _  cosdsin(Sg, +1-a)

sinA=- (1.20)
cosh cosh
According to cosines theorem it is possible to write
sinh =sin jsind+ cos jcosdcost=
(1.22)

=sinjsind+ cos jcosdcos(Sg, + 1 -a).

In equations (1.20) and (1.21) the parameters a, d and Sg, are
known a priori (specified). Thus, with known latitude J and longitude 1
of point M the solution of equations is azimuth A used to determine the
heading. Equation (1.20) is only necessary to calculate A, whose value
can be immediately found if longitude I is known in the case of direct
measurement of h. The main navigational task of determining location
coordinates can be solved by measuring the altitude angles of two bodies
C, and C, if, similar to (1.21), a set of two equations is obtained:

sin h; =sin jsind, +cos jcosd, cos(Sg, + 1 -a);
sin h, =sin jsind, +cos j cosd, cos(Sg, + 1 -a),
where indexes «1» and «2» correspond to numbers of the bodies. From
these equations it is possible to find the values j and I .
There are other possible forms of writing the trigonometric equations
of relationship between navigation and astronomical coordinates
which are equivalent to those above mentioned, and there are also
various methods of solving these equations.

There is a dependence of the navigation task solution using astro-
nomical methods on the type of the vertical used in them. The fact is
that the astronomical measurements are often based not on geocen-
tric, but on the astronomical (true) vertical, which is approximated
by geodesic one. In this case, the triangle ZP§{C will change since

the zenith point Z is shifted, so that the arc ZP§ will be equal to 90 °
- B, where B is geodetic latitude (see Fig. 1.15, b), where for clarity
the difference between angles B and j is exaggerated. The triangle

MPy C¢ will be no more triangle similar to ZP§C . To maintain si-

milarity it is enough to replace point M by point M’ shifted to the
north at angle m:

m=B-j.
For each of the obtained similar triangles, replacing j by B, it is
possible to write system of equations similar to the considered one.

(1.22)



Thus, when measuring the altitudes h; and h, of bodies which are
counted from the plane of true (more precisely, geodetic) horizon, the
equation (1.22) directly determines the geodetic coordinates of point M:
latitude B and longitude L = I. The value B, which is given on the ellip-
soid, in this case, due to the application of spherical triangles (for the

“earth” triangle MP,C’) numerically is equal to its geocentric angle j”

= B. From (1.20) the azimuth of celestial body is determined, which dif-
fers a little from angle A, obtained for geocentric vertical.

1.5. Flight and navigation parameters

Let’s consider some of the most important flight and navigation
parameters.

For solving the tasks of air navigation term “aircraft heading” is
widely used.

Heading is an angle between certain reference direction in the
plane of local horizon and the projection of aircraft’s longitudinal axis
OX’ on the horizontal plane (Fig. 1.14).
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Fig. 1.14
Heading is evaluated clockwise from the chosen initial direction.
Variants of the heading reference direction, more often chosen, are:
- direction to the north ON in the horizon plane, in this case the
true or geographical heading vy is defined;

- horizontal direction of the great circle parallel ONg. (meridian)
in case of determination of great circle heading y;

- northern direction of the magnetic meridian ONy, defining mag-
netic heading yy;

- horizontal direction which is measured by aircraft compass sys-
tem. In this case there will be the indicated or compass heading. If the
reference direction H is simulated by gyro or gyroscopic system, then
determined heading is called gyroscopic one y,.

The range of aircraft heading measurement is 0...360°.

Direction of the aircraft longitudinal axis projection on the hori-
zontal plane OX’ is also used for defining the relative bearings (RB) of
certain point objects: landmarks, targets, other airplanes, radio stations
and others.

Relative bearing (RB) of the reference point, for example of radio
beacon, is called the angle between the direction of the aircraft longitu-
dinal axis projection on the horizontal plane and horizontal direction to
the reference point (object). Positive values of the relative bearing are
defined clockwise from the horizontal projection of the aircraft longitu-
dinal axis. The range of relative bearing measurements is 0...360°.

Azimuth of object A (Ay) is called an angle determined in the ho-
rizontal plane from the northern direction ON, or from the horizontal
direction of the great circle parallel ONg (for Ay) to the direction to the
object. Range of azimuth measurements is 0...360°.

More important flight and navigation parameters, used for solving
the tasks of air navigation, are aircraft altitude and speed.

Flight altitude is geometric height, characterized by vertical dis-
tance between certain levels of reference point and aircraft.

Altitude above the ground profile is characterized as true height
Hy (Fig. 1.15), whose measurements are important for some flight stag-
es.

If the altitude is measured relatively to any surface, for example,
from the runway, this altitude is called height H (Fig. 1.15). It is eva-
luated from some datum, as a rule, from destination or departure aero-
drome datums. Pressure QFE (Q-code Field Elevation) corresponds to
height, i.e. atmospheric pressure at aerodrome elevation (or at runway
threshold). Since during the flight above the runway true height and
height coincide, international term ‘height’ is also used for relative
height. For example, Transition Height (transition altitude, relative
height, where and below it the aircraft vertical position is determined by
QFE). This altitude, as a rule, is controlled during aircraft takeoff or
landing.



If the initial reference level of the flight height is considered to be
the mean sea level, then this altitude is called true altitude H;
(Fig. 1.15). International term for it is Altitude. Pressure QNH (Q-code
Nautical Height) corresponds to true altitude, which indicates the pres-
sure in the given ground point, reduced to the sea level.

To obtain pressure QNH it is necessary to determine pressure
change on this elevation (for small altitudes, the height change in 11.2 m
leads the pressure change in 1 mm Hg, or climbing on altitude of 800 m
corresponds to pressure decrease to 100 GPa), knowing runway thre-
shold elevation over sea level (common topographic parameter). Sum-
ming the pressure QFE (pressure at the runway threshold level) and cal-
culated pressure change gives the pressure in the given point, reduced to
the sea level (pressure QNH), i.e. pressure at the given point if it were
located at the sea level.
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Mean sea level (international designation MSL) in CIS countries,
Russia and Poland is defined with the help of Baltic elevation system
(i.e. at the Baltic Sea level in Kroonstad), and according to the ICAO
standards - with the help of WGS-84 system (the ellipsoid surface GRS
80). These reference systems have some distinctions.

Obviously, the aircraft true altitude and height are connected in

such a way:

Hh = Ht - HO
where Hy is the geometrical height of the point, reduced as the reference
point on the Earth’s surface.

Before takeoff pilot sets the pressure on the altimeter indicator,
which is given by dispatcher (flight operations director). For Russian
and some CIS aerodromes it is pressure QFE, i.e. altimeter indicates ze-
ro altitude. In Ukraine and abroad before flight the pressure is set on the
altimeter, reduced to the sea level, i.e. QNH. That’s why altimeter indi-
cates altitude of aerodrome elevation above sea level, but not zero.

One more definition of altitude level (Fig. 1.15) is flight level alti-
tude Hyy. (international indication Flight Level), not confuse with flight
level base altitude. For the purpose when airplanes, which are located
each in its flight level (international indication LVL), are on the given
interval from each other, it is necessary to make their altimeters work
identically. To provide this the same initial pressure is set on each de-
vice. It is the standard atmospheric pressure 1013.2 GPa = 760 mm Hg =
29.92 inches Hg (international indication QNE). The altitude, which ba-
rometric pressure altimeter indicates, is usually called standard (true alti-
tude of the standard atmosphere). It is used for provision of flight sepa-
ration.

The change of the reference system from flight level to true alti-
tude and vice versa takes place (Fig. 1.15) on the transition altitude (TA)
at the climbing and on the transition flight level (TL) at the descending.
Space layer between TA and TL is called transition airspace. Only
climbing and descending are allowed in this layer, i.e. transition evolu-
tions from altitude to flight level and from flight level to the altitude.
Horizontal flight in transitional airspace is forbidden.

According to the ICAO norms there is standard nomenclature of
the characteristic altitudes and flight levels in the aerodrome’s area and
during landing approach. For example, there are Critical Height (minim-
al altitude above the aerodrome); Decision Height (altitude of the deci-
sion making); Transition Altitude (true flight altitude, above and below
which vertical aircraft position is determined by QNH); Transition Level
(the lowest flight level, which can be used above TA, determined by
QNE), etc.



What is more, aircraft flight altitudes lower than 200 m are called
ground-hugging, from 200 to 1000 m are called low, from 1000 to 4000
m are called medium, from 4000 to 12000 m are called high, more than
12000 m are called stratospheric altitudes.

As for another flight and navigation parameter, namely speed,
then depending on the chosen coordinate system, relatively to which
flight speed is determined, there is true airspeed, earth-fixed flight speed
and absolute speed.

True airspeed V is aircraft speed relatively to the air environment
(relatively to ram airflow).

Earth-fixed flight speed V. is aircraft speed relatively to the cho-

sen coordinate system, which is connected to the Earth.
Projection of the aircraft earth-fixed flight speed on the horizontal
plane (horizontal component of the aircraft speed relatively to the Earth)

is called ground speed \7g . Vector of the ground speed is directed as the
tangent to the flight track.
Earth-fixed flight speed \7f is a vector sum of the airspeed and

wind speed W .

Wind speed W is the speed of the air environment movement,
which is not disturbed by the aircraft, relatively to the chosen coordinate
system, which is connected to the Earth.

If the vectors of airspeed V and wind speed W are projected on
the local horizon plane, horizontal components of the airspeed, wind

speed vector and ground speed vector \7g create so-called wind triangle,

which is illustrated in Fig. 1.16.
Angle by between the horizontal projection

of the airspeed vector V and ground speed direction

V, is called drift angle.

Vertical speed \7yis the vertical component

of the aircraft speed relatively to the Earth or rate of
flight altitude change.

Fig. 1.16

Indicated airspeed is the speed, which is shown by airspeed indi-
cator, calibrated by the difference between total and static pressure of
air.

Rectified airspeed is indicated airspeed, which takes into account
instrumental error and aerodynamic correction.

Calibrated airspeed is rectified airspeed, which takes into account
compressibility correction, connected with the air pressure deviation
from the mean sea level pressure.

Frequently the indicated airspeed has no differences with the cali-
brated airspeed. Calibrated airspeed is taken into consideration during
theoretical calculation. Indicated (rectified) airspeed is purely pilot-
centered parameter. It is very often used in such aircraft modes as ta-
keoff run, takeoff and landing.

On the each stage of aircraft flight the indicated airspeed is de-
fined by airworthiness and ICAQO standards with its further keeping up
because of safety provision. Due to this there is standard airspeed no-
menclature: minimum control speed of the takeoff run, minimum lift-off
speed, decision speed, rotation speed, takeoff safety speed, lift-off speed,
minimum control speed of the landing approach, maximum speed of the
landing approach, stalling speed, maximum operating speed, etc.

Nowadays because of using inertial navigation systems aboard,

aircraft absolute speed V, is widely applied. Term “absolute” is used

here with the view to emphasize that speed determination is realized in
some inertial or conditionally inertial reference coordinate system.
Usually aircraft motion is considered herewith and, in accordance, abso-
lute linear speed relatively to geocentric coordinate system, which axes
do not rotate in the inertial space, is determined. In this case value of the

aircraft absolute speed vector \7a can be represented as the sum of its

earth-fixed flight speed \7f and transferring speed V,, i.e. the linear

speed of point in the airspace, where aircraft is located. The value and
direction of transferring speed are determined by the Earth rotary trans-
lational motion. Herewith,

Vo =Vi +V, =V +W, "R,
where \/‘v0 is earth angular velocity; R is radius-vector, which is di-
rected from the Earth center to the aircraft location point.



The value of the transferring speed in this case can be calculated

by the formula:

V,, =W,Rcosj =W,
where j is geocentric latitude, | is distance between aircraft and polar
axis.

Transferring speed vector is directed from the west to the east as
the tangent to the geographic parallel.

Using the term “absolute linear speed” it is necessary to note that
it cannot be accepted successful in terms of the principle of Galilean re-
lativity, which sets the equality of all inertial reference coordinate sys-
tems.

Information about the aircraft flight speed is used for solution of
navigation tasks: dead reckoning, determining the time of aircraft arrival
to the given waypoint.

For prevention of aircraft or engine critical regimes, the informa-
tion about Mach number M is used.

Mach number M is the ration between true airspeed V and the
sound speed a:

_V_ vV
a +KRT'

where k is constant of the adiabatic process; R = 287,05287 (J/kgtK) is
specific air constant; T is air temperature.

Aircraft angular orientation in the airflow is defined by the attack
and slip angles.

Angle of attack a is an angle between aircraft longitudinal axis
and projection of the true airspeed vector on the aircraft's symmetrical
plane.

Slip angle B is an angle between

i true airspeed vector and the aircraft's
- symmetrical plane.

AN Flight path angles, illustrated in
Fig. 1.17, are used in the air navigation as
the kinematic parameters, which charac-
437! terize the motion of aircraft’s center of
X, gravity.

Horizontal
plane
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Herewith angle W is defined as track angle, that is, the angle be-
tween axis OX, of the normal coordinate system (direction of geographi-

cal meridian) and direction of ground speed vector \7g :
Flight path inclination angle © is the angle between vector of
earth-fixed flight speed \7f and horizontal plane X,0Z,. Positive direc-

tions of these angles are shown in Fig. 1.17.

Note that definition of the track angle ¥, used in navigation, cor-
responds to the definition of the course angle, but positive values of the
track angle as the heading are measured clockwise from the direction
fixed in the horizon plane.

Aircraft attitude (in the body-fixed coordinate system OXYZ) is
determined by the pitch Jand roll g angles relatively to the horizon
plane (in the normal coordinate system OX,YZ,).

Pitch angle J is an angle between aircraft longitu-
dinal axis and the horizontal plane OX,Z,. The range of
measurement for the pitch angle is -90° £ J £ 90°. The
positive (right) direction of pitch means that aircraft lon-
gitudinal axis is located higher than horizontal plane
OXoZy.

Roll angle g is an angle between vertical axis of the
aircraft and the vertical plane, which passes through lon-
gitudinal axis of the aircraft. The range of measurement
for roll angle is -90° £ g £ 90°. The positive (right) di-
rection of roll means that aircraft lateral axis is located
lower than horizontal plane OX,Z,.

Let us introduce two additional interconnected
flight parameters of aircraft: acceleration and overload.

Absolute acceleration of the aircraft center of mass
w, 1S defined by the ratio of the resultant force, affects

the aircraft, and mass according to the second Newton’s
law, i.e.:



Wi, =F/m, (1.23)

Vector direction of the absolute acceleration

W, coincides with the vector direction of the resultant

force F. Considering aircraft motion relative to the

Earth’s surface the vector of absolute acceleration can be

represented as the sum of the relative w,,, transferring
w, and Coriolis w_, accelerations:

W, =W, +W, +W

cor*
Relative acceleration w,_ can be defined as the time

derivative of earth-fixed flight speed vector v, . Transfer-

ring acceleration w, is an acceleration of aerospace point

near to the Earth, where aircraft is located and which is

determined by the Earth diurnal rotation. The vector of

this acceleration is always directed as the perpendicular

to the Earth’s rotation axis, and its value is calculated as:
w, = W21,

where | is the distance to the Earth’s rotation axis.

Value and direction of Coriolis acceleration vector
w,, are determined by dependence:

W, = 2W, "V,

Sometimes it is easier to represent the resultant of
all external forces, acting on the aircraft, as the sum of
the gravitational forces Q and resultant R. Resultant R
is the resultant of all non-gravitational forces (engine
thrust, aerodynamic force, etc). In this case instead of
equation (1.23) we get

=
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Hence
a= Wabs - ggi

where g, is vector of the gravity field intensity in the

point of aircraft position, a is vector of so-called imagi-
nary acceleration or acceleration from the resultant R.
Sometimes vector a is called as vector of the specific re-
sultant, which accounts for the unit of aircraft mass. De-
finition of the "aircraft overload’ is practically identical to
this definition.

Overload 7 is the ratio of the resultantR , applied to
the object, and the product of the object mass m and
standard gravity acceleration g, i.e.

__R

n=—.
g

Considering that

R_.

—=3a,

m

we get

__a

i=—.
g

Hence it is seen that overload is unitless vector val-
ue, which has quantitative distinctions from acceleration
vector under the action of non-gravitational forces by the
constant multiplier (g)™*, which has dimension, which is
inverse to the acceleration dimension.

Overload vector direction i corresponds to the di-
rection of so-called apparent (imaginary) vertical. Imagi-



nary vertical is a direction, which is fixed by human ves-
tibular apparatus or by physical pendulum, which is used
for determining the vertical direction on the moving ob-
ject. In the conditions of vehicle motion the direction,
which is fixed by the physical pendulum, is defined by
vector direction of gravity field intensity, as well as by
the vector components of absolute acceleration of ve-
hicle.

1. What groups can the civil avionics be conditionally divided in-
to?

2. What systems can be referred to the class of autonomous naviga-

tion systems? What systems can be referred to the class of radio

navigation systems?

Name the main navigation methods.

4. What is the base of the positioning navigation and dead reckon-
ing method?

5. What Earth's shapes are practically used in the accurate naviga-
tion reckoning?

6. What relations are used for conversion from the geodetic coor-

dinate system to the spherical one?

What direction is called true or celestial vertical?

8. What parameters are used for characterizing the Earth magnetic
field?

9. What is standard atmosphere?

10. Name the main parameters of standard atmosphere.

11. Give examples of main formulas, which set the dependence be-
tween altitude and atmospheric (static) pressure.

12. What coordinate systems are frequently used in the airborne sys-
tems?

13. What is the feature of the great-circle coordinate system?

14. What is the great-circle course?

15. What celestial coordinate systems are usually used in the celes-
tial navigation systems?

16. Give the example of equations of the navigation and celestial
coordinates’ relation.

w
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17. What directions are more often chosen as the heading reference?
What headings are herewith determined?

18. What altitude nomenclature is used in aviation?

19. How are the aircraft speeds differed relatively to the chosen ref-
erence system?

20. What angles define the aircraft angular attitude in the space and
relatively to the horizon plane?

CHAPTER 2. AEROMETRIC NAVIGATION SYSTEMS
2.1. Air data computer systems

2.1.1. General information of air data computer systems

Aerometric devices provide autonomous continuous measurement
of aerometric parameters for provisioning the prescribed modes of pilot-
ing and navigation. Construction principles of mechanical aerometric
gauges (altimeters, airspeed and Mach number indicators, vertical speed
indicators) are given in detail in other disciplines. However, it is consi-
dered more rationally to obtain a large number of aerometric parameters
within a single system, which is able to provide both operation of indica-
tors and presentation of information in a variety of airborne systems.

Examples of such aerometric systems are air data computer sys-
tems (ADC) and flight environment data system.

The air data computer system is designed for presenting the pri-
mary flight information on indicators in the cockpit and in other airborne
systems. Before introducing ADC system, airplanes used separate sen-
sors of aerometric parameters, annunciators and indicators. This was
done for individual consumers independently from others. In this regard,
there could be a redundancy of mismatched information, duplication of
equipment mass, unnecessary material costs, and complications of
equipment maintenance technology in general.

The air data computer system combines all sensors and indicators
into a single ideology, eliminating the duplication and inconsistency of
information. The air data computer system is the autonomous system
consisting of sensors of primary aerodynamic parameters, computer and
indicators. It presents information about the values of the primary aero-
metric parameters.



These parameters include: Mach number M, true airspeed V and
indicated airspeed V;, barometric altitude (absolute Hq,s and relative and
H.e), outside temperature T, deviation of Mach number DM, of altitude
DH and speed DV from the prescribed values.

The principle of operation of such systems is the aerometric me-
thod of determining the aircraft motion parameters. The aerometric me-
thod is based on dependencies that determine the standard atmosphere
(see paragraph 1.2.4), as well as on certain equations of constraints be-
tween aerometric parameters. In this case, functional relationships of the
aerodynamics between measured and calculated parameters serve as the
equation of constraints.

The primary measured parameters are the static (atmospheric)
pressure Py, pitot pressure P, and temperature T of stagnated (fully de-
celerated) airflow. The dynamic pressure Py, characterizing the impact
pressure, is obtained by subtracting the static pressure Py from the pitot
pressure Pp,.

In practice, the difference (Pp - Pst)coming from pitot-static tube

differs from the impact pressure due to the tube inaccurate manufactur-
ing, so the dynamic pressure calculation involves a correction factor

€.orr » that may vary within 1.02 ... 0.98:
Pd = ecorr(Pp - Pst)-

To calculate the aerometric parameters, the gradable formulas of
separate aerometric devices are used.

A dimensionless characteristic of the aircraft flight speed is Mach
number. To calculate Mach number for subsonic flight speed, the well-
known gradable formula of Mach number indicator is used.
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where k = 1.4 is the adiabatic constant.
If there is information about Mach number, the formula (2.1) for
calculating the true airspeed V is converted to the following form:
V = aM,

where a is the speed of sound at a given height, which simplifies calcu-
lating operations, that is not to use the gradable formula in calculating
the true airspeed.

The sound speed a =+/kRT depends on the air temperature T (R
= 287,053J/kgxK is the specific gas constant of air, k is the adiabatic
constant). Since in the flight the temperature cannot be measured direct-
ly because of the gauge aerodynamic heating, it is calculated using the
ratio

—_ TS
1+02M?%"
where T is the stagnated airflow temperature (temperature of fully dece-
lerated airflow). The denominator of the formula reflects the factor of
aerodynamic heating of air during its stagnation.
Thus, when calculating the true airspeed the following depen-

dence is used:
V =MVkRT =K [T, f, (M), (2.2)
where Kg =vkR; fy =M
V1+0.2M?
number calculation.
The indicated airspeed Vi = f(Pq) is obtained as function of only
dynamic pressure Pg.

is the function formed by Mach
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where aq is a value of the sound speed under normal conditions for stan-
dard atmosphere at sea level, Py is the mean value of atmospheric pres-
sure, corresponding to normal conditions at sea level.

The absolute barometric height Hgpg is calculated by hypsometric
equation:

T,¢ ap o
H,, =-26- 9—_ (0, (2.2)
tg (R |



where Tg = 288K (15°C) is the average temperature value at sea level;

t=-6,5 10_3 deg/m is lapse rate (temperature gradient).
Also absolute barometric height in (2.2) can be determined by Laplace
formula

Has = RT e Ini .

st
The value of average temperature T, depends on the height and
on the midlatitudes it is defined by dependencies:

+
T ave ot Ty for H £ 11 000 m;
Tae =Ti +L2T“x% for 11000 < H < 30 000m,

The relative barometric height Hyg is calculated as follows:

Hrel = Habs = Habs. giv. »
where Haps. giv. = f (Pgiv) is the absolute barometric altitude of a given

point on the Earth surface, having the pressure Pygjy.

The first air data computer systems were analog both in our coun-
try and abroad. They included the most common analog system CBC-
MH-15, CBC-72, installed in many aircraft, including 1L-62, An-22, Tu-
154, Yak-42, An-124 and others.

In the first analog ADC systems, aerometric parameters were cal-
culated using self-balancing potentiometric bridges. To provide nonli-
near functional relationships, the closed loops of bridge calculation cir-
cuits, the functional potentiometers or compacted components were in-
cluded.

In more advanced analog ADC systems, calculation involves scale
amplifiers, transformers for division and multiplication, and gradable
dependencies resolving is carried out in non-contact functional voltage
converters, reproducing nonlinear functional relationships.

In 1980s years, digital ADC systems began to be intensively im-
plemented in exploitation. Aerometric parameters are calculated in the
digital ADS by algorithms that are implemented as software of the digi-
tal processor.

The input information to calculate aerometric parameters comes to
ADC systems from the dynamic and pitot-static tubes and from sensor of

stagnated airflow temperature; in some ADC systems, information from
vane sensors (about angle of attack and slip angle) is used.

2.1.2. Primary information sensors of aerometric systems

Motion parameters are unique functions of static and pitot pres-
sure. The pitot and static pressures come to devices from pitot-static
tubes, which together with the pneumatic pipelines create a powering
system of aerometric devices and systems.

Pressure tubes largely determine metrological and technological
characteristics of aerometric systems such as accuracy, measurement
ranges, reliability, and quality of system output information and ease of
its use. In this regard, aviation science and technology experts pay spe-
cial attention to pressure sensors.

A lot of companies and enterprises are engaged in means of pres-
sure measurement in flight. The basic developers of these means are
Ulyanovsk Instrumentation Design Bureau and Aeropribor-Voskhod
(Russia); Rosemaunt Inc. (USA); Smiths (England); Badin-Crouset
(France); Dornier (Germany). These firms develop and deliver high-
precision pressure tubes to be used in civil and military airplanes, heli-
copters and other vehicles.

Pitot pressure tubes (PPT) are intended only to perceive the
pitot pressure of the ram airflow. The pitot pressure P, is the pressure
per unit of body surface, the plane of which is perpendicular to the ve-
locity vector of airflow. The pitot pressure P, is the sum of the static Py
and dynamic P4 pressures.

Constructively, PPTs are made in the form of a hollow cylindrical
body (Fig. 2.1). Figure shows that the pitot pressure P, of ram airflow
over the body will be only at point A.
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Making a hole in the cylinder in the vicinity of point A, along its
cavity there will be the pressure equal to the pitot:

P, =Py +DP, =P, +P,.

The dynamic pressure P4 numerically is equal to overpressure, i.e.

the ram pressure q:
rv?
P =P _Pstzq:T'

As shown in Fig. 2.2 illustrating the streamline of pressure tube
by airflow, the ram pressure g can be taken fully only at point A. Here d
is the diameter of the hollow cylinder and 1 is its length.

APG,
q

Fig. 2.2

Figure 2.3, a shows the most common constructive variant of the
pitot pressure tube MMNA-4, and Fig. 2.3, b presents the exterior of the
pitot pressure tube MMAa-11.

12 3 4
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The airflow coming (see Fig. 2.3, a) through the inlet 1 to the
chamber 2 is stagnated. As a result, the pressure in the chamber equals
the pitot pressure P,, which is fed through the tube 3 and pneumatic
pipeline 5 to the connecting pipe 8 connected to the pitot pressure line.

Drain holes 9 in the body are designed to drain water from the
chamber 2. The pressure tube is heated by element 4 made from a nickel
wire that is powered by the voltage coming through the wires 6 of the
plug connector 7.

Obviously that relatively to the airflow the best location for PPT
is provided when the plane of cross-section of pressure tube inlet is per-
pendicular to the velocity vector V. In this case the pressure tube error is
only caused by losses of flow in the PPT channel cavity. This condition
is equivalent since the tube longitudinal axis coincides with the direction
of airflow. Even in this case, the pressure tube has error AP, of about
2%.

In practice, the direction of PPT longitudinal axis and the airspeed
vector direction differ in angles of attack o and slip angle B. This results
in additional angular errors AP, =f (a) i AP, =f (B). Another cause of the
PPT angular error is the airflow wash in the tube installation point
aboard. This error is the error of local attack angle difference from the
true one (standardized by aircraft airworthiness standards within less
than 3% throughout the aircraft speed range).

The most effective ways to reduce PPT angular errors are the fol-
lowing:

- PPT installation on a device that orients the pressure tube in the
airflow during flight (used for measuring low flight speeds);

- optimization of PPT construction as an aerodynamic body to re-
duce angular errors.

Researches of PPT construction in wind tunnels show that the es-
sential to the pitot pressure perception quality is the tube head shape and
the ratio of internal and external diameters. It is proved that PPT head
should not be rounded and of streamlined form, as for existing tubes,
and the inlet diameter should be as large as possible.

The positive impact on PPT quality has the presence of stabiliz-
ing chamber and head inlet  angle (Fig. 24,4,
2.4, b, respectively).



In terms of reducing angular errors, shielded PPTs are considered
to be effective. The inlet tube in such PPT is placed in a hollow cylinder
(Fig. 2.5) with much greater internal diameter.
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Fig. 2.5

The insensitivity to airflow wash of such tubes is explained by the
fact that the airflow through the outer tube provides a constant flow di-
rection inside the tube compared to the ram airflow. The presence of the
external tube inlet confuser enhances this effect. The best is to locate the
inlet tube at the end of the outer tube confuser.

Examples of this pressure tube type are the shielded tube 851FV
made by Rosemaunt (USA) (Fig. 2.6, a) and the pitot pressure tube
Mra-8B made by Ulyanovsk Design Bureau (Fig. 2.6, b).

-

Fig. 2.6
Due to selection of installation location aboard the aircraft, due to
design techniques and calibration in wind tunnels, PPT errors are re-
duced to + (0.005 ... 0.01) from the value of ram pressure.

For the perception of only static pressure of ram airflow, static
pressure tubes (SPTs) are used. All SPTs, regardless of the specific con-
struction, can be divided into two main groups: flowing and non-flowing
tubes.

In the flowing type SPTs, the static pressure is taken from the in-
ner (usually profiled) surface of the hollow cylindrical body. For non-
flowing SPTs, the typical intake of pressure is made on the external
streamline surface, which can also be profiled. The profiled surface re-
fers to a regular change in the SPT internal or external diameters made
as axisymmetric bodies of revolution. Both types of tubes have their
own features and area of use.

When an object moves relative to the ambient air, the airflow is
disturbed. Therefore, the static pressure should be measured at such a
point on the object surface, where the flow is disturbed the least. The
static pressure impacting on the object that moves in the air is consi-
dered the pressure that would exist at a given point of the air undisturbed
by the object.

The diagrams of overpressure distribution on the surface of the
hollow cylindrical body (see Fig. 2.1) show that in the section plane I-I,
the pressure on the body surface is distorted the least. If along the peri-
meter of this hollow cylinder one makes inlet holes B in the section
plane I-1, the pressure inside the body will be equal to the static pressure.
The ratio of distance | from the holes to the cylindrical body nose and
the cylinder diameter d is kept within | » 3d.

In aviation, the role of hollow cylindrical tube at the subsonic
speed can perform the aircraft fuselage, where the inlet holes (In) for
static pressure are made (Fig. 2.7).
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Fig. 2.7

Figure 2.7 shows the typical subsonic distribution along the fuse-
lage line for the disturbed static overpressure DPg caused by the aircraft:



1 — taking into account only fuselage shape; 2 — taking into account the
fuselage together with the wing and tail unit.

Used in practice the non-flowing SPTs taken the aircraft fuselage
as the surface of static pressure tube, are made either in the form of inlet
holes at certain points on the fuselage surface (Fig. 2.8, a), or as a spe-
cial plates (plate tubes) (Fig. 2.8, b) with holes in these points. Together
with the body, the plate simulates an instrument for the perception of
static pressure.
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Fig. 2.8

On the fuselage, such places for installation of SPT are chosen,
where there are the lowest levels of DPy, (see Fig. 2.3). The tube plate is
installed on the aircraft at the same level with the skin. The general view
of the non-flowing plate SPT is shown in Fig. 2.9.

Fig. 2.9

In the flowing type SPTs, the static pressure is taken from the in-
ternal surface of the profiled tube. The structural diagram of the flowing
type tube is shown in Fig. 2.10, a, and Fig. 2.10, b shows the exterior of
static pressure flowing type tube NAC-B1.

Structurally the tube consists of confuser (narrowing) and diffuser
(expanding) parts. The confuser consists of two parts, separated by a
cylindrical section, where the static pressure is taken.
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Fig. 2.10

As it can be seen from the graph presented in Fig. 2.10, a, at the
tube inlet the increased pressure (DPg > 0) is created. As the flow nar-
rows and accelerates, the static pressure in the flowing part decreases,
reaching a minimum in the narrowest section. Then, through the flow
extension in the diffuser, the pressure increases. Inlet holes for taking
pressure are placed in the confuser at such a diameter, where P = Py.
Displacing the static pressure reception section, it is possible to change
the coefficient of the pressure tube (to the right - DP < 0, to the left -
DP > 0) and to perform the aerodynamic compensation of pressure mea-
surement error.

The same problem can be solved by changing the configuration of
the diffuser, which consists of two parts: the main part 1 and detachable
tail piece 2. To correct the speed characteristics it is enough to install a
tail piece on the tube.

The speed range of flowing tube is limited by the advent of criti-
cal mode when the flow rate in a narrow section reaches the speed of
sound. In this case, the speed characteristic of the tube is significantly
distorted. Therefore, the flowing SPTs are mainly used for low-speed
aircraft and helicopters.

Non-flowing SPTs are often connected with PPT, thus creating
combined tubes intended for simultaneous perception of pitot and static
pressures in flight. These interconnected tubes are named as pitot-static
tubes (PSTs).

When installing such a tube on the fuselage, the additional com-
ponent of static pressure measurement error may appear that in accor-



dance with the existing aircraft airworthiness standards should not ex-
ceed 5% of the ram airflow.

In this case, the measurement of static pressure with acceptable
accuracy involves correction (compen-
sation) of this error. The aerodynamic
compensation is based on the artificial
change of static pressure value in the
vicinity of static pressure perception
holes.

Figure 2.11 shows the exterior
of pitot-static tube MBA-30, and
Fig.2.12 presents its structural
scheme.

P=Py P=Py
with M=>1 with M<=1
Fig. 2.12

During the aircraft flight, a part of the ram airflow is slowed down
at the PST end piece and enters through the inlet 1 into the chamber 2.
The kinetic energy of the airflow transforms into the potential energy,
resulting in creation of full pressure in the chamber 2, which is fed to the
pressure line through the pneumatic pipeline 3.

The static pressure of air surrounding the aircraft is perceived by
holes 6 and 9, which are connected with two sealed chambers 4 and 8,
output to connecting pipes.

At the subsonic speeds of ram airflow (M <1), flow is formed
around the tube. At the PST nose, the static pressure is maximum and
close to pitot. With removal from the tube nose that has a purely cylin-

drical shape (curve I in Fig. 2.12) it reduces and falls to a minimum
(DPy < 0).

With the presence of correction circuit, the flow around the tube
has the form of expanded cone, in which the pressure first decreases and
then begins to increase (curve Il in Fig. 2.12). The pressure growth con-
tinues to the compensation flute (correction cone). Here, because of the
flow narrowing by compensation flute, the airflow is accelerated and its
pressure decreases, reaching a minimum value at the maximal diameter
of flute. The static pressure is taken from the static pressure subsonic
chamber 8 through holes 6 which are made along the flute diameter, on a
section, where P = Py.

The supersonic airflow (M > 1) in front of the tube forms com-
pression shock. The flow formed around the tube takes the form of Laval
nozzle. In the section of the narrowing flow, the pressure decreases, and
the speed increases, reaching values of sound speed in the narrowest sec-
tion of Laval nozzle. Then, due to expanding the flow, the speed in-
creases and at a certain section reaches the flow rate value that is inci-
dent on the tube. Here, the value DPg is close to zero (curve Il in Fig.
2.12). In this section the pressure is taken through holes 9 and static
pressure supersonic chamber 4.

From both tube chambers, the pressure is fed to the static pressure
perception system through pneumatic pipelines 5 and 7. The static pres-
sure perception system connected to this tube has a special device
(pneumatic switch), which provides switching of static pressure lines
depending on the flight speed.

In supersonic aircraft, due to the development of flow stall it is
more difficult to find a place on the fuselage, which is consistently
streamlined by the airflow. Therefore, such airplanes primarily use the
tubes installed on the bar in front of the aircraft. Figure 2.13 shows the
exterior of the tube NB/A-18.

The tube MB/-18 has three separate static pressure chambers. The
first two rows have holes located on the cylindrical section of the tube.
The tube has two heating elements connected with each other in series.
There is one pitot pressure connecting pipe and three static pressure
ones.



PSTs are used in the same way in helicopters to avoid the impact
of the flow from the main rotor on the perception of air pressure. Figure
2.13, b shows the exterior of pitot-static tube MB/-K for helicopters.
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Fig. 2.13

Developers work constantly both to improve the construction of
tubes which are mass-produced, and to investigate the possibility of
creating and implementing advanced PST. Among such developments
one can distinguish static pressure spherical tube developed by Ulya-
novsk Design Bureau (Fig. 2.14).

The main element of the tube is a sphere of porous nickel, inside
which the static pressure
perception chamber with
holes of a certain diameter is
located. The static pressure
is vented from the chamber
by pneumatic pipeline.

The pressure coeffi-
cient of spherical SPT gen-
erally depends on the veloci-

. ty V of streamlined flow due
Fig. 2.1 4‘ to the dependence of the
ne tube total drag coefficient on
Reynolds number:
Re = VD/u,
where D is a diameter of spherical nozzle; u is a kinematic viscosity
coefficient.

With the airflow, the most part of the pressure distributed along a
spherical surface is lower than Py (DPy <0). Since the main principle of
operation of the spherical SPT is integration of pressure distributed
along the spherical surface, then in the static pressure chamber, the nega-
tive pressure is formed that must be taken into account with sensor cali-
bration.

When constructing the static pressure measurement systems using
spherical tubes, while making the static pressure chamber in a porous
sphere, it is enough to convert the pressure into an electrical signal and
send it to a digital computer. To obtain the required static characteristic,
the correction coefficients are entered in the computer memory. Their
values are determined by individual calibration of the sensor.

The tube characteristics can be controlled by changing the loca-
tion of the static pressure perception chamber inside the sphere, or
changing the diameter of static pressure perception holes and using ex-
ternal perforated sphere protection.

The widespread introduction of spherical SPT is prevented by op-
erational difficulties associated with sphere pores foul with particles in
the air. In addition, not all problems of nozzle heating have been solved.

To measure local aerodynamic angles (angle of attack a and slip
angle b) the aerometric method is most commonly used. As the sensitive
element of sensor that implements the aerometric method of measure-
ment, a vane with the narrow symmetrical profile is used that is set in
flight along the direction of ram airflow. Figure 2.15 shows the exterior
of vane sensors of aerodynamic angles (aviation abbreviation - JAY):
OAY-19-1 (Fig. 2.15, a) and AAY-72 (Fig. 2.15, b).

This vane sensor is installed on the aircraft fuselage where there is
the minimum flow distortion. At the same time, vane should be extended
outside the air boundary layer in the place where the sensor is installed.

To measure the angle of attack, the vane sensor is placed aboard
the fuselage so that the rotation axis of vane is located perpendicular to
the aircraft plane of symmetry as close to the aircraft center of mass as
possible. To measure the aircraft slip angle, the sensor is usually placed
at the bottom of fuselage, where the rotation axis of vane should be in
the plane of symmetry or in a plane parallel to it.



Fig. 2.15

For the vane sensor, the fundamental importance has the vane
design because its characteristics influence all metrological parameters:
static and dynamic errors; resistance to destabilizing climatic and
mechanical factors (temperature, shock, vibration).

By aerodynamic characteristics, the best vane sensor design at
subsonic speeds is a vane with trapezoid in a plan, with the right angle of
leading edge to the flow (zero angle of sweep), with thin wedge-shaped
profile and large elongation (Fig. 2.15, b). The vane extending is within
1.5 ... 2. To measure the aerodynamic angles at supersonic speeds, it is
desirable to have an arrow-shaped vane (the sweep angle is about 50°)
with the trapezoid in a plan and lamellar cross-section (Fig. 2.15, a).

The principle of operation of the vane sensor is illustrated by the
kinematic scheme (Fig. 2.16).

In the absence of ram pressure, the mass of vane 13 is balanced
relative to the axis of its rotation 12 by counterbalance mass 8. Due to
this, the vane takes an arbitrary position in space. In flight, the vane
takes the position strictly according to the airflow, rotating around the
axis 12 with rigidly attached brushes 9 of the potentiometer 10, thereby
fixing the vane rotation angle. To damp the vibration of sensor moving
mass, a liquid damper 7 is used, whose rotor is connected to the gear 11
rigidly fixed on the axis 12. For normal operation in icing conditions,
there is a tubular electric heater inside the vane. The circuit elements
1...6 are not involved in measurement mode and are used to form servo
system during sensor testing without removing it from the board the air-
craft.

Fig. 2.16

In the measurement mode, the electromagnet 1 is electrically
disconnected, the gear 5 is withdrawn from cohesion with the gears 3
and 11, and the axis 12 rotates independently on the circuit elements
1...6. In the test control mode, the signal is supplied to the electromagnet
1, the friction clutch 2 attracts the gear 5, entering it into cohesion with
the gear 3 and 11. The circuit elements 1...6 and 10 together with a
potentiometer that sets the vane angle of rotation create a potentiometric
servo system, which verifies the sensor serviceability. The
potentiometer, which sets the vane angle of rotation, is located on the
remote control of the test control system in the aircraft cockpit.

The advantage of vane sensors is simplicity of design, and the
shortcomings are weak damping and low accuracy (error in the range
1°...4°), especially at low flight speeds. Manufacturers are struggling
against the problem of weak damping by improving liquid dampers, and
to improve the accuracy they look for new variants of measuring the
aerodynamic angles.

One of these options is the
pneumatic sensor of aerodynamic
angles. Figure 2.17 shows the
exterior of the pneumatic sensor
of 60TP type by Thomson firm.




Like vane sensor, pneumatic one measures the local aerodynamic
angles. The principal differences from the vane sensor are the enhanced
dynamic performance, more correct form of sensing element, increased
precision and high sensitivity to flow downwash at low flight speeds.

The basis of the aerodynamic angle pneumatic sensor operation is
the dependence of the pressure distribution on the surface of sensing
element in a form of symmetric body on the direction angle of airflow.
The sensitive element is in the airflow outside the aircraft skin. During
the flight, the sensing element is blown by the airflow varying in intensi-
ty and direction. Around the sensing element body, there is a pressure
diagram. The law of flow depends on the sensing element shape and
flow intensity.

Figure 2.18 illustrates the operation of pneumatic sensor of aero-
dynamic angles. On the surface of sensing element of gauge 1, made in
the form of a cylinder, two pressure tubes M, and IM, are installed at an-
gle 1. With the help of pneumatic pipelines 6 and 5, laid in the cylinder
body, pressure tubes I, and M, are connected to the respective chambers
of pneumatic motor 2. When tubes are arranged symmetrically with re-
spect to the airflow, pressures P; and P, measured by them will be equal
(see the diagram of pressure distribution on the sensing element surface).

Fig. 2.18

In order to reduce errors of
pneumatic sensor, combined probes
are used. For example, JAY-MN®

Fig. 2.19

sensor (Fig. 2.19), developed by Ulyanovsk Design Bureau together
with scientists from Moscow Aviation Institute as combined probe, uses
vane 1 and pneumatic 2 sensing elements. In this design, the vane
sensing element, increasing the moment that turns the probes of the
pneumatic sensing element in a symmetrical position relative the
airflow, offloads the pneumatic motor. The feature of the device is that
in addition to forming the torque, pneumatic motor acts as damping
device.

The necessity to measure the aerodynamic angles at near-zero
flight speeds leads to the development of electromechanical sensors
distinguished by the electric servo drive amplifying the payload torque
to overcome the friction torque of its moving parts.

For example, the compensation sensor JAY-K (Fig. 2.20) has a
lightweight multi-blade pneumatic motor, which serves as an indicator.
The amplified electrical signal comes from the indicator through the
scheme elements to the electric motor, which turns the probe through the
reduction gear in the equilibrium
position. With reasonable accuracy this
sensor  starts to  measure the
aerodynamic angles ranging from
15...20 km/h of the flight speed.

The principle in pneumatic sensor
design is the overall refusal of rotary
probes that is implemented in
multifunctional sensors of aerometric
parameters.

The multifunctionality is achieved
by unifying functions of measuring the
angle of attack, slip angle, static
pressure, pitot pressure, and sometimes
temperature of stagnated airflow in one Fig. 2.20
design.

The example of unified gauges of aerodynamic parameters is
helicopter gauge of angles of attack and slip - AYAC-B (Fig. 2.21),
which is mounted on a remote rod. AYAC-B design unifies two
functions: measurement of angle of attack and slip, that is why two
vanes are used. They are fixed on their axes at 90° to each other.




Fig. 2.21

The sensor AYAC-MB/A unifies four functions in one design:
measurement of angles of attack and slip, pitot pressure and static
pressure (Fig. 2.22).

These instruments, as vane sensors, measure local aerodynamic
angles in flight. However, they significantly increase the accuracy of
perception of pressure and measurement of angles of attack and slip by
placing the sensor outside the aircraft skin into the undisturbed ram
airflow. In addition, there is a reducing of the total mass of instruments
and the number of structural elements outside the aircraft skin.

Fig. 2.22

In AYAC-B and AYAC-INBJ, there is the maximum approxima-
tion of local angles of attack and slip to their actual values. Within range
o, = B = %15 degrees, the maximum precision of perception of P, and
Ps: pressures is also achieved.

Drawbacks of AYAC-B and YAC-MNB/A sensors can be the fol-
lowing: they distort the aircraft aerodynamics and obscure the field of
view in front of the aircraft for pilots. Therefore, in the default mode,

OYAC-B and AYAC-MB/, are installed mainly on helicopters, where
other sensors cannot operate, and also installed on the supersonic air-
craft.

A major disadvantage of AYAC-IB/, is a narrow range of angles
of attack and slip (+ 15°), where perception of P, and P is performed
with acceptable accuracy. Beyond this range, the angular error of sensor
increases catastrophically.

To improve the
accuracy of measuring P, and
Ps at large angles a and B,
PST is used oriented by
airflow vector (Fig. 2.23).
This  sensor is called
aerodynamic parameters
sensor. The sensor measures
three aerodynamic
parameters: pitot pressure P, Fig. 2.23
is perceived by the pitot
pressure tube 3; static pressure Py is perceived by holes 2, which are
connected with two sealed chambers fixed by respective nozzles; angles
a (or B) are measured using vane 1, which is set in flight along to the
direction of ram airflow.

The sensor operates at speeds of 70...400 km/h and for angles of
attack (slip) in the range + 30° with accuracy + 0.3°, and for the pitot
pressure + (0.02...0.03 )q.

Unlike the pressure tubes rigidly fixed on the aircraft of PST and
OYAC-TNBJ, types, the aerodynamic parameters sensor is workable
when flying with large angles of attack and slip. This property of sensor
is used for installing aboard the high-maneuverable aircraft that can fly
at angles equal to = 90 degrees.

To avoid the shock stall when flying at high speeds, the vane has a
triangular semi-wing shape (see Fig. 2.24), for which sweep angle is
chosen depending on maximum Mach number. On the side surfaces of
vane there are two groups of air intakes 3, symmetrically located relative
to the vane leading edge. These intakes are used to improve the accuracy
of perception of aerodynamic angle just as it does in JAY-M® with
combined probe (see Fig. 2.19) by the pressure difference between two
groups of intakes.




Fig. 2.24

Two groups of intakes 2, also symmetrically arranged relatively
the vane leading edge, are used to perceive the static pressure in flight.
Due to sweep angle and vane side surface configurations, one can
receive the static pressure taking into account the compensation of
atmospheric pressure distortions by the aircraft design in the place of
sensor installation. The pitot pressure is perceived by the tube 3.

The multifunctional air pressure transceiver TMNBA-40-b
(Fig. 2.25) developed by 'Aeropribor-
Voskhod' Design Bureau provides per-
ception of pitot and static pressure; of
two pressures that are functionally de-
pendent on the angle of attack; and of
temperature of the stagnated airflow.
Perceived pressures (including the stat-
ic pressure taken by two independent
chambers) is measured using the built-
in high-accuracy pressure sensors, then
) they are transformed by the processor

Fig. 2.25 device into digital signals and as a
serial code are transmitted to digital consumers of aerometric parame-
ters. At the same time, due to lack of transmission pneumatic pipelines,
the dynamic lag is drastically reduced and correspondingly the accuracy
of pressure measurement is increased. To provide the air pressure to the
backup devices, the transceiver MMBA-40-b has pneumatic outputs of
the pitot pressure and other statics.

The pressures that are functionally dependent on the angle of
attack are taken from holes symmetrically located relative to the
streamlined body of the tube. The angle of attack is calculated by the

difference between these two pressures. Thus, except of moving
mechanical parts in sensor, the reliability of sensor operation increases
along with design simplification.

Fig. 2.26

In the widely spread flow-type temperature probe of type I1-5
(Fig. 2.26, a), the heat sensitive element 1 is placed in the body, whose
internal channel is shaped by the profile of Laval nozzle 2. At the nar-
rowest section of the profile, the flow rate while accelerating reaches its
maximum critical value, at which the ratio of temperature perceived by
the sensor to the stagnation temperature is the constant value equaled to
0.978.

Thus, the sensor 1, installed in the narrowest section of the profile,
measures the temperature Teensor = 0.978Tsgagnation. From the temperature
sensor through the adjucting resistor 3, information about the stagnation
temperature comes to consumers. The probe heat sensitive element is
made from nickel wire.

The temperature of stagnated airflow is measured in the
stabilizing chamber of pitot pressure. The principle of temperature
measurement is the same as, for example, in the temperature probe of
M-69-2M type (Fig. 2.26, b).

The heat sensitive element of probe M-69-2M is a cylindrical
insulation coil 3, which has two separate bifilar spirals 2 of platinum
wire with diameter in 0.04 mm.

The kinetic energy of airflow in the stagnation chamber 1, which
in this case is the probe of stagnated flow temperature, is converted into
the thermal energy. The stagnation temperature is measured by the
thermistor sensing element and output to consumers.



In addition to improving the sensors of aerodynamic angles, the
methods for determining angles of attack and slip through the simulation
of aircraft motion dynamics are developed.

By nature of the primary data use, airborne devices of determining
true angles of attack can be divided into several groups:

- devices to determine the aerodynamic angles by analyzing overload
effecting the aircraft;

- devices to determine the angles of attack and slip by modeling the
dynamics of the aircraft motion relative to the center of mass;

- devices which use the kinematic equations and geometric
relationships between the parameters of the aircraft motion in
different coordinate systems in their algorithms.

Information systems of the first group simulate equations of
forces and moments acting on the aircraft, whose motion is regarded as a
motion of the variable mass solid body. The accuracy of determining the
angle of attack in such system is determined by errors of prior
assignment of aerodynamic coefficient values and their derivatives, and
also by errors of measurement of aircraft mass in flight, ram pressure
and acceleration. The systematic error of determining the angle of attack
can reach 1...2°, while the measurement error of the current aircraft
weight is crucial.

In the information system of the second group the output
parameters are current flight speed, overloads n,, ny, n, angular
velocities w,, and w, pitch J and bank y angles. For example,
considering the relationship

n. =

(where c? is derivative of lateral force coefficient by angle of attack;

S is lifting area of wing; G is gravity force) the signal, proportional to
the rate of change of slip angle, can be obtained by converting readings
of the accelerometer installed in the direction of the aircraft lateral axis:

b=

n, =Kn,.
C?qs z z

On the other hand, equations of aircraft motion dynamics, subject
to certain simplifications, can give

b=w,sina+w,cosa

or
Kn, =w, sina +w, cosa. (2.3)

Using the known kinematic relations for the angular rate of bank
g=w,cosa-w,sina (2.4)

and solving equations (2.3), (2.4) together, it is possible to get the value
of true angle of attack a.

Such system is operable at changes of angle of attack up to 80°,
while the static error of the angle of attack is 1.5°. While reducing the
upper limit of changing the angle of attack up to 45°, the error is reduced
to 1°.

Means of determining the true angle of attack from the third group
solve the equation of kinematic and geometric relations between the
aircraft parameters measured in different coordinate systems: normal,
body-fixed and wind axes. For example, one of methods of determining
the true angle of attack uses the equation of connection between
parameters of the aircraft orientation in normal and wind axes
coordinates:

sing=sinJcosa - cosJcosgsinacosb - cosJsingsinb, (2.5)

where q is the trajectory angle, which is usually calculated from the
relation of vertical flight speed and true airspeed.

Using the signals of sensors of vertical speed and true airspeed,
pitch, bank and slip angles, it is possible to calculate the value of true
angle of attack, which satisfies the equation (2.5).

The best accuracy of determining the aerodynamic angles in flight
is provided in the integrated processing of signal from airborne sensors
of local angles of attack and slip, and signals received from one or more
of the above considered information systems.

This approach is particularly implemented in the helicopter flight
environment data system CW/ BINB-52 and in C/ BINB-35 (both systems
are developed by 'Aeropribor-Voskhod' Design Bureau). Figure 2.27, a
shows the exterior of CW/ BINB-52.



The probe is a mo-
nolithic metallic  body,
which consists of two tri-
angular prisms with con-
vex faces shifted with re-
spect to each other at an-
gle 60°. Each face of the
probe has two receiving
holes that are connected
with the pneumatic pipe-
line that ends with a noz-
zle. Thus, each probe has

Fig. 2.27 six pneumatic channels.

Receiving channels of pitot and static pressures and of two
pressures that are functionally dependent on the angle of attack (slip) are
selected in the system computer. There, according to information
received from external systems (regarding the components of vector of
absolute angular velocity relatively to body-fixed axes; the components
of the overload vector along body-fixed axes; angles of bank, pitch,
heading; the current weight of helicopter) the true aerodynamic angles
and other aerometric parameters are calculated analytically.

For heating the probe, the tubular electric heater is used, built-in
the sensor body. A part of the probe that is in flow has 35 mm in height
and maximum longitudinal size of 10 mm. The weight of sensor is less
than 0.1 kg.

Figure 2.27,b shows the exterior of air pressure transceiver,
which is a part of measurement system CW BINB-35. The probe sensitive
element is in the form of triangular prism similar to the module of air
pressure tube system CW BINB-52. The tube is designed to measure,
calculate and output information on altitude, speed and aerodynamic
parameters in airborne automatic systems. Calculating the true angles of
attack (slip) is made in the probe processor using external information
about the components of the aircraft angular velocity relative to the
body-fixed axes and about the value of normal overload.

To measure the pressure in the probe body, there are compact
pressure sensors with resonating cylinder of generator pressure sensor.

The calculated and measured aerometric parameters are transmitted via
electrical network to system CW BINB-35 and to other digital consumers.

However, the majority of aircraft consumers receive information
from pressure tubes through the supply system of aneroid-membrane
devices and systems.

The schemes of supply systems depend on the constructive fea-
tures of aircraft and on the installed consumers of pitot and static pres-
sures. Figure 2.28 shows the aircraft supply system of aneroid-
membrane devices, consisting of two pitot pressure pipelines and of
three static pressure pipelines, one of which is backup (the static pres-
sure pipelines are shown in thickened lines). Figure 2.28 also shows the
sensors of aerodynamic angles (angles of attack) of port side 13 and of
starboard 10, and temperature sensors 11, 12.
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The pitot pressure comes from two pitot pressure tubes 2 and 20
located on the aircraft fuselage skin on both sides. One of the tubes sup-
plies the pilot-in-command indicators, air data computer system, other
consumers of aerometric parameters and is a backup for the co-pilot in-
dicators. The second tube 2 is the main for indicators of co-pilot, backup
for the pilot-in-command and consumers of aerometric parameters.



Switching from one tube to another and vice versa is performed by pitot
pressure valves 1 and 21.

The symmetrical arrangement of static pressure tubes 7-9, 14-16
(on the aircraft fuselage skin, three ones are on the port side and three
ones are on the starboard) and their pairwise connection into three com-
bined pipelines provide equalizing of the static pressure at the aircraft
maneuvering. Switching from the main to the backup supply is per-
formed by static pressure valves 4 and 18. The switching valves are con-
trolled from the cockpit using the knobs located on the valve control
panel, or are controlled directly by cables.

The pitot and static pressure pipelines are referred to pneumatic
pipelines which connect the aerometric parameter probes with
consumers. Pneumatic pipelines are metal or rubberized-fabric pipes.
The inner diameter of static channel pneumatic pipeline must be at least
6 mm, and for the pitot pressure channel it must be not less than 4 mm.

Pneumatic pipelines are provided
with water traps (3, 5, 17, 19) that protect
pneumatic pipelines from accumulation of
moisture. Water traps, whose exterior is
shown in Fig. 2.29, are designed to collect
and drain the condensate water formed in

pipelines.
Water traps are small capacities that )
are made of transparent material, with the Fig. 2.29

nozzle at the top to connect pipeline and with drain plug that is screwed
in the bottom part of water trap. In this case, the accumulation of water
at the bottom when it freezes does not cause plugging the system.

Water traps are located near the pressure tubes and in the lowest
places of pneumatic pipelines. -

For branching of
corresponding pressure  when
supplying it to instruments and
systems, manifolds 23 and tees 22
(Fig. 2.28) are used. Exterior of the
manifold is shown in Fig. 2.30, a,
and Fig. 2.30, b shows the tee
exterior.

In the steady state flight conditions, pneumatic pipeline parame-
ters do not affect the measurement process. However, in the dynamic
mode, a lag in pitot and static pressure lines affects the accuracy of mea-
surement of altitude and speed parameters. For civil transport aircraft,
lag coefficients of channels P, and Py are standardized. Thus, the lag of
at the ground level for each static system after connecting all consumers
must be less than 0.4 seconds with supplying sensors of autopilot sys-
tems and no more than one second when supplying flight and navigation
instruments.

2.1.3. Analog air data computer systems

An example of the analog air data computer system is CBC-IH-
15-4. The system is an analog computing device to determine main
aerometric parameters based on measurements of static Py and dynamic
P4 pressures and of temperature of the stagnated airflow Ti.

CBC-INH-15 is installed on the subsonic aircraft and used to cal-
culate signals of absolute H,, and relative H, barometric altitudes,
Mach number M, the equivalent (indicated) airspeed V|as and true air-
speed V, and deviations from the given values of absolute barometric
altitude, Mach number and indicated airspeed. Furthermore, there is a
possibility to display the ground speed V,, measured by Doppler naviga-
tor of ANCC type, and output a signal proportional to the relative height
in the aircraft transponder COM-64, because as required by ICAO, all
airplanes must transmit the height data to the dispatcher automatically.

Block diagram of CBC-INMH-15 is shown in Fig. 2.31. The system
includes:

- computer of speed, Mach number and altitude BCMB-1-15;

- altitude indicator YBO-15 (Al) with supply and amplifier units
BMYy-3 (SAU);

- IAS indicator (1ASI) with BIMY-3 units;

- Mach number indicators (MI) ¥YM-1K with BI1Y-3 units;

- potentiometric voltage converters (PVC);

- altitude controller K3B-0-15 (AC);

- ready signal units (RSU);

- IAS controller (IASC);

- Mach number corrector (MC);



- supply unit BM-27-2 (SU);

- filter ®-115-1.
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The number of indicators, correction controllers and ready signal
units is determined by a specific system configuration. In addition, the
system may include the standardized computers of aerodynamic correc-
tions, the forming laws of which depend on the type of aircraft.

The main element of the system is computer, which includes the
aneroid-membrane sensors of static P, and dynamic P4 pressures of in-
ductive type — ISSP and ISDP, respectively. The dynamic pressure is
formed directly in the aneroid capsule of ISDP by subtracting the static
pressure Py from the pitot pressure P,. To reduce instrumental tempera-
ture errors of sensors, the temperature of 45 + 5°C is maintained using
the temperature control system.

The stagnated airflow temperature T, is measured by gauge I1-5 of
the outside air thermometer THB-15, which is not included in ADC sys-
tem.

The signal Hy enters the computer from the pilot altitude indicator
(it is formed based on the pressure QFE — the pressure at the runway
threshold, which is set by indicator knob as P,) and is used to determine
the relative altitude H,,,.

Besides sensors, the computer includes functional voltage genera-
tor (FVG), amplifiers, transformers, switchgear elements and tempera-
ture control system.

Computer BCMB-1-15M is designed to solve the gradable formu-
las (1.1)-(1.4) and to output the signals proportional to H, H,, V as rela-
tive resistances R,. This signal conversion is carried out in PVC units,
connected to the outputs of the computer.

To improve the accuracy of calculation, the functional depen-
dences of calibration formulas are converted to logarithmic ones. In this
case, the multiplication and division are replaced respectively by adding
and subtracting logarithms of unknown quantities with subsequent po-
tentiation of the result via FVG. With the same purpose, ISSP and ISDP
sensors also have nonlinear dependences which are close to logarithmic.

Addition and subtraction operations are performed in computer
using amplifiers. Nonlinear functions are implemented by diode FVG by
their piecewise-linear approximation. Functional voltage generators con-
sist of individual cells, each of which is designed for function approxi-
mation by a section.

In particular, when calculating Mach number, if M £ 1, the fol-
lowing relationship is used similar to (2.1)

Tasm, 25)
Pst
where f, (M) = (1-0.2M)*° - 1.
In the calculator, this expression is converted to:
Ig Py~ IgPy=1g fi(M).

The functional diagram of Mach number calculation channel in
computer BCMB-1-15M is shown in Fig. 2.32.

The static characteristics of ISSP and ISDP sensors are selected so
that the output voltage dependences on the respective pressures are close
to logarithmic in most of the working sections. With FVG1 and FVG2
converters, amplifiers Am1 and Am2 and bias voltages generated by Trl
and Tr2 transformers, output signals of static and dynamic pressure sen-
sors are adjusted to their exact coincidence with logarithmic depen-
dences. As a result, the amplifier Am1 output forms the voltage propor-
tional to Ig Py, and the amplifier Am2 gives the voltage proportional to
|g Pg.
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Fig. 2.32
These voltages are summed to form logarithmic dependence
Ig f,(M). With FVG the potentiating of logarithmic dependence is rea-
lized.

The voltage that is proportional to M-number comes to the
transformer Tr3 through the amplifier Am3, where it is branched and
comes to consumers.

The true airspeed V is calculated taking into account M-number
determined in (2.5) by the following formula

V=ML,
cxM

V1+0.2M?2

batic process; R = 287.053 J/kg#K is the air specific constant.

The channel of calculating the true airspeed is built similarly to
the above discussed Mach number computation channel.

The voltage formed in Mach number computation channel is pro-
portional to Ig f;(M) in the speed computation channel on the diode-
functional FVG and amplifiers. This voltage is changed up to exact
match with the logarithmic dependence Ig f,(M). Potentiating this de-
pendence using FVG, the function f,(M) is obtained. Introducing the

function \/i is provided by the transformer multiplication circuit, at

the output of which the voltage proportional to the true airspeed V is
formed.

Just as in Mach number computation channel, the consumers re-
ceive the true airspeed signal through the multiplication transformer
branching.

where f,(M)= : ¢c=.kR; k=14 is the constant of adia-

The absolute barometric height is calculated by standard atmos-
phere hypsometric formula:

bR
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In calculating the absolute barometric height Hays, the dependence
lg Py formed by ISSP sensor is used. This dependence, using functional
transformers, is adjusted to logarithmic dependence

lg fu (Habs) = fr (19 Psy).

Further, the discussed earlier potentiating procedure is performed,
and the voltage proportional to the absolute barometric height is output
to consumers.

To generate the signals proportional to Hays, M, V in the form of
relative resistances to consumers, PVC units are used which are con-
nected to the computer outputs. Potentiometric voltage converter is elec-
tromechanical tracking system that works as compensation scheme with
self-balancing. The input signal of PVC is the corresponding output sig-
nal of the computer, and the output signal is the output potentiometer
resistance, whose brushes are rotated synchronously to the brushes of

feedback potentiometer in the electromechanical tracking system.
The relative barometric height is formed in the computer as the

difference Hye = Haps — Hg. The given height Hy is formed in the altitude
indicator YBO-15 according to the information about the atmospheric
pressure Py (pressure at the runway threshold). This pressure is set by
the pilot on the atmospheric pressure indicator of YBO type.

The aircraft automatic flight control system is the main consum-
er of information about deviation of current values of absolute barome-
tric height, Mach number and indicator airspeed from the given ones.
Information about the deviation DM, DH, DV is generated by such units
as M-number controller, altitude controller, IAS controller, respectively.

Calculated value of Mach number from BCMB-1-15M comes to
M-number controller (MC), which produces the signal DM, if the actual
value of Mach number differs from the value the aircraft had at the time
of switching autopilot in the mode of Mach number stabilization. M-



number controller is essentially an electromechanical system that resets
the current value of Mach number in tracking mode. When switching on
the correction mode, the tracking system engine stops, and M-number
controller forms the output signal to change Mach number relative to the
value at which the tracking system was stopped.

The signal DH is produced in the altitude controller (AC) ac-
cording to information about the static pressure entering the device case.
The altitude controller outputs the signals in the form of DC and AC
voltages with the frequency of 400 Hz, which are proportional to the
deviation from the given altitude. Structurally, altitude controller is elec-
tromechanical gauge to measure the deviation of the current barometric
height from the given one. The given altitude is the height at which the
aircraft was in time of activating the mode of barometric altitude stabili-
zation (pressing button "Stabil. H," on the autopilot control panel). This
moment of time is the beginning of measuring the barometric altitude.

The indicated airspeed controller (IASC) gives the signal DV
which is the deviation of current indicated airspeed from the given one.
The given IAS is the speed that the aircraft had in time of activating the
airspeed stabilization mode, particularly in the time of pressing button
"Stabil. V" on the autopilot control panel. Structurally, IASC is electro-
mechanical gauge to measure the indicated airspeed, which is a function
of the dynamic pressure. To form the dynamic pressure By = (P, - Py),

IASC receives both static and pitot pressures.

The system CBC-IH-15-4 has measurement range of altitude as
0...15000 m, speed - 100...1200 km/h and Mach number - 0.3...1.0. In-
strumental errors of altitude measurement for the range 0...3000 m are
+10 m (x1% of the current altitude) and at altitudes from 3 to 13 km
they are £50 m. Instrument errors of true airspeed in the range from 150
to 400 km/h are £25km/h; in the speed range of 400...900 km/h they are
+12 km/h and at the speed over 900 km/h the errors are £24 km/h.

2.1.4. Digital air data computer systems

Digital ADC systems as well as analog ones are designed to cal-
culate and output the altitude and speed parameters to airborne systems
and to the crew. Depending on the modification these systems may also
output the additional parameters, such as the ram pressure, atmospheric

pressure and dynamic pressures as well as single signals at reaching the
specific fixed values by some flight parameters.

In such systems the aerodynamic flight parameters can be calcu-
lated in aircraft special digital computers according to algorithms which
operate with known calibration dependences converted to logarithmic
ones in order to increase the accuracy of calculations. Nonlinear calibra-
tion dependences are stored in long-term memory device of computer.

Input aerodynamic and additional parameters in control display
unit are converted into number codes. Number codes by poll commands
of input converters come to the processor. The processor computes the
aerodynamic parameters in accordance with the algorithm that is imple-
mented in the form of program in machine codes of operation like addi-
tion, subtraction, etc.

After computing the information is transmitted to the output de-
vice that generates and presents code, analog and single signals to con-
sumers.

The computed parameters are also presented to separate arrow in-
dicators, as well as in electronic indication system.

To improve the accuracy of computing the aerodynamic parame-
ters in some digital systems the special algorithms can be used, like al-
gorithms of compensation of systematic component errors in the pres-
sure tubes in the form of functions of angles of attack and slip, Mach
number and flight altitude as an aerodynamic method of compensation
of pressure tubes errors.

Nowadays at all modern aircraft the following digital ADC sys-
tems are used as the main airborne aids of measuring the aircraft altitude
and speed parameters: CBC-2L4-1 and its modifications;
CBC-85, CBC-2Ll-Y and their modifications; BE3-CBC, CBC-2L-2
types.

As an example of the second generation digital ADC system can
serve system CBC-85. It is designed to compute and indicate for the
crew and in the airborne systems a number of aerometric parameters
based on measurements of static P and pitot P, pressures, temperature
of stagnated airflow T, the local angle of attack a,_ and the entered in the
system value of atmospheric pressure at runway threshold (pressure of
the day) Pg. In addition, the system functioning requires discrete infor-



mation on position of flaps and landing gear, on the serviceability of
heating system pitot-static tubes and angle of attack sensors. Aerometric
parameters that come from system CBC-85 include:

- absolute barometric height Haps;

- relative barometric height H;

- indicated (instrument) airspeed Vas;

- true airspeed V,

- vertical speed V,;

- Mach number;

- maximum allowable indicated airspeed V4 ;

- temperature of outside air Ty,

- temperature of stagnated airflow T;;

- dynamic pressure Py;

- pitot pressure Py,

- local angle of attack ay;

- true angle of attack a;

- signals of barometric correction (pressure at the sea level and

pressure at runway threshold Py).

Sensors of primary information are frequency sensors of pitot and
static pressures which are built into system computer, vane sensors of
the angle of attack and temperature sensor of stagnated airflow of M-104
type. The static and pitot pressures are applied to the system from the
aircraft pressure tubes. The system corrects the perception of the angle
of attack, as well as perception of static and pitot pressures.

The system can be used on airplanes of 16 types, for each of
them the correction coefficients for aerodynamic correction of altitude
and speed parameters and for angle of attack are stored in the system
memory device.

The system can switch to the mode of calculation without correc-
tion when applying special control signals or in case of absence of coef-
ficients for this type of aircraft in the computer memory.

The main consumers of information from ADC system are shown
in Fig. 2.33.
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Figure 2.33 contains commonly used aviation abbreviations: FCS
— flight computer system; ATCCS - auto throttle control computer sys-
tem; NCS - navigation computer system; FDS - flight director system;
LRRNS - long range radio navigation system; EFIS - electronic flight
indication system; DSPC - digital system of pressure commands; FDR -
flight data recorder; CAS - collision avoidance system; GPWS - ground
proximity warning system; CCWS - critical conditions warning system;
TOCWS - takeoff configuration warning system.

The basic of system CBC -85 is airborne specialized digital com-
puter (ASDC) of SISD class (Single Instruction, Stream Single Data)
with a single instruction stream and single stream of data that is the sim-
plest and most common type of ASDC. The structure of the digital com-
puter of SISD class is shown in Fig. 2.34.

For ASDC of SISD class, the following features are typical: only
one stream of instructions, consistency and uniformity of information
connections, fixed consequence of tasks solution. All instructions are
processed one after the other, and each instruction initiates an operation
with one data stream. Managing these computers is done by using a
small number of signals and instructions.
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Any ASDC includes the following functional units: central
processing unit (CPU), memory storage device (memory), consisting of
random access memory (RAM) and read only memory (ROM), input-
output device (IOD), code transceiver (CT). The structure of ASDC
CBC-85 also includes special RAM device (SRAM).

Block diagram of system CBC-85 based in ASDC is shown in
Fig. 2.35.

| %4 | | ‘ ROM | | RAM | | SRAM ‘ | CPU |

[ | | ]

| I nter face ‘

Code £ Code Codz
"t I S I S e I =
1
I . 10D |
i ADC-FC :
I
i Fraquency Analog :
1 1
H ‘ Commutator C1 | Commutator C3 | i
: [ 1
I 1
Yy¥yY v
| sSG-2 | PSG -2 II-104 ‘ | SAA | | DU | | EFIS | Consumers

Fig. 2.35
Random access memory device provides the reception of discrete
control and information signals (single instruction) and the transferring
them in a form of parallel code to CPU; storage and selection of specific

correction coefficients for different aircraft; ability to read the coeffi-
cients of pressure sensors by CPU.

Functional units are interconnected by interface system bus,
which connects all the major components of computing system. The in-
terface contains the address lines, data lines, lines of control, of syn-
chronization, of testing, etc. Interface lines are grouped to perform one
of the operations in the data transfer process. These groups are called
interface buses.

The signals from the primary information sensors come to the in-
put of IOD. Signals of pitot and static pressures come from the frequen-
cy pressure sensors of generator type PSG-2. These sensors are volume-
tric vibrating resonators, inner cavity of which receives the static and
pitot pressures. The frequency of resonator vibration, i.e. pulse repetition
frequency depends on air pressure inside the resonator.

To compensate the temperature errors the signals from sensors are
issued on the temperature of their sensing elements, and to ensure the
normal operation of the computer and to maintain constant temperature
in it, the heating system and temperature control are used.

Pressure values Py and P, are calculated by CPU using code of
sensors period, code of temperature and individual values of coefficients
of every sensor, which are described by means of mathematical expres-
sions and stored in ROM and SRAM.

Frequency sensor signals in analog-to-digital converter “frequen-
cy-code” (ADC-FC) are converted to a numeric code. In the ADC-FC
the time-pulse conversion method is used like period-time-code. During
the small cycle of the system operation (62.5 ms) in single-channel
ADC-FC there is a serial conversion of signals of static pressure sensor,
pitot pressure sensor and control frequency signal.

Analog signals from the output of sensor M-104 of the stagnated
airflow temperature air and from synchro resolvers (SR) of two sensors
of the angle of attack (SAA) are converted into numeric codes using
analog-to-digital converters “voltage-code” (ADC-VC).

The main part of ADC-VC is 11-bit converter of unipolar constant
voltage into binary code. The device ADC-VC uses the principle of seri-
al computing. To increase the speed of operation the record of previous
value of converted signal is used.

Values of local angles of attack come to the system CBC-85 from
sensors of angles of attack on two aircraft sides (from port side and star-



board). In the system there is an averaging of the values of the angle of
attack from the right and left sensors. Averaging mode can be disabled
by special command and with this the system switches to use the only
one sensor value. In the system there is also the comparing of values of
the angle of attack from the left and right sensors. In case of mismatch
between values over the limit for the definite type of aircraft, there will
be the message on malfunction. Comparison is blocked at the speed less
than 140 km/h.

The true angle of attack in the system is calculated by the follow-
ing expression:

a

Qrye = ?L - IOv

where a|_is the local angle of attack; K, lg are constant values, which
are specific for each type of aircraft.

At the speed of aircraft less than 111 km/h, the value of true angle
of attack at the system output equals zero at any value of the local angle
of attack.

Signals of barometric correction come to the input of the system
from the control display unit (CDU) of electronic flight indication sys-
tem (EFIS). Two values of barometric correction QNH and QFE are
transmitted into the system (QNH is the pressure at the height of mean
sea level; QFE is the pressure at the runway threshold). Signals of baro-
metric correction received at the input of the system can be of two types:
analog or digital. Type of signals perceived by the system is defined by
the type of contact of electrical connections.

Analog signals of barometric correction from SR of EFIS CDU
are converted into numerical code using ADC-VC. Signals of digital
barometric correction come to the input of the system in the form of bi-
polar serial code.

Signals to the input of ADC-FC and ADC-VC come through the
commutator C; of IOD. Numerical coded signals come to CPU from the
outputs of ADC-FC and ADC-VC.

Central processor unit is a computing kernel of the system and
provides processing data that come to the memory in accordance with
the given program recorded in machine code. Central processor unit con-
tains a number of operational and arithmetic-logic devices, control de-
vice and local memory.

In CPU according to given algorithms all aerometric parameters
are computed. With this CPU controls the operation of all external de-
vices, retrieves the primary sensors information, generates the output
code information and executes the subprogram of control.

Memory consists of RAM and ROM. ROM has a capacity of
6144 16-bit words and programmed when system is being manufactured.
ROM device contains all the sequence of executable instructions by the
CPU block and constant values necessary to calculate aerometric para-
meters. RAM device with capacity of 1024 16-bit words is used to store
intermediate results of the calculations and ratios which are rewritten
from ROM, sensors and SRAM unit.

Calculation algorithms are based on the method of piecewise polynomial
approximation of non-linear calibration functions to be calculated similar to those
in the previously discussed analog ADC systems. The essence of the method is
that the interval, at which the function is given, is divided into a number of subin-
tervals and within each subinterval the nonlinear function is replaced by a line
segment. The flexibility of the method at providing the required accuracy is that
the accuracy of calculations is achieved by increasing the number of subinter-
vals and therefore the degree of the polynomial. For the same accuracy with the
greater number of subintervals, the lower degree of the polynomial and higher
speed of response are required. For each function which is calculated, there is a
combination of the number of subintervals and degree of the polynomial. Poly-
nomial coefficients are stored in ROM.

In the second and third generations of digital ADC systems for civil avia-
tion aircraft, the concept of system unification for use on 16 types of aircraft is
implemented. To correct coefficients of approximating polynomial for a specific
type of aircraft, the additional options are used.

Thus, in accordance with the recommendations of standard ARINC-706
the aerodynamic error compensation is realized as a function of three parame-
ters: height, speed and the angle of attack. Influence of slip angle on the error of
the perception of static pressure is compensated by the circle connection of stat-
ic pressure receivers located symmetrically on port side and starboard of the
aircraft.

To correct the error of perception of static pressure in the function
of Mach number the curve f (M) is used:

f(M):g.

st



Specified function is being given by its values in the following
points of Mach number: 0.1; 0.2; 0.4; 0.5; 0.6; 0.7; 0.8; 0.82; 0.84; 0.86;
0.88; 0.9; 0.92; 0.94. These values must be written in the SRAM unit for
two flight modes of each aircraft type.

To correct the perception of static pressure in the function of

Mach number and the angle of attack there is given a curve f(M)= bP

st
in the following points of Mach number: 0.2; 0.4; 0.7; 0.8; 0.82; 0.84;
0.86; 0.88; 0.9; 0.92. In these points the correction is calculated accord-
ing to formula:

DP 2
P—:Aza tr+Alatr+A0’
st

where Ay, A1, Ag are constant coefficients, a,, is true angle of attack.
For each type of aircraft in all ten indicated points of Mach num-

ber for two flight modes, the values Ay, A1, Ag should be recorded to the
ADC system. One of the modes of correction is selected according to the
state of single input command.

The calculated parameters are encoded in the form of numerical
signals and in the form of voltages (after DAC) and they come through
the commutator C, of 10D to consumers and for indication.

The integrated DAC is a converter with discreteness with 12 bits.
Input signals of DAC unit are converted to constant voltage that varies
in the range 0of 0.1t0 9.9 V.

Code transceiver (CT) forms and provides coded 32-bit words to
buses. Formats of words contain information about the status and work
ability of the system and its sensors; about switching off or malfunction
of heating for air pressure probes; about features of correction of the an-
gle of attack and the features of correction of error of static pressure per-
ception, as well as on the excess of instrument flight speed.

The value of the maximum allowable indicated airspeed V.. is
defined by curves of given values of Vo for altitudes ranging from
2048 feet to gaining 4096 feet. For each airplane, these values are given
by a set of curves for nine heights. Selection of one of them is carried
out by the obtaining the corresponding command. In the absence of con-
trol commands the graph with zero value is selected. In case of simulta-

neous receiving of multiple control commands, the graph with lower
value of V. is selected.

Equipment of built-in control in CBC-85 system ensures the con-
trol over the status of functional units of the system and the primary sen-
sors in two modes: in the mode of the ground checking and in flight
background mode with operation of main program.

As an example of digital ADC system of third generation there are
systems, based on advanced microprocessor technology. Let us consider
the ADC system “BBE3-CBC” (ADC system with electronic barometric
altimeter).

The system BE3-CBC is designed to measure, calculate and out-
put the information about altitude and speed parameters to airborne sys-
tems, to indicate the barometric height and flight level, setting of flight
level, and visual and aural signals on deviation from given flight level.
The system provides permission of aircraft to fly in conditions of Re-
duced Vertical Separation Minimum (RVSM) and can be installed on 16
types of aircraft, in particular, in Be-103, 11-62, 11-76, Tu-154.

The system provides:

- measurement, calculation and output of information in a form of
32-bit binary serial code according to GOST 18977-79, PTM 1495-75
and ARINC 429 on such aerodynamic parameters as absolute height,
relative altitude, vertical speed, instrument speed, true airspeed, tem-
perature of stagnated airflow, pitot pressure;

- indication in meters and feet of relative barometric height ad-
justed taking into account the aerodynamic corrections by altitude and
speed for the specific type of aircraft;

- manual input, indication in meters and feet, output of electrical
signal of the given flight level,

- manual input and indication of atmospheric pressure at ground
level in hectopascals hPa;

- manual input and alarm about setting the atmospheric pressure at
ground level, which is equal to 1013.25 hPa;

- warning of flying at an altitude less than 1000 m;

- warning of deviation from the given flight level in range
60... 150 m;

- warning and output of electrical signal in case of deviation from
the given flight level for more than 150 m;



- removing the visual warning in case of deviation from the given
flight level for more than 150 m.

The exterior of the system is
shown in Fig. 2.36. Structurally the
system BBE3-CBC is a mono instru-
ment (electronic barometric altime-
ter), which consists of sensor block
for static and pitot pressures, of com-
puter and of monochrome liquid crys-
tal indicator.

The block diagram of the sys-
tem is shown in Fig. 2.37. The system
BB3-CBC, the same as system CBC-
85, is an airborne special digital com-
puter of class SISD, made on the basis Fig. 2.36
of microprocessor set (CPU, ROM,

RAM). The system BBE3-CBC consists of sensors for static and pitot
pressures (pressure sensors - PS) and indication unit (Ul) with the con-
trols.
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The structure of the system largely repeats the structure of CBC-
85. In this structure the same as in the CBC-85, the frequency sensors
are used as sensors for pitot and static pressures. Frequency converter
ADC-FC is designed to convert frequency sensor signals into binary
code. ADC-FC converts the information by two channels from sensors
P and Py, as well as by the channel of check frequency.

Input signals of ADC-VC are the signals of receiver of stagnation
temperature, signals of temperature channel of pressure sensors and sig-
nals of check voltage.

The memory device (memory) includes read-only memory
(ROM) and random access memory (RAM), designed for storage of the
program algorithm, constants and intermediate results in the calculation.

The receiving unit (RU) is designed for receiving one-time com-
mands. The output device (OD) is for issuing information to consumers
in the form of bipolar serial code, coded signals to the indication unit
(V) and electrical signals to the aural warning system (AWS). The ex-
change of information between CPU with OD is done in program mode.

The indication unit is designed to convert the coded information
into visual one. The aural warning system converts the coded informa-
tion into the signal of aircraft intercom.

The system operation is based on static and pitot pressures mea-
surement (Py, Pp) transmitted through pneumatic line from the receiver
of pitot-static tube and of stagnation temperature coming from the re-
ceiver M-104 (which is not included in the system), and on calculating
the height and speed parameters on the basis of this information. The
static and pitot pressures come to frequency pressure sensors (PS) which
output electrical signals that are proportional to the measured pressures.

Signals from sensors and control signals come to the computer.
Control signals allow producing the electric signals of atmospheric pres-
sure at ground level Py and of given flight level H,. In computer by sig-
nals Py, Py and signals Py and H; there is calculation of height and speed
parameters, correction of signals of relative (H,) and absolute (Hgps)
heights, generation of warning signals on deviation from the given flight
level and other one-time signals. Signals which are proportional to
height and speed parameters are supplied to interconnecting aircraft sys-
tems in a form of code. Values of Py and Hj, Hr (in meters or feet) are
indicated on the liquid crystal display (Fig. 2.38, a — indication in feet,
Fig. 2.38, b — indication in meters).
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Signal Hy, comes to system indicator where is displayed on a
five-digit counter 7 and simultaneously the values of three low-order
digits of counter are indicated with help of moving arrow 4 and fixed
scale 5. The warning signals of deviation from given flight level coming
to the system indicator, provide warning on deviation by means of a
light frame 3 around the value H, on five-digit counter 2 of the indicator.

If there is a deviation more than 150 m from given flight level,
then on the indicating device there is a visual signal in a form of con-
stantly visible frame 3 around the value of flight level. By pushing rack
mechanism 9 (H)) there is the suppression of the visual signal (frame
disappears). If there is a deviation from given flight level ranging from
60 to 150 meters (from 200 to 500 feet) the frame 3 is in the flashing
mode. If the aircraft does not deviate from the specified flight level for
more than 60 meters (200 feet) then the indication H, and frame 3 are
absent. Upon entering zone of £150 m from given flight level and ex-
ceeding zone of £60 m the system generates the signal of aural warning.

Logic of generating the warning signals of deviation from given
flight level is illustrated in Fig. 2.39.
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Pressing and releasing the rack mechanism 6 (Py) on the indicat-
ing unit 8 will set the fixed value of atmosphere pressure at ground level
equal to 1013 hPa.

Pressing and releasing the button 1 (Ft) will change the back-
ground of indicator scale from green to yellow or from yellow to green.
With this the mode of indication is also changing from meters to feet and
vice versa.

If during the flight the relative barometric altitude is less than
1000 m, then at the counter of barometric height 7 instead of the high-
order digit there will be visual signal “=". For negative barometric alti-
tude the sign “-” (minus) will be on the counter in the position before
the first significant digit, while moving arrow 4 of indicator disappears.

The system BES-CBC is a part of height and speed equipment
BBE3-CBC-BCKA. Except two BES-CBC (blocks of pilot and co-pilot)
the system includes two probes of stagnation temperature M-104, two
blocks of communication and of BCKA control type, two alarm boards
“CHECK H”. Information from the system comes to flight data recorder
(FDR), to the traffic collision avoidance system TCAS 2000, to aircraft
transponder CO-72M. Structure of BE3-CBC-BCKA is given in Fig.
2.40.
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Further development of ADC system is flight environment data
system.

2.2. Information systems of height and speed
parameters

Necessity to increase information content, accuracy and reliability of
ADC systems, to enhance the depth of their control with failures warn-
ing leads to the creation of flight environment data system, so-called
FEDS. They are a multi-channel information and measuring systems
with built-in automatic control, designed to measure, calculate and pro-
duce information on the current values of height and speed parameters
and information on the their deviations from the preset values, and indi-
cate them for the crew and airborne consumers. These systems (if neces-
sary) ensure the implementation of laws of aerodynamic errors compen-
sation for pressure probes in a form of Mach number and the angle of
attack functions. If there is radio altimeter in a system, it also gives in-
formation about the current true altitude of flight.

In addition, the system forms information on maximum allowable
values of parameters and produces the warning signals to the crew about
approaching to them. The system also provides entering a number of
preset values of flight parameters and performance of reduced vertical
separation minimum in 300 meters (1000 feet).

The basis of FEDS is ADC system that is used either as in non-
reserved or in the reserved form. In some FEDS the information of ADC
is integrated with information from other sensors and subsystems in-

cluded in the system to improve its accuracy. This mainly concerns to
the estimation of altitude and vertical speed, that is, those parameters
which have information redundancy.

In the structure of the system like MK BCI1-1-6 (Fig. 2.41) on the
basis of the system type CBC1-72-1 the following components are used:
ground proximity warning system (GPWS) with block of linear accelera-
tion (BLA) and radio altimeter (RA); angle of attack and overload indi-
cator (AAOI); computer of critical warning regimes (CCWS); flight lev-
el warning system (FLWS); block of formation and control (BFC).
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In the base system of CBC1-72-1 type the aerodynamic flight pa-
rameters are formed in computers connected constructively with indica-
tors. The signals which are proportional to the static and dynamic pres-
sures and to the absolute altitude and indicator airspeed come to the
computer from the block of air parameters (BAP). The signal that is pro-
portional to the temperature of stagnated airflow comes from the stagna-
tion temperature sensor M-104. If necessary, in computers the pressure
and temperature at ground level and pressure of given datum can be ma-
nually entered.

The ground proximity warning system is designed to issue the
warning signals on takeoff and landing stages by descending speed V,>
Ve and in case of aircraft approach to the ground in dangerous height



range. Dangerous height range is determined depending on barometrical
radio inertial Vi or barometrical inertial Vy, vertical speed. The speed
Vypi is received as a result of integration of barometric vertical speed V,
and vertical inertial speed calculated by integrating the vertical accelera-
tions. The speed Vi is the result of integration of vertical velocity Vy,
that is received by differentiating the signal of radio altimeter and vertic-
al speed Vyy;.

The instrument OOAI is designed to measure, calculate and dis-
play the current values of the angle of attack and vertical overload and
maximum allowable values of these parameters depending on the flight
regime. Upon reaching the maximum allowable values of the angle of
attack and overload the block OOAI outputs signals on warning devices.

The calculator CCWR issues the warning signals about the air-
craft approaching to the maximum allowable value of indicator airspeed
to other airborne systems.

The flight level warning system is designed to set the flight level
Hr. and warning of crew by means of light and sound signals about the
approach to the given flight level or about dangerous deviation from it.

The block of formation and control is intended for commutation
and control of operable functioning of the system, and to identify and to
output information on the failure of height and speed channels to the
consumers, as well as for issuing the signal DV to automatic flight con-
trol system (ACS).

Information on the current values of the height and speed para-
meters is indicated for the crew on the indicators of system CBC1-72-1
which are functioning as electromechanical computing devices (alti-
tude indicator ¥B-75-15IB and Mach number and speed indicator Y M-
1-MB). This information is duplicated by speed indicator, reserved Sl-
R, by combined speed and Mach number indicator (M,V), mechanical
altimeter BM-I5I1B, electromechanical altimeter EMA, vertical speed
indicator VSI and indicator of the outside air temperature YT-1M.

In other variant of the similar system (complex of MK BCIl-1-1
type) in order to increase the reliability of information support three sys-
tems CBC-1-72-1 are used.

Complex MK BCI-1-1 is the information measuring system, di-
vided into three independent subchannels of measurement, calculation
and formation of signals on height and speed parameters covered by sin-
gle checking system of correct functioning.

In each subchannel of measurement of height and speed parame-
ters to improve the reliability of measurements and to ensure indepen-
dence of outputs the quorum elements are used. Quorum element forms
reliable output signal of three identical circuit elements, equal to the av-
erage value of the majority of the input signals which differ little in their
value. Checking output signals is done on the majority logic principle
(“voting by majority”). If one signal differs from the output signal of
guorum element in a certain value, then the corresponding warning de-
vice of quorum element is triggered and outputs the signal to the logic
circuit that removes signal of correct functioning from the corresponding
subchannel. In case of failure of two subchannels there is removal of
signal of correct functioning from the whole channel. In case of such
failure the warning system outputs information about the failure to the
crew.

Defective block of the system is determined by built-in control.
Defective blocks may be replaced by normally functioning blocks, and
then the FEDS should be checked again by built-in control.

System UK BCI1-1-6 and its modifications are installed on air-
craft An-72, An-74, Yak-42.

Considered variant of analog FEDS is essentially a set of separate
subsystems (ADC, GPWS, CCWR, FLWS, AAOQI types), each of them
working in their own algorithm and solving the specific problem.

A higher degree of integration belongs to digital FEDS, e.g. flight
environment data system MK BCTI1-10, which includes digital computer
based on system CBC-2Ll; system of restrictive signals COC 2-Ll; radio
altimeter for small and medium altitudes PB-21 “Mmnynbc”; stagnation
temperature sensor M-104; combination instrument JA-200r1; autonom-
ous reserved instruments YCM-2 and BM-30; air pressure probes MNB/A-
18-3M series 2 and NMBA-7.

When creating CBC-2L1-2 the data fusion algorithms have been
developed and put into practice for aerometric and inertial navigation
systems. Algorithms provide the increase
of dynamic accuracy of parameters mea-
surement at unsteady flight modes and the
improving of the accuracy of the vertical
speed calculation.

Structurally the system CBC-2L is
a monoblock of computer B-2Ll-2 (Fig.




2.42). Digital computer of the system is a computer of SISD class. As
part of a system the new precision pressure sensors of AAI-1 type are
used. Airdata computer systems of this type are designed to work with
EFIS.

The system of restrictive signals COC 2-72 includes computer for
restriction signals BCO-1-1, block of formation of indication signals
B®CU-2-1, angle of attack and overload indicator ¥ All-5-13, sensor of
aerodynamic angles JAY-72-1, sensor of aerodynamic angles JAY-72-
4, linear acceleration sensor [OJ1Y-26-02 and indicator of speed and
Mach number YCM-2.

The structure of the radio altimeter PB-21/[] includes two antennas
A-061-4, transceiver A-35-1 and altitude indicator A-034-4.

System VK BCTI1-10 is a part of the flight and navigation system
and is designed to calculate the current aerometric parameters of flight,
true geometric height, current normal overload, as well as maximum and
minimum allowable values of speed, normal overload, angle of attack,
and to output data for indication and to other airborne systems. Structure
diagram of IS HSP-10 is shown in Fig. 2.43.
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Fig. 2.43
Complex forms and outputs the signals of the approach to the crit-
ical values of angle of attack, normal overload, Mach number, instru-
ment airspeed for indication and warning.
The system also provides:

- creation and output of deviation signals of current values of
geometric height (Hg), barometric altitude and Mach number fixed in the
moment of switching on the stabilization modes for AFCS;

- creation and output of one-time signals in the airborne systems
in case of reaching a fixed value Hy;

- creation and output of the signals of normal operation of blocks,
systems and communication lines in the airborne systems;

- indication on reserving instruments of parameters Hye, Vias, Vy,
Hg, ny, and a.

The basis of algorithms of aerometric parameters calculation is
the method of piecewise polynomial approximation of calculated nonli-
near calibrated functions similar to those discussed earlier in analog and
digital ADC systems. Aerometric parameters are calculated using known
calibrated dependencies for standard atmosphere. The main difference of
computational procedures is the transformation of computing algo-
rithms, special algorithm for vertical speed calculation and optimal fil-
tering of signals in the calculation of output parameters.

To calculate the main parameters the method of piecewise linear
approximation of these dependencies is used:

lg Pst = fst (Psp);19 Pp = fp(Pp);Habs = fH(19 Pst);

M = fm(IgPp - 19Pst); Th = fs(Ts ); Vi = fu(lg Pp),
where fgt, 5, fn, fm, ft, fy are special transformative and approxima-
tion functions; Ts is a temperature of stagnated airflow measured by
temperature probe.

Functions in computer are divided into 16 intervals, in each of
them the desired function is approximated by a polynomial (from the 2™
to the 5™ order). The values of the function within the interval are de-
termined by so-called Horner's method (algorithm for computing the
polynomial values recorded as a sum of monomials, for a given value of
variable).

The scheme of calculating the value of x at point x = x,, for exam-
ple, for polynomial of 5 order is the following:

(%) = ((((asXy +34)% +85)%Xy +8,)% + )X, + @y,
where ag...ag are coefficients of approximation of function on a given
interval stored in the computer memory.



In addition to these dependencies for correction of error of static
pressure probe MB/A-18, the computer MK BCI uses another function:

Ps=f (M, Hgps). This function is determined experimentally and is
stored in the computer memory.

The given above approach to computation of basic parameters al-
lows:

- getting the high accuracy of parameters calculation using rela-
tively simple polynomial of approximation;

- excluding the division operations in the calculation of the Mach
number with the help of logarithms, fulfiliment of which in digi-
tal computers requires time;

- using single method of calculation and due to this to simplifying
the system of operations and computer program.

In CBC-2L-1M for determination of V, there is numerical diffe-
rentiation of current values of absolute barometric altitude. The double-
point algorithm for the numerical differentiation is implemented for this
in the system computer.

In numerical differentiation the expressions of infinitesimal in-
crements of functions and of argument are replaced by finite differences
dy , By
dx Dx

Obviously, the smaller the argument increment is, the more accu-
rate the numerical value of derivative will be.

For double-point methods at calculating the derivatives the values
of functions in two points are used. The argument increment is set by
three ways, shifting Ax = h to the right, to the left and in both directions
from the given point. Accordingly, there are three double-point methods
of numerical differentiation:

dy , Dy _ y(x+Dx)-y(x) is the first method:;

dx Dx Dx
dy , Dy _ y(x) - y(x-Dx) is the second method:
dx Dx Dx
dy , Dy _ y(x*DX) = y(X=DX) e e third method.
dx Dx 2Dx

In CBC-2L-1M for determination of V,, the current values of ab-
solute barometric altitude are differentiated using the first method of
numerical differentiation:

V. o» DHabs - Habs(t+h)_Habs(t),
YDt h
where H,. (t+h),H, (t) are values of absolute barometric altitude, cal-

culated at previous and current cycles of calculation, respectively; h is
duration of calculation cycle.

However, error values of this method of calculation for vertical
speed are too high, because output errors of determination Hg,s can be
significant (e.g. only through delay of pitot-static tube system they may
reach up to 50 m at certain flight modes).

The error of calculating V, can be sufficiently decreased if instead
of differentiation H,ps the optimal filter of data fusion between H,ys and
signal of vertical accelerometer of inertial system is used.

This method of calculating V, is used in modifications of system
MK BCI1-10, where there is optimal Kalman filtering.

The equations of filter are formed on the basis of observation equ-
ations and state equations. The state equations are the following:

H=V,;

Vy=a,

where H is current flight height; Vy, ay are vertical speed and vertical
acceleration.

Observation equations are derived from mathematical models of
measurements of barometric altitude and vertical acceleration, which are
the following:

T,H +H =H +DH +x, (),
a, =a, +Da, +x, (),

* *
where H, a,
and transferring translational acceleration measured in INS; DH is slow-

ly varied error that is due to deviation of pressure at altitude H from its

are measured altitude (measurements of ADC system)

standard value; Day is slowly varied error of INS accelerometer;



Xy (), X, (t) are white noise components of altitude and acceleration

measurement; Ty is time constant of altitude measurement that is caused
mainly by the static pressure lines.

The apparent acceleration W, measured by INS accelerometer, is
indicated taking into account the transferring translational acceleration
ayand a? that considers Coriolis (rotary) acceleration and acceleration

- P C
of gravity force W, =a, +a, .
Values of Coriolis acceleration and acceleration of gravity force

. . . o C
are calculated in INS by special algorithms. So, the value a, =W, -a,

should be considered as transferring translation acceleration calculated
according to INS algorithms.
Neglecting the slowly varied errors of altitude DH and accelera-

tion Da, measurements, it is possible to calculate the following by op-
timal Kalman filter:

H=V, +k(TyH +H - H);

A ~

Vy =ay +ky(TyH +H - H).

.7)

where H, \7y are estimated values of altitude and vertical speed.

The correction coefficients k; and k; can be calculated using equa-
tion of covarianes, and also as constant, pre-calculated ratios:

k, = /:a—y, ky = /2K, 2.8)
H

where i, , iy; are intensities of white noises x,, and Xy .

ay

Analysis of equations (2.8) - (2.9) shows that the filter completely
eliminates dynamic lags with estimation of vertical speed and altitude.
Change of parameters of error models which differs from the optimal
ones on 60 ... 70%, does not lead to significant degradation of the filter
features.

Unaccounted slowly varied errors of altitude measurement DH are
directly included in the errors of estimation of altitude and vertical speed
and cannot be completely eliminated. The components of the estimation

errors which are caused by quasi stationary errors of accelerometer Da,

can be reduced by using the third-order filter.
Without taking into account the altitude measurement errors DH

and with introducing the additional ratio Da, =0 into observation equa-

tion, the optimal filter is synthesized, similar to the above considered
one, but is already of the third order:

H =V, +k(TyH +H" - H);
Vy
D4, =kg(TyH +H" - H).
Using this approach, the estimation system becomes astatic rela-
tively slowly varied error Da, of measurement of transferring transla-

tional acceleration.
Further development of this series of FEDS is the system based on
triplex ADC system CBC-85. Using the triple reserving allows not only
improving the reliability of information support, but also to some extent
increasing the accuracy of calculating of height and speed parameters.
For regional aircraft produced by Antonov firm, the company
“Aviacontrol” (created on the basis of Kharkiv instrument making de-
sign bureau), which is specialized in developing and manufacturing the
systems and instruments for aviation, organized the serial production of
the following:
- flight environment data systems VIK BCI1-140-01, K BCI1-
140-74 for aircraft AN-140-100, AN-74TK-300, AN-74TK-
200;

- flight environment data system VK BCI1-148 for aircraft AN-
148 and AN-158;

- coded system of flight level warning CCB3K-1 for aircraft
AN-124.

Information systems VK BCI1-140-01, MK BCTI1-140-74 and UK
BCI1-148 are multi-channel information and measuring systems covered

=a, - DA, +ky(TyH +H" - H);



by automatic control in flight, and are designed to measure, calculate,
form and provide the crew and airborne consumers with the following
information:

- current values of height and speed parameters, temperature,
angle of attack and vertical overload;
maximum allowable values of flight parameters;
warning signals of approaching to critical modes of flight;

- signals on correct operation of the system.

Systems ensure the implementation of laws which realize the
compensation of aerodynamic errors of air pressure probes in the form
of functions of Mach number and of angle of attack. Systems enforce
implementation of rules for reduced vertical separation minimum
(RVSM) in 300 meters (1000 feet).

Principles of structure and algorithms of system operation are
similar to the digital FEDS. The structure of MIK BCI1-140-74 is shown
in Fig. 2.44.

Fig. 2.44

The system includes:
- unit of air parameters MBI1-1-1 - 3 pcs.;
- warning block BC-1;
- coded system of flight level warning CCB3K-1;
- coded indicator of angle of attack and overload YAMNK-1-INB1;
- coded indicator of altitude YBK-1M-T1B - 2 pcs.;
- coded indicator of altitude YBK-1®;
- coded indicator of temperature YTK-1.

- coded indicator of speed and Mach number YCUMK-1 - 2 pc.;
- sensor of aerodynamic angles JAY-72-1 - 2 pc.;

- block of linear acceleration sensor BA/1Y 1-5;

- sensor of stagnation temperature 1-104.

Products which are a part of the system, have “Certificate of com-
ponent compliance” issued by International Aviation Committee and
State Aviation Administration of Ukraine.

Triple reserving of computer MBI1-1-1 allows increasing the re-
liability of the information support of consumers with current values of
height and speed parameters.

Representative of the height and speed parameters and aerody-
namic parameters measurement system belonging to the class of digital
FEDS is a modern system of C BCI1-35 manufactured by JSC “Aero-
prybor-Voshod” (Fig. 2.45).

Fig. 2.45

The system consists of two double-channel blocks of computer,
four blocks of detector-transducers of pressure and two double-channel
probes of temperature of stagnated airflow M-104M.

The main advantages of the system are:

- reducing the number and size of the elements contacting with
the airflow and decreasing the weight of aerometric equip-
ment which is especially important for multiple reserving;

- increased reliability due to eliminating the sensors of aerody-
namic angles with moving mechanical parts;

- high degree of resistance to failures due to information redun-
dancy and special algorithms of failures identifying;



L excluding the pneumatic lines on board the aircraft due to
constructive combination of pressure sensors with air pressure
probes (they are both implemented in single unit), which sig-
nificantly reduces the dynamic lag in pneumatic lines and in-
creases the measurement accuracy.

The system is based on receiver-converter of air pressure, pre-
viously considered, that not only measures the air pressure, but also on
the basis of external information analytically calculates the true values
of angles of attack and of slip.

Another development of the company is system for measuring the
height and speed parameters CW BIB-52.

The system CHU BINB-52 is included in the airborne equipment of the heli-
copter and is designed to determine the complete set of aerial flight parameters
of helicopter and for information support of airborne systems and the crew at all
flight modes, including flights forwards, backwards, sideways, up, down, and at
modes of near-zero speeds and hovering. The system consists of two functionally
completed modules (MIVP (Fig. 2.46), placed on consoles in areas of relatively
“pure” airflow and connected by the bus of data exchange. The module is de-
signed as a streamlined ellipsoid body with diameter 130 mm and length which
is not exceeding 500 mm.

Each module contains:

- two pitot-static tubes (see Fig. 2.27, a);

Fig. 2.46

- control unit of pitot-static tubes heating;
- pressure sensors block;

- outside air temperature sensors;

- computer of aerial parameters of flight;

- power supply.

2.3. Aerometric computing systems

Aerometric computing systems determine the coordinates of the
aircraft by method of aerometric dead reckoning. This method of naviga-
tion is based on continuous calculating of the aircraft trajectory by val-
ues of magnitude and direction of ground speed vector and taking into
account the coordinates of the initial point of motion.

The airplane relative to air mass (with no slip) moves with the true
airspeed V in the direction of its longitudinal axis. At the same time it
moves relative to the ground surface (in the selected navigation coordi-
nate system) together with the air mass in the direction of the wind & and
with its velocity W.

In the aircraft navigation the wind direction 9 is measured be-
tween the meridian and the wind vector. This wind is called navigation
wind (where the wind is blowing to). The direction of meteorological
wind differs from the navigation one in 180° (where the wind is blowing
from).

As a result the aircraft flies relative to the ground surface by resul-
tant force, built on the components of the airspeed vector and the wind
velocity vector. Thus, when flying with crosswind the vectors of hori-
zontal projection of true airspeed V,, ground speed V, and wind speed W
form a triangle (Fig. 2.47), which is called the navigational speed trian-
gle.

N A
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Fig. 2.47
Navigational speed triangle is usually built in a rectangular geo-
topic (normal earth-fixed) coordinate system. Mostly the orientation of
the axes of horizontal rectangular coordinate systems is defined by the



direction of geographical meridians and parallels. In the selected coordi-
nate system the navigational speed triangle is characterized by:

- true (geographic) heading y;

- true airspeed (or rather its projection to the horizontal

plane) Vy;

- track angle Y;

- ground speed V;

- drift angle Bqr;

- wind speed W,

- wind direction d.

Orientation of wind velocity vector relative to ground speed vec-
tor is characterized by wind angle (WA) and relative to the projection of
longitudinal axis of aircraft on the horizontal plane it is characterized by
course wind angle (CWA).

Drift angle Bqr (angle between the horizontal projection of the air-
speed vector V, and direction of ground speed V,) is counted from the
vector of V, to the track line rightwards with "+" sign and leftwards with
"-" sign. At modern flight speeds the drift angle does not exceed
10...20°.

Wind angle is the angle between the direction of ground speed
and direction of navigational wind. It is counted from the track line to-
wards the wind direction clockwise from 0 to 360°.

Course wind angle is called the angle between the horizontal pro-
jection of the true airspeed vector V, and the direction of navigational
wind. It is counted clockwise from O to 360°.

Let us define the projections of ground speed on the axes of se-
lected coordinate system. Projecting the speeds V, and W on the axes
ON, OE of geotopic coordinate system gives:

Vg, =V,cosy +W cosd;

VgE =V, siny +Wsind;

where V, is projection of ground speed on the meridian direction; V,
N E

is projection of ground speed on the parallel direction.

The true airspeed V and the true heading { are continuously
measured by the sensors of speed and heading of aircraft. Speed W and
direction of wind 6 are determined according to weather station informa-
tion or by one of the air navigation methods.

Calculation of the traveled linear path along the meridian Sy and
parallel Sg is made by integration of components of ground speed V,

and VgE :

t t
Sy =V, dt = ( (V, cosy +W cosd)dt;
. . (2.9)

t t
Se =V, dt = (v, siny +W sind)dt.

f t

These equations are called equations of course recording machine,
or plotter. Considering the relationship between linear and geographic
coordinates, and assuming the simplified (spherical) shape of the Earth,
it is possible to calculate the geographic coordinates j and 1 (latitude
and longitude) of the aircraft location:

ot
i=i. +180 \ V, cosy +W COdet;
Py Ro

ot - -
+180 V,siny +W Smddt,

=1, -
p § R,cos ]

where jo, 1o are coordinates of initial waypoint; Rq is the radius of the
Earth; Ry cosj is the radius of the given parallel circle; j is the latitude
of parallel.

Position of the aircraft is not always determined in geographical
coordinate system. Existing aerometric computing systems solve this
problem in the grid coordinate system, which is used as a rectangular
system XQOY that is rotated relatively the geographic coordinate system
to the map angle ,, (Fig. 2.48).

Map angle (see Fig. 2.48) is the angle between the northern direc-
tion of the meridian and the axis OY of rectangular coordinate system.
Map angle is counted from the meridian direction clockwise. Origin of
the coordinate system XQOY is connected with the initial waypoint or with
any landmark.



Current aircraft coordinates X, Y under the assumption that the

navigation problem is solved in the horizontal flight (V, » V), are deter-
mined as follows:

t
X =X, +)[Vsin(y -y,) +Wsind -y, )] dt;
)
t
Y =Y, +([V cos(y -y,) +W cos(d - y,,)] dt;

f

(2.10)

where Xo, Y, are coordinates of initial waypoint.
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The considered algorithms for aerometric dead reckoning are im-
plemented in the navigational indicators of type NI-50, as well as in
dead reckoning computers of type AHY, HBY and LIHBY.

The navigational indicator NI-50 is used to determine the coordi-
nates of the aircraft in the grid rectangular coordinate system, as well as
to determine the speed and wind direction, to control the moment of ap-
proaching to the given landmark, for dead reckoning, to approach the
desired track line, etc.

The block diagram of navigation indicator is shown in
Fig. 2.49.

The kit of navigational indicator includes the following basic de-
vices: airspeed sensor (ASS), directional stabilizer (DS), wind selector
(SW) and coordinate counter (CC). Temperature T of stagnated airflow
required for calculating the true airspeed comes from the temperature
sensor I-1. The navigational indicator is semiautomatic. One part of the

initial data is entered the unit automatically, and the other part is entered
manually.

Fig. 2.49

Airspeed sensor is an electromechanical computing device that
outputs the voltage proportional to V, the value of which is determined
by the membrane mechanism that is supplied by the pitot P, and static
P pressures. The true airspeed is determined by the formula:

where N = /ZR% is constant value (R is specific air constant; k is

adiabatic coefficient); Ty is temperature of stagnated airflow; Py is dy-
namic pressure of airflow; Py is static pressure; m is exponent.
Exponent is chosen from the condition:

Solving the dependency (2.8) is ensured by means of converting
the measured values Ty, Py, Py into electric signals and by electrome-

chanical multiplying of the values proportional to (1/P,)", P/, \Tg-
Temperature Ty is measured by means of thermistor, the pressures P,



and P are measured by means of pressure-gauge and aneroid capsules,
deformation of which is converted into voltage.

Signal of true airspeed from airspeed sensor and the signal of the
current magnetic heading from compass system come to computing de-
vice of processing system. The following values are entered this device
manually from control panel of NI-50: map angle, wind speed and wind
direction. At the time of flight through the given waypoint the pointers
of coordinate counters “C” (North) and “B” (East) are set to zero.

Functional diagram of navigational indicator in the mode of dead
reckoning in the grid rectangular coordinate system is shown in Fig.
2.50.
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Fig. 2.50

All operations of sine-cosine transformation, multiplication and
algebraic addition according to equations (2.9) are performed using po-
tentiometric circuits.

The integration is carried out by integrating engines (DC motor),
in which the speed of rotation is directly proportional to the supplied
voltage.

Errors of navigation machines, as measuring devices of indirect
measurement method are methodological and instrumental. Instrumental
error of navigational indicator is 5 ... 7% of face value.

The main measurement-method error of dead reckoning computer
based on the integration of ground speed is caused by the absence of

accurate and continuous information on aircraft about wind speed and
wind direction.

Error in setting the wind speed can reach 10...40 km/h and error in
wind angle is 2...3°. In this regard, during the flight the correction ac-
cording to the actual wind is periodically done. The frequency of input
of wind correction depends on the average value of the wind speed,
which is not taken into account by the automatic navigation machine.

In addition, there are measurement-method errors which are
caused by errors of sensors of true airspeed and heading. During the
flight the vector of true airspeed does not coincide with the longitudinal
axis of aircraft. The presence of angles of attack and of slip, angle of
trajectory inclination leads to errors of dead reckoning.

The most significant errors of dead reckoning are caused by slip
angle and errors of airspeed sensor. The angles of attack and of trajecto-
ry inclination less affect the errors of dead reckoning.

For example, at constant angles a = 3 = 8 = 1 ° the errors of dead
reckoning from the slip angle are 1.75%, and from angles of attack and
of trajectory inclination the errors are 0.03% of traveled distance. How-
ever, for maneuverable aircraft the angles 6 can vary widely, resulting in
the fact that errors of dead reckoning may be significant.

The errors of heading sensor can be divided into time-independent
errors (deviation, dead zone errors, etc.) and periodic, or time-dependent
errors. Therefore, the errors of dead reckoning which are caused by er-
rors of heading sensor, are similar in nature.

Navigational indicator of NI-50 type is prototype of integrated
aerometric-Doppler navigation systems. Aerometric method of dead
reckoning is used as the basic one in navigating system BHK-62 of the
aircraft 1L-62. In this mode, the dead reckoning is performed according
to the data from precise compass system, from ADC system and by wind
parameters that were memorized or entered manually. Aerometric dead
reckoning systems integrated with satellite navigation systems, have
been widely used also on small unmanned aerial vehicles.

2.4. Features of aerometric navigation systems operation

In-flight system operation. At the stage of aircraft pre-flight in-
spection it is necessary to make sure that from the pitot and static tubes
the covers and caps are removed and that they have no mechanical dam-
age.



After switching the power supply, it is necessary to check the
heating system of pitot-static tubes, to select and set the units of mea-
surement of pressure (millimeter of mercury column or hPa) and of alti-
tude (meters or feet), to input the pressure value in the system, which is
given by the dispatcher. For Russian airfields and some aerodromes of
former Soviet Union countries it is pressure QFE, in Ukraine and abroad
it is pressure QNH.

Beforehand it is necessary to make sure that readings on indica-
tors of the system correspond to the type and value of barometric pres-
sure (0 or exceeding the datum of runway) and there is no signal of fail-
ure and malfunction. On the runway start it is necessary to switch on the
heating of pitot-static tubes.

At climbing it is necessary to set QNE pressure at 760 mm of
mercury (1013.25 hPa). Change of reference system is at transition alti-
tude (TA). Since at the modern aircraft it is generally expected the in-
stallation of at least two major sets of sensors of height and speed para-
meters together with reserving piloting combined device of MMKP-CBC
type, it is necessary to compare the readings of these devices, monitoring
that the difference between them does not exceed the value specified by
normative documents.

In flight it is necessary to compare periodically the altitude with
the given flight level and readings of altimeters, airspeed indicators and
vertical speed indicators. When piloting it is necessary to avoid exceed-
ing beyond the limit values of airspeed, vertical overload and angle of
attack.

At descending, the crew must request the pressure value at run-
way of landing airfield QFE, or QNH depending on the reference system
adopted at the aerodrome. After receiving the pressure data and the land-
ing clearance, it is necessary to input the type and value of the obtained
pressure in the system. Change of reference system at descending is per-
formed at transition level (TL).

After landing, it is necessary to turn off the heating of pitot-static
tubes. After driving to hangar it is necessary to turn off the power supply
of system.

Technical operation of systems. During pre-flight procedures be-
fore turning on the power supply it is necessary to make sure that the
covers and caps are removed and that they have no mechanical damage.

Finding and troubleshooting are performed in accordance with the
recommendations of the “Maintenance guidance”.

When performing assembling and disassembling it is not allowed
applying great efforts in twisting-in the coupling nuts at fastening pipes
and using the oil, causing an explosion of oxygen. Disconnected pipe-
lines must be protected with plastic caps. Before blowing the pipes, it is
necessary to disconnect all consumers of the system. Blowing the pipe-
lines of pitot and static pressures is held at air pressure of 1.5...2 kilo-
gram-force/cm?.

When checking the pressurization of the system of pitot and static
pressures and for estimation of accuracy characteristics at rarefication
the readings of vertical speed must not exceed the values specified in the
“Maintenance guidance”. The accuracy characteristics are estimated by
comparing the readings of aircraft indicators with testing devices. Bothe
pressure and rarefication are created smoothly, with estimation of
smoothness of change in indicator values of the aerometric parameters.

When checking the probes of pitot and static pressures the atten-
tion is paid to the reliability of attachment, absence of external damage,
cleanliness of input and drainage holes. Moisture chambers are checked
for the absence of mechanical damage. In the presence of water in mois-
ture chambers the water should be drained. Pipelines, rubber-canvas
hoses at pipelines and fittings of devices must not have mechanical dam-
age, cracks, cuts.

When checking the heating systems, the heating element must not
be switched on over 5 minutes.

TEST QUESTIONS

21. Formulate the functionality of ADC systems. What is the
principal difference of ADC systems from aerometric devic-
es?

22. List the main aerometric parameters coming from the ADC
system.

23. What values measured in ADC systems are primary?

24. Give an equation of relationship between primary measura-
ble values which are implemented in ADC systems.

25. List the main types of air pressure probes.



26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

What is the main feature of pressure probes in supersonic
aircraft and helicopters?

What method is most commonly used to measure the local
aerodynamic angles?

What is the basis of operation of the pneumatic sensor for
aerodynamic angles?

How is the multi-functionality of sensors for aerodynamic
parameters achieved?

Give examples of analog and digital ADC systems.

Why are the functional relationships of calibration formulas
converted into logarithmic in ADC systems?

What types of pressure sensors are used in analog and digital
ADC systems?

What are the main functional blocks included in computing
device of digital ADC systems?

What method is the basis for the calculation algorithms of
non-linear calibration functions in digital ADC systems?
What subsystems are included in the systems of K BCI1-1-
6 and VIK BCI1-10?

What are algorithms of the complex data processing used in
MK BCIM-10?

What is the method of navigation used in aerometric compu-
ting systems?

What data are required to realize the aerometric method of
dead reckoning in navigating system of aircraft 1L-62?

What are altitudes at climbing and descending where there is
a change of reference system of pressure?

What pressure must be set for the blowing of pipelines of pi-
tot and static pressures?

Chapter 3. INERTIAL NAVIGATION SYSTEM

3.1. Tasks solved by inertial navigation systems

and their classification

Inertial navigation systems (INS) are called systems that deter-
mine navigation parameters of object motion (ground, vertical speeds,
and coordinates) using computations performed on accelerometer sig-
nals. Procedure of determination of ground and vertical speeds means
preprocessing of accelerometer signals, with further integration. The
orientation of accelerometers axis in space must be known in each mo-
ment of time. Fulfillment of this condition is provided either by setting
accelerometers on a gyrostabilized platform, or by calculating their
orientation from gyroscopic sensors.

By obtained ground speed vector it is possible to determine the
coordinates of the object in the selected (great circle, geodetic, etc.)
coordinate system using dead reckoning algorithms.

Beyond ground and vertical speeds and geographic or great circle
coordinates of aircraft, this navigation system solves the problem of de-
termination of roll, pitch and yaw angles and of accelerations and angu-
lar velocities. By definite algorithms it is possible to determine also tra-
jectory angles, distance to the reference point with known coordinates,
its azimuth and bearing, other navigation parameters.

Large amount of information, autonomy, and jamproofness pro-
vide leading role for INS in the structure of universal information system
of the aircraft.

Often INS is classified depending on accelerometer location
aboard the aircraft and on the role of computer in INS structure.

Depending on the accelerometers location there are platform and
strapdown systems. In the first case the accelerometers are installed on
the gyrostabilized platform, in the second case they are placed directly
on the aircraft skin or in a special measurement unit, while the sensitivi-
ty axes of accelerometers do not change their orientation relatively air-
craft axes.

Among platform INS, in turn, there is INS with free platform and
INS with horizontal platform.

In INS with free platform the axes and accelerometers installed on
the platform, are not rotated in inertial space.

INS with horizontal platform, in turn, is classified as INS with
free in azimuth platform and INS with fixed in azimuth platform.

According to the computer role in determining the angular and li-
near coordinates there is geometric, analytic and semianalitic INS.



In geometric INS the basic element is gyrostabilizer that simulates
the direction of inertial reference system axes. Platforms with accelero-
meters have sensitive axes which simulate the directions in the horizon
plane and the direction of the local vertical. The role of computer is mi-
nimal. It is used to provide the correction of given position of the plat-
form. Information about coordinates is taken from angular sensor of gy-
ro stabilizer and platform.

Semianalytic systems include systems with horizontal platform. In
these systems gyro platform with accelerometers reproduces the direc-
tion of normal (moving) coordinate system. From angular sensors of
gyro stabilizer the information about roll, pitch, and aircraft heading is
taken. INS computer solves the problem of determining the kinematic
parameters of the aircraft center of mass and gives signals to correct the
gyro stabilizer.

Analytical INS includes strapdown INS and INS with accelerome-
ters on uncorrected or free gyro stabilizer.

Strapdown INS, in turn, can be classified by structure of primary
data sensors, by algorithms of implementation of kinematic equations, in
particular, by the chosen coordinate systems, in which the problem of
inertial navigation is solved, and so on.

Computer of analytic INS does more computation compared with
platform INS. In addition to determining the kinematic parameters of the
aircraft center of mass, it analytically determines the angular orientation
of normal moving coordinate system relatively inertial one and angular
orientation of body-fixed moving coordinate system relatively normal
one.

3.2. Fundamentals of inertial method for determining parame-
ters of motion

The basis of the dead reckoning method is the basic laws of me-
chanics. Inertial dead reckoning can be done relative to the inertial refer-
ence system, created by reference (inertial) bodies which move uniform-
ly and linearly in a space.

Inertial method of dead reckoning is based on physical and analyt-
ical modeling of the motion dynamics of the object under the action of
resultant of external forces and moments which are applied to the object.

In the simplest case, the speed of motion and coordinates of air-
craft can be determined by single and double integration of accelera-
tions, measured by accelerometers taking into account the initial condi-
tions.

Let’s consider the basic equation of inertial method to determine
the dynamics of the object motion which is written in vector form as

mR=F,
where m is a mass of the object; R is a radius-vector (vector of position)
of the center of mass of the object in inertial coordinate system; F is a
resultant of external forces applied to the object. Force F can be written:

k
F=magoi(Ri)+F (3.1)
i=0
where go;(R;) is a vector of acceleration of gravity for i-th celestial
body (if the flight takes place in aero space), which is a function of the

radius vector Ri; Fyq is a vector of non-gravitational external forces ap-
plied to the object. Dividing equation (3.1) by m, we obtain:

ng -

k
R=3&090i(Ri)+A, (32)
i=0
where A = an /m is an acceleration of the center of object mass, which
is measured by accelerometer and is called the imaginary acceleration.
The differential equation (3.2) is the equation of inertial naviga-
tion in arbitrary inertial coordinate system for the general case. To de-
termine the parameters of the spatial orientation of the object it is neces-
sary to represent original equation (3.2) in the navigation coordinate sys-
tem, which origin must be in some way connected to any specific celes-
tial body, for example, the center of the Earth. Let’s introduce an ortho-
gonal right-handed coordinate system Ooxghozo (Fig. 3.1), in which
Newton's laws are valid and coordinate system Oxhz with origin in the
beginning of the center of mass of the Earth, the orientation axes coin-
cide.



Fig. 3.1

Then the radius vector R of object in arbitrary inertial system is
connected with the radius vector R; in the coordinate system with the
origin in the center of the Earth by ratio

R=R; +Ry, (3.3)
where R, is a radius vector of the point O, of center of object mass rela-
tive to the Earth’s center of mass O; Ry is a radius vector of the center of
mass of the Earth relative to the origin O, of inertial coordinate system.

Substituting expression (3.3) in equation (3.2), we obtain:

k
Ry =A+ &00i(R)-Ro. (3.4)

i=0
In the case when the motion of the object is near the Earth, i.e. the
distance R; from the center of the Earth to the subject in many times
smaller than the distance from the center of the Earth to the other celes-
tial bodies (R; << R;), then difference of accelerations of gravitational
forces generated by i-th celestial body at the center of the Earth and at
the center of object mass becomes neglible small compared with the ac-
celeration of gravity go(R) of Earth's gravitational field. Taking into ac-
count these considerations and assuming that the origin O, of inertial

coordinate system coincides with the center of mass of the Earth (R, = 0;
R: = R), equation (3.4) becomes:
R=A+gy(R). (3.5)
Vector R completely characterizes the current location of the ob-
ject in a fixed inertial coordinate system and is determined in INS by
double integration of the differential equation (3.5). However, the coor-
dinates of the object are usually calculated in one of the navigation
coordinate systems, connected with a rotating Earth, for example, in
geographic (geodetic) coordinate system.
The absolute speed of the object in the inertial coordinate system
in vector form can be written as
R=V,+W” R, (3.6)
where V. is a vector of object relative velocity (velocity relative to the
ground surface); W is a vector of angular velocity of the Earth’s rotation;
R is radius vector of object in inertial coordinate system relative to the
center of the Earth; W ™ R is linear peripheral speed of the object, which
is caused by the Earth’s rotation.
Let’s take the derivatives from the left and right parts of (3.6). As
a result of differentiation we obtain the value of the absolute (full) acce-
leration
R=w=V,+Q R. (3.7)
Given the rotation vector V, with absolute angular velocity
w, = w + W, caused by angular velocity w, which occurs when flying
around spherical surface of the Earth, which in turn rotates with angular
velocity W.The derivative of vector of relative velocity V,, using the
theorem of the derivative of vector in rotating coordinate system, can be
represented in the following form:

Vr=(Vr)0+°-)a’vr=(Vr)o+(w+Q)’V1 (3.8)
where (Vr ) 0 is the derivative of velocity in the earth coordinate sys-
tem (acceleration relative to the Earth).

Substituting (3.6) and (3.8) to (3.7), we obtain
w=(\'/r)0 +(@+Q) V,+Q V,+Q (Q R)=

. ) o (3.9)
=(Vr)0+(w+ZQ) V. +Q7 (Q7R).



Vector sum in the right part is respectively called relative, Cariolis
and transferring accelerations.

Taking into account (3.5), i.e., w=R =A+gy(R) the imaginary
acceleration A of the center of object mass measured by accelerometer
can be written using (3.9) as

A:(\'/r)0 +(@+2Q)7V, +Q7 (Q R)-go(R).  (3.10)

Typically, transferring acceleration caused by Earth’s rotation, is
summed up with the acceleration of the Earth’s gravity force (Fig. 3.2)
to form the gravity acceleration

9=09o(R)-Q " (Q"R). (3.12)
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Fig. 3.2
Then taking into account (3.11) equation (3.10) for the imaginary
acceleration of center of object mass, measured by accelerometer, takes
the form

A=(Vr)0+(w+ZQ)’Vr—g. (3.12)

It is seen from Fig. 3.2 that transferring acceleration in the point
M, caused by the rotation of the Earth, is a centrifugal acceleration di-
rected by normal from rotation axis of the Earth

f. = W?R,co0s ,

where W = 15.04107 deg/h is the angular velocity of the Earth; R, is
geocentric distance OM (radius of parallel); j is geocentric latitude of
point M.

The direction of the acceleration vector of gravity field g, coin-
cides with the direction of the gravitational vertical, which differs from
the geocentric vertical (the direction to the center of the Earth) at angle

e=m-d,
2 - -
where d»—°=W Rpcosjsinj
g g
difference between geographical latitude B and geocentric latitude j
m=B-j»11.5sin2j.

Vector of gravity acceleration g, as the resultant of centrifugal
force f. and the force of gravity field go, sets the direction of true vertic-
al, which is often chosen as the direction of the vertical axis of geotopic
navigational coordinate systems used in inertial navigation systems.

As an example, let’s choose the navigation coordinate system of
the right-handed rectangular geotopic coordinate system OLRF (see Fig.
3.3). Axes OL, OF of this coordinate system lie in the horizon plane, but
axis OR coincides with the local vertical.

Projecting the vector equation (3.12) on the axes of this coordi-
nate system, we obtain readings of three orthogonal accelerometers
oriented by axes OL, OR, OF:

aL =V +VRWeg ~VEWRg ~ g ;

, and m is an angle that describes the

ag =VR +VEW g -V Wgg - OR; (3.13)
ap =VE +V Wrg -VRW g - OF,
where wegs =wg, +2WE wpg =W, +2Wgiw o =W, +2W, .




Here Wg,, WR,, Wy, are projections of angular velocity of rota-

tion of navigation coordinate system OLRF that occurs when flying
above spherical surface of the Earth, and calculated by the speed of the
aircraft, by the radii of curvature of the terrestrial spheroid and by direc-
tion of aircraft flight relative to terrestrial spheroid; W, , Wg, Wg are

projections of the angular velocity of the Earth’s rotation W, on axes of
navigation coordinate system OLRF which depend on latitude of aircraft
location and on azimuth orientation of coordinate system OLRF.

In order to get results by integrating signals of accelerometers
which measure imaginary acceleration of center of object mass, and to
get the value of the Earth’s velocity vector, it is necessary to subtract the
components of Cariolis acceleration and the acceleration of gravity from
readings of accelerometers (3.13). Then the Earth’s velocity vector can
be obtained by integrating equations

VL =a - (VEWRg - VRWeg) + 0L
Vg =ag = (VL Wrg ~VEWLG) + OR; (3.14)

Ve =ag - (VRWi g ~VILWRrg) * OF-
By information about the components of the velocity vector of the
Earth and the known coordinates of the starting point it is possible to
solve the problem of dead reckoning of current coordinates of the air-
craft. To determine geodetic (geographical) coordinates of the aircraft by
dead reckoning it is necessary to take into account some geometric fac-
tors.

3.3. Platform inertial navigation systems

Platform inertial navigation systems provide the determination of
flight and navigation parameters based on measurements of aircraft ac-
celeration arising from the movement of bodies in gravitational field.
Measurement of accelerations is done by using accelerometers located
on the platform, which is kept in a certain position relative to inertial CS.
Algorithms of determination of the flight and navigation information
depend on the method of gyro platform orientation in particular INS.

Among existing platform INS the most widely used systems are
horizontal platforms with great circle orientation and with free in azi-

muth orientation of their axes. Let us consider the principles of INS
structure.

3.3.1. Principles of platform inertial navigation
systems

The principle of action of platform INS is considered on the ex-
ample of single-component INS. Let us make the following assump-
tions: aircraft moves only in one plane and on a constant distance R from
the center of the Earth; strength vector of gravitational field is directed
toward the center of the Earth. Coriolis accelerations caused by the Earth
rotation and movement of aircraft relatively the Earth, are not taken into
account.

Starting motion from the point O, (Fig. 3.4), aircraft moves to the
point O, and the local vertical rotates at angle

S
a=—,
R

where S is the travelled distance.

The angular velocity of moving trihedral XYZ, with
the axis OX to be tangent to the trajectory, and the axis
OZ to be directed by local gravitational vertical, is de-
termined by the ratio:

. Vv
a=wy :E'
where V is flight speed of aircraft. Moreover,
S=V, V-=w,
or
t t
S=SO +0th, V=V0+0Wdt,
0 0
where w is the absolute acceleration of the center of air-

craft mass.



Fig. 3.4

Simulation of moving trihedral onboard is provided
by gyroplatform, on which the accelerometer Ax is in-
stalled and which axes form the instrument trihedral xyz.
Along axis Ox of instrument trihedral the sensitivity axis
of accelerometer and gyro angular momentum vector H
are directed. At the point O, of motion start the axes of
instrument trihedral xyz with maximal accuracy are
aligned with axes XYZ of moving trihedral. Also, initial
values v, and s_, are given for integrator inputs in com-
puter. The values of these signals correspond to the ini-
tial value V, of aircraft speed and its coordinates S.
Computer by the accelerometer signals continuously cal-
culates the values of speed V. and travelled distance S..

To keep gyroplatform always in horizon, it is ne-
cessary to create the precession rate of platform around

axis Qy, i.e. to control the erection-torque motor (ETM)
by speed w, of gyro stabilizer in order to rotate the plat-
form around axis Oy with a rate equal to angular velocity
of aircraft motion relatively the Earth

v,
Wy &= (3.15)

According to the precession rule the angular veloci-

ty of gyro wy, with the angular momentum H under the

action of external torque T, is determined by ratio:
TZ
Wy = - (3.16)
Comparing equations (3.15) and (3.16), it is possi-
ble to find the value of erection torque moment:
M, =-T, =KV,,
where
K :%. (3.17)
Expression (3.17) is frequently given in the form of

(K/H=1/R) and is called the condition of ballistic undis-

turbance. Fulfillment of this condition provides leveling
of platform at aircraft motion with arbitrary acceleration.
Readings of accelerometer mounted on gyroplat-
form have the form:
ay = Wy — gm
where wy, g, are correspondingly projections of absolute
acceleration of the aircraft mass center and of accelera-
tion of gravity force on sensitivity axes of accelerometer.
Since the gyroplatform always remains in the hori-
zon plane, the influence of the gravity acceleration on



accelerometer readings is eliminated, i.e. if b =0 (b is
leveling error of platform), then g, is also zero. In this
case, there will be:

ay = Wy = W. (3.18)

From equation (3.18) the necessity of continuous
leveling of accelerometer sensitivity axis is seen. The
leveling allows defining the problems solved by INS
during the motion of aircraft:

- calculation of the kinematic parameters of move-
ment of the aircraft center of mass by integrating (in this
case they are speed V. and traveled path S;

- continuous simulation of axes of moving trihedral
using gyro stabilizer, i.e. simulation of vertical on board
the aircraft (leveling of platform).

The algorithm of INS computer operation can be
represented by such a set of equations:

t

Ve =V, +ga.dt;
0

t

S, =S, +(V.dt; (3.19)

Instead of the last equation of set (3.19), that is, eg-
uation for calculation of the motor erection torque of gy-
ro stabilizer, it is possible to write equation for calculat-
ing the angular velocity of gyroplatform:

Y

==,
R

_TZC
~H

C

The considered algorithm of INS operation assumes
ideal operation of gyrostabilizer and accelerometer with
the erection torque motor system. However, in practice
there is a difference b between the angular velocity of

moving trihedral a and precession rate of gyro w, be-
cause of the presence of gyroscope drift wy or of torque T
(see Fig. 3.4), causing this drift:
b=w,-a,

where W, = We + Wy.

For this reason, and also because of inaccuracy of
initial alignment of vertical (initial deviation by of gyros-
cope) the current error of leveling arises

t

b=b, + (bdt.
0

Uncompensated components of accelerometer er-
rors can be characterized by component pa, . Because of
errors of accelerometer, of gyro stabilizer and also be-
cause of initial inaccurate alignment of gyroplatform, the
INS operation will be characterized by errors in speed
DV, and coordinates Ds, and by error of vertical simula-
tion (error of leveling) b. Output accelerometer signal
may be represented as:

a,=wcosh - gsinb+Da,. (3.20)

At small angles b the equation (3.20) can be written

as
a, =w-gb+Da,.

The considered principle of single-component INS

operation can be represented by block diagram (Fig. 3.5).



Assuming the precession theory, the gyro platform
will be represented by integrator link at block diagram.
Input signals of the scheme are motion parameters of
moving trihedral XYZ as an absolute acceleration w of
center of aircraft mass as well as the angular velocity a
of rotation of local vertical. Other elements of the
scheme correspond to elements of single-component INS
(see Fig. 3.4).

By values of absolute acceleration a, =V, measured
by accelerometers the flight speed V. and traveled path S,
are calculated. Calculated speed V. is then used to calcu-
late the required rate of gyroscope precession w, that is
equal to the angular velocity of aircraft motion relatively
to the Earth. Signals pa ,and wy are the most significant
sources of INS errors. Because of the current leveling
error b, in the accelerometers readings the component
g, = gb appears, which in turn causes the error in calcula-

tion V.. Leveling circuit (circuit of integral correction of

horizontal position of platform) is a circuit with negative
feedback. The presence of two integrator links indicates
the structure instability of such circuit. With disturbance
action, for example, in the form of errors a, or wy the cir-
cuit is excited to undamped oscillations with eigen fre-

quencyg(R)™.

In simplified statement the principle of platform
INS operation is shown in Fig. 3.6. Let the platform with
accelerometer is placed at point A. With motion relative-
ly the Earth (a is angular, S is linear displacement) the
platform is kept in horizontal position with the help of
gyroscope, which simulates the vertical and rotates the
platform at angle g = a. Since the process of vertical si-
mulation must be continuous, then instead of g=a it is
better to write:

g=a=9S/R,

where R is radius of the Earth; ¢ is rate of platform pre-
cession (corresponds to w, in more detailed description
of INS principle).

The value s is determined through the acceleration

t
a, measured by accelerometer like S=gjadt,,

0

t
theng =%(‘)adt. As a result the vertical is constructed, and
0

the ground speed and travelled distance are determined
. t t t%t 0
as Vv, =S=gadt, S=3V, dt:(‘)§0a dt:dt.

0 0 0€0 ﬂ



Fig. 3.6

The considered system has the properties of a pen-
dulum. If at some point (Fig. 3.6) the normal to the plat-
form deviates from the vertical at a small angle b (b is
leveling error), then the accelerometer will measure the
component of accelerationa = -gsinb.

Since the angle b is small, then sinb»b, and
a=-gband

S SUPP B
b= Rgadt Rgbdt. (3.21)

By differentiating equation (3.21), there will be:
5+%b:0 (3.22)

Equation (3.22) is the equation of mathematical
pendulum relatively the true vertical in aircraft position,
or so called Schuler’s pendulum with oscillation period

T =2pJR(9)™
Thus, the leveling circuit simulates so called Schu-

ler’s pendulum. If R =0000006371000 m and g =9.81
m/s?, then the period of oscillations is 84.4 minutes.

Schuler’s pendulum is a pendulum with suspension
length, equaled the radius of the Earth, and it is undis-
turbed from acceleration of suspension point. Another
name for such a system is gyro-vertical with integral
erection.

In the absence of sensor errors and errors of INS
computer the input signal a=wr*/p on the bottom adder
(see Fig. 3.5) is fully compensated by signal w,=a,R;*/p
if there is full equality R, =R which confirms the idea of
ballistic undisturbance.

Figure 3.7 shows how the change in the length of
the pendulum suspension affects the angle of deflection
of the suspension under the action of the unit accelera-
tion, which shifts the suspension point, but due to the in-
ertia the mass center of the pendulum load does not
change the position. Of course, only with the length of
the suspension, equaled the distance to the center of the
Earth, the pendulum remains undisturbed, that the angle

of suspension deviation will be zero.
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Schuler’s pendulum has the following property. Its
displacement in space every second is equal to an arc,
which is a shift of its suspension point along the surface
of the Earth, that is, the pendulum always rotates around
the suspension point at the same angle as the vertical
does. This ideal sensor does not operate like a normal
pendulum. It stays in equilibrium, despite of any move-
ment of suspension point.

Structural analysis of the circuit (see Fig. 3.5)
shows that constant error of accelerometer pa, causes the

error b of vertical simulation and in the presence of con-
stant platform drift wy, also because of gyroscope drift
due to the diurnal rotation of the Earth, the vertical is re-
produced without constant error, but there is a periodic
error. Typical errors changes of vertical reproduction in
the presence of a constant vertical accelerometer error
and gyro platform drift are shown in Fig. 3.8.
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Moreover, INS errors depend on the alignment error

b, of platform in horizon, on inaccurate initial values V,
and Sp.

Thus, the following conclusion is made. Every time
when readings of INS are affected by gravity accelera-
tion gy, this effect causes the error of INS. On the other
hand, in INS algorithms this component plays very use-
ful role, because thanks to this, INS errors remain li-
mited.

3.3.2. Operating modes of inertial navigation
systems

The considered algorithm of single-component INS
practically is used with no changes in systems with hori-
zontal, free in azimuth platform systems such as W1-11.
Unlike the single-component system, system 1-11 uses
three-axial gyrostabilized platform of indicated type with
four frames (Fig. 3.9) on three-level float gyros of I'MA-
20 type. In gyro stabilization systems of indicated type
the gyroscopes are used as selectors of angular orienta-
tion of the platform. The given orientation of platform is
provided by force servo systems.



servo frame

Fig. 3.9

The platform (PL) is oriented by the axes of gyros-
cope G1 and G2 by means of three servo systems. By
heading the platform follows the axis of the outer frame
of gyroscope G1 via servo system that includes sensor of
error angle SEA3, amplifier A3 and gyro torquer T,,. The
axis of the outer frame gyroscope G2 follows the axis of
gyroscope G1 at outer frame using servo system, which
consists of sensors SEA3 and SEA4, amplifier A4 and
gyro torquer T4. According to the scheme (see Fig. 3.9)
the signal at the output of amplifier A4 is:

Vo -Yg) T (Vg2 - Y,) +90°=90"+(Yq, - V1),
where Yy, Vg1, Yg2 are azimuths of platform, of the first
and the second gyroscopes, respectively. Thus, the signal
at the output of A4 equals the angle of deviation of ex-

ternal frames of gyroscopes G1 and G2 from orthogonal
position, and the servo system provides orthogonality of
planes of external gyroscope frames.

Two servo systems, or single two-dimensional ser-
vo system, include sensors of error angles SEA1 and
SEA2, amplifiers Al and A2, coordinate converter (CC)
and gyro torquers TJ and Tg. They provide the paral-
lelism of platform plane and axes of gyroscopes G1 and
G2.

Since in three-axial platform the gyro torquers TJ
and Tg are rotated relatively the platform in variable an-
gle y, then coordinate converter connected to the axis vy,
distributes signals for servo system of pitch and roll an-
gles depending on the value of y.

The gyro stabilized platform is not tumbled because
it has an extra servo frame that allows it to save axes of
gimbal mount to be perpendicular with any aircraft ma-
neuvers, i.e. with unlimited changes in roll and pitch. To
ensure the constant amplification factor in control circuit
the amplification factor of A5 is inversely proportional
to cosJ.

On the gyro stabilization platform there are three
accelerometers Ax, Ay, Az of JA-I type with axes of
sensitivity which are oriented in three mutually perpen-
dicular directions and create instrument CS.

Information about angular position is taken from
the synchro resolvers (SR) with two levels of angles rea-
dout (coarse and precise): roll angle y is taken from SRy;



pitch angle J is taken from SR, and gyroscopic heading
P is taken from SRy,

By special erection torques which are created by
torque sensors TS1, TS2, and by signals w, , w, , the

platform is stabilized relative to the local vertical, and
with applying the signal w, on torque sensor TS3 the

platform is properly orientated in horizontal plane rela-
tive to the local meridian.
High accuracy of INS is achieved by forming

w, ,w, ,w,, by the signals of apparent acceleration

measured by accelerometers, with the excluding not only
components of the gravity acceleration, but Coriolis ac-
celeration too.

Two horizontal channels of INS are tuned on Schu-
ler’s pendulum period, which is undisturbed by accelera-
tions of suspension point. For adjusting the length of
pendulum suspension, which must be equal to the radius
of the Earth, the ellipsoid (not spherical) model of the
Earth is used.

The influence of the gravity acceleration is elimi-
nated by continuous leveling of platform, and hence of
sensitivity axes of accelerometers by dead reckoning da-
ta. In this case, the horizontal accelerometers fix only the
relative accelerations and Coriolis accelerations. The lat-
ter ones are compensated analytically.

To solve navigation problems, two CS are used: na-
vigation CS Oxhz and CS O;XYZ (Fig. 3.10):
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The first is navigating the CS Oxhz (moving trihe-
dron). Centre of trihedron is point O, placed in the point
of aircraft position. Axis Oz is directed vertically up-
wards by local vertical, axes Ox and Oh are in the hori-
zontal plane and free in azimuth relative to movement of
point O. The azimuth orientation of trihedron is deter-
mined by its azimuth angle A, that lies in the horizon
plane and is measured clockwise from the northern di-
rection ON. At the moment of start the axis Ox is aligned
with the longitudinal axis of aircraft and its azimuth an-
gle is determined during the initial alignment of gyrop-
latform( so called gyrocompassing).

The second CS O;XYZ is associated with the Earth.
Axis O;Z is directed by angular velocity vector of the
Earth rotation W, axis O;X is located at the intersection
of Greenwich meridian plane with the plane of equator,



axis O.Y is directed in order to create right-handed Car-
tesian (rectangular) CS.

By the way, the instrument CS Oxyz, created by
sensitivity axes of accelerometers Ax, Ay, Az (see Fig.
3.9) installed on the gyro stabilizer of platform, simu-
lates the moving trihedron Oxhz.

Let us consider the operation of INS with the plat-
form free in azimuth relative to the relative motion of the
aircraft around the Earth, but coupled with the Earth in
diurnal motion, that is, its angular velocity in azimuth
equals the angular velocity of the Earth for local vertical.
Azimuth gyro G1 of platform for such gyro stabilizer
(see Fig. 3.9) is erected by torque sensor TS3 order to
provide that its absolute vertical angular velocity w,, will
be w,, =W, =W, where B is geodetic latitude (see Fig.
3.10).

The navigation parameters are determined as fol-
lows. In the first stage, the derivatives of components of
ground speed (Vv,, v, ) are found by subtracting the Cori-
olis components from the signals of apparent accelera-
tion, measured by accelerometers

V, =a, - (W, + 2W, )H +2W,V, ;

Vi, =a, + (W, +2W, )H - 2W,V,
where ay = ay, an = a, are respectively signals of accele-
rometers Ax, Ay (see Fig. 3.9); H is flight height deriva-
tive; wy, wy are angular speed components of moving
trihedron caused by flight over ellipsoidal surface of the
Earth; W,, W,, W,, are angular velocity components of

the Earth rotation. Note that for the chosen method of
azimuth erection, the angular velocity w, of rotation
Oxhz around the Earth will be zero.

At the second stage, there is compensation of in-
strument errors in measured accelerations, and the pro-
cedure of integration is done (with initial values Vg, Vo)
to obtain components of ground speed. The corrections
introduced at the stage of compensation of instrumental
errors are obtained at the stage of pre-calibration of gy-
roplatform with mounted accelerometers.

Next, the components of the absolute angular veloc-
ityw, are determined. With this speed the gyroplatform

must rotate relatively the inertial space. The components
consist of the components w,,,, caused by linear motion

of aircraft relative to the Earth, and of components w,
caused by angular speed of the Earth rotation.
W, =W, + Wy,
In projections on the axes of navigation CS Oxhz
we will get:
Wy =W, +W,;
W, =w, + W
WpZ :WZ'

Projections of the angular velocity of the Earth rota-
tion on the axes of navigation CS Oxhz are the follow-

ing:



W, =-W,cosBsin A;
W,, =W, cos Bcos A; (3.23)
W, =W,sinB.
The projections of the angular velocity w,, wy, of ro-
tation of navigation CS Oxhz, caused by the flight over
ellipsoidal surface of the Earth, equal:

Vv Ve . Vy .. \
w, =-—cosA-—LEsinA; w, =-—LLsin A+ —E-cos A,
m p Rm p

where Vy, Ve are northern and eastern projections of
ground speed (projections on the axes of CS ONEH (see
Fig. 3.10); A is azimuth of moving trihedron, R, Ry, are
two radiuses of curvature of the Earth spheroid (ellipsoid
of revolution).

Radiuses are usually calculated by the formulas:
a(l-ez)

Rm = 3 + H,
(1— e’sin’ 8)2
acosB
R =————————+HcosB,
P J1-e2sin?B

where e is eccentricity of the ellipsoid (e, = 6.73:10%), a
IS major semiaxis of ellipsoid (a = 6378388 meters); H is
altitude of flight.

Northern and eastern projections of ground speed
are taken by the components of ground speed V,, V; in
navigation (instrumental) CS Oxhz:

VN = -V sin A+V,, cos A;
VE =V, cos A+V}sin A

The obtained values of the absolute angular velocity

w, , w,,w, Of gyroplatform are compensated to avoid

instrumental errors of gyroscopes, and then they are ap-
plied as control signals to torque sensors TS1, TS2, TS3
of gyroscopes Gl and G2 (see
Fig. 3.9). By signals w, , w, two circuits of integral cor-

rection of platform horizontal position are realized with
accelerometers. Signal w, provides free orientation of

platform in azimuth with respect to the relative motion of
aircraft around the Earth.

By the northern and eastern projections of the
ground speed the coordinates of aircraft are calculated:
geodetic latitude B and geodetic longitude L. Also there
Is determination of change in the platform azimuth A
with known initial values of the coordinates Ly, By and
with defined in the initial alignment the azimuth angle
Ao:

L= Ve
Rp

B =N
Rm

A=V—thB.

m

This algorithm of dead reckoning is quite accurate, but it
has a significant disadvantage. In the polar regions,
where the latitude B approaches to +p/2, the algorithm
becomes computationally unstable. That is why for navi-
gation systems that can be used in the polar regions, the



all-latitude algorithm of dead reckoning is applied, free
from this drawback, which is based on so-called Poisson
equations

If in CS O,XYZ to fix the unmoved vector
r=(X,Y,Z), then the projection of this vector on the axes

of CS Oxhz will be equal to

X X
h|=B@®)|Y |, (3.24)
z Z

where B(t) is the variable direction cosine matrix (ortho-
gonal matrix of transformation from the system O;XYZ
to the system Oxh z).

After differentiating (3.4) the velocity of vector end
r relative to the system Oxh z will be:

X X
h|{=B@)]Y|. (3.25)
z Z

On the other hand, the speed of the vector end r
relative to the CS Oxhz will be equal to the value
(-wr):

X X2 h® Z°
hi=-W r=-lw, w, w,|=
z x h
(3.26)
0 -w, w,| |x
=-|lw, 0 -w,| |h|=-WB@)|Y|
-W, W 0 z z

where w" ={w, 0 -w[; x%z%h° are the unit vectors.
-W, Wy 0
Comparing (3.25) with (3.26), Poisson equation are
obtained:
B(t) = -W B(t) .
Orthogonal direction cosine matrix B(t) of the
transformation (3.24):
X[ |y b bz ||X
hi={by by byz|¥Y
z| |by by bag||Z
for the system Oxh z, if z° is directed by geodetic vertical, will have
the form:

é-sinLcosA+sinBcosLsinA | cosLcosA+sinBsinLsinA | - cosBsinA {

B:g—sianinA—sinBcochosA cosLsin A-sinBsinLcosA | cosBcosA ﬂ

g cosLcosB sinLcosB sinB

For the selected method of platform azimuth correction, the angu-
lar velocity w, of rotation Oxhz relative to the Earth is equal to zero,
and the skew-symmetric matrix W* has the form:

0 0 Wh
Q"= 0 0 -w
-Wh, Wy O

Hence, determining the current position of the navigation trihe-
dron Oxhz can be obtained by solving the differential equation
B(t) = -Q"B(t).
If the current value of the matrix B is known then the projections
of the angular velocity (3.18) of the Earth rotation on the axis of the na-
vigation CS Oxhz are obtained in the form:



W, =Wgbys;

Wy, = Wiy

W, =Wghs,.
Without converting to the northern and eastern projections of
ground speed, the components of angular velocity wy, w;, of the rotation

of the navigation CS Oxhz arising during the flyby of ellipsoidal surface
of the Earth, are determined in the form:

Vx Vh
W, =-——- ,
" R2 Radd
Vh Vx
h=%5 ~ ,
Rl Radd

where Ry, R, are basic ones and R.yq is additional radii of curvature of
the terrestrial ellipsoid:.

2 ep2 0
izlgl—%'{'ezbﬁg—ﬂ?;
Rl ag 2 a -

g
1 _1# _ezb§3 +e2h2 _ﬂ?.
R, ai 2 2 ay,
1 1
_:g(ezblsbzs) :

add
These calculating formulas of the radii of curvature are used, for
example, in the inertial system W-11. Other formulas of algorithm are
not changed.
Using elements of the direction cosine matrix the following para-
meters are determined:

bss in the range * 90°;
b + b3,

b
~ geodetic longitude L =arctg =%
1

- azimuth platform A= arctg% in the range 0...360°;

23

- geodetic latitude B =arctg

in the range + 180°;

_ true heading y=y,-A in the range 0...360°;

_ drift angle by =Y -y in the range 0...360°;

- ground speed V, = ,/QXZ +V,72 .

If there is additional information from ADC system about the true
airspeed then the projections of wind speed on the axes of gyroplatform,
magnitude of the wind speed and wind angle can be calculated.

Furthermore, from synchro resolvers SR;, SRy, SR, of gyroplat-
form (see Fig. 3.9) information about the aircraft attitude is calculated:
pitch angle J, gyroscopic heading y, and roll angle g.

Inertial navigation systems require special pre-flight procedures,
for example, for platform INS the task of preparing is initial alignment
of gyroplatform in horizontal position, alignment of the measurement
axes of accelerometers with axes of navigation CS and the entry of data
about the aircraft coordinates and speed of motion.

3.3.3. Alignment of inertial navigation system

The process of INS alignment in horizontal position can be di-
vided into stages: accelerated, coarse and precise alignments.

In the process of accelerated alignment in the horizon and in azi-
muth the electric caging of gyroplatform is performed in the horizontal
channels of the gyroplatform body or by the signals of accelerometers.
In the azimuth the gyroplatform is caged with the body, or by compass
corrector, or by heading selector.

At the end of accelerated alignment, the caging circuit is disabled
and further alignment is done as the process of correction of the gyrop-
latform attitude.

At the stage of coarse alignment for correction of leveling errors
the signals from the accelerometers, bypassing the integrator come to the
erection torque motors of gyro stabilizer (ETM,,, in Fig. 3.4). But turn-
ing off the integral erection, despite of improving the dynamic perfor-
mance and stability of the leveling contour, anyway will degrade its stat-



ic characteristics. As a result, there is the constant error of vertical simu-
lation, which is proportional to the angular rate of gyroplatform drift
caused by the projection of angular velocity of the Earth rotation, and is
inversely proportional to the gain factor of leveling circuit.

In the process of precise alignment on the erection torque motor
of gyro is supplied by not only the amplified signal from the accelero-
meter, but also by the signal from this accelerometer, that optionally
passes through an integrator

The absence of accelerometer errors means the absence of leve-
ling errors. The similar conclusion has already been made during the
analysis of block diagram in Fig. 3.5. Thus, the output signal of the inte-
grator at the end of the transition process will eliminate the cause of
leveling errors. This allows for gyroscopes, pre-balanced, or free from
drifting, to form or to calculate the projection value of angular velocity
of the Earth rotation for the corresponding axis of gyroplatform in the
absence of information about the azimuth of the platform axis and in the
absence of data about the latitude of alignment position. This method is
widely used for initial alignment of operational integrators in INS.

Azimuth alignment of gyroplatform in case of using the compass
signals compass (corrector or heading selector), as well as alignment by
"INS body" has no difference from horizontal alignment. However, the
valid signal is taken not from the accelerometer, but from the corres-
ponding angular position sensor.

In the case when ramp heading is unknown or determined with in-
sufficient accuracy, in some INS the autonomous azimuth alignment
modes are used by using the methods of physical or computational gyro-
compassing. The process of gyrocompassing means the fixing of gyrop-
latform axes with accelerometers to the direction of the gravitational
field strength vector and to the vector of angular velocity of the Earth
diurnal rotation.

For physical gyrocompassing the property of gyropendulum is
used (gyropendulum is gyroscope on torsional suspension, that is
widely used in geodesic works). Such gyropendulum is aligned with the
direction of tangent to the local meridian. Let us suppose that in the
given time moment the gyroopendulum takes the required position, that

is, its major axis (the vector of angular momentum) is horizontal and
directed to the north, and it coincides with the direction of horizontal

component of angular velocity of the Earth rotation Wy, (Fig. 3.11, a). In
this case, the pendulum is placed vertically. However, through the diur-
nal rotation of the Earth the gyro axis changes its position relative to the
ground surface (rises over the horizon and drifts to the east). As a result,
the pendulum rigidly connected with gyromotor, deviates from the ver-
tical at the angle b (Fig. 3.11, b). The weight force of pendulum will
create the moment M, relative to the axis of gyromotor suspension. Un-
der the influence of this moment the gyro starts precessing around the
axis OZ of the outer frame and simultaneously aligning with the horizon.

oy
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Fig. 3.11

Gyro precesses towards the elimination of drift of the gyro spin
axis from the meridian plane. After the damping of all oscillations the
spin axis returns both to the meridian plane and to the horizon plane.
Because of small angular velocity of the Earth rotation Wy = 7.3x107%s™%,
the process of physical gyrocompassing is long enough.

Implementation of the idea of INS physical gyrocompassing is
realized by the corresponding scheme of gyro stabilizer erection
(Fig. 3.12). The erection signals both in the horizontal and azimuth
channels are taken from the corresponding accelerometers which meas-
ure the gravity field strength vector, that is, perform the role of the pen-
dulum.

Leveling and gyrocompassing errors of corresponding axis of the
instrument trihedron at the end of the transition process are determined
by small angles, in this case they are angles a and b.



To improve the accuracy of gyro stabilizer alignment in the erec-
tion contour usually the signals corresponding to the calculated values of
the projection of the angular velocity of the Earth rotation on the axes of

moving trihedron Wz ¢, Wy ¢.

ay = —g sind

e R ==
ETM oy T H(')j'd HQ;-cT
Fig. 3.12

In the sheme (see Fig. 3.11) these are signals HWZC, Hy, . Writ-

ing down the equations for the components of absolute angular velocity
of gyro unit on the axes OY and OZ at small angles a and b there will
be:
__K _ ..
w,y, = —Fga+WYC +W, 4 = -bW, +W, +a;
(3.27)

z

w :—%ga+WZC+wZd =-aW, +W, +b,

where Wy, Wy are projections of the angular velocity of the Earth rota-
tion on the axes of moving trihedron; wyq, W24 are components of gyro
drift.

At the end of the transition process, there will be:

a=0; a=a,, b=0; b=bg, (3.28)

where ag, by are steady state errors of horizontal and azimuth orienta-

tion of gyroplatform.

Solving equations (3.27) and taking into account (3.28), there will be:
Wy -Wy + W g,

Ay
K
W, +--2
X Hg
P 5 (3.29)
1 ¢K, W, -W,+w -
bst:W_QFlg = ZK Zd"'WY Wye =Wy 4+
X ¢ W, +—2g
€

If Wze =W and W,y <<%g, then instead of equation (3.29) there

will be
ew, , -wW, ,+W, -W
ast: H WZd; bst: Zd Y d Y Yc'
K9 Wy

wheree =K /K5 .
Since in gyrocompass schemes e = 107...107%, then the constant
error of gyrocompassing with high accuracy is determined by the ratio
by » g Wy =Wy (3.30)
WX WX
The first term of the right side of equation (3.30) puts the severe
requirements for the gyroscope drift around horizontal axis, and the
second term requires the precise determination of the component of the
angular velocity of the Earth rotation around the corresponding axis
of moving trihedron.
If taking into consideration that the value Wy is given by:
Wy =Wpgcos j cos Ay,
where j is the latitude of the alignment location; A, is azimuth of cor-
responding axis of trihedron, then it is obvious that the accuracy of azi-
muth alignment increases with the increasing of latitude of alignment
location and with the approaching of azimuth orientation of sensitivity
axis of accelerometer to the eastern or western direction.
To ensure high accuracy of gyrocompassing in rather high lati-
tudes, it is necessary to fully compensate the systematic component of




the angular rate of gyro drift wy g4 The procedure of determination and
compensation of gyroscope drift done during the pre-flight procedures is
provided by the contours of the balancing modes.

Balancing modes, in turn, require certain preliminary orientation
of gyroplatform. These circumstances cause long duration of autonom-
ous azimuth alignment. Therefore, the operation of determining the gyro
drift is done at the stage of pre-flight procedures or during maintenance
checking. During pre-flight procedures the autonomous azimuth align-
ment of gyroplatform is made with "memorized" signals of gyro drift.

It is known that the best accuracy of gyroplatform balancing is
reached for the northern axis of the instrument trihedron, with the de-
creasing of balancing accuracy for eastern axis. However, the drift rela-
tive to the eastern axis significantly affects the accuracy of gyrocom-
passing.

To improve the accuracy of the azimuth alignment in some INS so
called method of "double gyrocompassing" is used. Its idea is as follows.

At first the eastern axis of gyroplatform is rotated to the north and
the coarse gyrocompassing and balancing of the eastern axis of gyroplat-
form are made (memorizing of gyro drift), then the gyroplatform is ro-
tated in 90° (northern axis is oriented to the north) and the precise gyro-
compassing and balancing of the northern axis are made with already
balanced eastern axis.

3.3.4. Typical platform inertial navigation systems

The considered algorithms of operation of inertial navigation sys-
tems are implemented, for example, in the inertial systems 1-21 and U-
11.

Figure 3.13 shows the complete set of system N-21. The system
consists of power supply unit bINM-40 with frame PM-49 (1), monoblock
MB-5 with frame PM-23 (2), control display unit ¥YBW (3) and remote
control unit NMYP-2 (4).

3 Monoblock MB-5 is the base

]\ /2 y of system W-21. It contains the gy-
roplatform, electronic devices and

the digital computer that provides

alignment by  gyrocompassing

thod, alignment in the specified

Fig. 3.13

heading, calculation of current navigation parameters, independent
ground checking.

Mounting frame PM-23 provides the mechanical coupling and
coordination of monoblock axes with the aircraft construction axes, also
provides the connection with airborne power sources and with airborne
pneumatic system of electronics blowing and with gyro blocks.

Power supply unit BIM-40 produces all kinds of power for sensi-
tive elements, electronic circuits and heating system of monoblock.

The remote control unit MYP-2 is used for setting the operating
modes of the system and other auxiliary technological regimes. On unit
MYP -2 there are light indicators signaling the current state of the sys-
tem.

Control display unit Y BW is the display, which is used for crew
communications with the monoblock computer. It provides the possi-
bility of entry in the computer of the fixed set of input information selec-
tors, named buttons and the numeric dial pad.

The system W-11 consists of gyroplatform Mr-1B-11, electronic
unit 63-3, automatics unit BA-20, specialized power supply unit BCI1-5,
control panel IMK-36, digital computer system (LJOK).

In turn, digital computer system consists of control display unit
¥YBW, analog-digital connection block (ALLBEC) and specia-
lized computing devices (CBY). All electronic units of the system are
mounted on shock-mounted platform M-21.

The basis for N-11 is free In
azimuth gyro-stabilized platform
Mr-1B-11, kinematic diagram is
shown in Fig. 3.9.

Figure 3.14 presents the simplified block diagram of the inertial
system -11.
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Inertial system W-11 provides:

- performing the en-route flight in accordance with a program
entered the system before the flight or during it (up to nine way-
points of the route can be programmed);

- continuous automatic calculation and indication of the current
aircraft location in the geographic and great-circle coordinate
systems, of track angle and true heading, of ground speed and
drift angle, of desired track angle and cross-track error, of wind
direction and speed, of time of flight and distance remaining to
the next intermediate waypoint (WPT).

At operation process, the system 1-11 obtains additional informa-
tion about the true airspeed V (for calculation of wind parameters) and
the absolute altitude Hg,s (Substitutes absent in system the unstable ver-
tical channel) from ADC system.

Signals of accelerations a,, a,
and a, are measured by accelero-

meters (see Fig. 3.14). Through
the automatics unit BA, they are
converted into impulse signals q,
Qv, Q7 and enter the analog-digital connection
block (AUBC). From angle sensor lo-
cated on the yaw axis of the plat-
form, the signal y is also coming
to the automatics unit BA. From
the analog-digital connection block (ALIGC) the IN-
formation comes to the specialized
computing devices (CBY). In its
processor on the basis of the initial
data and fixed programs, all tasks
are solved to ensure the operation
of system W-11, starting from the
leveling of platform and finishing
by the calculation of all navigation
parameters.



In CBY the values of absolute
angular velocity w,. w,. w,_ are cal-

Pn’ P,

culated. The gyroplatform with
accelerometers must rotate with
such velocities relative to inertial
space. They provide the contours
of the integral correction of the
horizontal position and through
the units ausc and BA they come to
the torque sensors of gyros. Gy-
roscopes precess, and from their
angle sensors the signals come to
the electronic unit B63-3, where
they are amplified and sent to the
motors of platform stabilization.
The electronic unit provides also
the caging and thermostabilization
of gyros, platform and itself.

Using rotary switches and pat-
chboard of control display unit the
Initial data are input in the system.
This unit also performs the display
function of the navigation parame-
ters.

Control panel TTK-36 enables
the system turning on, control of
operation modes and methods of
platform alignment and gives the
opportunity to check the system
performance.

The specialized power supply unit BCIM-5 produces the power re-
quired to ensure the system performance.

Algorithms of W-11 operation are implemented in the digital
computing complex of LIBK type. According to the accelerometer sig-
nals, and data of ramp latitude and longitude, taking into account data of
the intermediate waypoints, this complex produces the commands on the
platform orientation and calculates the current navigation parameters.
The digital computing complex also provides the implementation of pre-
flight procedures of the system.

In system W-11 the following modes of operation are provided:
"Standby", "Alignment"”, "Navigation”, "Test" and "Attitude and heading
reference system".



The mode "Standby" is intended to create the necessary tempera-
ture conditions of the system elements.

The mode "Alignment™ is required for the platform orientation in
the horizon plane and for the determination of true heading. In this mode
at first the coarse electromechanical caging of platform axes are done
along with respective axes of aircraft, and then the precise leveling of
platform is done according to the accelerometer signals.

Autonomous determination of ramp true heading of the aircraft is
implemented in LUBK in gyrocompassing mode. With gyrocompassing
the process of balancing is also carried out. Balancing is the computation
and memorization of platform drift in the respective axes, caused largely
by the gyro drifts. In algorithms of 1-11 operation the memorized values
of platform drift are taken into account which increases the accuracy of
the system.

The precise determination of platform drifts is implemented in the
mode of double gyrocompassing, but this mode is carried out not before
each flight. All stages of mode "Alignment" are accompanied by indica-
tion of status factor on the control display unit.

The mode "Navigation" is a basic mode of system operation. In
this mode, the system provides the dead reckoning and the calculation of
all current navigation parameters.

The mode "Test" provides checking correct operation of the sys-
tem as a whole. In case of failure, the command "System failure" is out-
put and the fault location is remembered.

Moreover, the ground checking provides the verification of accu-
racy characteristics of the system. For this the system is aligned, and the
flight simulates with certain flight speed entry in LIBK. Computed navi-
gation parameters 1 and j must not exceed the limited pre-calculated

values. If the tested parameters exceed the limited values, then the com-
mand "Fault" is issued which means the unsatisfied accuracy of deter-
mining navigation parameters.

The mode "Attitude and heading reference system™ is used in the
case when the time for pre-flight procedures is less then the readiness
time of the system, and from the system _ is
not expected to output the current aircraft '
location and the dead reckoning. In case
computer failure the system automatical-

switches to the mode "Attitude and heading reference system", which
only provides the indication of signals about heading, pitch and roll of
aircraft.

Modern platform INS, for example, MIHC-2000 (Fig. 3.15) by al-
gorithms does not differ from the considered M-11. The differences are
in more advanced element base, in particular, the element base of com-
puter, the newest high-precision sensors of the primary information, ad-
vanced temperature control system.

MHC-2000 is made in the form of monoblock consisting of gyro-
stabilized platform on the basis of dynamically tuned gyroscopes, ser-
vice electronics, computer, block of modern interface. The system is
deeply integrated in the navigation complex, so all devices of indication,
control and testing are the integral devices of the complex.

The composition of INS may include the receiver of satellite na-
vigation system (SNS), placed inside of monoblock. In this case, the sys-
tem is equipped with the antenna device of SNS.

3.4. Strapdown inertial navigation systems

In strapdown inertial navigation systems (SINSs) the accelerome-
ters are rigidly set directly on the aircraft body. The absence of horizon-
tal platform requires the reproduction (modelling) of corresponding na-
vigation coordinate system on the aircraft analytically, i.e. by mathemat-
ical modelling. Modelling of navigation coordinate system is based on
signals from sensors of aircraft angular position. By projecting the sig-
nals of accelerometers into navigation coordinate system and separating
the aircraft acceleration signals from their readings, in the SINS comput-
er the direction of the vertical is determined analytically. Thus the prob-
lem of determining the angular orientation of the aircraft (angles of roll,
pitch, grid heading) is solved.

The following calculations of current coordinates of the aircraft
are reduced to integration of obtained accelerations, and to the solution
of navigation problem of dead reckoning by known parameters of initial
point and by continuous information about value and direction of the
velocity vector in the selected navigation coordinate system. Herewith,
the accuracy of dead reckoning is determined by the accuracy of the



computer and, of course, by accuracy of primary navigation information
Sensors.

Among the potential benefits of SINS compared

with platform INS there are the following ones:

- smaller size, weight and power consumption;

- significant simplification of the mechanical part of the system and,
consequently, increasing of system reliability and reducing of its
cost;

- the lack of limitations in angles of turn;

- reducing the time of initial alignment;

- universality of the system since transition to the determination of var-
ious navigation parameters is carried out algorithmically;

- simplification of solving reservation problem and control of system
serviceability and its elements.

However, with the creation of SINS, principal diffi-

culties appear, the main ones are:

- development of information sensors with a wide range of measure-
ment and acceptable accuracy in terms of their rigid mounting on the
aircraft body;

- development of computers with sufficient performance.

3.4.1 Algorithms of three-component SINS operation

The algorithm of SINS functioning includes a set of analytical de-
pendences that allow continuously determining the current location
coordinates, components of ground speed and angular position of the
aircraft in the selected navigation coordinate system by measured values
of apparent acceleration and absolute angular speed of the aircraft.

In the algorithms of three-component SINS operation, like in the
algorithms of platform INS, the accuracy of dead reckoning of naviga-
tion parameters is achieved by eliminating components of gravity force
acceleration and Coriolis acceleration from signals of the apparent acce-
leration, measured by accelerometers. But, unlike platform INS, the in-
fluence of these components is compensated only analytically.

The kinematic equations of inertial navigation are mainly deter-
mined by the selected coordinate system, i.e. by the navigational basis in

which navigational parameters (coordinates and speed projections) are
determined. In its turn, the choice of navigational

basis depends on the type of aircraft, its features of tra-
jectory motion, and the nature of missions.

For SINS of aircraft, that moves in atmosphere of
the Earth the most frequently used coordinate system is
rotating coordinate system with the base plane of local
horizon and some orientation of horizontal axes in azi-
muth. The orientation of axes in azimuth means the pos-
sibility of their orientation, for example, by cardinal
sides when two horizontal axes are directed to the east
and north. Herewith, the positional information is deter-
mined by latitude j, longitude I and height h, which
are measured on Krasovsky ellipsoid or on GRS80 el-
lipsoid of international system WGS-84. Velocity is
determined by projections on eastern Vg, northern Vy
and vertical Vy axes, if the selected navigational sys-
tem is the system with axes orientation by the cardinal
sides or by projections on the axes of horizontal basis
with other orientation. Orientation thus is determined
by angles of roll, pitch and true heading.

Typical scheme of SINS construction is shown in
Fig. 3.15. This variant implements the algorithm of the
system that operates in the Earth rotating coordinate sys-
tem.

SINS primary information sensors are angular
speed sensors and accelerometers which are rigidly in-
stalled on the aircraft. Difficult conditions of information
sensors operation lead to the arising of significant errors.
Therefore, in SINS algorithms it is recommended to im-



plement the analytical compensation of sensor errors (to
carry out their in-flight calibration) before the signals
will be used for calculating the orientation parameters
and for determining the components of apparent accele-
ration along navigational axes.

For correction of primary information sensors read-
ings the mathematical model of sensor is required, which
usually takes into account: nonlinearity; orthogonality of
sensors axes; drift; distortion of scale factor.

Primary information sensors

a'xyz W'xyz
A 4
Analytical compensation of Analytical compensation of
accelerometer errors gyroscopes errors
- [ .
1,h,J | parameters of directional | 3
cosines matrix D
a,
s XyZ v ;
- . . . ’g’y
Conversion _of :B Calculat_lon of dlr_ectlon
accelerometer signals cosines matrix
| I Vi, Ve, Vu, LhJ
B
\4 A
Navigation computer _| Earth’s model
Fig. 3.15

The signals wy,, from output of block of analytical
error compensation are used to calculate the parameters
of direction cosines matrix B which defines the relation-
ship between two coordinate systems. Since the direction
cosines matrix B is defined between axes of body-fixed
coordinate system and axes of rotating navigation coor-

dinate system, then it is necessary to involve calculated
projections of angular speed vector of navigation coordi-
nate system during the calculation of parameters of the
matrix B. This is shown in the scheme by additional
connections which take into account the angular speed
that occurs during the overfly of the spherical Earth
(1,h,j), and the angular speed of the Earth rotation (w,).

Conversion of apparent acceleration components
ax,y,z from aircraft axes to axes of navigation coordinate

system is performed by direction cosines matrix B. The
navigation computer solves the problems, inherent to all
platform systems, because at the input of this computer
the projections of apparent acceleration on navigation
coordinate system axes are formed, and the solution of
this problem has nothing fundamentally new. At the out-
put of SINS the radius vector of the aircraft location, ve-
locity vector and the orientation angles of the aircraft are
formed.

In the particular case, when the oriented by the car-
dinal sides horizontal trihedral is chosen as a navigation-
al basis, at the output of the system the geographical
(geodetic) coordinates of radius vector of location B, L,
H, the projections of the relative motion velocity Vy, Vg,
Vy, and the orientation angles of the aircraft at the geo-
graphical coordinate system (true heading y,pitch J and
roll g) will be formed.

The volume of calculations in SINS is significant.
This is mainly explained by the fact that airborne com-
puter solves the problems related with the dynamics of



the aircraft rotation, and with the dynamics of the aircraft
translational motion. Translational speeds of aircraft are
relatively small. For example, the speed of aircraft in
flight towards the north in 1100 km/h corresponds to the
rate of change of latitude only in 10 deg/h.

Thus, integration to obtain the speed and location
can be accurately done using very simple methods of
numerical integration at a low repetition frequency, in
the typical case at 10...20 Hz.

Angular speeds of aircraft are typically greater in
several orders than translational speeds. In particular, for
maneuverable aircraft the angular speeds of rotation can
be hundreds degrees per second. As a result, the integra-
tion of angular position in SINS is associated with severe
requirements to airborne computer.

To provide the high accuracy of inertial navigation,
it is necessary to have the errors of integration of angular
position to be limited by several fractions of angular
minute. So it is necessary to apply algorithms of integra-
tion of higher order at the typical repetition frequencies
of 50...100 Hz.

Let us present the variant of SINS algorithms for
the case when the oriented by cardinal sides horizontal
trinedral is chosen as a navigational basis.

The navigational trihedral is taken the trihedral
NHE connected with the ground surface.

The following direction of NHE axes (Fig. 3.16) is
selected: OH coincides with the vertical; ON is tangent
to the meridian; OE creates right-handed system.

Greenwich
meridian

by

~ Lquator

Fig. 3.16

In SINS algorithms usually the dynamic and Ki-
nematic equations are separated.

Dynamic equations realize three-component
scheme of SINS where geodetic coordinates L, B, H are
determined by the integration of equations:

_ VE .

" (Ry+H)cosB’

_ VYn .
T RytH’

H=Vy
where Vi, Ve are northern and eastern projections of
ground speed, that are projections on NHE axes (see Fig.
3.16); Ry, R, are two radii of curvature of the terrestrial
spheroid (ellipsoid of revolution); R; is radius of curva-
ture of the ellipsoid meridional intersection (by plane
HN); R, is radius of curvature of the ellipsoid intersec-
tion by plane HE (by plane of the first vertical);
a(l—ez) . a
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3! 2 B 1
\/1—e25|n2 B

(- e?sin? B)E

Rl =



where a is ellipsoid major semiaxis (a = 6378388 m); e is ellipsoid ec-
centricity (e’ =6,73¢x10°%); H is flight altitude.
Here the same simplifications as in the platform INS can be used.

In particular, functions ! and L with the accuracy to terms
,+H 2t
of 107 order, can be represented as follows:
- }-H »lgl—e2 —ﬂ—gez sin? BE;
1 a a (3.26)
! »lgl—ﬂ—lezsinng.
R,+H af a 2 i

It should be noted that the use of simplifications
(3.26) can lead to errors, compared with errors of high
quality gyroscopic sensors used in SINS. So other more
accurate forms of function representations can be used.

The components of the aircraft ground speed V., Vy,
Vy are obtained as a result of integration of accelerome-
ter signals projections, excluding the components of Co-
riolis acceleration and gravity force acceleration (see
formula 3.14).

Ve =ag - (VNWhH, -VHWn, )+ E;
Vi =ay - (VEWN ~VNWES) *+ OHi
Vn =ay - (VyWeg -VEWH )+ ON,
where ag y y are the projections of the aircraft apparent

acceleration, measured by accelerometers on the naviga-
tional trihedral axes; gey n are the projections of the

gravity force acceleration vector, which take into ac-
count the acceleration of gravity force and the accelera-
tion caused by inertia centrifugal force connected with
the rotation of the Earth; components in brackets are pro-

jections of Coriolis acceleration on the navigational tri-
hedral axes; wgg wyg wyg are projections of the angular

velocity of the navigational trinedral relatively to the in-
ertial space which take into account the projections of
the angular velocity of the Earth rotation wg, wy,, wy and
the components of relative angular velocity of the navi-
gational trihedral which are caused by the movement of
the aircraft relatively to the Earth we, ,wy,,  wy, :

WNS :WNV +2WN; WHS :WHV +2WH; WES :WEV +2WE.
In turn, the components of the relative angular ve-

locity of the navigational trihedral and the Earth‘s rota-
tional speed are determined by:

VN
W, = - = -
& R +H
Wy = Ve tgB = Lsin B;
(R, +H)
Wy = Ve = Lcos B;
Y (RytH)

W, =W,cosB; W, =W,sinB; W_ =0,
where w,is angular velocity of the Earth rotation
(w,=7,27x10"° rad/s).

Deterministic mathematical model of the gravity
force acceleration exists only for the normal component
of the gravity force field, which corresponds to the earth
ellipsoid with uniform distribution of mass in the volume
of this figure. The gradient of this field at any point be-
longing to the surface of the ellipsoid is directed along
the normal to it and is situated in the meridional intersec-



tion plane. As the point of the aircraft location does not
belong to the ground surface, the vector of gravity nor-
mal field gradient gat this point will not be directed
along the normal line omitted from this point to the ter-
restrial ellipsoid surface (axis OH). At the same time,
this vector will be located in the meridian plane of the
point O, i.e. in the plane of NOH. Then, using the poten-
tional function of the normal gravity field of the terre-
strial spheroid, with the accuracy of 10 order, the pro-
jections of gravitational field components gare as fol-
lows:
g:=0; g, =0;

¢ y
§ i
where g = 9.78049 m/s’ is gravitational acceleration on
the equator.

There are other more accurate forms of given com-
ponents expressions.

With the solution of kinematic equations the projec-
tions ag y  Of aircraft apparent accelerations on the axes

of navigational trihedral NHE are calculated by the read-
ings of accelerometers from body-fixed coordinate sys-
tem XYZ using the direction cosine matrix B

9, = -g(1+5,2884110sin” B) 1—2?H(1—e sin’ B)

éaN U ?axaircr ljl
8 € u
éaH [:I = B ?aYaircr L,J
A , e u
gaE H 6azaircr

The direction cosine matrix is as follows:

€ cosycosJ

sinysing - cosysinJcosg

sinycosg +singsin JcosyU

_€ .
B—é sinJ

cosJcosg

-cosJsing 0

g—sinycosJ

cosysing +sinysinJcosg

cosycosg - sinysinJsing

where ¢, J, y are angles of roll, pitch and yaw. The an-
gle of yaw differs from the geographical heading y, by
the sign, yy=-Vy.

The direction cosine matrix B can be obtained by
different ways. Here are some examples.

The direction cosine matrix B can be obtained from
the solution of the generalized Poisson equation by the
information about the angular velocity of the aircraft rel-
atively to the inertial space W, and about the angular
velocity of navigational coordinate system relatively to
the inertial space wyne, Which takes into account angular
velocity of the Earth‘s rotation and angular velocity due
to aircraft overfly of the spherical Earth

B = BWaircr - WNHEB’
where

é 0 _Wzair Wyairc u

e u,

airer — ? Zojrer 0 _Wxaircr l’ﬁl’

¢ o U

@_Wyaircr Wxaircr g
g 0 _(WE, +WE) (WHV +WH) 3
Wyhe :e (WEV +WE) 0 _(WNv +WN)[;|;
) u
@‘(WHV +W,) (WNV +Wy) 0 i

Wiairers Wyairer, Waairer @€ the angular velocities of the air-
craft relatively to the body-fixed axes measured by the



angular velocity Sensors; Wg, Wy, Wy and
Wg, . Wy, , Wy, are determined above.

By elements of the matrix B the aircraft orientation

angles: roll g, pitch J, yaw (heading) ( are determined:
2 0 2 0

recinG 023 T o = arecint_ P31 *
g arcsmg\/i2i ;J=arcsin(byy) 1y arcsmg\/iZi .
1- b21 7 1- b21 ']

Here bj; are elements of the matrix B (i is row num-
ber; j is column number).

Another algorithm of obtaining the direction cosine
matrix suggests its formation directly by the angles g, J,
y. The angular orientation parameters g, J, y (angular
velocities y , J, g ) can be obtained by projecting the
absolute angular velocity vector on the axes of body-
fixed coordinate system.

Three dimensional direction cosine matrices are
quite convenient for calculations in airborne computer.
However, the formation of the matrix B by using the tri-
gonometric functions requires considerable computing
costs.

For determination of the aircraft orientation instead
direction cosine matrix it is possible to use the parame-
ters of Rodrigo-Hamilton transform in quaternions form.
The advantage of the quaternions method is that it allows
describing the conversion from one coordinate system to
another with just only four numbers instead of 9 direc-
tion cosines.

The advantage of this method of construction of
orientation matrix includes guaranteed orthogonality of

orientation matrix. Furthermore, practice shows that the
calculation using Rodrigo-Hamilton parameters gives the
smallest computational costs compared with the other
methods, provided with the same accuracy characteris-
tics.

By the elements of matrix B according to (3.27) the
aircraft orientation angles, roll g, pitch J, yaw (heading)
 are determined.

After finding the matrix B the system of equations
for navigational calculations is closed.

The algorithm of navigational calculations in the
case of forming the direction cosine matrix directly by
the angles g, J, y can be represented:

Wy SW, =W
WZS = Wzaircr _WZNHE'
y = (Wys COS g - W, sin g)secJ;
g =wy, +1t9J Wy sing - Wy, cosg);
J=wy, sing+w,gcosg;

Yr=-Vy.
¢ cosycosJ sinysing - cosysinJcosg sinycosg + sinycostingg
Bzg sind cosJcosg - cosJsing ﬂ
g-sinycosJd cosysing +sinysinJcosg cosycosg - sinysinJsingy
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Modes of SINS alignment and calibration of prima-
ry information sensors are realized by separate algo-
rithms.

3.4.2 Examples of strapdown INS

As examples of existing strapdown inertial naviga-
tion systems it is possible to consider strapdown laser
navigation system BMHC-85 (analog of Litton-92) or
systems JIMHC-100PC, BMMC-T, whose technical pa-
rameters are consistent with foreign analogues LTN-90
of Litton company and H-421 of Honeywell company
(USA). These navigation systems are installed on aircraft
modifications of IL-96; IL-76; TU-204; TU-214; YaK-
130; AN70; AN-124; AN-148 and others. They are the
major systems in flight and navigation complex.

g Figure 3.17 shows the exterior
of strapdown inertial navigation
system - JIMHC-100PC, which is
designated for use on mobile terre-
strial, marine objects and airplanes
for solution of orientation and navi-

Fig. 3.17 gation problems. JIMHC-PC is
based on ring laser gyroscopes and
pendulum accelerometers. The structure of JIMHC-
100PC includes receiving device of satellite navigation
system (SNS), placed inside a monoblock. TMHC-PC is
equipped with antenna device of SNS and mounting
frame to ensure accurate reference to object building
axes.



Complete sets of SINS are the main sensors of
flight and navigational parameters and spatial position
parameters of aircraft. As the primary information sen-
sors, the laser gyroscopes and non-thermostatic “dry”
quartz accelerometers of compensation type are often
used. The main feature of these accelerometers is realiza-
tion of pendulum suspension from quartz glass which is
characterized by high stability of elastic properties and
practical absence of hysteresis.

In SINS the laser gyros and accelerometers are ri-
gidly connected with the airplane, and their axes are
oriented along its construction axes.

By information from laser gyros and accelerometers
in the computer the definite navigational trihedral is si-
mulated. On the axes of this trihedral the accelerations,
measured by accelerometers are converted. Then the
computer processes information according to algorithms
of the system and of the system operation mode. The
system has modes “Off”, “Alignment”, “Navigation”,
“Attitude and heading reference system”, “Test”. The
designation of these modes and calculated parameters are
analogical to platform system -11.

In SINS such parameters as pitch and roll of the air-
craft are calculated but not read from synchro resolvers
of gyrostabilized platform like in 1 -11.

3.5. PECULIARITIES OF INERTIAL NAVI-
GATION SYSTEMS OPERATION

Flight operation of system. Full-featured inertial
navigation systems are part of the flight and navigation
complex (FNC) and their flight operation is determined
by regulations of navigation complex operation which
have all the actions of the crew for FNC navigational
preparation to the flight and FNC operation during the
flight. Therefore here the operation questions only of in-
ertial attitude and heading reference systems (AHRS) are
considered.

AHRS is turned on after switching on the power
supply of aircraft electrical power system. With receiv-
ing power supply AHRS starts the alignment procedure.
The alignment process even for modern platform INS
can last 15 minutes and more. For strapdown INS this
process takes less than 30 seconds and is defined only by
time of fibre-optical gyros readiness. During the process
of INS alignment the aircraft must remain stationary but
is allowed to be loaded.

After the alignment, roll, pitch and yaw (heading)
will be inducted on the indicators of flight and naviga-
tion information. If the FNC includes navigation com-
puter system (NCS) then heading selected in NCS will
be shown. If NCS is turned off then the gyromagnetic
heading will be shown on the indicators of flight and na-
vigation information.

As on aircraft at least two INS are expected to be
installed, then after the alignment it is necessary to con-
trol the deviation of attitude and heading reference sys-
tem parameters which must not exceed the values, speci-



fied by technical specifications for the system, there
must be no notifications of failures and deviations of atti-
tude and heading reference system parameters.

At the taxiing it is necessary to make sure, that dur-
ing the turning, the indications of roll and pitch do not
change, and the heading values correspond to the se-
lected one in NCS or to gyromagnetic heading.

At the preliminary start a line of the horizon on all
indicators must occupy the horizontal position and must
coincide with the aircraft figure. At the same time, there
must be no notifications of failures and deviation of atti-
tude and heading reference system parameters.

After the landing and parking before engine stop-
ping it is necessary to turn off the system as prescribed in
the maintenance instructions.

Technical operation of systems. INS and particu-
larly strapdown INS with automatic balancing do not
need specific maintenance but almost all INS have the
mode of azimuth erection performed by magnetic (induc-
tive) sensors.

During the installation and un-installation of these
devices it is necessary to pay attention to the fact that the
fixing screws of magnetic sensor must be made of non-
magnetic metals.

Calibration of magnetic sensors is carried out dur-
ing the stage of deviation works in the terms defined by
the exploitation instruction of this device. Deviation
works are also performed with replacing the inductive
sensor.

Deviation works require the performance of the fol-
lowing operations:

- towing the aircraft on compass rose;

- eliminating the installation error of the magnetic
(inductive) sensor;

- eliminating the semicircular and quadrantal devia-
tions;

- determining the residual error.

To eliminate the installation error of the magnetic
sensor the aircraft turns to the magnetic heading of 0 de-
grees with the tolerance of 5 degrees on the compass
rose. With the help of a theodolite the installation error at
this heading is determined.

In the flight complexes of modern aircrafts the eli-
mination of semicircular and quadrantal deviations is
done in the calibration mode. With turning on this mode,
the aircraft turns with the interval of 45 £ 5° in the head-
ing. When all data on eight headings come to the system,
then it calculates errors and outputs these data to the ca-
libration module.

The testing turns of the aircraft with the interval of
45 + 5° the residual error is determined which should not
exceed 1°.

TEST QUESTIONS
1. Information of what flight and navigation parameters can be de-
termined in INS?
2. How can we classify INS depending on the methods of the accele-
rometers installation?
3. How is the value of the derivative of ground speed vector by the
accelerometers information determined?



4. Why does INS gyroplatform always stay in the plane of horizon?

5. Why is the leveling contour adjusted to the oscillation period of
Schuler pendulum?

6. How can we separate the relative acceleration from readings of
horizontal accelerometers in platform INS?

7. What is the shape of the Earth to be usually used in INS kinematic
equations?

8. What are the stages of the INS platform alignment in the horizon-
tal position?

9. What are the methods of gyroplatform azimuth alignment?

10.How can the accuracy of azimuth alignment be increased?

11.How can we determine the accelerations in the navigation coordi-
nate system in SINS with the absence of gyroplatform?

12.What components is it necessary to exclude from signals of ap-
parent acceleration measured by accelerometers? How is the im-
pact of these components compensated in SINS unlike to platform
INS?

13.Why is direction cosine matrix computed in SINS algorithms?

14.What parameters (projections of angular velocities vectors) are
usually used when calculating the parameters of the direction co-
sine matrix in SINS algorithms?

15.How can we obtain the direction cosine matrix in SINS algo-
rithms?

16. How is the residual error of magnetic (inductive) sensor deter-
mined?

Chapter 4. Astronomical navigation systems

Modern astronomical navigation systems allow us to determine
the flight course and the airplane coordinates. Astronomical systems
have several advantages over others. The main is autonomy that is
independency on ground equipment. Therefore, they can be used on
routes of any length and in flights to any point of the world. Errors of
determination of flight direction of the aircraft and its coordinates are
practically independent on the duration of flight.

Astronomical navigation systems are the only compass devices
which can determine the heading at high-latitude areas. While the
magnetic and gyroscopic compass devices in these regions have very
significant errors, using astronomical facilities in high-latitude areas
the aircraft heading can be determined with accuracy up to unit of arc
min.

Limited use of astronomical navigation systems on aircraft is
caused by the presence of certain shortcomings. In particular, they
cannot be used below the clouds and in the clouds, because of the
lack of visibility of celestial bodies. Some difficulty is caused by
identifying navigational stars in the daytime.

In the near future, these shortcomings can be overcome be-
cause the creation of star tracker allows using celestial tools regard-
less of weather conditions and time of day. They will not have inter-
ferences. Therefore, for a given celestial situation the promising as-
tronomical navigation tools may be among the basic, especially when
flying in Arctic and Antarctic.

Automatic celestial systems are called star trackers. Their main
elements are sextant, which automatically provide range finding to
celestial bodies, and computing device.

All star trackers require information about the position of ver-
tical. At first, this data is obtained from the gyro vertical with posi-
tional pendulum erection torque system. Due to the widespread use
of inertial navigation systems and airborne computers the structure of
astro-inertial systems has been changed significantly. Based on INS
and star trackers (automatic sextants) the high precision astro-inertial
navigation systems have been created.

Thus, astronomical navigation tools can be divided into two
groups: astrocompasses and celestial systems (star trackers).



4.1. Astrocompasses
4.1.1. Functionality and classification of astrocompasses

Astrocompasses are used to determine the true heading of air-
craft. They are self-contained devices and are not exposed to both
natural and artificial interferences.

According to principle of action, aircraft astrocompasses which
provide direction finding to the celestial bodies, are divided into opti-
cal and radio direction-finding devices. The first can be non-
automatic when direction-finding of bodies is carried out manually
and automatic ones, with photo tracking systems. Radio direction-
finding automatic astrocompasses use own radio emission of the Sun
and of planets. Their use unlike optical astrocompasses does not de-
pend on weather conditions.

By the type of CS adopted in the implementation of direction-
finding devices there are astrocompasses of horizontal and of equa-
torial CS (horizontal and equatorial astrocompasses). The direction-
finding plane of the horizontal ones is vertical, and the direction-
finding plane of equatorial astrocompasses is the plane of declination
circle of the celestial body. The most widely used astrocompasses are
automatic optical solar horizontal astrocompasses of JAK-Ab type.
As the emergency and auxiliary tools of heading measurement the
non-automatic equatorial astrocompasses of AK type are used.

4.2. Horizontal astrocompass

Each astrocompass consists of the following parts:

- direction finder designated to determine the direction to the
center of celestial body;

- computing device that calculates the azimuth of the celestial
body, and also the true or great circle heading;

- selector of aircraft coordinates and of celestial bodies;

- clockwork mechanism to take into account the Earth rotation;

- indicator.

In the horizontal astrocompass (Fig.4.1) the true heading s is

given by formula:
y=A-0, (4.2)

where b is heading angle of celestial body (the angle between the ho-
rizontal projections of the longitudinal axis and of the direction to the
body); A is azimuth of celestial body (the angle between the northern

direction of meridian and horizontal projection of the direction to the
body).

<= Direction to the
body Vertical

Direction-finder

éfg = Aircraft
* longitudinal axis

Projection of
meridian

Horizontal
plane

Fig. 4.1
In equation (4.1) the heading angle b of body is measured by
direction finder of astrocompass, and the azimuth A of the body is de-

termined by two methods: by analytical calculation in microprocessor
astrocompass (Fig. 4.2) and by spatial modeling of celestial sphere.
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Fig. 4.2

Analytical determination of azimuth is based (see p. 1.3.3) on
formulas of spherical trigonometry:
cos hsin A =cosdsint; (4.2)
cos hcos A=cos jsind-sin jcosdcost. (4.3)

Dividing equation (4.2) by (4.3), the formula to calculate the
azimuth is obtained as:



cosdxsint
cosj *sind - sin j xcosdxcost
Here j, 6, t =ty + 1 must be known, then the azimuth A of

body is calculated as a function of the aircraft coordinates (latitude @
and longitude A) and of the body coordinates (declination & and
Greenwich hour angle ty).

The values @, A, 8 and initial angle ty are entered manually or
automatically, and changes of the local hour angle t due to change in
the angle ty, are taken into account by clockwork mechanism.

In non-automatic astrocompasses the azimuth of body is calcu-
lated with the help of spatial mechanisms - spherants which simulate
the spherical triangles discussed in p. 1.3.3 (see Fig. 1.13).

The simplified kinematic diagram of spherant is shown in
Fig. 4.3, where for clarity the spherant elements are connected with
the terrestrial sphere.

A =arctg

Fig. 4.3

Spherant main elements are:

- latitude clamp 1, rotating around the instrument axis "east-
west";

- hour axis 2 (instrument celestial axis);

- altitude arc 3, which rotates around the axis OM that simu-
lates the local vertical and is used to measure the azimuth;

- declination pin 4 that simulates the direction to the body, in-
tersects with the altitude arc 3 and jointed with angle sensor 5.

For the convenience of clockwork implementation the meri-
dian plane of the object is fixed, so changes both ty and A are taken
into account by declination pin rotation 4 (instrument plane OP\C of
body declination circle) correspondently to change in the local hour
angle t

t=1ty +\.

By entering values ¢, 4 and t, the simulated triangle will be
similar to one shown in Fig. 1.13, a. With the help of angle sensor 5
the calculated azimuth A of body can be measured. Stator of sensor 5
is connected with latitude damp 1 and rotor is connected with the alti-
tude arc 3.

To ensure the continuous alignment of the direction finding
plane with the direction to the body that is prerequisite for accurate
reference of aircraft true heading it is necessary not only to provide
automatic tracking of the body, but also to compensate all evolutions
and movement of the aircraft which violate the conditions of direc-
tion finding.

The main aircraft evolutions need to be compensated to ensure
the accurate reference of the heading are:

- changes in the aircraft attitude (roll and pitch) - wy;

- aircraft movement around the center of the Earth with angu-
lar velocity w, that leads to changes in the geographic coordinates of
the aircraft and to changes in horizontal coordinates of the body;

- diurnal rotation of the Earth with angular velocity wp, which
leads to changes in hour angle and to changes in horizontal coordi-
nates of the body.

It is necessary to provide such compensation movement of di-
rection finding plane w, that must be equal to the disturbance motion
in value and opposite in the direction

- W =W+ w,;+ wb.

During en-route flight, the main changes in parameters of the
aircraft angular orientation are due to roll changes. That is why all as-
trocompasses have compensators of roll component wy,, which are
based on sensors of the vertical, in particular, it may be liquid pendu-
lum mechanism or gyro vertical.

Compensation of rotational motions wy and w; is slightly diffi-
cult and depends on changes in latitude and longitude of airplane, and
on the speed of the Earth rotation, therefore, to determine the true



heading in azimuth computer it is necessary continuously to intro-
duce the current coordinates of the aircraft.

When flying by rhumb line it requires the integration of astro-
compass with navigation system of dead reckoning in the geographic
coordinate system. But for flying by the great circle route such use of
astrocompass is significantly simplified. It should be noted that the
aircraft route usually consists of great circle sections, or legs.

In horizontal astrocompasses which provide the flight by great
circle route, the compensating rotation is done relative the vertical
axis. The angular velocity of compensating rotation can be decom-
posed into two components: horizontal one and along with the celes-
tial axis parallel to the Earth rotation axis.

The component along the celestial axis is wy = - Wp. Thus, the
direction finding plane of horizontal astrocompass must be rotated
around the celestial axis with angular velocity equal to the Earth rota-
tion speed, but in the opposite direction. This is done by clockwork
mechanism.

The horizontal component is equal to the angle of rotation €
relative to the center of the Earth (Fig. 4.4), that is, the distance tra-
velled by airplane on the great circle route and expressed in arc.
Thus, to ensure the flight by great circle route it is necessary to rotate
additionally the direction finding plane relative to the horizontal axis
that is perpendicular to the ground speed vector, and is proportional
to the travelled path. Thus, it means to deviate it back (to the tail) at
an angle

€= Sgc/Ro,
where Sy is the path travelled by the great circle route.

“

Fig. 4.4

As explained in Fig. 4.4, the direction finding plane in the
points M,-Mj; of airplane location will be parallel to the plane OZ; of
initial point M;. Because of the remoteness of the celestial body the
direction to it from any point on the Earth is almost parallel, so the
planes passing through the axes M,Z or M3Z, and the celestial body
will be parallel to the body vertical in the initial point M;. Therefore,
the angle between the great circle plane and the direction finding
plane is measured by the heading angle sensor and is equal to the
heading angle of body [, at the initial waypoint (IWPT) at point M.

With keeping the constant value of true great circle heading,
calculated by the great circle direction in the initial waypoint the air-
craft will fly by the great circle route. The declination angle of the di-
rection finding plane on the tail of the airplane proportional to the
travelled path is calculated by track controller.

Track controller continually receives the signal from the
clockwork mechanism and performs the dead reckoning

t
Szovgdt.
0

where Vy is ground speed, which is set by the pilot on track control-
ler.

If ground speed is unknown, then the track controller is set by
true airspeed.

The tilting of the direction finding plane is carried out from 0°
to 10°, i.e. up to 1100 km, and then all settings are repeated again.
For flying by great circle route it is necessary to enter the geographi-
cal coordinates of IWPT (Jwer, Liwer) in the astrocompass computer
together with equatorial coordinates of the Sun, keeping them further
unchanged. After reaching IWPT the aircraft by astrocompass data is
directed to true great circle heading. On the track controller the cur-
rent ground speed is set, and the index of the travelled path is reset to
zero.

4.1.3. Features of horizontal astrocompass construction

Widely used compasses are horizontal astrocompasses of
OAK-[B type. They determine the true heading and can also be used
for flights by great circle route. In the daytime they carry out auto-
matic direction finding of the Sun. At night the astrocompasses can



work together with periscopic sextant, measuring the relative heading
angle of bodies by their visual direction finding by operator.

Block diagram of astrocompass is presented in Fig. 4.5.

The set consists of sensor of heading angles, unit of amplifiers,
computer, track controller and heading indicator. At the diagram
(Fig. 4.5) there is direction finding head (DFH), amplifier (AM), ta-
chometer generator (TG) and motor (M) which form a tracking sys-
tem that automatically aligns the direction finding plane with the ver-
tical of celestial body. The difference between the actual b and meas-
ured b’ heading angles of celestial body tends to zero.
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The azimuth computer (its operation is based on mechanical
modeling of parallactic triangle with help of spherant) outputs the
azimuth A of celestial body using the given angles j, I, t,- and d. To
avoid errors in measuring the heading angles at the aircraft banking
the pendulum mechanism (P) determines the tilt angle i of the direc-
tion finding plane relative to the vertical of the body, which is used to
form the bank correction Ap.

Bank correction is calculated by the tilt angle i obtained from
multiplying mechanism (MM), and by the signal of altitude angle h
(coming from the azimuth computer). These signals are converted on
potentiometers of the tilt sensor (TS) of direction finding head and on
tangent mechanism (TM) into sin i and tg h and then are multiplied
with the help of multiplying mechanism forming the correction

Db =sinixtgh.
The result of addition of angles bt and Db is heading angle of

body B, in which the error of the tilt of direction finding head is com-
pensated. The heading indicator (HI) reproduces the measured head-

ing

y=A-bh.

The direction finding head with photo elements can be con-
trolled by track controller (TC), which provides the measurement of
great circle heading. To fly by great circle route in the track control-
ler the ground speed is entered, and from the computer the time sig-
nals are supplied. At the output of TC the signal proportional to tra-
velled path S is formed. Direction finding head tilts backward (with
the help of potentiometric remote transmission) at the angle that is
proportional to the travelled path (Fig. 4.5).

Electromechanical diagram of photo electric system of Sun di-
rection finding is shown in Fig. 4.6.
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Photo electric system of Sun direction finding includes the di-
rection finding head (DFH) with two differentially connected photo
elements, the vibrator (V) for conversion DC to AC, the amplifier
(Am) and the electrical motor (M).

The motor rotates direction finding head at heading angle of
the Sun (angle b), at the same time it rotates the rotor of the synchro
sensor (SS). The signal taken from synchro sensor is proportional to
b. The rheostat (R) allows adjusting the sensitivity of the system re-
spective to change in the brightness of the Sun and eliminating self-
oscillations of the head.

Heading angle of the Sun b is measured by synchro. Differen-
tial circuit (R,C) is used to improve the quality of the photo tracking
system.

Cross section of direction finding head is shown in Fig. 4.7.
Direction finding head consists of two photo elements 1 which have
differential connection and are attached to cylindrical holder 4 with
conical mirror 3. Sensitive layers of photo elements are directed to



different directions and covered with cones 2, scattering the light.
Shutters 5 with light filters 6 provide omni-directional view of the
upper hemisphere. By the deviation of the direction finding plane
from the vertical of the Sun, the beams fall on one of the conical mir-
ror 3, are reflected from it and pass through the lens 2 to the photo
element 1. Shutters 5 with light filters 6 limit the luminous flux inci-
dent on the photo elements.

Fig. 4.7

Such construction of direction finding head provides direction
finding of the Sun at any initial position relative to heading angle
sensor. Exterior of the heading angle sensor and of front panel of as-
trocompass AAK-Ab computer is shown in Fig. 4.8.

For flights in the southern hemisphere the all-latitudinal astro-
compass of JAK-B-5B type is used. Since the direct provision of
all-latitudinal computing of azimuth is not possible for kinematic rea-
sons, then the following method of solving this problem is used.

With using astrocompass in the southern hemisphere, the true
values A and ty and fictitious values ¢’ and &' are entered in the azi-
muth computer, which are equal in magnitude, but opposite in sign to
the true values @ and d. This is explained in Fig. 4.9, where M and C
denote the true position of the object and the body geographical posi-
tion, and M’ and C’ are fictitious ones. As a result, the computer de-
termines the angle A’ equal to (1t — A). The signal conversion A’ into A
is performed by switching the windings of SS (see Fig. 4.6) by the
switch "North — South™.

4.1.4. Equatorial astrocompasses

In the equatorial compasses there is no complex computing
device and they do not need to enter the coordinates of the body dec-
lination. Astrocompass is done in the form of spatial model of the ce-
lestial sphere, which determines the direction that coincides with the
geographical meridian of the given point. To determine the true head-
ing it is necessary to know the latitude @ and longitude I of the air-
craft location and Greenwich hour angle ty, of the body.

Among equatorial astrocompasses, the automatic astrocom-
passes of JAK-b type and non-automatic ones of AK-53I1, AK-59I1
types are practically used. Devices of the last two types are used
more widely as backup means of heading determination, requiring no
power supply (excluding electric heating).

Unlike horizontal astrocompasses in which the direction find-
ing plane coincides with the vertical of celestial body, in the equa-



torial astrocompasses the plane of direction finding coincides with
the declination circle of the body. Spatial model of equatorial astro-
compass is shown in Fig. 4.10.

The direction finder is fixed at hour axis Py Ps that simulates
the celestial axis - the axis of rotation of the Earth, so that the direc-
tion finding plane coincides with this axis. The hour axis is tilted rel-
ative to the plane of the azimuthal circle at the latitude angle ¢. Since
the hour axis simulates the celestial axis, the projection of this axis
on the azimuthal circle located in the plane of the horizon, must coin-
cide with the meridian line that connects south (S) with north (N),
with this zero index of the azimuthal scale is in the plane of the ob-
server meridian.

Observer mendian Declination circlz of the hody

Direclion finding plave = Hour axis
-

Circle of hour Durection fmder
angles

Fig 4.10

Points of east (E) and west (W) are taken remote in 90° from
south point (S) respectively counterclockwise and clockwise, when
viewing from zenith (Z). Vertical line ZZ' connecting zenith and nadir
is vertical axis of the equatorial astrocompass, and the plane NESW,
in which azimuthal circle is lying becomes the plane of mathematical
horizon.

Perpendicular to the hour axis, which is rotated by the clock-
work mechanism, is the plane of the circle of hour angle. By the ini-
tial alignment of the clockwork mechanism, Greenwich hour angle t,
and the current local longitude I are set. Due to this, the direction

finding plane rotates around hour axis at the body hour angle
(t=tg + 1I).

By rotating the direction finder around vertical axis ZZ’, the di-
rection finding plane is aligned with the body C (with the center of
body) and by the scale of the azimuthal circle the true heading is eva-
luated

y=A-bh.

Therefore the true heading is defined as the angle between the
simulated (instrumental) meridian line and the longitudinal axis of
aircraft.

As an example of equatorial astrocompasses let us consider the
design of non-automatic all-latitudional compass AK-59I1. General
view of the compass is represented in Fig. 4.11.




Compass AK-59IT is designed to determine the true heading of
the aircraft in the northern and southern hemispheres by the Sun, by
the plane of polarization of the scattered in atmosphere sunlight, by
the Moon, by the stars and planets.

The error in determining the true heading by solar and stellar
sighting systems does not exceed +2° at altitudes of bodies from 0° to
60°, in the range of declination of the Sun +23.5°, of stars £64°. The
error in determining the true heading by the polarization sighting sys-
tem is less than £2°.

Astrocompass has sighting device 6 for direction finding of the
Sun and the upper sighting system, the basis 17 of which has the
scale of hour angles of the body. The scale consists of the devices 1,
4 for direction finding the stars, the Moon and planets and of the po-
larization sighting devices 3, 5 for the direction finding the Sun in
polarized light.

Block of upper sighting systems has no connection with the
clockwork mechanism, so Greenwich hour angles are set manually at
scale 17. Block tilts relative to the equatorial plane at the angle & of
the point celestial bodies that are under direction finding. The angle &
is fixed by the scale 2.

Polarization sighting system (analyzer and prism) are used for
the direction finding the Sun in the twilight at the altitude of body
h <0 (to 7°). The polarization system also enables the determining
heading in the case when the Sun is covered with clouds, but when in
the plane of declination circle of the Sun there is the gap between the
clouds.

The analyzer consists of three fields (Fig. 4.12): fields F; and
F, with the planes of polarization at angle 90° relative to each other
and of field F; with the plane of polarization at angle of 45° relative
to the first two fields.

Moment of the Sun
direction finding

Fig 4.12

By rotation of the analyzer (around vertical axis), the illumina-
tion of its individual parts changes. Observation of the analyzer is

carried out through the prism. At a time when the brightnesses of the
fields F, and F, are the same, and the field F; is dark, the line of
symmetry is aligned with the vertical of the Sun.

In solar sighting device (see Fig.4.10) the flow of light beams
focuses on opal translucent screen 6 with two parallel marks. The
axis of rotation of the direction finding plane of solar sighting device
6 is tilted relative to the azimuthal circle 11 at geographical latitude
(evaluation of the angles is done by scale 7).

Solar sighting device is rotated relative to the scale 14 at
Greenwich hour angle using the clockwork mechanism with speed of
360° per solar day (rotation is done by ring 12). To control the com-
pensation of hour angle there is second hand 15.

Solar sighting device is placed in a cylindrical transparent case
16 and rotates in the ring 8 at angle of longitude, measured by scale
13.

Stellar sighting system has no connection with the clockwork
mechanism, so Greenwich hour angle is set manually by the scale 17.

The whole sighting system can rotate around the vertical axis
perpendicular to the azimuthal circle 11. The horizontal position of
the circle is set by special adjusting screws and is controlled by level
10. Searching movements with the direction finding of bodies are
made around vertical axis. The evaluation of heading is made against
the index 9 (labeled "Heading") by the scale 11.

The height of the solar sighting device case is chosen so that at
maximal angles of the Sun declination (x23°27") to provide its direc-
tion finding. When using astrocompass AK-59I1 in the southern he-
misphere it is necessary to change the direction of rotation of the axis
of clockwork mechanism.

Errors of determining the heading by polarization sighting de-
vice do not exceed +3°, and with the help of other sighting systems
they do not exceed £2°.

Sighting system of automatic equatorial solar astrocompass
JOAK-bB is similar to the considered above. Astrocompass has the
scale and electric actuators for remote entering the latitude and longi-
tude of aircraft in sighting system, as well as initial Greenwich hour
angle of the Sun. In the selector there is a clockwork to take into ac-
count changes in hour angle.

The search and direction finding of the Sun are carried out au-
tomatically by the photo tracking system. But since the direction
finding head has limited field of view, then for the initial capture of



the Sun it is necessary to ensure the azimuthal rotation of the sighting
system by pressing the button.

Sighting head is mounted at the pitch frame, which is con-
trolled by the tracking system by signals of electrolytic pendulum.
However, such a system of error compensation of astrocompass be-
cause of the changes in pitch is effective only in the absence of longi-
tudinal accelerations.

Astrocompass OAK-B is used in northern latitudes in the range
of latitudes from 45 to 90°. At changes of the Sun elevation in the
range from 1° to 68.5° the maximal error increases from £2° to +4°.

4.2. Celestial navigation systems

The main purpose of celestial navigation systems is
to determine the coordinates of the aircraft location. In
addition, they usually measure heading, performing the
same function as astrocompass.

Celestial navigation systems are used primarily for
airplanes, flight routes of which exclude the possibility
of using other means of location determination.

4.2.1. Methods and theoretical basics of celestial
navigation

Methods of celestial navigation are based on rela-
tion of navigation and astronomical coordinate systems,
analyzed in p. 1.3.3. All methods that have found prac-
tical application, are reduced to different methods of
modeling  spherical  triangles ZP'C  (MP\C)
(see Fig. 1.13).

The method of two altitude angles is the most prac-
tically used and it corresponds to equations (1.22)

sin hy =sin jsind; +cos j cosd; cos(Sy, + 1 -ay); (4.4)
sin h,=sinjsind, +cosjcosdycos(Sqr +1-ay),
where indexes «1» and «2» correspond to numbers of ce-
lestial bodies. Using equations (4.4) it is possible to find
values of j and 1.

However, the solution of the equations set is not
unambiguous, which is clearly illustrated by geometrical
interpretation of method (see Fig. 4.13). It is based on
the fact that the observer on the
spherical Earth is at any point of
the circle with “center" in geo-

graphical body position, and
measures one and the same alti-
tude h. Spherical distance from
the geographical body position
to the circle is equal to zenith
distance

Z=90°-h.

Measured values of two altitude angles correspond to two lines

of position on the Earth - circles, which generally intersect at two
points M; and M, of possible observer locations.

The ambiguity of the coordinate determination is
excluded if the approximate location of object is known.
If the altitude angle measurement is made relative to the
geodetic vertical (which generally is done in practice),
the method of two altitudes determines the geodetic
coordinates of points M; (B, L;) or M, (B, L,). Howev-
er, because of ease of using spherical triangles, in this
case instead of geodetic latitude B, the geocentric lati-
tude @ is used. Thus the obtained results are easily con-




verted into geodetic coordinate system (with the speci-
fied measurement of h) by formal replacement of ¢ for
B.

The accuracy of the method of two altitudes essen-
tially depends on the difference AA=A;-A, of body
azimuth. Accuracy is maximum at AA, equal to m/2 or
3n/2, and minimal at AA, equal to O or m. This is clearly
explained by the graphic definition of the possible area
of aircraft position in the presence of altitude measure-
ment errors +Ah (Fig.4.14) for cases where the azimuth
difference is close to m/2 (Fig.4.14, a) and when it is
much less (Fig.4.14, b).

Fig. 4.14

In the second case, the dispersion of possible loca-
tion points increases significantly, and with AA equal to
0 or it is even possible to have non-overlapping circles,
that is lack of sustainable solution.

Since instead of globes at airplanes the geographic
maps are used, then in navigation practice the graphic-
analytical method is widely used. It is based on the re-
placement of circles of equal altitudes in their points of

intersection by segments of straight lines that is possible
because of large radii of circles of equal altitudes. These
lines (curves 1 and 2 in Fig. 4.15) are tangent to the cir-
cles of equal altitudes. The corresponding constructions
of curves are explained in Fig. 4.15. The essence of the
graphic-analytical variant of method of two altitudes, is
the following. At time moments t; and t, using sextant
the altitudes h; and h,of celestial bodies are measured. In
the neighborhood of possible location the point M, with
coordinates @q, A IS put. For the point from handbooks,
the altitudes hy,(t;) and hy, (t;) and azimuths Ay, (t;) and
Ay, (t2) of celestial bodies are determined®.
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! Using «Aviation astronomical yearbook», «Tables of star altitudes and azimuths»,
«Tables of altitudes and azimuths of the Sun, Moon and planets».



After that, lines 1 and 2 are plotted at angles A;, and
Ay, which are directions to geographical body positions.

Then the altitude differences are determined and con-
verted into linear values
(1¢is 1.85 km):

Ahlz hl— th and Ahzz hz— h20.
Through points on lines 1 and 2, separated by distance
Ah;R and Ah,R (R is the Earth radius) from My the linea-
rized lines of position are plotted — straight lines a and b
which are perpendicular to azimuth lines 1 and 2.

At the positive values of Ah; and Ah, the segments
Ah;R and Ah,R are drawn from M, by the azimuth lines
to the celestial body, as it is shown in Fig. 4.15, and at
the negative values the direction will be from the celes-
tial body.

The intersection point M of lines a and b is true po-
sition of object by measuring two altitudes of celestial
bodies. Using geometric constructions the corrections D
and DI are found, so the coordinates are J = jo + Dj, |
= Io +DI.

It is impossible to measure two altitudes simulta-
neously in flight, so it is necessary to take into account
corrections of position change M for time At between al-
titude measurements. So, it is necessary to shift the first
line of position a on the value of the path projection tra-
velled for At to the direction of line 1.

As it has been shown, the accuracy of graphic-
analytical method significantly depends on the difference
of azimuths. Sextant measurement errors are also signifi-

cant. However, substitutions of circles sections by lines
may lead to significant errors only at small zenith dis-
tances.

In celestial navigation systems implementation
there are some interesting methods like celestial orienta-
tion by one body for example by method of altitude and
azimuth. Aircraft coordinates are determined as intersec-
tion of circle of equal altitude and curve of equal azi-
muth. However, the curve of equal azimuth A = const
cannot be constructed accurately enough, because in the
direct measurement of azimuth it is necessary to know
aircraft true heading, which in contrast to the body alti-
tude is measured by airborne compass system with sig-
nificant errors. Because of the low accuracy of this me-
thod, as well as other possible methods for determining
the coordinates by one body, which use, for example, in-
formation about the body altitude and rate of its change
(line of position h=const ), are not widely used.

When solving astronavigational problems analyti-
cally, the input parameters are usually measured in the
horizontal coordinate system, including altitudes and
heading angle. Star trackers using these input values are
called horizontal. Like in the horizontal astrocompasses,
they use celestial body verticals as direction finding
planes.

Another group of celestial navigation methods,
called geometric is based on direct simulation of relative
position of equatorial and horizontal systems of astro-
nomical coordinates using star tracker block like it is



done in the equatorial astrocompasses. Star trackers
which implement such methods are called equatorial be-
cause their direction finding planes are circles of celes-
tial body declination. The advantage of such systems is
the possibility of direct measurement of location coordi-
nates and heading without computing devices. However,
such systems have much more complex kinematics.

4.2.2. Principles of star tracker construction

Let us consider the principle of star tracker con-
struction on the example of horizontal star-solar tracker
(SST) of BLI-63 type. It is designated to determine the
aircraft geographic coordinates (by method of circles of
equal altitudes) with direction finding of two stars by au-
tomatic sextants, which measure altitude and heading
angles of stars. In the daytime flight after automatic or
manual entering the aircraft coordinates, bL|-63 is used
as horizontal astrocompass to measure the true heading
by the Sun.

BLI-63 uses following solution of equations by me-
thod of two altitudes:

coshy cos Ay =cosBsind; -sinBcosd,; cos(Sgr +L-ay);

coshy cos Ay =cosBsind, -sinBcosd, cos(Sq, +L -ay); (4.5)
coshy sin Ay = -cosd; sin(Sgr + L - ay); '
coshy sin Ay = -cosd, sin(Sgr +L -ay)

Two last equations in (4.5) refer to (1.21) and the
first ones are derived from so-called formula of five ele-
ments of spherical trigonometry.

Equations (4.5) are solved in BL|-63 using compu-
ting devices. As a result of solving with known values
Sqr and equatorial coordinates of celestial bodies
a;,a,,d;,d, and measured altitudes hy, h, we receive
azimuths A; A, of celestial bodies and geodetic coordi-
nates B, L of aircraft. The geodetic coordinates — coor-
dinates on ellipsoid (L=1 and B =j +m, where m is
amendment for ellipsoid oblateness) are taken because
true astronomical measurements are based on true (geo-
detic) vertical.

One of the obtained values of azimuth is used to de-
termine the true heading

y=A-b,
where Y is true heading of aircraft; b is relative bearing
(heading angle between the horizontal projections of the
longitudinal axis of aircraft and the direction to the celes-
tial body).

Geodetic coordinates B, L are converted into great
circle ones by formulas of spherical trigonometry. Also
true track angle by, of great circle route is calculated as
an angle between the geographic meridian and great cir-
cle parallel, required to convert the true heading y into
great circle y, which is counted from great circle paral-
lel.

Simplified block diagram of BLL-63 is shown in Fig.
4.16.



*C N Compuler By ot

P I "’ jf_._
h .(.l (.Z\‘; \U‘ (& \0/(\ @ LB "P/Jl \/:t— >‘LF-—'-?'-

J

S aa il N
AS, C‘ompumw de\ ice AG
I | — Y | Y T } AT 1

B[miBily  PBee Xy ol 4 7|9| 7148
EB: | 79 |  w( vy .9 | EB

I, By Commutator By, B

PRI O CY A

| Cs ||MU‘\||NS|

L;"Q;

Fig. 4.16

Its main blocks are electromechanical computing
device that solves equation (4.5) and performs the coor-
dinate conversion, and two automatic sextants (AS) with
electronic blocks (EB) which measure altitudes h; and
heading angles b; of two bodies (in the daytime they
measure altitude and heading angle of the Sun). Commu-
tator is designed to calculate the heading angles of celes-
tial bodies, great circle and true headings, as well as for
electrical connection of BLI-63 blocks.

Horizontal stabilization of platform of sextant opti-
cal system is provided by roll g and pitch J signals from
vertical simulator, e.g. master gyro vertical. Star tracker
solves the problem of determination of aircraft position

and heading, working sequentially in celestial body
guidance mode and tracking mode.

For prior guidance of sextant on certain celestial
bodies, and to exclude ambiguity of solution of equations
(4.5), the adjusting mode is provided. Adjustment of star
tracker on the selected bodies is made by solving the in-
verse problem. From the control display unit (CDU) the
following parameters are entered in the computing de-
vice: the equatorial coordinates of celestial bodies ajy, dig
and Greenwich sidereal time Sy (further changes are
taken into account by the clockwork mechanism); air-
craft coordinates By, Lo and heading; coordinates of the
great circle pole Bp, Lp. In flight adjustment of star-solar
tracker the great circle coordinates x, y, coming from na-
vigation system are used and converted into By, L.

Computer outputs the values hi, A, and by,
Knowing initial heading y or y, which is entered in the
commutator block by readings of compass system (CS)
and controlled by the star tracker heading, in the commu-
tator block by equations (2.6) the heading angles of ce-
lestial bodies b;, are calculated. The obtained values h;,,
bi, are applied to automatic sextants. Sextants are rotated
in the direction of the selected bodies. This mode is
shown in Fig. 4.16 with dotted lines.

To capture the celestial body, considering the field
of view of optical system (its half value is equal to the
1.5°) the aircraft coordinates and the heading must be

known with accuracy up to 1°.



Operator, using special indicator 13-41, controls
star tracker operation in guidance mode. When the image
on the screen indicates that celestial bodies are in the
field of view of optical systems (telescopes), the operator
switches sextants in the tracking mode. Tracking systems
align the telescope optical axes with the direction to the

celestial body, resulting in correction of h; and b; values.

The calculated values of altitude h; are compared with altitudes hps
measured by automatic sextants.

Knowing the difference Dh; = h,s - h; and calculating the azimuth
A; allows us to determine the latitude and longitude corrections AB, AL
and thereby correcting the coordinates of airplane

B=By+DB; L=Ly+DL.
Relationship between corrections AB, AL and meas-
ured deviations of altitudes Dh;, Dh, is determined by
Dhy =DBcos A, - DLcosBsin A . (4.6)
Dh, =DBcos Ay -DLcosBsin Ay
Solving equations (4.6), it is possible to find the increments of
latitude and longitude:
DB = - sin A;Dhy -sin A;Dh,
sin(Ap - Ay)
cos A;Dh, - cos A,Dhy
" cos Bsin(A, - A)

Thus, by measured angles h; the coordinates B, L
and celestial body azimuths A; are calculated. Like in the
horizontal astrocompass one of the obtained azimuth
values A is used to determine the true heading by formu-

la:

DL =

Y = Ai - bi.
Coordinates B, L are converted to great circle ones
X, y. Great circle coordinate system in BL|-63 is set by

the geodetic coordinates of its «northern» pole — great
circle pole. Great circle equator usually passes through
the initial and final waypoints.
Formulas of conversion from B, L to great circle

coordinates
X, Y can be obtained from spherical triangle MPyPgy. on
the globe surface (Fig. 4.17, a), where M is aircraft posi-
tion, Py is the North pole of the Earth, Py is great circle
pole, C is initial waypoint:

sinx=sinBsinB +cosBj cosBcos(L, - L);

tgy =cosBptgBcosec(Ly, - L) -sinByctg(L - L),

where Bp, Lp are geodetic latitude and longitude of great
circle pole.

To determine the great circle heading, the track an-
gle of great circle parallel by as angle between geo-
graphical meridian and great circle parallel (q, qy) is cal-
culated continuously in the star tracker

tgbge =cosB tgB,cosec(Lp - L) -sinB ctg(L, - L).

By calculated values of y and by the great circle

heading is determined (Fig. 4.17, b)

Yo =Y -bge.
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Heading signals can be used for compass system
correction, and x, y signals are used to correct navigation
system.

If BLI-63 is working in mode of single celestial
body, to determine heading the periodic manual input of
coordinates B, L into computer or automatic input of x, y
coordinates from navigational system is required.

4.3 Errors of astronomical navigation aids

Like any information systems the astronomical na-
vigation systems have methodical and instrumental er-
rors. Measurement method errors are caused by the fol-
lowing reasons: errors of measurement of the altitude
and heading angle of celestial body arising, in particular,
through the optical distortion; input errors in the coordi-
nates of the aircraft location and of the body coordinates;
time dead reckoning errors; banking of direction finders,
etc.

Instrumental errors depend on the constructive
shortcomings of the device, and their total value is li-
mited by the device tolerance.

The main sources of measurement method errors in
measuring the altitude angle of celestial body are astro-
nomical refraction, parallax of the body, semidiameter of
celestial body.

Astronomic refraction is the refraction of light
beam in the atmosphere of the Earth, as a result of that
the visible direction to celestial body rises above the ho-
rizon. The main reason of the refractive phenomenon is a
change of air density with height increase.

The density of air in the lower layers of atmosphere
Is greater than in the upper layers that is why the beam
coming from the body S, is distorted (Fig. 4.18).
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The observer, located at point M sees the body at
the point in the direction of the tangent to the curve of
light beam path, i.e. in the direction MS’. The angle S’'MS
between the visible direction to the body MS’ and the
true direction MS’, for which the body would be ob-
served in the absence of atmosphere, is called the astro-
nomical refraction (r).



The trajectory of light beam is located in the plane
of body vertical, so the refraction changes only the alti-
tude angle. The higher the altitude angle h is, the less the
refraction will be. When the celestial body is on the hori-
zon, the refraction IS maximal and
reaches 35'. Refraction depends on the density of air r.
With increasing altitude the air density decreases, and
therefore the refraction becomes smaller, thus r = f(h, r).

In aviation astronomical yearbook the coordinates
of celestial bodies are given relative to the center of the
Earth, that is assumed that the center of the celestial
sphere coincides with the center of the Earth, but astro-
nomical measurements are performed on the ground sur-
faces, and this causes the phenomenon of so-called paral-
lax. Parallax of celestial body is called the angle p (Fig.
4.19) between the direction from any point of the ground
surface to the body and the direction from the center of
the Earth to the same body.
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Let us suppose that the observer is at point M, and

the body is at point S. The following reference designa-
tions are used: h is geocentric altitude angle, h’ is appar-

ent altitude angle, R=0M is the radius of the Earth,
D = OS is distance from the center of the Earth to the
body. The angle h is the external angle of triangle SMC,
then

h=h+p,
where p is parallax of the body.

From the triangle SOM the following expression is

obtained:
sin p/R=sin(90+ht)/D,
then
sin p=R/D-cosh.

The largest parallax is formed in case of the body
position on the horizon. The horizontal parallax of the
Moon is 53...62; 0.55" for Venus; 0.4’ for Mars; 8,8" for
the Sun; parallax of stars is negligible small.

Semidiameter of celestial bodies is an error that oc-
curs when there is direction finding of bodies with the
disc shapes. Coordinates of all bodies given in hand-
books are coordinates of the body centers, and in the
measurement of altitude angle sometimes are not the
center of the body, but its upper or lower edge of the vis-
ible disk is under direction finding.

The errors from optical distortions are related to the
methodical errors of astronomical navigation aids. The
errors of optical distortions occur when the sunlight
passes through the Earth’s atmosphere and aircraft astro-
dome. They also include interference from light reflected
from clouds, etc.



Methodical errors of astronomical measurements
and correspondingly of navigation parameters also arise
due to difference of coordinates of location and of the
body, which are entered the computer, from the true ones
in the values Ag, AA, Aty and A.

For example, the error of azimuth calculation in ho-
rizontal astrocompass may be associated with episodic
entry of @ and A. The azimuth error due to inaccuracy of
calculation of initial angle ty., (because of errors of navi-
gational watches) is insignificant. The same is related to
the error AA due to neglecting of changes in the Sun dec-
lination (8) during the flight. Total azimuth error AA is
defined as

AA = A@ sin(tgh) + AA(sin@ - cos@ tgh cosA).

Thus, error AA depends on the values of A and h,
that is, on the location and time, in particular, it increases
with altitude angle h. On the other hand in the afternoon
time when the Sun azimuth A is close to 0 or m, the error
AA is minimal.

To reduce AA (A, AM) the intervals of input ¢ and
A should be reduced, and this complicates the navigator
work. This problem does not exist if astronomical sys-
tems are part of the flight and navigation complex that
continuously gives information about coordinates ¢ and
A in astronavigation system.

The methodical error of great circle heading mea-
surement by horizontal astrocompass occurs because of
deviation of rotation axis of direction finding head from
the calculated position. The reasons for deviation of the

rotation axis can be the aircraft banking, rotation of air-
craft symmetry plane from the great circle route plane
(e.g. at drift angle), lateral deviation of aircraft from the
great circle route, errors of ground speed entry to the
track controller. Measurement error of great circle head-
Ing increases with increasing the traveled distance.

The equatorial compasses have the methodical er-
rors as for horizontal compasses. The errors are caused
by change of zenith distance of the body as a result of

atmospheric refraction, by inaccu-

RAQ _ racies in coordinates of aircraft lo-
AS | cation and of geographic location
! of the body, by tilting of direction

MRcoso  finding plane of bodies.

Fig. 4.20 For star trackers the methodi-
cal error of dead reckoning AS depends on the choice of
celestial bodies and is determined (Fig. 4.20) by geome-
trical sum of errors in determining the latitude and longi-
tude:

DS = /(RDj)2 + (DIRcos j)2.
Using the ratio
Dhy =DjcosA +DIcosjsinA; (4.7)
Dh, =Djcos A, + DI cos jsin Ay,
after simple transformations there will be the following:
DS =m\/mﬁ2 +DhZ - 2DhyDhy cos(A, - A).  (4.8)
Thus, the errors in determining the aircraft location
strongly depend on the difference of azimuth of naviga-
tion bodies. The smallest error will be for azimuth dif-




ference close to 90°. In practice, it is necessary to choose
navigation bodies with azimuth difference in the range
30°... 90°.

To clarify how the methodical errors of dead reck-
oning AS depend on errors of keeping the vertical by au-
tomatic sextant of star tracker, let us consider Fig.4.21. It
shows the horizontal plane and the plane of sextant stabi-
lization, which is declined from the horizon line at angle
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This angle corresponds to errors in determining the
altitude angles of bodies:

Ah; = aand Ah, = axcos(A; - Ay).

Then the error in determining the location coordi-
nates AS taking into account (4.6), (4.7) is defined by the
expression:

AS = Ra.

Thus, the error AS of vertical keeping errors is in-
dependent on the azimuth difference. However, the re-
quirements for vertical keeping must be quite severe

since the error of vertical keeping in one angular minute
causes the error in determining the aircraft location in
one nautical mile (1.85 km).

Banking methodical error of astronomical naviga-
tion aids occurs when the direction finding plane tilts
through changing angles of pitch J and roll g. The ex-
pression for banking methodical error Ab of astronomi-
cal aids is taken directly from the general formula of
banking error of compass devices:

. (cosbsinJ sing-tghcosJsing+sinbcosg) b
cosbcosJ +tghsinJ

Compensation of banking methodical error can be
made either by stabilization of direction finding device
from the vertical, such as master gyrovertical, or by the
entry of amendments to the computing device.

Instrumental errors of astronomical navigation
tools consist of errors of direction finder, errors of the
vertical, computing device errors, indicator errors, errors
which occur due to refraction of astrodome. These errors
depend not only on the parameters of separate parts and
components, but also on external conditions: overloads
and vibrations, temperature, humidity, supply voltage. In
addition, theses errors change over time due to aging of
materials, changes in the properties of oils and others. It
IS impossible to estimate the value of all errors, that is
why usually the most significant and the most probable
errors are calculated.

Errors of direction finder arise from the presence of
the dead zone, static and dynamic errors of photo track-

Db =arct




ing device. These errors appear both in the plane of body
vertical and in the transverse plane - plane of heading
angle.

Refraction errors of astrodome are caused by dif-
ferent geometric shape of astrodome - spherical or flat.
Astrodome of spherical shape is deformed under the in-
fluence of airflow, irregular heating of surface and pres-
sure difference between the atmosphere and the air in the
cabin of aircraft. Deformation of astrodome causes the
refraction, that is, the deflection of light beam coming
from the celestial body.

For flat astrodome there are deformations caused by
pressure difference between the atmospheric and cabin
airs and by temperature difference on the outer and inner
surfaces of the glass. The latter causes unequal expan-
sion of external and internal surfaces of glass, resulting
in convex astrodome.

Refraction of astrodome can be decomposed into
two components - one is in the plane of body vertical
(leads to errors in the measurement of altitude angle), the
other is in the plane of the heading angle.

4.4 Features of astronomical navigation aids op-
eration

Operation of horizontal astrocompass of AAK-AB
series. Functional test before the flight in daytime condi-
tions and the astrocompass switching on in flight are
done in the following order. At first, Greenwich time is
determined by the formula:

Tgr=Ta— (N +1),
where Ty is daylight saving time (readings of navigator
watches); N is number of time zone.

Then Greenwich hour angle tqyo and declination  of
the Sun are found by determined value Ty, for the obser-
vation date from the aviation astronomical yearbook. Af-
ter powering on and running the clockwork mechanism
of astrocompass, the object coordinates @, A and body
coordinates 0, tyo are entered in the azimuth calculator.
When using astrocompass in the southern hemisphere it
IS necessary to enter values (-0) and (-¢) instead 6 and @,
and the switch "North - South" must be in the position
"South".

To determine the true heading on the scale of track
controller, zero values of traveled path and ground speed
are set using the corresponding knobs. Observations of
the Sun without overshooting and oscillations are ad-
justed by the rheostat of sensitivity adjustment in photo
tracking system.

When using astrocompass to fly by great circle
route, the coordinates @o, A of initial waypoint and value
0 and ty are entered the computer in advance. In the
moment of initial WPM passing the ground speed is set
for track controller. Further in the flight by astrocompass
index the computed heading is kept. The tilt angle of the
direction finder head axis can be adjusted in accordance
with the actual traveled path S by the knob "Path™ on the
control display unit in the check points of great circle
route. After the flight of great circle route segment of



1100 km, the rotation of this knob sets zero value of S,
and the direction finder head axis takes the vertical posi-
tion. The coordinates @, A of point S=0 are entered the
computer, and the heading by astrocompass indicator is
specified for new values of heading angles by.

At night astrocompass can be used together with pe-
riscope sextant for occasional determination of the true
heading Y. With the help of sextant the direction finding
of the Moon, planets or stars is done visually, and the
heading angle of the body is measured. The astrocom-
pass computer where coordinates of object ¢, A and of
the body are entered, determines the azimuth of celestial
body. If the true heading y is known from some other
compass device, then the detection and direction finding
of stars are simplified in sextant. For this the computer is
supplied with the coordinates of object and star. The drift
sight system of sextant is rotated in azimuth until the
readings of astrocompass indicator become equal to vy.
As a result, the direction finding plane of sextant will be
close to the body vertical, and to make the star in the
field of view of sextant, it is enough to specify the guid-
ance by its altitude angle.

To control the photo tracking system in flight there
IS a button on the front panel of azimuth computer. By
pressing it, the circuit of photo elements is de-energized.
Through another contact group, the signal on one of the
amplifier stage is supplied, resulting in the rotation of
direction finder head by motor. After releasing the button
the initial indications of heading must be restored (in

case of constant heading). If there is periscope sextant,
then to check astrocompass serviceability it is recom-
mended to perform the direction finding of the Sun via
sextant. If sextant and astrocompass are serviceable, then
the obtained value of heading must not differ more than
in 1-2°.

To check astrocompass there is checkout equipment
which allows us to check the instrumental errors, the
gain coefficients of amplifiers, the precision of clock-
work mechanism in ground conditions.

Features of astronomical navigation systems opera-
tion. In flight, to adjust the star tracker the great circle
coordinates x, y can be used from the navigation system
of dead reckoning numerous ways. These coordinates in
star tracker computer are converted in By, L,.

The operation of photo tracking system is con-
trolled by operator on special indicator. When the form
of images on the screen indicates that the celestial bodies
are in the field of view of optical systems (telescopes),
the operator puts the sextant in tracking mode. Photo
tracking system combines the optical axes of telescopes
with the directions to the bodies, resulting in specifying
the values h; and b;. The operating mode of star tracker is
realized. By measured angles h; the coordinates B, L and
azimuths A; of bodies are calculated. Coordinates B, L
are converted into the great circle ones x, y, and the angle
bo is found. The signals X, y are used to correct the navi-
gation system. By measured angles b; and by calculated
values A; and bo, the great circle or true heading is de-



termined. The heading signals can be used to correct the
compass system.

For star tracker operation by single celestial body,
the occasional manual input of coordinates B, L in com-
puter or the automatic input of coordinates x, y from the
navigation system are required for determination of
heading (i.e. angles A; and bo).

Errors of star trackers strongly depend on the dif-
ference of body azimuths. For this reason, in star tracker
the range of azimuth difference [DA| is limited by value
90 + 60°.

Errors of horizontal stabilization of sextant also
lead to the errors of coordinates determination. And for
horizontal star trackers of star-solar type with telescopes
stabilized in the horizontal plane by signals of the pendu-
lum erected gyroverticals, this error is the main cause of
dead reckoning errors. High precision of star trackers is
achievable only when using signals of inertial gyrover-
ticals, undisturbed by accelerations of aircraft motion.

TEST QUESTIONS

1. What groups can the astronavigation systems be
divided into?

2. What formula determines the true heading in ho-
rizontal compass?

3. What method is used to determine the azimuth of
body in horizontal compass?

4. What is the main functionality of spherant? How
Is the change in local hour angle taken into account in
spherant?

5. How is it necessary to deflect the direction find-
ing plane for providing the great circle route flight?

6. List the components of horizontal astrocompass
OAK-AB.

7. Which device is used in JAK-Ab to exclude er-
rors in measurements of heading angles with aircraft
banking?

8. What data are entered the azimuth computer of
OAK-[OB in case of using astrocompass in the southern
hemisphere?

9. How is direction finding plane oriented in the
equatorial astrocompass unlike horizontal ones?

10. How is the true heading determined in the equa-
torial astrocompass?

11. What is functionality of polarizing sighting sys-
tem of astrocompass?

12. What method of astronavigation is the most
widely used in astronavigation systems?

13. How is the ambiguity of the coordinates deter-
mination in astronavigation systems excluded?

14. What is the influence of azimuth difference on
the accuracy of two altitudes method?

15. What parameters are entered the computer BLI-
63 for preliminary guidance of sextant to the selected
stars?



16. How is the operation of star tracker controlled
in the guidance mode?

Chapter 5. Radio altimeters

5.1 Functionality and principles of radio altimeter operation

Aerometric method of measuring the altitude of aircraft flight is
based on the method of barometric leveling. This method of measuring
the altitude depends on several factors, and neglecting them leads to sig-
nificant errors in altitude determination. There are, for example, errors of
setting the initial pressure and temperature, neglecting of non-linearities
of temperature changes in the inversion layers of atmosphere, etc. Also,
the relief of locality can be not always taken into account accurately, for
example, in the aerodrome area to calculate the true flight height, espe-
cially in cloudiness conditions.

These errors can lead to relative error in measuring the absolute
altitude in the range of 10...20%, and sometimes more.

Therefore there were attempts to build an altimeter on any other
principle. In particular, to realize the idea of measuring the height is
based on the sound echometer.

In echometer the strong sound signal is emitted, which after
reaching the ground surface, is reflected from it and comes backward to
the aircraft. On the aircraft the time interval between the moment of
emission of main signal and the time of arrival of the reflected signal is
measured. Knowing the speed of sound propagation and the measured
time interval it is possible to determine the distance traveled by sound
signal. Obviously, this distance equals the doubled flight altitude of the
aircraft.

However, the height measured by echometer will also have errors.
These errors arise because of instability of the speed of sound propaga-
tion and because of different reflectivity of the ground surface. Noises of
aircraft engines also introduce errors in measuring the absolute altitude.
Much better results are reached by using radio signal since the speed of
radio waves propagation is constant and does not depend on the propa-
gation medium. This idea is the basis of radio altimeter (RA) construc-
tion.

Radio altimeters are designed to measure the absolute altitude of
aircraft flight. They belong to the class of autonomous radionavigation
systems, because they do not need additional ground equipment to im-
plement the measurement channel.

In radio altimeters the radar principle for determining the height
by the reflected signal is used. Radio altimeter transmitter generates ra-
dio waves which by means of transmitting antenna are directed to the
ground surface. The reflected signal is taken by the receiving antenna
and further comes to the receiver. In computing device of receiver the
signal is produced proportional to the travel time of radio waves to the
ground surface and backwards, that is, proportional to the absolute alti-
tude. Depending on the maximal measured height the radio altimeters
are divided into RA of small and large heights.

Radio altimeters of small heights are designated to measure the
flight altitude of aircraft in the range from 0 to 1500 m. They are used
mainly for aircraft control on the stages of landing approach and landing
and during flights at low altitudes. In RA of this type so-called frequen-
cy method of measurements of height is widely used, the main advan-
tage of which is small limits of measured height and high accuracy.

In frequency method the RA transmitter continuously with con-
stant power emits continuous frequency-modulated signal (frequency of
signal is rapidly changed with time between the highest and lowest val-
ues). The receiver in each moment of time receives two signals. One
signal comes directly from the transmitter to the receiver; another signal
is reflected and comes from the transmitter to the ground and from the
ground to the receiver. It is obvious that the frequencies of two received
signals are different, and the difference of frequencies depends on the
time interval between receiving the main signal and the reflected one.
By measuring the frequency difference, it is possible to calculate the
time delay of the reflected signal which is proportional to the absolute
altitude. Measuring the frequency difference can be made with very high
accuracy which allows measuring the absolute altitude of the aircraft
with the accuracy necessary for low-altitude flight, that is, within accu-
racy of 2...3 m.

However, the frequency altimeters cannot provide measuring of
high altitudes, because it needs to increase power of transmitter to get
the reflected signal suitable for processing. This causes significant in-
crease in the weight and dimensions of the altimeter.



Therefore, to measure high altitudes (up to 8...10 km) the pulsed
radiation is used. Radio altimeters of high altitudes are used as naviga-
tion aids for aerial photography of terrain and for other purposes.

The impulse method of height measurement includes the transmit-
ter radiation by pulses with constant frequency. Impulses are generated
through small intervals. In the pauses between the pulse radiation the
energy is accumulated in the transmitter and then is emitted in a pulse.
Thus, the pulse energy is in many times higher than the average trans-
mitter power. Measuring height in this case is done as a delay measure-
ment of the reflected pulse coming from the ground compared to the ar-
rival of direct pulse in the receiver.

Accuracy of pulse altimeter is less than of frequency altimeter, but
significantly exceeds the accuracy of barometric one.

Radio altimeters unlike barometric devices of measuring altitude
provide the possibility to determine the absolute altitude of the aircraft
quite accurately directly without complex calculations and without en-
tering additional information. Using radio altimeter it is also possible to
determine whether aircraft flies over land, over the sea or the mountains.

5.2. Radio altimeter of low altitudes
5.2.1. Frequency method of measuring altitude

The frequency method of altitude measurement is based on the
frequency modulation of the emitted oscillations. Figure 5.1 shows sim-
plified block diagram of RA of low altitudes with frequency method of
altitude measurement. Figure 5.2 shows time diagrams at different points
of the circuit.

Frequency modulator produces low-frequency modulating voltage
Unmog that controls the oscillations frequency of high frequency generator
(HFG). The modulation by symmetric linear-segment law is widely used
(Fig. 5.2, a). It is also possible to use modulation by sinusoidal law and
by asymmetric saw tooth law (used in RA A-034). Frequency modula-
tion law does not provide significant effect on the altimeters operation.
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Fig. 5.2

Under the influence of modulated voltage U,.q 0Of frequency mod-
ulator, HFG produces continuous oscillation Uy (transmitter) (Fig.5.2,
b), the frequency f, of which changes relative to the average value f, on
the value of deviation frequency + Afy with modulation period Ty,



Signals of HFG via power divider (Fig. 5.1) enter the transmitting
antenna (Ay) and are radiated in the direction to the ground. The signal
reflected from the ground surface is received by receiving antenna (A.
ceiver) @nd comes to the balance mixer (M), to where simultaneously the
part of the power oscillations as heterodyne transmitter signal is
branched and applied.

Two separate antennas (transmitting and receiving ones) provide
uncoupling of the receiver and transmitter of RA as radar with conti-
nuous emission. In RA the horn antennas are commonly used, forming
symmetrical, matching in space diagrams with width to 50°, directed
vertically downward. Diagrams are selected relatively wide to ensure the
constant contact with the ground under aircraft maneuvers.

Reflected signal exactly repeats the probing signal in the form, but
with a time delay:

ty o
where H is flight height; ¢ is speed of light.

The dependence of frequency of the received signal freceiver ON
time is shown in Fig. 5.2, c. It varies by the same line-segment law, as
the frequency of radiated signal f, but with delay in time t:

freceiver (t) = ftr (t - tH)-

At the current time moment t the same signal is received that was
emitted before at the time (t - ty).

At the output of the mixer M (Fig. 5.1) with the help of filter Fp
the frequency difference is separated which is equal to the absolute value
of the difference of the instantaneous frequencies of the emitted and re-
ceived oscillations:

I:d = |ftr (t) - freceiver (t)l

Frequency difference separated in the detector of low frequency
of the filter Fy4 serves as a measure of the absolute flight altitude.

In Fig. 5.2, ¢ F4(t) is determined as the vertical distance between
the segment lines fy; (t) and freceiver (1).

Frequency difference is determined by examining the triangles
ABC and AB,C; (see enlarged zoom in Fig. 5.2, ¢):

AC1/AC = 81C1/BC, Fp = Blcl = AClBC/AC

So, the frequency difference is:

Fd = |ftr (t) - 1:receiver (t)l = [Afd /(Tm/4)]tHa

and considering that ty = 2H/c it is possible to obtain:
Fq = [8Afs /(cTm)]H,
that is, Fq is proportional to the absolute altitude H.

The greater the average value of the frequency f, is and the greater
the value of the frequency deviation is, the greater the sensitivity of ra-
dio altimeter will be.

The average value of the frequency equals f, = 400...600 MHz and
frequency deviation is + 0.5% from the average value at the range of
measured altitudes from 0 to 1500 m.

At landing of the aircraft the sensor switches to the low range
(0...150 m), and the frequency deviation increases 10 times more, up to
+ 5% from the average frequency.

Figure 5.2,d shows the dependence F4(t) on time,
Figure 5.2, e shows the voltage of frequency difference Uy(t).

At intervals of duration t, called reversal zones (Fig. 5.2, d), Fq(t)
decreases from Fg to zero and increases to Fy again. The frequency Fqo
is called the main one, or rangefinder, or maximal difference frequency.
Cycles of changes F4 (t) are repeated with half-period of modulation
Tn/2.

In practice, the modulation period Ty, is selected high enough in
order to fulfill the relation T,,>>t for any altitudes. Then reversal zones
will be relatively small, and it is possible to assume that the average dif-
ference frequency during the period Ty, is equal to Fgo: Fy qy @ Fyg- In

this case the problem of altitude measurement is reduced to measure
Fq.av Of the voltage of difference frequency Uq(t).

At the output of the filter of difference frequency Fy (Fig. 5.1) the
oscillations Uy(t) using generator of pulses are converted into sequence
of pulses (Fig. 5.2, f). Standard impulse is formed each time with pass-
ing through zero of voltage Ugy(t) from minus to plus.

Frequency of pulse passing is determined by frequency meter. The
average frequency of pulse passing is equal to mean-square frequency of
voltage Uy(t) in the absence of obstacles.

Counter of frequency meter produces the voltage proportional to
the number of pulses which are received, and inertial link in the frequen-
cy meter averages this voltage.

Indicator of RA (Fig. 5.1) shows the measured altitude taking into
account the scale factor.



Depending on the bandwidth of the amplifier of converted signal
in filter Fy, the frequency radio altimeters are divided into narrowband
and broadband ones.

Broadband RA has the band amplifier, the bandwidth is
DF,a. >> DF, where DF is spectrum width of converted signal. Ex-
treme frequencies Frin and Fra of bandwidth define the range of meas-
ured altitudes.

Narrowband radio altimeters are widely used as precision measur-
ing instruments of small heights, particularly, in the low-altitude flight
systems or at automatic landing of aircraft.

In narrowband RA the bandwidth of processing channel of con-
verted signal is selected close to the width of the spectrum of the con-
verted signal DF;. The servo system is used that allows combining the
average frequency of converted signal with frequency f, of channel tun-
ing. These radio altimeters have high accuracy even at low signal-to-
noise ratio at the input of RA, due to both the decrease in noise power at
the input of frequency meter at narrowing of bandwidth of processing
channel and the reduction of systematic error that occurs because of dif-
ference of middle frequencies of signal and noise.

Block diagram of narrowband radio altimeter is shown in
Fig. 5.3). It operates by turn in the measurement mode and in the control
mode with calibration of scale factor.
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Measurement mode is implemented in the channel consisting of
controlled generator (CG); frequency-modulated generator (FMG); di-
rectional splitter (DS); transmitting and receiving antennas A-1 and A-2;
balance mixer (BM); narrowband filter (NBF); limiting amplifier (LA);
frequency discriminator (FD-1) and control circuit of modulating fre-
quency of oscillations (CC-1).

According to block diagram, radio altimeter is closed-loop servo
system with sensitive element FD-1 of constant tuning frequency fo. At
frequency f, the NBF is tuned, bandwidth of which DFygr is close to the
width of the spectrum of the converted signal DF, (DFgg.» DFs).

Frequency discriminator produces the voltage proportional to the
deviation of the average frequency DF,, of converted signal spectrum
from the tuning frequency f,. This voltage is integrated in the CC-1 and
is used to control the frequency of modulating voltage generator. Fre-
guency of modulating voltage F, changes toward the reducing the error:

DF = DF,, - f.

For preliminary rough adjustment of frequencies DF,, and f, it is
necessary to have the search circuit (SC) by which the frequency F
gradually changes until spectrum of converted signal gets in bandwidth
of NBF and the mode selection circuit (MSC) switches RA in tracking
mode by frequency of converted signal. The last is usually chosen equal
to 25 kHz. In the circuit the period of oscillation modulating is measured
from the output of reference generator (RG). Sensor of modulation pe-
riod meter (SMP) outputs the signal H which is proportional to flight
altitude.

Checking mode is turned on several times per second using syn-
chronizer (Synch). Control channel includes the main devices of basic
channel and calibrated delay line (CDL), which is connected to the
channel via antenna switches AS-1 and AS-2 and frequency discrimina-
tor FD-2. This part of the circuit operates in the same way as the basic
one. The voltage from FD-2 is used to control the level of signal.

In the checking mode the constancy of scale factor is checked.
Modulation frequency from CG (value of frequency is determined by
delay in CDL and is constant in the checking mode) is applied to the
BM, where oscillations from RG are also coming.

Frequency difference separated by mixer contains information
about the value and sign of the frequency deviation at the output of CG
from a given value in CDL and is used in the control circuit (CC-2) to
change the amplitude of modulated oscillation, and, hence, the deviation
of signal frequency. Control of amplitude is done in modulator (Mod).

Checkout circuit (CC) at presence of the converted signal and
constancy (within established ranges) of scale factor generates readiness
signal (Ready H). This signal indicates serviceability of RA. Compari-



son circuit (Com) is used for receiving the signal Hgen at the height re-
ducing to the given value.

5. 2.2 Radio altimeter PB-5

Radio altimeter PB-5 is designated to measure the absolute flight
altitude in the range of 0...750 m and to alarm about aircraft reaching the
given height, the value of which is preset on the indicator. Radio altime-
ter is a set of electronic equipment with antennas.

In the crew cabin on the flight deck only indicator is present that
immediately shows the altitude and usually it functions as warning sys-
tem about dangerous height with sound and light alarm.

General view of the set of radio altimeter PB-5M is shown in Fig.
54

Fig. 5.4

The set of PB-5 includes frame 1 with high-frequency cables,
transceiver 2, altitude indicator 3, antennas 4.

Technical data of PB-5M:

- range of measured altitudes (1% range is 0...120 m; 2™ range is
100...1200 m);

- measurement error is 5% of the measured altitude;

- carrier frequency of transmitter is 444 + 2 MHz;

- modulation frequency is 124 + 3 Hz.

- radiated power is not less than 0.15 W.

The altitude indicator of PB-5 is device ¥YB-5 mounted on the
flight deck. On the flange of the device the knob "SET ALTITUDE" is
placed with built-in yellow signal lamp and there is "TEST" button with

the built-in red  signal lamp. Turning the knob
"SET ALTITUDE" provides setting the warning of given altitude,
whose value is evaluated by triangular yellow index that moves on indi-
cator scale. When the aircraft reaches the given altitude, the yellow lamp
blinking begins and in pilot headphone simultaneously for 3...9 seconds
the audio signal beeps with the frequency of 400 Hz. By pressing button
"TEST" on serviceable altimeter the indicator is set to the check altitude
of 15 = 1.5 m; in the absence of the button the radio altimeter shows the
absolute flight altitude (or H = 0 at the ground).

Examples of the low-altitude radio altimeters are also altimeters
of type A-037 (Fig. 5.5, a) and A-053 (Fig. 5.5, b).

Radio altimeter A-037 has no error; it is designed for light aircraft
and helicopters, but can be installed on all types of aircraft and be used
instead of the radio altimeter PB-5. Altimeter A-053 is designated for
general aviation, aircraft and helicopters of major airlines.

Radio altimeters A-037, A-053 are airborne radar station with
continuous radiation of frequency-modulated radio waves. Radio altime-
ters are equipped with one or more indicators. They have small dimen-
sions and weights, high reliability of output information, fulfill the re-
quirements of DO-160 (standard for environmental testing of avionics
equipment), TSO-S87 (standard of radio altimeter certification) and air-
worthiness requirements of aircraft.




Altimeter may be included to set of ground proximity warn-

ing system (such as TAWS or EGPWS) and to be an important part
of them.

5.3 Radio altimeters of high altitudes

Increasing the flight altitude, the power of the reflected radio sig-
nal drastically falls, and it is difficult to identify valid signal from noise.
The intensity of the valid signal can be increased by increasing the
transmitter power, but the required power increases in proportion to the
4th power of height increase. For example, to increase the range of con-
tinuous radiation radio altimeter from 1500 to 15 000 m, the power of
radio transmitter would have to be increased by 10 000 times.

Therefore, in the radio altimeters of high altitudes, the pulsed me-
thod of measuring distance from the aircraft to the ground is used. Pulses
of constant frequencies at small regular intervals are emitted through the
transmitting antenna. In pauses between impulses there is an accumula-
tion of energy, which is then emitted again in the pulse. The ratio be-
tween the instantaneous power Piy, emitted in space in a pulse, and the
average power P,, of the transmitter is equal to:

Fimp _ T
IDav L%
where T is period between impulses; Tq is the pulse duration.

If, for example, T=1sec, and T,=1 microsecond, then
T/to = 1000. Consequently, the instantaneous power in the pulse will
exceed 1000 times the average power of transmitter.

Measurement of altitude of Hga is realized as measurement of de-
lay time Dt of the arrival of the pulse reflected from the ground in com-
parison with the arrival in the receiver of direct impulse:

Hga =0.5cDt,
where ¢ =299 762 km/sec is velocity of radio waves propagation in the
atmosphere.

5.3.1 Principle of high altitude radio altimeter operation

Block diagram of high altitude radio altimeter of PB-25 type is
shown in Fig. 5.6.
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Transmitter of radio altimeter PB-25 generates high frequency
pulses of duration T = 0.5 microseconds. The repetition frequency is set
by synchronizer. The synchronizer also controls the sweep circuit of in-
dicator tube. The probing pulses are emitted by the transmitting antenna,
reach the ground surface and are reflected from it, then they are accepted
by the receiving antenna. The amplified and converted signals from the
receiver output are sent to the indicator.

Indicator tube (IT) is used as the altitude indicator
with a circular sweeping and radial deflection of the
beam (Fig. 5.7). The synchronizing generator (SG) is
realized according to the scheme with quartz stabiliza-
tion of frequency and produces sinusoidal oscillations
with frequency varying depending on the operation mode
of radio altimeter (rough or accurate measurements, for
example, 14989 or 149895 Hz. The same voltage is used
to form the pulse in the modulator (M), that controls the
high frequency generator (HFG) of the transmitter (TR),
and to obtain two quadrature sinusoidal voltages required
for the operation of ramp generator (RG), which operates
in the standby mode.
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The reflected signal from the receiver (R) is ampli-
fied by video amplifier (VA) and applied to the central
deflecting electrode of IT.

For altitude reading, the scale in metres is used. It is
deposited on a transparent organic glass and superim-
posed on the screen of indicator tube.

On the display screen of altitude indicator the re-
flected pulse is seen in the form of radial splash. Moreo-
ver, on the display screen the probing signal will be
viewed in the form of amplitude marks.

If the movement of the beam by circle from zero
mark of the scale starts at the time of arrival of the direct
(probing) pulse, and at time of arrival of the reflected
pulse the electron beam receives the radial splash, then
the angular position b of this splash (see Fig. 5.7) will be
proportional to the measured altitude:

b =wDt = (2w/c) Hg, = SHg,,
where S =(2w/c) is the device sensitivity; wis angular
velocity of the electron beam sweeping.

Sensitivity S and accordingly the accuracy of the
reading can be raised by increasing the sweeping speed

w. However, at too high speed, the beam can make sev-
eral turns until the moment of reflected pulse arrival, and
there will be uncertainty of the indications associated
with ignorance of the number of revolutions made by the
beam.

Obtaining unambiguous results can be reached by
switching the ranges: for low speed of sweeping the
rough evaluation of altitude is done, and for high speed
there is precise evaluation.

The division value of radio altimeter is 200 m in
rough scale (Mx10) (see Figure 5.8) and is 20 m in pre-
cise scale (Mx1).

Probing
pulse

Scale «X10x Seale «X 1

Fig. 5.8

Thus, when measuring the altitude with the limit
precision to half scale the evaluation may be made to the
nearest 10 or 100 m respectively to the scale of mea-
surements.

The reading of altitude is performed in the follow-
ing sequence. On the coarse scale M(10) the altitude is
read and rounded to the nearest smaller value multiple to
1500 m (Fig. 5.8). Then on the precise scale M(1) the al-
titude is determined, not included in the first measure-



ment. The amount of values obtained on both scales will
constitute the geometric altitude.

Main technical characteristics of radio altimeter PB-
25 are:

- range of measured altitudes is from 100 to 17 000
m;

- error of altitude measurement is 15 m £ 0.25%
from measured altitude on the precise scale, and
150 m + 0.25% from measured altitude on the coarse
scale;

- transmitter power is not more than 0.2 W;

- carrier frequency of transmitter is 440 £ 1 MHz;

- pulse repetition frequency is 149895 * 25 Hz on
the precise scale, and 14989 £ 20 Hz on the coarse scale;

- duration of probing pulse is 0.5 ms;

- transmission bandwidth of receiver is not less than
5 kHz;

- intermediate frequency is 30 MHz;

- consumption power is not more than 140 W.

The high altitude radio altimeters are usually used
as auxiliary navigation tool, for example, for aerophoto-
graphy and other purposes, but for the problems of pilot-
ing at high altitudes they
are not applied. That is
why, the set of some high
altitude radio altimeters
does not even contain alti-
tude indicator. Information
about the current absolute
altitude comes directly to

consumer equipment. In addition, instead of two anten-
nas only one receiving-transmitting antenna is used. Fig-
ure 5.9 shows a set of impulse high altitude radio altime-
ter A-075-05.

5.4. Errors of radio altimeters

The first group of errors is formed by the methodi-
cal errors caused by the discrete nature of the altitude
evaluation, by change of the measurement conditions
(the influence of roll and pitch of aircraft on the accura-
cy), as well as by other factors.

The second group of errors is caused by fluctuations
of signal through the process of scattering of radio
waves, by noises of the external and internal origin, by
randomness of the received signal.

The third group is related to dynamic errors, in par-
ticular, the delay in the measurement of altitude.

The fourth group consists of instrumental errors due
to the passage of signals through the antenna, transceiv-
ers and measuring channels of radio altimeter and of the
errors due to circuit design and technological solutions
of radio altimeter blocks.

Methodical errors of radio altimeters. In RA of low
altitudes for measuring the frequency, the method of "ze-
ros count” is used that is the count of number of pulses
generated from the converted signal at a certain time in-
terval.



Let us suppose that the altitude gradually increases.
The number of pulses will vary discretely, increasing on
one, then another, etc., leading to discrete samples of the
difference frequency and accordingly to flight altitude.

The error resulting from
the discrete nature of the alti-
tude evaluation is called dis-
crete or steady one, since dur-
ing the flight at constant alti-
tude, this error has constant
Fig. 5.10 value. The dependence of the

measured altitude on the ac-
tual one in the presence of discrete error leads to limita-
tion of the minimal altitude H, (Fig. 5.10).

The minimum number of pulses that can be defined
on the interval of the modulation period T, is equal to
one, i.e. the minimum of the measured difference fre-
quency Fgmin 1S equal to the modulation frequency Fy,
which corresponds to the minimal measured altitude. For
symmetrical laws of frequency modulation it is:

c
H min _m
where Dfy is deviation of frequency, Mhz; c is the speed
of light.

If Dfy is equal to 50 Mhz, then H,, =0.75 m. To
reduce Hy, it is necessary to increase the deviation of
frequency Dfj.

Famin » 37.5Dfg",

In practice of RA building the effective methods of
dealing with discrete uncertainty are developed, which
are mainly based on smoothing of the discrete structure
of spectrum.

Errors of measurement conditions arise in the
presence of significant angles of roll or pitch of the
aircraft through the narrow directivity of the radio
altimeter antennas, because in this case the slant range to
the ground surface D is measured, not the the geometric
height of the flight Hy (Fig. 5.11).
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Methodical errors of high altitude RA also arise
because of the instability of radio waves propagation
speed in case of changes in radiation conditions. This
causes the changes in the speed of radio waves
propagation, which differs from the calculated speed
(299 762 km/sec).

Fluctuation error of radio altimeters. Fluctuation
error of height measurement occurs through noise-like
structure of the converted signal spectrum. With suffi-
ciently large signal-to-noise ratio, the standard root-
square errors Sg, Sy of measurement of average differ-



ence frequency and of height due to the random nature of
the converted signal are determined by the formula:

’DFf
SF:K Te v SH =MYSE,

where AF¢ is effective width of the spectrum of the
converted signal; T is time of averaging when measur-
ing; K =0.1...0.7 is coefficient depending on the method
of frequency measurement; my is scale factor.

For AF4=2290Hz, if T=05s, K=0.3 and
my = 0.0074, the fluctuation error will be sy =0.15m.
To reduce fluctuation error, it is advisable to increase the
averaging time T, however, this increases the inertia of
radio altimeter as a measuring device, which leads to the
growth of dynamic errors under aircraft maneuvering.
Therefore, there is an optimal value of T, which usually
lies in the range of 0.1...1 sec.

Dynamic error of radio altimeters. Since the mea-
suring devices of radio altimeters have the dynamic cha-
racteristics of the corresponding order, when measuring
the altitude of highly rugged relief, there is a time lag in
measuring the altitude, and the dynamic error occurs.

In the presence of vertical speed of aircraft at low
altitudes, there may be an error due to the influence of
Doppler phenomena on the frequency method. This error
is referred to as dynamic one. To eliminate this error, it
IS necessary to choose the RA parameters so that the ver-
tical speed could not exceed a certain critical value. In

practice, this condition is fulfilled with reserve, and the
requirement is provided:

I:Dmax < 0-:I-FdOmins
where Fgmin IS the difference frequency, which corres-
ponds to the minimum height H,,,, at which the flight
with vertical speed Vymax IS possible; Fpmax is Doppler
frequency, which corresponds to Vymax.

By selection of RA parameters the dynamic error
because of influence of Doppler phenomena can be re-
duced to 1...2% from Hp.

Instrumental errors of radio altimeters. Like any
measuring instrument, the radio altimeter has its instru-
mental errors. They are caused by non-ideality of charac-
teristics of the individual blocks, as well as by the condi-
tions of their placement. The most common causes of in-
strumental errors are parasitic amplitude modulation of
the radiated signal, the influence of vibration, causing
low-frequency modulation noise of the transmitter, the
penetration of direct signal from the transmitter to the
receiver via the incomplete isolation of the receiving and
transmitting antennas, the deviation of modulation para-
meters, the errors of frequency meter.

Radical way to deal with the noises introduced by
the direct signal is to improve the noise characteristics of
the generator and to improve isolation of receiving and
transmitting antennas by their rational installation. The
implementation of the last recommendation requires the
proper installation of antennas in different places of air-



craft within a few meters from each other. At low alti-
tudes there will be "hypotenuse error”" (Fig. 5.12, a)
caused by the difference of the average path length of
reflected signal and doubled height. There may be also
an error resulting from multiple reflection of signals
from the ground and from the aircraft surface (Fig. 5.12,
b).
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As additional way of noise reduction, the filters are
used which cut out the low frequency part of the spec-
trum of the converted signal, where the main amount of
energy of parasitic noises is concentrated.

One of the reasons of instrumental error is unsatis-
factory tuning and regulation of radio altimeters. There-
fore, while developing equipment, the special methods to
reduce such instrumental errors are used.

The errors in altimeter readings can be caused by
the distortion of sweeping shape and by the eccentricity
of sweeping circles relative the scale, by the inaccurate
installation of probing pulse to zero of the altimeter
scale, which is mostly caused by the shape and ampli-
tude of probing pulse, and also by the unstable operation
of synchronizer. As a result, the probing and the reflect-

ed pulses observed on the display screen of radio altime-
ter will travel (so called "trembling").

Errors of impulse RA also consist of errors from ra-
dio interference and errors from the instability of angular
speed of sweep.

Errors of high altitude RA may occur because of in-
correct adjusting of synchronizer, resulting in the viola-
tion of relationship between the scale and the sweep du-
ration, caused by the period of sinusoidal oscillations of
synchronizer.

Comparative analysis of RA errors caused by vari-
ous factors, shows that the greatest influence on the re-
sulting error has the fluctuation errors and the instrumen-
tal ones. In modern RA at the minimal altitudes, the
maximal error does not exceed the wvalue
AH, = £(0.3...0.9) m. With altitude increase the mea-
surement error raises.

5.5. Features of radio altimeter operation

Flight operation of radio altimeters. After switch-
Ing on the radio altimeter it is necessary to verify that the
readings of altitude indicator and of decision height indi-
cator do not exceed 2 m.

Before takeoff it is necessary to ensure that the de-
cision height indicator is set at the value corresponding
to the value of the safety altitude of the aerodrome.

During climbing and descending it is necessary to
test the signal of decision height. At the altitude less than



1500 m it is necessary to compare the readings of pres-
sure altimeter and radio altimeter and to check the read-
ings of decision height indicator during descending.

When flying at low altitudes above thick layer of
ice (snow) the radio altimeter may measure the height
with significant error, since the height is measured from
the lower edge of the ice (snow) cover. Height to the top
edge of the ice (snow) cover is measured only when fly-
ing above moist or polluted ice or snow. Therefore, when
flying at altitudes less than 50 m above thick layer of ice
(snow) it is necessary to take precautions.

When flying at low altitudes above forests, depend-
ing on the composition and density of forest the radio al-
timeter may measure the height to the top edge of tree
crowns (dense forest) or to the ground surface (sparse
forest). That is why when flying above forests at alti-
tudes less than 50 m, it is necessary to take precautions.

When flying above mountainous terrain, where ab-
rupt changes in altitude may be beyond the range of
measured heights, the radio altimeter is not recommend-
ed for use.

At the angles of roll and pitch greater than 20°, the
error of flight altitude measurement increases because of
the influence of slant range.

At the angles of roll and pitch more than 40°, the
radio altimeter is not recommended for use.

When flying above the operating range of heights or
with defective RA, on the front of altitude indicator the

warning flag of red color appears, and the indicator poin-
ter is in the dark sector of high altitudes.

When checking RA in the mode "Test" that can be
carried out at any height, the required testing time is de-
termined by the time of indicator arrow passing from
dark sector to the altitude of 15 m. After the checking
this mark, the warning flag must disappear.

When aircraft flies from top to bottom and passes
the dangerous height that is defined the altitude indica-
tor, then on the front panel the lamp lights up. Its bright-
ness is adjusted by rotation of the lamp knob.

When disconnecting the supply voltage from RA on
the front panel of altitude indicator the warning flag ap-
pears, and the indicator arrow can be in any point of the
scale.

As previously noted, high altitude radio altimeter
has no indicator, and information on the flight altitude is
used in other complexes and systems, therefore, its usage
Is largely confined to timely switching on and off the
power supply in compliance with safety measures similar
to the measures of safety in the operation of low altitudes
RA.

In the operation of high altitudes RA, in which there
Is the altitude indication, it is necessary to compare read-
ings of RA and pressure altimeter periodically.

Maintenance of radio altimeters. Before starting the
checking of RA serviceability on the ground, it is neces-



sary to ensure that there are no persons or foreign objects
under the antenna of radio altimeter.

After switching on the radio altimeter via the time
required for removing the signal "RA failure", the alti-
tude indicator works off the height depending on the
placement of antennas relative to the object center of
gravity, on the loading of the shock absorbers of landing
gears, on the tilt angle of antennas. Therefore, it is neces-
sary to remember that the indicator arrow will be within
the tolerance at zero altitude when the object is in the
landing configuration, when antennas are located near
the centre of gravity, as well as when there is small wea-
kening of shock absorbers of landing gears.

If antennas are placed on front part of the object
relative to the center of gravity, then the indicator arrow
will show the negative altitude, and when placing anten-
nas in the back of the object, then the readings will be
positive.

If the index of dangerous height is set in the range
of measured heights starting from 5 m, then with arrow
passing through index of dangerous height, on the front
panel of altitude indicator the signal lamp will light up
and in the pilot headphones there will be audio signal.

It is necessary to ensure that the systems connected
with radio altimeter (display system, ground proximity
warning system and other aircraft systems that are func-
tionally associated with RA) are serviceable. Also it is

required to ensure that these systems are issued one-time
signals and signal of dangerous height.

TEST QUESTIONS

1. What is the principle of height determination
used in radio altimeter?

2. What method of altitude measurement is the most
common in low altitude radio altimeter?

3. What method of altitude measurement is the most
common in high altitude radio altimeter?

4. What principles is the frequency method of alti-
tude measurement based on?

5. What frequency separated by the filter-detector
of low frequency is a measure of the absolute altitude at
low heights radio altimeter?

6. Which parameters of the transmitter frequency of
low altitude radio altimeter does its sensitivity depend
on?

7. What parameters of transmitter frequency of low
altitude radio altimeter change when switching the alti-
meter to small range?

8. What frequencies in low altitudes radio altimeter
determine the range of measured heights?

9. Give examples of low altitude radio altimeters.

10. How is it possible to increase the range of radio
altimeter of continuous radiation? What does it lead t0?



11. What measured parameter is a measure of abso-
lute flight altitude in impulse high altitude radio altime-
ters?

12. What is the range of measured heights of radio
altimeter PB-25?

13. Why do the errors of measurement conditions
arise in low altitude radio altimeters?

14. What error arises due to the discrete nature of
the altitude evaluation in low altitude radio altimeters?

15. How is it possible to improve the decoupling of
the receiving and transmitting antennas of low altitude
radio altimeter?

Chapter 6. Doppler Navigators

6.1. Doppler method of measurement of ground speed and
drift angle

Radio method of measurement of aircraft ground speed is based
on the effect of Doppler frequency shift, the essence of which is the
change of frequency of received oscillation with the relative motion of
the transmitter and the receiver.

If the oscillation source is moving relative to the medium, then the
distance between the peaks of waves (wavelength) depends on the speed
and direction of movement (Fig. 6.1). If the source is followng the
emmited wave, then the wavelength is decreased (the frequency is
increased); if the source is moving from this wave, then the wavelength
is increased (frequency is reduced). Frequency shift is increased with
increasing the velocity of the receiver relative to the transmitter.
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Fig. 6.1

The same effect occurs if the transmitter and receiver are un-
moved relative to each other and located on the moving object, and os-
cillations are received after reflection from unmoving object, for exam-
ple, ground surface.

Let us consider Doppler phenomena with continuous radiation of
non-modulated radio signal.

Let us suppose that aboard aircraft performing the horizontal
flight with constant ground speed V, = const, the receiver and transmitter
are installed. The latter emits the signal of the form:

erg (t) = Epy 5 €0S(frr *1),
where et (t) is instantaneous value of the electric field strength generat-
ed by the transmitter at the output of transmitting antenna;
En1r is the amplitude of the field strength generated by the transmitter;
frr is the oscillation frequency of the transmitter.

Oscillations arriving at the receiver input are delayed relatively to
the emitted ones by time t = 2R(t)/c, where R(t) is current variable dis-
tance between the aircraft and elementary reflector; c is speed of light.
Then the signal received by the receiver can be written as:

erec (1) = Ep g COS[ frr (t - T)].
The instantaneous value of frequency of the received signal, which is
determined as the time derivative of the total phase
Q) =fr(t-1) =fr[t-2R(t)/c],
equals
f =f, - Zde_R
Rec — TR c dt’

Thus, the received oscillations vary in frequency from the fre-
guency of emitted oscillation by the amount
2 g dR(t)

c dt
that is called Doppler frequency shift (Doppler frequency).

If the speed of approach (or removal) changes over time, Doppler

frequency Fp(t) also becomes a function of time.

dr(t)
dt
direction of the antenna beam, i.e. radial velocity W of aircraft relative-

Fo = frec - frr = -

Derivative is projection of aircraft velocity vector on the




dr(t)
dt
the expression for Doppler frequency shift as:

2f 2
Fo = frec - frr = CTR Wg :TWR'

ly the reflector _ =Wp - Taking this into account, let us represent

where A is wavelength of oscillations emitted by the transmitter.

Doppler navigator (DN) uses exactly this effect. During the flight
the fragment of ground surface that is irradiated by DN antennas, moves
relative to the airplane with speed equaled to the ground speed of air-
craft. If the surface is not perfectly smooth, then at each irradiated sec-
tion, there is at least one point - elementary reflector that creates the ref-
lection towards DN. Absolutely flat surface creates mirror reflection
with which DN is not working.

Frequency of oscillations received by the DN receiver and reflect-
ed from the ground is different from the frequency of radio waves emit-
ted by the transmitter. By the difference between these frequencies (by
Doppler frequency Fp) it is possible to determine the radial velocity Wy
of aircraft, and with the known orientation of the antenna beam relative
to the aircraft, the ground speed of aircraft Vy and drift angle bg, can be
found.

6.2. Measurement of ground speed vector by single

beam meter

In horizontal flight the oblique irradiation of the ground surface is
used at angle B, (Fig. 6.2, a) to provide sufficiently large projection of
the aircraft velocity vector on the antenna beam direction and at the
same time to keep an acceptable power of reflection towards the DN
receiver.
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Fig. 6.2

DN antenna beam has a finite width, and therefore the reflection
of radio waves occurs from a fairly large area of the ground surface.
This section contains a set of elementary reflectors, independent on each
other and randomly located within the area that is irradiated.

Since within the width of the beam the irradiation of ground sur-
face section is done at different angles in the vertical plane, then the re-
flected elementary signals have different Doppler frequency shifts rela-
tive to the frequency of emitted signal

Fp, » 2V cosB; /1,

where i is number of elementary reflector, B; is the angle at which it is
irradiated, I is wavelength of signal emitted by the transmitter.

To determine the frequency spectrum of the reflected signal, let us
cut out elementary strip from the irradiated area. All points of strip are
located in directions which constitute angle B; with velocity vector V.
At the oblique irradiation the borders of strips on the ground surface
have the form of hyperbola.

All points of such elementary strip create the reflected signal with
frequency f; » frg + Fp, . Having considered that each of N elementary

strips corresponds to Doppler frequency shift it is possible to represent
spectrum of the reflected signal by sequence of frequencies

fr + %cos B;.



Thus, the total Doppler signal is the sum of a number of elementa-
ry signals with random initial phases and amplitudes and with regular
change of amplitude and frequency.

The power distribution of sums of elementary signals with the
same Doppler frequencies averaged over the set of random reflectors, is
called Doppler spectrum of the signal reflected from the ground surface.
The form of the envelope of Doppler spectrum is shown in Fig. 6.2, b.

Average frequency Fp,, of Doppler spectrum is called the fre-
guency that divides the power spectrum in half so that the total powers
of spectral components with frequencies Fp < Fpa and Fp > Fp,, are
equal to each other.

If the ground surface reflection coefficient is constant within the
width of DN antenna, then Fp,, coincides with the frequency FDo of

Doppler signal of elementary reflector irradiated at angle By, and the
form of spectrum envelope is determined by the form of the antenna di-
rectional diagram (ADD) of sensor in the vertical plane.

The maximum power in this case (Fig. 6.2, b) has the signal at av-
erage frequency of spectrum corresponding to the direction B, (axis of
ADD), and spectrum width at the level of half-power is:

DFy 5 = ﬂgcosae By - ﬁ(_) - COSEB, + ﬁ?ﬂ =N i By sinﬁ,
1 &° 25 &% 24 1 2
where B, is width of ADD in the vertical plane.

At sufficiently narrow ADD used in DN, it is possible to assume
that sin(Ba/2) = Ba/2, in this case

DFy5 :ZTVBAsin Bo.
The relative width of Doppler spectrum is determined by the expression

DF,
25 =B ,tgB,

D av
and depends on ADD width and beam tilt angle in the vertical plane.
With the increase of inclination angle of the beam the width of Doppler
spectrum increases.
In modern DN B, = (4...5°), Bg = (65...70°). Then at the horizon-
tal flight of aircraft with angle of ADD bq, = 0 we obtain

DFos _ 0.1...0.5.

D av
Thus, Doppler signal is narrowband.
Increasing ground speed, the spectrum of Doppler signal enlarges
and moves (see Fig. 6.3) to the high-frequency area.
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To measure the ground speed of aircraft it is necessary to deter-

mine the average frequency of Doppler spectrum Fp 4 » Fpq:
Fp = %WR. (6.1)

Radial speed Wx can be connected with the ground speed vector
V, and with drift angle of aircraft by

Figure 6.4 shows a diagram explaining the measurement of the
ground speed and drift angle in the assumption that the flight is in the
horizontal plane and there is no slip. Here V is vector of true airspeed (Vy,
is its horizontal projection); W,, is vector of wind speed; by, is drift an-
gle; Wk is radial velocity of aircraft (projection of ground speed vector
V, on the direction of the antenna beam).
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Assume that aboard aircraft there is an antenna with a narrow
ADD, that is, electromagnetic energy is reflected from the limited area
of ground surface. The antenna is rotated in the horizontal plane at angle
o relative to the longitudinal axis of the aircraft and at angle By in the
vertical plane. Angles Iy and By are called adjusting angles.

Since the vector Wy is the projection of the ground speed vector
V, on the direction of ADD axis, then

Wg =V, cosB cos(Gq - by, ) . (6.2)
Substituting (6.2) into (6.1), the basic equation of DN is obtained:

2V,
Fo = Tcos B, cos(Gy - by, ) - (6.3)

0

Doppler frequency includes information both about ground speed
and drift angle, that is in equation (6.3) there are two unknown guantities
(bgr and Vy), therefore it is necessary to use special methods to solve this
equation.

For the single-beam DN it is the use of rotary antenna. When us-
ing rotary antenna, Doppler frequency Fp, will vary depending on the

variable angle I, that is rotation angle of the antenna in the horizontal
plane relative to the longitudinal axis of the aircraft.

When aligning the irradiation direction in the horizontal plane
with the ground speed vector V,, the angle (I - by) becomes equal to
zero, and increasing the frequency reaches the maximum:;

2V,
Drmax =TcosBO. (6.4)

If A and B, are known, the ground speed

I
=——F
97 2cosB, Cmax
can be determined by the direct measuring of Fp__ by frequency meter.
Drift angle bg, is equal to the angle between the axis of the airplane and

the axis of the antenna at the time of its alignment with ground speed
vector, i.e.at Fp = Fp__ .

Single-beam system does not find practical application due to the
small slope of the curve Fp(I") at maximum area (see Fig. 6.4), resulting
in reduced sensitivity to changes in angle I with small misalignments in
directions of V4 and ADD axis in the horizontal plane. This leads to low
accuracy of determination of the drift angle as function Fp(I") = Fp__,.
To understand the impact of errors on determining the frequency Fp_ .
let us assume that at the moment of measurement Fp__ the angle
(I - bg) =DI 0. At the same time Doppler shift differs from Fp in the
value:

V

A 2V
DFp =Fp - Fp = Tcos Bo - Tcos BocosDG =

Y DG?
= Tgcos By(1-cosDG) » Fp -

Hence it is possible to determine the measurement error of drift

angle bg, caused by inaccurate alignment of ADD axis with vector V,

due to the error of determination Fp__.:

Dby, =DG » 2DFp

Dmax




At the relative error AFp/Fp, ., = 0.01 the error in measuring the

drift angle is Abg = 0.14 radian or approximately 8°, and in terms of
aeronautical measurement it is unacceptable.

Error in measurement of Fp_.. causes also corresponding error of
ground speed measurement, the value of which can be found directly
from the expression

DYy _ DFp

Vg I:Dmax .

Another important reason of the error of single-beam measuring
devices is roll of aircraft. Suppose that because of the roll the actual val-
ue of adjusting angle B differs from the calculation angle By in the value
ABy. Differentiating expression (6.4) by the parameter By, it is possible
to write:

dF 2V
Pmax— _ =9 jn B, .
dB, I

In the finite differences it will be;

2V
DFp, . = —Tg(sin By)DB,.

Hence, taking into account formula (6.4) it is obtained

DV i
o - DFo __SINBo g - _pB,tgB, .

Vy FDmax cosBg

In real systems, the angle of irradiation By is selected about 70°.
In this case, the relative error of ground speed measurement is 0.05 for
each degree of error DB, for determining the irradiation angle B,.

Reduction of error caused by roll can be achieved by stabilization
of the antenna in the horizontal plane or by the insertion of corrections to
roll in the computing device when processing data. However, this leads
to the significant complication of sensor, but it does not eliminate the
disadvantages of single-beam method, which should also include re-
quirements for high stability of frequency of irradiated oscillations.

The most radical way to improve the accuracy of measurement of
ground speed and drift angle is the use of multi-beam measuring devic-
es.

6.3. Measurement of ground speed and drift
angle using multi-beam systems

Multi-beam DN for measuring the drift angle uses the method of
comparison. It does not require the moving antennas and provides
automatic and simultaneous measuring of ground speed and of drift
angle with acceptable accuracy.

As follows from (6.3) - DN basic equation, Doppler frequency
contains information both about ground speed V, and drift angle bg, that
is there are two unknown quantities. To determine two unknown
guantities it is necessary to have at least two equations. With unmoving
antennas in DN this can be achieved using two beams with different
adjusting angles 'y, and Mg,. Then for two beams, two values of Doppler
frequency are obtained and there will be corresponding set of two
equations with two unknowns:

2,
Fo, = —cos B, cos(Gy; - by, );
(6.5)

2V,
Fo, = —cos By c0s(Gp, — by )-

2

In the unilateral two-beam system the error of drift angle
determination is about 30 times less than in single-beam system.
However, the error of ground speed measurement remains the same as in
single-beam system.

Accuracy of ground speed measurement increases considerably
when using bilateral systems with two beams directed forward and back.
But in such a system the drift angle is determined with the error of
single-beam system.



Moreover, equations (6.5) are valid only for level flight with no
vertical component of the velocity vector. In the presence of roll or pitch
the accuracy of two-beam DN is reduced.

These disadvantages are reduced sufficiently when using DN with
three or four antennas, directional diagrams of which are located relative
to the aircraft in the shape of letters «Y» or «X».

Measurement of ground speed and drift angle is carried out by
comparing Doppler frequencies of two beams. In the absence of drift the
ground speed vector coincides with the longitudinal axis of the aircraft,
so that Doppler frequencies of both beams are the same and their
difference is equal to zero. In the presence of drift, Doppler frequencies
are not the same, because ground speed vector deviates from the
longitudinal axis of the aircraft on the value of the drift angle.

Three-beam antenna system is shown schematically in Fig. 6.5 in
two dimensions: horizontal and vertical, that passes through the beams
1-3.

L,

Fig.6.5

As it is shown in Fig. 6.5, three-beam antenna DN system uses
symmetrical arrangement of beams in which:

Bo1 = Bo2 = Bgs =By ;
r01=r0, r02 = 1800 - ro, r03 = 1800 + ro,
|cos Foy| =|cos Fos| = cos .

In three-beam system the expressions for Doppler frequencies for
each beam (channel) are as follows:

2V,
Fp, = — cos By cos(g -bg, );

2V

Fo =Tgcos By cos(I + by, );

2

2V,
Fp, = — cos By cos(g - by, ).

The sum and difference of frequencies of pair channels are
determined by the following expressions:

_ A _ AV, ,

Fp, + Fp, = Tcos By coslycosby, = Tcos B cosly;
(6.6)
Fo

_ A . . Y, .
-Fp —TcosB0 sinlgsinby, -TcosB0 sinl,

3 2

where V,, V, are projections of ground speed vector V4 on the axes of
horizontal body-fixed coordinate system OX;, OZ; (see Fig. 6.5).

From (6.6) it is possible to obtain the calculation algorithm of
navigation parameters:

_l FD.|.+FD2 C\/
4 cosBycosly ' °

_1 Fo;-Fo,
X 4 cosBgysinly
Fo, - F
by, = arctgv—Z =arctg—2——>2 ¢tgly; (6.7)
V, Fp, + Fo,
Vv Fo, + F
Vy = —* -1 o7 sechy, .
cosby, 4 cosBjcosl

Four-beam system with designating the angles By, Iy for level
flight is shown in Fig. 6.6.

To determine three components of the velocity vector of the
aircraft, in fact, it is enough to have three beams. Therefore, information
obtained by the fourth beam is redundant and navigation algorithms for
calculating parameters are described by the same formulas - formulas
(6.7).




Fig.6.6

In four-beam DN there are the following relation between four
Doppler frequencies:

Fp, + Fp, = Fp, + Fp, - (6.8)

This relation is true for any evolutions of aircraft and can serve as
a criterion of correct operation of all channels in the sensor. From (6.8) it
is seen that one of Doppler frequencies can be expressed with the help of
three others.

Determination of navigation parameters by formulas (6.7)
corresponds to coherent mode of DN, i.e. separate processing of
information for each beam. In four-beam DN the pairwise processing of
beam data is also possible (auto coherent mode). In this case differences
of Doppler frequencies of beams lying in one plane are measured in DN:

I:DlS = FDl B FD3; I:D24 = I:D4 - FD2 )
by which the ground speed and drift angle are determined:

Fo,, - F
by, = arctg—24— 213 ¢igr,;
D3 * FDz4
- l FDlS * I:D24
8 cosBjcosl

The accuracy of calculating the ground speed thus is slightly
improving. The advantage of DN with pairwise processing of
information is reducing of channels of signal processing from four to
two, which leads to the reduction of mass and size characteristics of the
system.

9 sechy,.

In multi-beam DN the measurement errors of navigation
parameters arising from changing the roll and pitch angles are reduced
significantly. The need for at least
three beams and three frequencies
is considered on the example of the
influence of pitch J. Figure 6.6 by
solid lines shows the direction of
the beam at J=0, and by the
dashed lines - at J>0. The pitch
leads to the decrease of angle By in
the first beam and to the increase of
angle By in the second and third
beams. Thus, the sum and
difference of frequencies in (6.7) vary significantly less than for each
frequency separately.

Fig. 6.7

6.4. Construction principle and block diagram of Doppler navigators

Construction of Doppler sensors is substantially conditioned by
the mode of radiation. There are systems of continuous radiation with
frequency modulation and without, and systems of pulse radiation with
low off-duty ratio (quasi-continuous) and with large off-duty ratio.

The main advantage of DN with continuous unmodulated
radiation is the focus of Doppler signal spectrum within a single, very
narrow, frequency band, providing the most complete use of signal
energy. The second advantage is in relatively simple structure of
transmitter, receiver and indicator.

Disadvantage of DN with continuous radiation is the difficulty of
eliminating the transmitter signal that leaks to the receiver input. This
signal reaches the receiver input both as a result of coupling between
receiving and transmitting antennas that are usually located nearby, and
because of reflection of direct signal from elements of aircraft
construction.

As an example, let us consider the generalized block diagram of
three-beam DN with radiation of unmodulated continuous oscillations



and with direct conversion of reflected signals to low frequency (Fig.
6.8).
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DN main functional elements are high frequency generator
(HFG); transmitting and receiving antennas; forming waveguide antenna
system; balance mixer (MX); band-limited low frequency amplifier
(LFA). In modern DN the listed blocks are structurally integrated into
the high-frequency block (HF block).

Electromagnetic waves with required power of frequency frr
generated by HFG of klystron or semiconductor type, passing through
the slotted-guide bridge, are divided into three equal parts and pass to
three horn radiators of transmitting antenna. Transmitting antenna
generates three narrow beams. The beams are directed at specified
angles down and sideways relative to the axis of antenna system that
coincides with the longitudinal axis of the aircraft.

The signals reflected from the ground surface with
frequencies fpe, = frr £ Fpy, (1=12,3) are taken in the receiving antenna

by three narrow beams and then come into the three identical paths of
receiving-measurement channels, which consist of the balance mixer
(MX) and low frequency amplifier (LFA). Directional diagrams of
receiving and transmitting antennas coincide and create the total ADD of
DN antenna system.

To the input of each channel the signals from HFG also come,
which play a role of reference signals in the balance mixer. At the output
of the balance mixer the low-frequency oscillations of Doppler spectrum
are separated and applied to LFA of each channel for amplification.

Bandwidth of LFA is selected based on the range of possible
Doppler frequencies. Such transformation of frequency loses the sign of
Doppler shift, but it is not essential for aircraft DN.

Doppler signals after amplification in HF block come into the low
frequency block (LF block) to the input of frequency meter of average
Doppler frequency.

To measure the average Doppler frequency it is possible to use
counter of the number of times when the low-frequency voltage crosses
zero level (zero-crossing counter); auto-correlator that measures the
correlation time that is inversely proportional to the average frequency;
frequency discriminator.

All three methods have similar errors, but in practice it is easy to
implement zero-crossing counter, or the counter of pulses generated by
the scheme of limiting and differentiating at the zero-crossing points of
voltage on LFA output.

Voltages proportional to the value of Doppler frequencies, from
the output of frequency meter enter the computer, which takes into
account data on the roll g and pitch J of aircraft, as well as data on the
angular orientation of DN beams. The computer calculates values of
ground speed V, and drift angle bg.

Measured Doppler frequencies depend to some degree on the
nature of reflective surface, so simultaneously with the measurement of
Doppler frequency shift, DN determines the correction to nature of the
reflecting surface, which is taken into account when calculating the
ground speed.

The obtained data on V, and by comes further in the navigation
system to determine the coordinates of the aircraft by dead reckoning
method and to the indicator of ground speed and drift angle.

Modern DN measures the ground speed in the range of
150...2500 km/h, the drift angle within + 45°. They can operate at alti-
tudes of 15...21 000 m. However, during the climb and descent, as well
as maneuvers of aircraft with pitch and roll angles of more than 5...10°
the accuracy is significantly reduced. Compensation of errors in mea-
surement of ground speed and drift angle is carried out in different ways.



6.5. Doppler navigator ANCC-013

Doppler navigator ANCC-013, the set of which is shown in Fig.
6.9, is designed for continuous automatic measurement of ground speed
and drift angle, and in the navigation systems it is used for dead
reckoning.

Fig.6.9

Structurally the functional blocks of AWNCC-013 (Fig. 6.9) are
high-frequency block 1 with waveguide antenna system, interface block
2, low-frequency block 3, and display devices in the cockpit 4.

Information about ground speed and drift angle comes to DN
indicator, and in the navigation computer like AHY or LIHBY and in the
automatic flight control system of the aircraft. It is used for navigation
for the given route of any type of the flyover surface independently on
the optic visibility.

To take into account the nature of reflection of flyover surface,
when flying over the sea the correction is entered the computer with the
help of switch "land-sea" on the control display unit.

ONCC-013 provides the following modes of operation: "Test",
"Navigation”, and "Memory." Turning the desired mode is carried out by
mode selector.

"Navigation" mode is designed for automatic continuous
measurement of ground speed and drift angle, for output their values on
display and to consumers.

Mode "Test" is intended to check the functioning of device using
built-in testing circuit. In this case Doppler frequency measuring circuit

is connected with the special reference frequency generators which
simulate Doppler frequencies.

Signals of reference frequency generators are applied to frequency
meter instead of Doppler frequencies and on the indicator the reference
values of the ground speed (710 =20 km/h) and of the drift angle
(0 £ 30¢) are displayed as calculated by DN schemes.

Activation of "Memory" mode is performed from the control
display unit with turning off the radiation or automatically: if there is no
reflected signals or low levels of them at the receiver input (for example,
when flying over calm sea); if receiving or transmitting channels are not
working; if there are angles of roll or pitch more 10 + 2°. In this case the
memorized at the moment of activation of "Memory" mode values of
ground speed and drift angle are displayed.

Modifications of ANCC-013 are installed on the aircraft An-22,
An-26, An-30, Tu-134, Tu-154, 11-62 and on their modifications.

Operational and technical characteristics of JMNCC-013 are shown
in Table 6.1.

Table 6.1
Type of characteristics Values
Range of measurable ground speeds, km/h 180...1300
Range of measurable drift angles, deg +30
Operating range of altitudes, m 10...15 000 m
Ground speed measurement error (2s), % 0,4%
Drift angle measurement error, ang.min 20
Mass, kg 275

Doppler navigator AWNCC-013, communication block and
navigation computer form Doppler navigation system.

6.6. Helicopter Doppler navigator ANCC-15

Helicopter Doppler navigators significantly differ from the
aircraft ones in principles of their construction, primarily due to the
different functionality and modes of helicopter and aircraft flights.
Motion of the helicopter in the space can be arbitrary. In some cases,
such as in hovering mode the velocity vector can be equal to zero or near
to zero and can change its direction. Therefore, the helicopter Doppler



navigator should measure Doppler frequencies up to values close to ze-
ro, and determine their sign.

By design the helicopter DN can be divided into devices which
measure:

- low velocities in the ranges of transition to hovering mode;

- high velocities in the range of navigation mode;

- low and high velocities.

Doppler navigator ANCC-15 in combination with installed aboard
compass system and gyrovertical is designed for independent measure-
ment and display of components of velocity vector (during hovering of
helicopter), ground speed and drift angle (during cruise flight), dead
reckoning and indication of great circle or geographical coordinates of
the helicopter location in both modes.

Structurally ANCC-15 represents two large blocks - high fre-
quency block with waveguide antenna system (see Fig. 6.10) and low
frequency block, and coordinate computer, control display unit. ANCC-
15 is combined with gyrovertical, compass system and airspeed sensor.

Fig. 6.10

Basic operational and technical characteristics of NCC-15 are
represented in Table 6.2.

Table 6.2

Values of conti-
nuous unmodu-

Parameter

lated oscillations
Frequency, MHz 13 325
Power, W 2..10
Working altitude range, m:
in navigation mode over sea and land (sea 10..3 000
choppiness > 1)
in hovering mode over land 2...1 000
in hovering mode over sea (sea choppiness > 1) 5...500
Measurement range of ground speed in naviga-
. 50...399
tion mode, km/h
Measurement range of longitudinal component 25 450
of speed vector in hovering mode, km/h e
Measurement range of transverse component of
: . +25

speed vector in hovering mode, km/h
Measurement range of vertical component of +10
speed vector in hovering mode, m/s -
Measurement range of drift angle in navigation

+45
mode, deg
Errors in measurement of ground speed, km/h 05%+15
Errors in measurement of drift angle, ang.min. 25
Errors in measurement of longitudinal and

15
transverse components of speed vector, km/h
Errors in measurement of vertical component of +04
speed vector, m/s -

Doppler navigator has three-beam receiving and transmitting an-
tenna system. The antennas are arranged so that directional lobes of each
antenna are directed downwards at some angle. Together they look like
diverging from the helicopter beams by the type of trihedral pyramid. Its
basis is the surface of land or water, vertex is helicopter itself, and edges
are beams of narrow-band antennas of each channel. The orientation of
the beams of antenna system in AWCC-15 is shown in Fig. 6.11.



Fig. 6.11

In antenna systems OWNCC-15, the symmetrical arrangement of
beams is used, in which
Bo1 = Bo2 = Bgz =By
Mop =T =45° [y, =180°-T,, [y =180°+T;
|cos Ty | =|cos Mg, | =|cos 3| = cosFy =sin Ty,
For each of three beams of the antenna system, Doppler frequency

is Fo; :%WRi (i=1,2,3), where W, is radial velocity (projection of

the ground speed vector V, of the helicopter on direction of i-th antenna
beam). It can be expressed through the projections (V,, Vy, V,) of ground
speed vector V, on the axes of body-fixed coordinate system and through
the orientation angles Gy, B, of antenna coordinate system relative to the
body-fixed coordinate system:

Fp, =%(VX c0sG, cosBg +V, cosG, cosB, -V, sinBy);

Fp, = %(—Vx c0sGq cosB +V, cosG, cosB -V, sinBy);

Fp, = %(—VX c0sGq cosB -V, cosG, cos By -V, sinBy).

Reflected signals received by the receiving antenna, are applied to

the device of separation of Doppler signal by the sign of the frequency
shift.

The magnitudes and signs of the signals of Doppler frequency

shift, which is taken by three antenna beams, are used to compute the

components of the ground speed vector in the body-fixed coordinate sys-
tem. The calculation is carried out according to the formula:

_1 Fo, -Fp, |
¥ 4cosGycosBy
Fo +F
Vy I Dy D3’
4 -sinB
v =4 Fop~Fog

4 cosGycosBy

Then the projections of the components of the velocity vector

Vi Vyp, sV, ON the axes of horizontal (earth-fixed) coordinate system

are calculated by the components of the velocity vector V,,V,, V, using

the direction cosines matrix B

eV, U v 0
é u 8 X4
eVyh 0= Bequ
gy U
Vol Vel

The direction cosines matrix can be obtained by signals of roll g

and pitch J of helicopter, which are coming from the connected with
ONCC-15 gyrovertical in the following form:

€cosJ | -sinJcosg | singsinJ U
B= gst cosJcosg —costingH_
g 0 | cosysing cos g H
In ANCC-15 computer, the simplified scalar expres-

sions to calculate v, ,v, .V, —are used. Here by the horizon-

tal components of the velocity vector the drift angle is deter-
mined as by =arctg(V,, Vy,) and ground speed is as

Vg =V, /cosby, . The computed motion parameters of the hel-

icopter are shown on the indicators.
In navigation mode by information about the longitu-
dinal and transverse components of the velocity vector and




about the difference between the current heading y, that
comes from the connected with AWCC-15 compass system,
and map angle (MA) there are calculation of the distance tra-
veled along the great circle route and of cross-track error of
helicopter from the great circle route.

The introduction of MA sets the track angle of the great
circle route, while the coordinates in great circle coordinate
system are computed according to the formulas:

t

X = g[\/xh cos(y - MA) -V, sin(y - MA)]dt;
i}
2

Z=) [\/Xh sin(y - MA) +Vy cos(y - MA)]dt.
Yy

The computed values of X and Z are displayed on the
scales of coordinates indicator. At the same time the values
of X and Z through the servo system enter the map indicator.
Here the mechanic reduction gears convert the values of X
and Z in the motion of sight cursor, which marks the location
of the helicopter on the map.

When working by DN data at the coordinate computer the signal
from the airspeed sensor comes, that replaces the signal V,,. According

to this data, there is a calculation of the path traveled along the great cir-
cle route.

At low flight speeds Vy,, £50 km/h, ANCC-15 switches to hover-

ing mode, there is no indication by and V, (drift angle indicator is
dragged, and the ground speed indicator is closed by shutter). With in-
creasing the longitudinal component of the velocity vector (VXh £50

km/h) the navigation mode is activated and the indication of drift angle
and ground speed is restored.

When flying over water the switch "land-sea" is set in position
"sea" on the control panel. And in the computer the correction to the na-
ture of the reflecting surface is introduced, which is taken into account
when calculating bgr and V4.

When reducing the amplitude of Doppler signal below the accept-
able level in any of the three channels of Doppler navigator, the system
switches to "Memory™ mode, with the slowing down the indication on
all indicators. The pilot receives the warning message - display "Memo-
ry" lights.

6.7. Features of Doppler navigator operation

Flight operations of Doppler navigator. The operation of the sys-
tem is performed in the order given in instructions to the crew for the
certain modification of Doppler navigator.

Before taxiing out it is necessary to make sure that the switch
"land-sea" on the control panel of Doppler navigator is set in the "land"
position.

After takeoff, at altitude more than 300 m the mode selector of
Doppler navigator on the control panel must be set to position "ON",
within 3 minutes the panel "Memory" lights up at indicator of Doppler
navigator. After 3 minutes after switching on the high voltage the system
is ready for operation - panel "Memory" goes out.

After 20 seconds after extinction of panel "Memory" Doppler na-
vigator outputs the readiness signals to all connected systems. On the
flight deck the panel "ADC dead reckoning" goes out. Further dead
reckoning of aircraft location is performed by data of Doppler navigator.

When flying over water, the switch "land-sea™ must be set to posi-
tion "sea".

Under the maneuvers with roll more than 20°, the errors of the
system increase. Therefore, after finishing the turn, the evaluation of
ground speed and of drift angle is carried out not earlier than in 20...30
sec.

When flying over water with the sea choppiness of less
than 1.5, over the sands, over mountain terrain, the information from
Doppler navigator may disappear or be unstable.

In the absence of Doppler information, the system automatically
switches to "Memory" mode. In this case, after 20 seconds on the flight
desk the panel "ADC dead reckoning™ lights up, and on the indicator of
Doppler navigator the panel "Memory" lights up. In the "Memory" mode
the system does not measure ground speed and drift angle. The instru-



ment displays the values of these quantities calculated before switching
to "Memory" mode.

When restoring Doppler information, the system leaves the
"Memory" mode, the panel "Memory" goes out, and after 20 seconds the
panel " ADC dead reckoning™ goes out too.

When flying over smooth water surface the deviation and outliers
can be observed in the readings of Doppler navigator without switching
to "Memory" mode. In such cases, it is recommended the forced switch-
ing of Doppler navigator in "Memory" mode using the corresponding
switch on the control panel (mode selector of Doppler navigator on the
control panel must be set to position "Memory™) or the switching off of
the system. Reconnection of Doppler navigator to power is possible after
aircraft approaching to favorable area of the flight from the point of
view of the reflection surface.

Shut down of Doppler navigator before landing is carried out after
the flight over outer marker.

Maintenance of Doppler navigator. All works for the assembly
and disassembly of units and components of Doppler navigator are car-
ried out only with fully de-energized equipment. External objects pene-
tration in open plug connectors, pipe ventilation and blocks of DN, espe-
cially metal objects, is unacceptable. When working with HF block it is
necessary to be especially careful. Damages of antenna mirrors are un-
acceptable. When Doppler navigator is working it is forbidden to be un-
der antenna.

Special regulations and checks, elimination of complicated faults
should be performed only in specialized areas, on special stands. When
working with the system on the stands it is necessary to take appropriate
measures of shielding of high-frequency energy radiation.

Places for working with Doppler navigator should be such that the radia-
tion of high frequency energy in the adjacent rooms is not more than 0.1
uW/cm?. To fulfill this condition the walls can be plastered by absorbing
materials or shielded by metal grid.

All works on checking and adjustment of the system on aircraft are con-
ducted in the sequence given out in the rules of technical operation for
certain modification of Doppler navigator. During operation it is neces-
sary to check: values of supply voltages; operation of the magnetron;
accuracy of determining the ground speed and drift angle.

To check the accuracy of determining navigation parameters there
is testing generator in electronic block. The test is carried out at low fre-
quency.

Pre-flight checking of computational accuracy of ground speed
and drift angle is performed in the following sequence:

- to switch on automatic circuit breaker of Doppler navigator;

- to set the mode selector of Doppler navigator on the control
panel to position "ON". On the control panel the green lamp should light
up, and after 2...3 minutes the red one should be lighted, signaling about
the turning on the high voltage of transmitter;

- to set the mode selector to position "Testing". With this, the red
lamp should go out, signaling about removing the high voltage from the
magnetron.

- after 5 minutes to read the ground speed and drift angle from the
indicator of Doppler navigator. The parameter values must be within the
ranges: ground speed is in 850...890 km/h; the drift angle is in O... + 30".

For the full checking of the technical condition of Doppler naviga-
tor on the front panel of the unit, LF has a controlling voltage meter. Us-
ing the switch, also located on the panel of the unit LF, checking the cur-
rents of the mixers; the voltage of the local oscillator; the output voltage
of the amplifier of low frequency and high voltage on the reflection os-
cillator. After the inspections, the switch should be toggled to the "Off"
position.

For a full review of the technical state of Doppler navigator on the
front panel of LF block there is reference voltage gauge. Using the
switch, also located on the panel of LF block, it is possible to check: the
currents of mixers; the heterodyne voltage; the output voltage of LF am-
plifier; the high voltage on klystron. After the checking, the switch
should be toggled to the position "Off".

In case of necessity to calibrate DN the set of checkout equipment
is used. Calibration of system on the ground is carried out using the con-
trol unit of MK/ type from the set of checkout equipment, which allows
testing all supply voltages, currents of the crystals in each channel, ser-
viceability of magnetron. It provides the calibration of DN in two
points: by ground speed and by drift angle. The control unit also allows
checking the computer by switching it to testing mode.



TEST QUESTIONS

1. How does the frequency of wave change if the radiation source is
moving to receiver?

2. What parameter is called Doppler frequency shift (Doppler fre-
guency)?

3. Using radial velocity Wg, write down the expression for the Dopp-
ler frequency shift.

4. What parameters do we need to know to determine the ground
speed and drift angle by Doppler frequency?

5. What are ranges of the bandwidth and the angle of inclination of
the beam in the vertical plane in modern Doppler navigator?

6. How does the spectrum of Doppler signal change with increasing
the ground speed?

7. What measures could be taken when using single-beam Doppler
navigator and why are gauges of this type not applied in practice?

8. Why are not two-beam systems found the practical application?

9. What orientation of the beams is used in three-beam and four-
beam Doppler navigators?

10. How many beams are sufficient to determine three components of
aircraft velocity vector?

11. How is the measurement of the ground speed and drift angle car-
ried out in three-beam Doppler navigator?

12. List the main functional elements of high frequency block of
Doppler navigator?

13. How is the nature of the reflecting surface (land-sea) taken into
account in the calculation of ground speed?

14. What operation modes are there in ANCC-013?

15. What is the main feature of determining the parameters of the ve-
locity vector in helicopter Doppler navigator?

16. What are two modes depending on the flight speed in helicopter
Doppler navigator?

17. What coordinate system in helicopter DN is used for the initial
calculation of the velocity vector components?

18. How is the pre-flight checking of ground speed and drift angle
accuracy carried out in Doppler navigator?

Chapter 7. Overview-comparative method of navigation

One of the oldest methods of navigation — overview-comparative
one — becomes very important in modern aircraft. Modern overview-
comparative systems provide complete representation of full navigation
data, interact with airborne digital computers, correct other sensors of
navigation information and are essential information elements of system
"aircraft-crew.”

Despite of the variety of technical implementation, the essence of
overview-comparative navigation methods is in determination of object
location by comparing the areas shown on the map or one that is in
memory, with its actual view, observed using airborne observation de-
vices (sights, viewfinders, television, radar, etc.) or visually. If the image
of area on the map and its observed image are the same, then the loca-
tion of object is considered to be recognized, and coordinates are deter-
mined.

Advantages of overview-comparative methods of navigation are:

- high reliability and accuracy of measurements and the absence
of accumulated errors;

- possibility to measure in all regions of the Earth and near-Earth
space;

- high level of information redundancy of measurements;

- wide possibilities to use manual (visual orientation) and auto-
mated measurement tools.

However overview-comparative methods have both disadvantages
and limitations. Measuring is possible only when the ground surface or
landmark are visible. The influence of obstacles - clouds, fog, low illu-
mination - can significantly reduce the effectiveness of overview-
comparative navigation. Also, for flying over terrain without landmarks
(sea, deserts and so on) this type of navigation cannot be applied.

For successful implementation of overview-comparative method
of navigation it is necessary to have sufficient provision by route maps
or by required amount of prior information about landmarks planned for
observation.

7.1. Classification of overview-comparative navigation systems



Overview-comparative navigation systems are classified accord-
ing to the following criteria:

- according to the physical nature of the measured signals there
are optical, infrared, magnetometric, gravimetric, radar;

- according to the degree of activity of measuring device there are
passive (systems which use direct signals from landmarks) and active
(systems obtaining the image of ground surface and landmarks through
their radiation and receiving of reflected signals);

- according to the degree of autonomy there are limited-
autonomous systems (based on using natural, existing in nature land-
marks) and non-autonomous systems (based on using artificial terrestrial
or celestial landmarks);

- according to the type of information, there are systems with
point probing (so called probing of feature landmarks), systems with
contour probing and with frame probing;

- according to the level of automation there are visual, semiauto-
matic, automatic systems.

- according to the amount of cartographic information there are
systems with memory and without.

Systems without memory are systems in which landmarks are
fixed during operation of the system (so-called correlation meters of
speed). Such systems can only determine the rate of change of aircraft
coordinates relative to the landmarks using any surface fields, including
unstable over time (for example, clouds).

Systems with memory have prior (reference) information about
landmarks that is accumulated before the operation. In systems with full
prior information, the map is recorded with high accuracy in the memory
block of navigation system for the whole area of flight. In systems with
minimal prior information in the airborne memory device, the informa-
tion about the coordinates of individual landmarks located along the de-
sired track (point or extended types) is stored.

Systems with incomplete prior information provide the correcting
of navigation systems both from point and extended landmarks and con-
tinuous correction at separate sections of route.

7.2. Principles of construction of overview-comparative navi-
gation systems

Navigation content of overview-comparative measurement me-
thods is defined by types of landmarks and their quantity. In the system
there is comparison of physical parameters of landmark (area, geometric-
al shapes, radiation spectrum, etc.) stored in the memory of the system
with the measured parameters and thus an identification of landmark is
carried out.

In visual non-automatic systems the recognition task is solved by a
pilot (operator). There is visual orientation by means of airborne obser-
vation devices (sights, viewfinders, television, radar and other) or it can
be based on visual featured landmarks, i. e., whose characteristics are
very different from neighboring similar objects (by special configuration
or by the presence of the distinct elements of object).

During pre-flight procedure the typical landmarks are selected and
in memory of airborne computer their coordinates are programmed. At
flight after the landmark identification the navigation parameters of
landmark location vector relative to the aircraft is determined and correc-
tion of aircraft coordinates is performed.

If in the same time several pre-defined landmarks are used, the in-
formation about them is stored in memory as parameters and coordinates
of their relative position. The advantage of this approach is significant
amount of navigational information, less dependence on the loss of
planned landmarks and on the impact of interference. However, amounts
of map information and time on its processing are increased, so the over-
view-comparative systems of this class can only be of automated type.

In general, a set of landmarks is considered as certain anomaly of
physical field (optical, gravitational, terrain fields, etc.). The essence of
this overview-comparative navigation is based on properties of anomal-
ous fields as unique correspondence of field parameters distribution to
specific area of the ground surface.

In determining the degree of similarity of the observed landmark
or anomaly of physical field to those stored in memory, correlation func-
tion is used. If the number of reference landmarks is significant, then it is
necessary to determine the maximal (or extreme) value of the correlation
function that is, the greatest similarity of the observed areas of the
ground surface to the mapped surface. Therefore, overview-comparative
systems of this type are called correlation-extreme navigation systems
(CENS).



7.3. Correction of aircraft current coordinates using overview-
comparative systems with point probing

Overview-comparative point probing systems are used as addi-
tional tool to correct coordinates. To do this, in the airborne computer
memory the coordinates of feature landmark must be programmed by
which it is supposed to correct aircraft location.

The main task performed by the navigation system for correction
by landmarks is the maximal automation of correction in order to release
the operator from calculations and mapping works, to improve the accu-
racy and efficiency of orientation. Semi-automatic (with operator partic-
ipation) correction process by landmark is carried out as follows.

During the flight (at estimated distance to the landmark) the crew
obtains a warning signal and automatically the sighting device is ac-
tuated. On its screen the mark is formed (crossing) as possible position
of landmark in coordinates of viewfinder.

The operator detects and identifies landmark, aligns the crossing
of viewfinder with image of real landmark and at the moment of align-
ment pushes the correction button (referencing). All computing opera-
tions are performed by computer of navigation system and the operator
is signaled on the implementation of correction.

Most suitable systems for such semi-automatic correction are sur-
veillance airborne radar systems (RS) and electronic-optical viewfinders.

Use of angular electronic-optical viewfinders. Using of electron-
ic-optical (television, infrared and others) viewfinders as a correctors
compared with the radar station has the following feature: the viewfind-
ers do not directly determine the distance to the landmark, they only
measure the angular position (heading angle by and elevation ey).
Therefore, for correction it is necessary either to use this viewfinder with
rangefinder or to estimate the range analytically, such as by angle of ele-
vation of landmark e_y and by absolute altitude H (Fig. 7.1).
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Because of the small limit range of direction finding of ground
landmarks by such viewfinders the calculation of the aircraft coordinates
is carried out without regard spherical shape of the Earth:

Xa =Xm — Dsin(Yge +Biv)i Ya = Yim - Dcos(Yge +bim),
where D is distance to the landmark.

It is calculated by the angle of elevation and the absolute flight al-
titude by the formula:

D =H ctge, .
The accuracy of determination of aircraft coordinates using optical
and electronic-optical viewfinders is characterized by root mean
square radial error, which can be obtained as:

S =\/SZD +D*(sh+sy),
where sp is accuracy of range measurement; Sy, is accuracy of mea-

surement of landmark heading angle; s, is accuracy of heading mea-

surement.

It is necessary to take into account that due to the small range of
direction finding of ground landmark, the excess of landmark above the
reference level of absolute altitude at the time of correction significantly
influences the accuracy of aircraft coordinate determination by analyzed
viewfinders. This especially influences when flying at low altitudes. If
flight mission involves such modes of flight, then during the preparation



of system to operation it is necessary to choose a landmark with minimal
excess.

Use of side-looking electronic-optical viewfinders. Another me-
thod of correcting of the aircraft calculated coordinates by landmark is to
use side-looking viewfinders. Let us consider one of the algorithms of
their use. In the simplest case, side-looking viewfinder is a transparent
prism with two vertical bars installed at the side of the cabin. Due to the
thickness of the prism these bars in their alignment by pilot eye create
cross-section or plane of landmark direction finding.

On each side of the cabin there are two such viewfinders (Fig. 7.2,
a), which form two planes of direction finding intersecting at angle Dj .

Heading angles of these planes (J; and J,) are constant and determined
by location of viewfinders.
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Fig. 7.2

With aircraft flying, the programmed landmark observed initially
enters the cross-section of first viewfinder (Fig. 7.2, b), and then in the
cross-section of the second one. In each of these time moments (t; and
t,) the pilot presses the fixing button. Solving the geometric problem of
aircraft coordinates relative to the landmark and forming the corrections
occur in the computer of navigation system. For this purpose, in each
reference moment the angular position of aircraft (g, J, y) are fixed

together with calculated coordinates ( x, y) and absolute altitude H.
Values ji1, jo and landmark coordinates are stored in the computer
memory.

Formulas for calculating the corrections are very complicated (es-
pecially taking into account spatial maneuver), so the implementation of
this method is appropriate only at presence of the computer. With the
correction of aircraft location by side-looking viewfinder, the method of
two curves of equal bearing is used. The accuracy of aircraft location
determination is obtained by the approximate formula:

2 2 2
. = \/(SDFDl) +(speDy) +(Vg3t)
' sin(Dj+|Dy|)
where sy is angular error of direction finding; st is error at time mo-

ment of referencing; V, is ground speed of aircraft; Dy, D, are distances

to the landmark in the moment of the first and second direction finding;
+|y| is change of aircraft heading between direction finding moments

(sign + is related to the turn to the landmark); Dj is the angle between
two planes of direction finding.
Assuming that spe =1..2°, s;=0.2..0.4 seconds, at typical

values Dy, D; = 2...3 km, V=250 m/s and Dj =30° (Dy=0°) we will
get s, =0.2..0.4 km.

In case of using sensor-correctors in structure of navigation
systems together with the correction of calculated coordinates of
aircraft location by information from these sensors it is possible to
solve the problem of correction of the aircraft heading. The problem of
heading correction can be performed by different systems and tools
using a variety of methods. The simplest correction with the required
degree of accuracy is performed using airborne viewfinder by single
landmark.

Let us consider the essence of the heading correction by this
method. Heading correction is performed after correction of computed
coordinates of aircraft location. Due to this, the errors of
determination of aircraft heading are reduced, which are caused by
errors in determining the location coordinates. Further by known
landmark coordinates (X, Yim) and corrected coordinates of aircraft
location (X, y), the azimuth (bearing) A of landmark is determined
(Fig. 7.3):
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Data about landmark azimuth and aircraft heading issued by the
compass system allows obtaining the calculated value of heading angle
of landmark:
bLM =A- ch,
where Yy is great circle heading of aircraft before correction
Obtained value b,y is used to form the longitudinal mark of view-
finder crossing (bearing label). The error of aircraft heading measure-
ment Dy, causes the error in the calculated value b . With alignment
of crossing marks of viewfinder with the image of landmark, by the an-
gle of additional turn of mark it is possible to determine the correction in
heading of the aircraft. This method of heading correction is quite sim-
ple and reliable. In the same conditions the highest accuracy of heading
correction can be achieved in case for the correction from landmark lo-
cated at the maximal possible distance.
The disadvantage of electronic-optical systems is that they nor-
mally operate only with optical visibility of targets and with sufficient

illumination. The radar systems have significant advantages in this
sense.

Correction of location coordinates by radar data from single
landmark. Radiolocation is the detection, determination of the location
and of the properties of moving and stationary objects using radio waves

reflected or emitted by these objects. Technical means of obtaining radar
data are called radar station or radar. The combination of radar and tech-
nical auxiliary means, interrelated to each other and designated to solve
tactical missions of radiolocation, is called the radar system (RS).

Correction begins with the formation of feature O, that deter-
mines the ability to perform correction in these conditions by the given
radiolocation landmark, such as:

Oc = [Dmin < DLM < DmaxulbLM |< blimit]n (7-1)
where D, is current value of distance to radar landmark; Din, Dmax
are minimal and maximum distances, which determine the ability of
coordinate correction by current landmark using RS; by, is current
heading angle of landmark; bj;.;; is maximal limit value of heading an-

gle of landmark, which provides execution of correction.

With fulfillment of condition (7.1) on the radar screen the cross-
ing appears (Fig. 7.4). Position of the crossing on the radar screen cor-
responds to the calculated position of landmark relative to aircraft. Cal-
culation of crossing position on the radar screen and further solving the
problem of correction of calculated coordinates is as follows.

1. Programmed geographical coordinates of landmark

(Jum. Im) are converted into corresponding great circle coordi-

nates (X u, Yim ) -

2. The guiding of electronic crossing on airborne radar screen for
the image of landmark is performed using normal (horizontal) coordi-
nate system of the aircraft. The initial position of crossing on the radar

screen is determined by range D, (ty) and heading angle b, (t,), which
are calculated by the formulas:
D, (t) = \/(Xo ~xem)? + Yo - Yim)s
zp, (to)
Xp, (to) ’
where x,, Yy, are the determined great circle coordinates of aircraft at
the moment of correction start; x,, (), zp, (t;) are the calculated

b, (ty) = arctg



coordinates of landmark (crossing) in the normal coordinate system of
the aircraft (Fig. 7.4).
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Image of crossing moves on the radar screen, primarily as a result of
the aircraft motion. Rate of change in great circle coordinates of
crossing per a cycle of the computer operation for this reason is as
follows:

dx, = (\/g Xtcyc,e)sinygc;

d Yy = (Vg eyele) COSY e
where V is ground speed of aircraft; y . is great circle heading of air-
craft; ... is duration of the calculation cycle.

Position of the crossing and its coordinates are changed by the op-
erator (navigator) using knob.
Speed of moving of crossing on the screen can be determined, for
example, using the following ratios:
(.1X+ =kp ap signap; 73)
d

., =ky ap Dysigna,,
where Kp, ky, are certain coefficients (selected from experience);

(7.2)

y

ap, a, are angles of deviation of mechanism of crossing control by

range and by heading angle.

Current position of crossing relative to aircraft with (7.2), (7.3)
can be determined using the relations:

I n

—_ 2 S J* .

DX+ - DX+O + adx+i + a.dx+ itcyc|e1
i=1 i=1

n no.,
Dy+ = Dy+0 + ady+i + ady+ itcyc|ea
i=1 i=1
where Dx,, =Xy =X v and Dy,, = Yo - Y are initial relative coordi-

nates of the crossing.
3. Directly the determined coordinates of aircraft location are
corrected at the moment of alignment of the crossing and of image of

landmark on the radar screen. Thus, calculated values D, (t) and b, (t)
respectively are equal to actual values of range to landmark D, (t) and
of heading angle of landmark b, (t) Thus, the following conditions

are fulfilled, Dx, =Dx;, and Dy, =Dy, ,,. Great circle coordinates of

aircraft in this case are determined by following formulas:
X =X m DX ms

Y =Yim +Dypm-

This method of correction is semi-automatic and needs to per-
form some operations by the aircraft crew - search for selected land-
mark of correction, alignment of crossing with the landmark image on
the locator screen. These ones are its main disadvantages. Furthermore,
the method does not ensure high accuracy of correction since accuracy
of measurement of navigation parameters using radar is not very high.

Correction of coordinates by two landmarks. To improve the ac-
curacy of calculating the corrected coordinates, the correction method by
two programmed landmarks can be used. In this case
(Fig. 7.5) aircraft location coordinates are obtained by solving:

(7.4)

(XLmy - X)? + (Yiwmy - y)? = Df;

(XLmyp = X)? + (Yim, - y)? =DJ.



Fig. 7.5

Some complexes can use the modification of algorithm of calcu-
lated coordinates of aircraft location correction. The algorithm uses the
information about two landmarks. When using this algorithm, the coor-
dinates of aircraft are determined by two ranges D; and D, to the se-
lected landmarks and by previous calculations of bearing (azimuth) of
one of them (for example) A;:

X=X, - Dysin A;

y =Yy - DicosA.

Bearing of the first landmark A; is calculated by the measured
ranges and by the known distance between landmarks (see Fig. 7.5).

2,12 _p2
A=A,-(180°-m); m= arccosu;
’ 2D b
Xim, — X
A1’2: arcth;
Yim, = Yum,

The scheme considered above is the scheme of correction of the
calculated coordinates of aircraft location. It is simplified, here the mo-
tion of aircraft during the time between measurements of the range to the
first and second landmarks is not taken into account.

The correction accuracy of the calculated coordinates of aircraft
location using radar station is determined by accuracy of the range mea-

surement (SD), accuracy of measurement of landmark heading angle

(sb) on the screen of radar station, and also by accuracy of measure-

ment of the heading (sy). Modern airborne radar stations measure the
range with the accuracy
SDT[O.l...O.S] km depending on the type of the radar station and used

methods to compensate errors. The accuracy of the heading angle mea-
surement is st[O.l...O.S] deg. The total error of determining the air-

craft location by the above described method is determined by the fol-
lowing ratio:

S, = \/SZD +D?*(sf +s?).

The basic errors of measurement of the heading angles and ranges
are connected with technique of the area reproducing on the screen of
radar station and with reading this information by the operator. One of
the major ways to improve the accuracy is to use the scanning of the mi-
croplan type where the image zoom is much larger than in the surveil-
lance mode.

The accuracy of correction is significantly affected by technical
implementation of radar station, its tactical and technical characteristics,
the features of operational restrictions, and so on. Let us consider the
principles of radar overview - comparative systems.



7.4. Construction principles of radar overview -comparative
systems

7.4.1. Physical basis of radiolocation

Physical base of determination of objects location is that in homo-
geneous medium the radio waves propagate by straight lines and with
constant speed ¢ = 3 x 108 m/s. This allows determining the direction of
radio waves to the radiator and traveled path (range) R = ct, by measur-
ing the propagation time T between transmitter and receiver.

The problem of radio detection of object is to identify the signal
emitted or re-radiated by this object against the background of various
kinds of interferences. There are two types of radiolocation: passive and
active. Passive radiolocation is based on receiving of own radiation of
object. With active radiolocation the radar emits its own probing pulse
and receives its reflection from the target. Depending on the parameters
of the received signal the characteristics of the target (landmark) are de-
termined. Active radiolocation, in its turn, may be of two types: with
active response (on the object there must be radio transmitter that emits
radio waves in response to the received signal) and with passive re-
sponse (the interrogation signal is reflected from the object and is re-
ceived by the radar as a response).

Active radiolocation is based on the phenomenon of reflection or
scattering of radio waves, if on the way of their distribution there is an
object with the electrical parameters which differ from the parameters of
the medium. This object, irradiated with electromagnetic oscillations,
becomes a source of reflected, i.e. secondary electromagnetic field.
Power of secondary radiation depends on the intensity of the primary
field around the object, on object parameters (size, shape, electrical
properties), on position of the object relative the source of the probing
signal, on polarization of the primary field, on wavelength A.

The dependence of the power of secondary radiation on A is par-
ticularly important because its nature determines the range of the radio
waves, suitable for radio detection. If the linear dimensions | of object
are such that

1 >>1, (7.5)
then the power of the secondary radiation is practically independent on
A. If I << A, then the power of the secondary radiation is inversely pro-

portional to A*. Thus, with increasing of A the power of secondary radia-
tion drops sharply, that leads to the corresponding decreasing in detec-
tion range. Therefore, in the radiolocation the radio waves are basically
used with wavelength satisfying the ratio (7.5). Correspondingly, for
radiolocation observations of targets like aircraft, vehicles and so on it is
necessary to use the range of meter and shorter waves (10...10° m).

Passive detection is based on the use of own radiation of object
including thermal one. Any physical body, the temperature of which is
above absolute zero emits electromagnetic waves, so there is a funda-
mental ability to detect any objects without previous irradiation. Maxi-
mum of thermal radiation of the ground surface and of many other ob-
jects lies in the area of infrared range. For detection the radio emission
can be also used caused by the operation of various radio devices, which
are available on the object, launching of rockets, etc.

Radio signal in radar station is usually a narrow-stripped process
that can be expressed in the form of quasi harmonic oscillations

s(t) = S(t)cos(wot + F(t)),

where S(t) and ®(t) are the envelope and phase of process which are
slowly changing in comparison with the time functions and characterize
the amplitude and angular modulation of the carrier signal oscillations.

The carrier circular frequency w, determines the position of the
signal spectrum on the frequency axis. The message can be in any of the
parameters of radio signal: in amplitude, phase, frequency deviation
from the carrier.

In the electrical circuits of the transmitter and receiver the radio
signals of radar station operate in the form of currents and voltages. In
the space the electromagnetic waves propagate, which are characterized

by the vectors of strength of electric E and magnetic H fields and by

Poynting vector (energy-flux vector) [ (Fig. 7.6), that determines the
direction of radio waves propagation and its power per area unit.



Fig. 7.6

In addition, the characteristics of radio waves are the polarization
and frequency (or wavelength). Accepted by the receiving antenna the
radio wave creates the radio signal, from which the valid component is
separated. For radar station the parameters of received radio wave de-
pend on the azimuth a and elevation angle  of object location and also
on spatial delay T = 2R/c, where R is distance to the target; c is speed of
radio wave propagation. By evaluating these parameters, it is possible to
determine the location of landmark in space.

7.4.2. Characteristics of radar targets

The phenomenon of the secondary radiation, which is the basis of
active radiolocation, is inherent to the waves of any nature. It occurs
every time when wave meets an obstacle in the way of its propagation.
The wave which is falling on an obstacle is called primary and the re-
flected or scattered one is secondary. The obstacle in this case is second-
ary passive radiator.

The nature of the secondary radiation depends on many factors,
the main ones are electrical properties, geometry, motion and relative
movement of elements of reflecting object, the ratio of the object size
and length of the irradiation wave, the ratio of the object size and vo-
lume unit (the object is considered to be concentrated if it falls within
the boundaries of volume unit, and volume distributed one if it takes a
few permitted volumes), the law of modulation and polarization of irra-
diative electromagnetic wave.

Secondary radiation is divided into the specular reflection, diffuse
scattering and resonant radiation. Specular reflection occurs during ir-
radiation of smooth surfaces, dimensions of which are much greater than
wavelength A of the irradiative radio waves and dimensions of roughness
do not exceed AM/16. In this case, the law of specular reflection is satisfied
- the angle of incidence equals the angle of reflection.

The property of the diffuse scattering has large surfaces with
roughness of order of the wavelength of irradiative radio waves. Reson-
ance radiation occurs when the size of the object is multiples of odd
number of half-wave. Secondary radiation also depends on the size and
configuration of reflective objects.

The main characteristics of radar landmarks are reflecting ability,
statistical parameters and spectra of the fluctuations of the amplitude and
phase front of the reflected signal.

7.4.3. Radar stations of ground surface surveillance

The radar stations of ground surface surveillance, which are des-
ignated for mapping the ground surface, for solving problems of aerial
reconnaissance, etc., have high resolution that determines quality of ra-
diolocation image, its details. This is accomplished by the significant
increasing the size of antenna, located along the aircraft fuselage, that
allows increasing the resolution in comparison with circular radar station
with panoramic view, or by using the method of artificial aperture of the
antenna, which allows approaching to the resolution of optical means of
observation. So, the resolution does not depend on the range of observa-
tion and on the wavelength of the probing signal.

By type of observation the radar stations are classified by radar
stations with side-looking observation and radar stations with omni-
range observation.

Radar stations with side-looking observation, in turn, are classi-
fied by radar stations with sharp directed antenna, radar stations with
synthetic aperture, radar stations with real aperture and panoramic view
radar stations.

Radar stations with sharp directed antenna have beams, which are
directed perpendicular to the axis of the aircraft. During the aircraft mo-
tion the irradiation of two strips occurs to the left and to the right of the
track line, i.e. side-looking surveillance.



Radar station with synthetic aperture is coherent and its usual an-
tenna becomes an "element" of some artificial grid during each radiation
pulse. The distance between these elements is determined by the move-
ment of aircraft. Radar station antenna moves on a straight-line trajecto-
ry, consistently taking position 1, 2, ..., N. In each location the antenna
operates on the transmission and reception, that is, emits probing pulse
and receives the signal reflected from the point target in the form of flat
electromagnetic wave.

Radar station with real aperture solves the problem of range reso-
lution by using radiation of short pulses. Azimuthal resolution is deter-
mined by the width of the antenna direction diagram (ADD) and range
resolution is determined by duration of pulses.

Most of the panoramic view radar stations have rectangular an-
tenna, larger side of which is oriented along the direction of the aircraft,
and aperture is positioned so that the antenna beam is directed away
from the platform. Antenna direction diagram in particular plane is in-
versely proportional to the size of the antenna in this plane.

Radar stations of circular observation have fan-like ADD in ver-
tical plane. Since areas of the ground surface, which are on different dis-
tances, have different effective reflecting areas and give the reflected
signals of varying intensity, then when the signals get to the control elec-
trode of the cathode-ray tube with radial-circular sweep, these signals
create an image similar to map of the area.

By the method of processing signals the radar station are classi-
fied by the radar stations with optical and digital processing.

By the range of operating frequency the radar stations are classi-
fied in accordance to international standards, adopted in IEEE.

7.4.4. Principle of operation of ground surface surveillance
radar stations

The intensity of the reflection or scattering of radio waves (the in-
tensity of the secondary field) depends on the degree of difference of
electrical characteristics of the object and the medium, on the shape of
the object, on the ratio of its size and wavelength, on polarization of
waves.

Secondary resulting electromagnetic field consists of the reflec-
tion field that propagates toward the irradiating primary field and sha-

dow field that propagates beyond the object (in the same direction as the
primary field).

With the help of the receiving antenna and the receiver the part of
the scattered signal can be received, converted and amplified for further
detection. Thus, the simplest radar station may consist of transmitter that
creates and generates radio signals, transmitting antenna that emits these
radio signals, receiving antenna that receives reflected signals, radio re-
ceiver that amplifies and transforms the signals and finally output device
that detects the reflected signals (Fig. 7.7).

As a rule, the amplitude (or power) of the received signal is low,
and the signal has random nature. Low signal power can be explained by
large distance to the object (target) and by the energy absorption of the
signal on its propagation. In addition, the size of targets significantly
affects the intensity of the reflected signal.

Transmitter

Oulpul

: Receiver
device

The random nature of the signal is the result of the fluctuation of
the reflected signal due to the random movement of elements of complex
shape target during reflection of radio wave, random changes in the am-
plitude of the signal during propagation and other factors. As a result,
the signal is accepted similar to noise and interferences in the receiving
channel by type, intensity and nature of changes. So the first and prima-
ry goal of radar station is to identify valid radio signal, that is, decision
making on the presence of valid signal. This statistical problem is solved
by special detection device, in which optimal algorithm of detection of
valid signal is used. The quality of the detection process is characterized
by the probability of correct detection of valid signal, and by the proba-
bility of false alarm, when the interference (noise) signal is taken as va-
lid.



There are serial and parallel variants of surveillance. In serial sur-
veillance one and the same device analyzes the radar signal in each ele-
ment, passing them in sequence, one after another. This single-channel
system is maximally simple in structure, but needs plenty of time for
observation in the whole surveillance area.

At the same time there are losses of signals energy of objects in
the elements, which are not inspected at the moment. In parallel surveil-
lance the multi-channel device is used, every channel of which processes
the signals from one element. Channels work almost simultaneously, so
the surveillance of the whole area takes approximately the same time,
required for surveillance of single element.

However, the required number of channels can be so high, that the
realization of such systems will be complicated. In pulsed radar station
the surveillance can be carried out by using an electronic indicator with
amplitude labels. Pulses with duration T create labels, dimensions of
which correspond to the distance DD =tc/2 (here c is speed of light),
which determines the resolution of radar station by range. This radar
system of surveillance can be considered as parallel. The number of
channels equals the number of target labels, which the operator can si-
multaneously observe on the line of scanning.

In the two-dimensional radar stations, in which one of the meas-
ured coordinate is range, two methods of surveillance are used: omnidi-
rectional and side-looking (Fig. 7.8). During omnidirectional surveil-
lance the antenna with beam, which is narrow in the horizontal plane,
continuously rotates or performs swinging around the vertical axis. As
the output device the indicator of omnidirectional surveillance is often
used with the mark in brightness. The radial scanning line on the screen
is reproduced synchronously and in phase with the antenna rotation. The
combination of scanning lines creates a raster in the shape of circle or
sector. When swinging the beam, except of sectoral, there is also rectan-
gular scanning, at which the distance and direction to the target are re-
produced in rectangular coordinate system.
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Signals of point target, that is entered boundaries of antenna
beam, create the label, the angular size of which Da, excluding the light
spot, equals to the beam width g. Thus, the dimensions of the radar cov-
erage element are equal to Da = q by the angle and DD =tc/2 by the
range.

For maximum range D, Of observation the time of one probing
of the most remote target is 2Dy,/C. If it is assumed that for its observa-
tions the energy of n periods of irradiation should be accumulated, then
for surveillance of one angular element the time n2D.,/c will be taken,
and for the whole sector A the minimum amount of surveillance time
will be ty =2Dppay (Axn)/(cxq). All points of surveillance area, re-

gardless of their distance, are irradiated during the same time intervals.

Omnidirectional or sectoral surveillance is used both in stationary
and mobile radar stations, if speed of carrier is relatively small. Side-
looking surveillance is used only in airborne radar stations on fast mov-
ing platforms - aircraft, helicopters, space vehicles. Fixed beam of an-
tenna is oriented sideway of the flight direction and moves forward
through its own movement of radar station (Fig. 7.9).

The radar coverage area has form of strip. The time required to
observe the most remote target is n2Dp,s/C and must be equal to the time
0Dmax / U during which the beam in its forward movement crosses the

target at speed u. For other targets this time decreases inversely propor-
tional to the distance.

In the two-dimensional radar stations (for example during the sur-
veillance of the ground surface) fan-shaped beam is usually used, since
different distances correspond to different elevation angles. The output



devices of side-looking radar stations are special photo recorders, which
record images of swath on the film.

Fig. 7.9

Methods of spatial scanning with needle beam are used for sur-
veillance of the surface under the aircraft, where the range resolution is
very small. So, for surveillance of the swath along the direction of the
movement of radar station the ordered method of surveillance is used
(Fig. 7.9). Transverse lines are formed during the swinging of the anten-
na beam and are shifted as a result of the movement of the aircraft. Cyc-
loid method of surveillance has certain advantages, when the beam ro-
tates for cone generatrix, and as a result of translational movement the
trace looks like a cycloid on the ground surface.

The most common radar stations of surveillance of the ground
surface, which are used on civil airplanes, include meteo-navigation ra-
dio locators such as "Groza™ and "Buran".

7.4.5 Meteo-navigation radar station ""Buran A-140"

The station is designated to operate aboard the major aircraft and
aircraft of local air-lines of civil aviation, in particular the aircraft An-
148.

MNRS (Meteo-navigation radar station) solves the following
problems: review of airspace in order to obtain and display on the indi-
cator screen the information about meteorological formations, found in
areas of intense rainfall, zones of turbulence, assessing the degree of
danger at a distance, sufficient to bypass them at a safe distance; review
of the vertical cross-section of meteo-formations in a given direction;

review of terrestrial and aquatic surfaces to perform navigation by typi-
cal terrestrial and aquatic benchmarks; identification of mountain peaks,
high rise buildings, aircrafts, standing in the radar coverage; determining
the coordinates (slant range and heading angle) to the observed radiolo-
cation objects (RLO).

To perform various tactical tasks in the radar station there are two
main modes of operation: "GROUND" and "METEQ".

To evaluate the meteorological situation and to select the optimal
flight route in simple and complex weather conditions, the station "Bu-
ran A-140" in mode "METEQ™" analyzes the state of detected meteoro-
logical formations with the most informative characteristics.

In this case the following problems are solved: determination and
display of the degree of danger of meteorological formations and their
separate zones by the intensity of precipitation (radar reflection) in the
form of zones of green, yellow and red colors; detection of zones of
dangerous turbulence in meteorological formations and displaying them
in violet color; getting the vertical cross-section of meteorological for-
mations in the chosen direction in order to evaluate their vertical devel-
opment (sub-mode "PROFILE").

The listed functions are extended by the mode of memorization of
the image on the indicator screen "MEMORY". In this mode, images of
objects are stored in two adjacent passing of the radar antenna and supe-
rimposed on each other. In this case, due to the relative motion of the
aircraft and of meteorological formations, a trace is created that allows
determining their relative displacement. The trace is marked with blue-
green color.

In order to perform navigation by the feature ground and water
landmarks, the radar in the mode "GROUND" forms the radar map in
the coverage area with the allocation of four groups of landmarks such
as water, point, extended ones and background of the flyover surface.
Their set allows the pilot to recognize the terrestrial objects and deter-
mine the aircraft location.

The group of water landmarks includes rivers and lakes, as well as
the water areas of seas and oceans. On the indicator screen, water land-
marks are displayed in black color and are identified by the configura-
tion of the coastline, shaped with background image of the flyover sur-
face. The background of the flyover surface is created by unbuilt land



areas, open spaces with herbaceous cover, forest arrays. The background
is displayed in dark green color on the indicator screen.

The group of point-based landmarks includes railway bridges,
metal supports of high-voltage transmission lines, ships, large construc-
tions of industrial enterprises, as well as settlements at great distance. On
the indicator screen, the point landmarks are displayed in violet color.

The group of extended landmarks includes large, medium-sized
cities and towns, industrial centers, mountains and islands. On the indi-
cator screen, extended landmarks are displayed in red color, and land-
marks below the selection threshold are of bright green color.

Images of the groups of water, point and plane landmarks, as well
as the background of the flyover surface are formed in the radar auto-
matically. The pilot can manually select the objects of interest.

Calibration labels of range and heading angles are used to deter-
mine roughly the coordinates of feature ground and water landmarks, as
well as meteo formations and dangerous areas. They are displayed on
the indicator screen in blue.

The electronic viewfinder is used for accurate measurement of
slant range and heading angle of selected terrestrial and aquatic land-
marks and boundaries of meteo formations and dangerous areas. They
are displayed on the indicator screen in white. Electronic viewfinder can
also be used to calculate the speed and direction of movement of the se-
lected landmarks. The numerical values of the slant range and the head-
ing angle of viewfinder are displayed on the indicator screen in white.
The accuracy of measuring the coordinates by means of electronic view-
finder by slant range is of 0.4% of the established range and by angle is
of 0.2°...0.3°.

Operation and structure of radar "Buran A-140"

The operation of "Buran A-140" is based on the radiation of the
narrow beam of antenna direction diagram of the powerful radio fre-
guency pulses, on reception, amplification, digital processing and accu-
mulation of signals reflected from the ground surface, terrestial, aquatic
objects, meteorological formations and the displaying of radar informa-
tion on the screen.

Coverage view of space is carried out by the antenna directional
diagram by scanning in the azimuthal plane at different tilt angles.

The antenna is of slotted-guide type - antenna block
(Fig. 7.10, a). The control of the operating modes of radar ("TEST",
"GROUND", "METEQ"), of sub-modes ("TURBULENCE", "PRO-
FILE", "TILT", "AUTOMAT", "STABILIZATION") and of regulation
is carried out with the help of controls located on the front panel (Fig.
7.10, b).

Fig. 7.10

The functional scheme of the radar is shown in Fig. 7.11.

Radiation of microwave pulse. The synchronization of the radar
transmission channel is carried out at frequency of 400 Hz from the
power supply. The modulator 26M of transceiver generates high-voltage
impulses which arrive at magnetron that generates microwave pulses.
The circulator switches the antenna from the receiving to the transmit-
ting channel. The ferrite rotary device of the polarization plane changes
the polarization of high frequency oscillations. Depending on the polari-
zation of the microwave oscillations of the reflector of the antenna
block, either fan diagram or narrow beam is formed.

Reception of reflected microwave pulses. Reflected from radio
contrasting obstacles, signals (microwave pulses) taken by the
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antenna block of the radar, along the waveguide through the circulator,
gate and transmit-receive tube come to the signal channel mixer. The
mixer also receives the microwave signal from the heterodyne. After
conversion from the mixer output, intermediate frequency pulses are fed
to intermediate frequency pre-amplifier (IFPA), then into intermediate
frequency amplifier (IFA), where the intermediate frequency signals are
amplified and detected.

The temporal automatic gain control unit (TAGCU), which starts
synchronously with the radiation impulse, regulates the gain of the re-
ceiver after the radiation of the microwave pulse, and also provides its
closure for the duration of the powerful pulse of the magnetron. Manual
gain control of the receiver (MGC) is carried out using variable resistor.

Automatic frequency adjustment (AFA). The circuit of AFA is
used to maintain the constant difference in the frequencies of the magne-
tron and the heterodyne (intermediate frequency). A part of the micro-
wave energy of the magnetron generator is fed to AFA mixer through
the limit attenuator. The mixer also receives microwave signal from the
heterodyne. After the transformation at the mixer output, impulses of
intermediate frequency are formed which enter the AFA input, which
produces the voltage proportional to the deviation of the intermediate
frequency from its nominal value. This voltage, acting on the control
electrode of the heterodyne, leads to the change in its frequency, reduc-
ing the deviation of the intermediate frequency from the nominal value.

Indication of signals. From the IFA output of transceiver, the vid-
eo signal is fed to the input of the video amplifier of the indicator block.
The characteristic of the video amplifier in the operation of radar in the
mode "GROUND" is stepwise, in the mode "METEO" it is linear with
indication of maximum amplitudes of signals in the direction of each
heading angle. In the video amplifier there is amplification of video sig-
nal and mixing it with the calibration labels of the range produced by the
sweeping unit. In addition, the illumination pulse comes to the video
amplifier from the sweeping unit. This pulse provides backlighting of
the direct sweep on the CRT screen. The amplified video signal, mixed
with the calibration labels, enters CRT. With the help of sweeping unit
the radial-sector scanning is created in the coordinates of the azimuth-
range on the screen.

Synchronization of radar channels operation. The transceiver
modulator generates the blanking pulse and start-pulse, which synchron-



ize the operation of the indicator and receiving channels of the radar.
Start-pulse is formed at the moment of microwave radiation pulse. From
the output of the modulator, the start-pulse enters the sweep forming and
control block.

The sweeping block produces saw-like sweep current and the
backlighting pulse, the beginning of which coincides with the moment of
arrival of the start-pulse, that is, with the moment of radiation of the mi-
crowave pulse. In addition, the sweeping block forms the calibration
labels of the range, the first of which coincides with the moment of radi-
ation, that is, with zero distance. Start-pulse switches on the power
supply of the indicator block.

Basic technical data of RS "Buran A-140"

1. Maximum detection range, not less, (km):

- cumulonimbus cloud formations -550;

- large cities - 590;

- background of medium-rugged terrain - 300...360;

- coastal lines of seas, large reservoirs - 100...150;

- small towns, settlements - 50...100;

- industrial objects, bridges, dams - 40...80.

2. Basic radar parameters:

- readiness time for operation, not more than 3 minutes;

- time of view by azimuth in wide sector, not more than 6 s;

- time of view by azimuth in narrow sector, not more than 2 s;

- limit angle of the antenna by inclination angle, upward - 15.75°;
downward - 16°;

- frequency of radiated microwave oscillations, 9345 + 15 MHz;

- sensitivity of the receiving channel for RLO, not less, 100
dB/mW;

- pulse power of radiated microwave oscillations, not less,
3kw;

3. Values of direct visibility range depending on the flight altitude
is given in Table 7.1.

Table 7.1

Flight Direct visibility
altitude, m range, km

200 60
500 100

1000 150

3000 250

5000 300

7000 350

9000 400

11000 450

4. Radar power:

- on the network ~ 115 V 400 Hz, not more, 125 VXA;
- on the network = 27 V, not more, 180 W,

5. Mass of radar, not more, 24.5 kg.

7.4.6. Advantages and disadvantages of radar system of the
ground surface surveillance

Panoramic radar stations

The increase in the resolution of aircraft radar stations is limited
primarily to the complexity of the placement of rotating antennas of cir-
cular view. On the other hand, the decrease in the wavelengths of radio
waves and the transition, for example, from centimetric to millimeter
waves, is not always promising, especially for long range radars. Milli-
meter waves, as known, do not allow realizing the main advantage of
radar equipment - the independence of obtaining information on the me-
teorological conditions. The peculiarity of the use of millimeter waves in
radar is the following. With its propagation the radio emission attenuates
in the atmosphere and in atmospheric formations. By the interaction of
radiation with the environment there are processes of scattering, attenua-
tion and depolarization of radiation, as well as amplitude and phase dis-
tortion of signals. Attenuation of radio emission in the atmosphere has
general tendency to increase with increasing frequency and depends on
weather conditions. However, on millimeter waves, the absorption inten-
sity of radio waves is not so high as for the submillimeter range and
caused by the presence of oxygen molecules and water vapor.

In general, millimeter waves are related to waves with varying
range of action due to relatively large molecular absorption in water va-



por and air oxygen, as well as through attenuation in different layers of
the atmosphere

For evaluation of the possibilities of obtaining detailed radar im-
ages, the linear resolution by azimuth is of decisive importance. It is de-
creasing with increasing distance to the targets, which significantly im-
pairs the efficiency of panoramic radars over long distances. Therefore,
in solving problems associated with the detection and recognition of
small-scale objects such as aerial reconnaissance, mapping, etc., pano-
ramic radar systems are limited in use.

Side-looking radar stations

The radars of the side-looking view are considerably inferior in its
capabilities to optical devices. Since, unlike the aerial photographing
taken with the help of reflected sunlight, the radar antenna is itself the
source of illumination for the observed area, then the image is formed
due to reflected radiation of radar. It is possible to assume that the waves
from the radar are distributed in a straightforward manner, therefore, the
areas enclosed by hills or other large vertical objects are not illuminated.
Therefore, they do not return back ultrahigh-frequency (microwave) im-
pulses. Shaded areas on radar images are perceived as dark void. They
do not resemble the lightly illuminated areas of ground surface by sun-
light scattered in atmosphere which are in the shadows, for example,
when photographing. The nature of the radar image depends on the wa-
velength and the polarization of the incident signal, as well as on the
geometric characteristics and electrical properties of the displayed areas
of the terrain.

When approaching the viewing area to the track line, the resolu-
tion by azimuth sharply worsens. This does not allow getting high-
resolution radar images in the front viewing area.

The advantages of panoramic radars are the following. The cover-
age area is circle or sector with the radius corresponding to the radar
range. The side-looking radars have the advantages of high angular reso-
lution; the irradiation time is much larger than with the circular view;
much larger radar range.

However, the main common disadvantage of all radar overview-
comparative systems is the need to identify the landmarks with the help
of the pilot-operator, which limits their functionality. Full automation of
navigation for overview-comparative systems is possible only in CENS.

7.5 Correlation Extreme Navigation Systems

CENS is a system of processing the information, presented in the
form of random functions (fields), intended for determination of coordi-
nates. The basis of operation is the correlation connection between the
realization of random functions, and the determination of the initial val-
ues (coordinates of the location or their derivatives) is carried out by
searching for the extremum of the correlation function or any other sta-
tistical evaluation of the realization of random functions.

Navigation using CENS is carried out with the help of information
derived from geophysical fields with random structure, parameters of
which are closely related to certain areas of the ground surface.

Object control is carried out by determining its location in the
process of comparing the current (taken in motion) distribution of the
field with the reference distribution (mapped previously) of the same
field, which is connected to the area with high accuracy.

Since the distribution of the current and reference fields along the
route are random processes, the degree of their matching can be deter-
mined by the magnitude of the cross correlation function. The maximum
(extremum) of this function will indicate that the current realization of
the field coincides with certain section of the reference map of this field
whose coordinates are known with high accuracy.

7.5.1. General structure of CENS

In the analysis of existing variants of CENS structure
(Fig. 7.12), it is possible to distinguish the following common blocks:
physical field sensor (sensors); cartographic block; correlator; automatic
optimizer; georeferencing block; rough navigation system (RNS).

The physical field sensor provides information in the form of the
current realization of the field (current field image 1§), which can be dif-

ferent depending on the method of field probing (point probing, probing
along the line of position, frame probing).
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For the first probing option, the field parameter is taken in the
form of scalar value at each time moment, and it is possible to use both
surface and spatial physical fields. For the second probing option, the
sensor measures field parameters along the arbitrarily selected line in-
stantaneously or over a short period of time. For the third option, the
field parameters are measured from the ground surface during short
scanning cycle.

The mapping block contains information about the reference rea-
lization of the field I,1,,...,1,, which can be represented as regular or

irregular grids, in the form of isolines or analytical model.
Correlator, depending on the type of CENS, can calculate the cor-

relation function value f;(l;,I;i*) for each template stored in memory (so-

called search CENS), or, in the case of GNS or prior knowledge of the
flight path, can calculate the correlation function for only one template
(so-called searchless CENS).

In the latter case, the presence of automatic optimizer is optional,
since there is no need to find the extremum (maximum) of the correla-
tion functions of the pairs of template and current field realizations.

The degree of coincidence of the template and current field reali-
zations is the normalized correlation function. Correlation algorithms are
selected based on the minimum of operations necessary to calculate the
correlation function.

The simplest digital correlation algorithm is based on the use of
paired functions which create the number of pairs of map elements with
guantization levels i and j, which coincide with the shift Dx and Dz. The
algorithm of summation of pair functions, that is the analog of the nor-
malized correlation function, is realized as follows:

n-1
s (DX,DZ)zN'léFiJ—(DX,DZ), (7.6)
i=0

where n is the number of quantization levels, and N is the number of
map elements. The algorithm for multiplying paired functions is de-
scribed as:
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where @ F; is number of elements of the template image with the lev-
j=0

el of quantization equal to i.
For binary quantization (n = 2), there are four types of paired

functions (Fig. 7.13) that make up the matrix

Foo Foz

Fio P

where to simplify the recording is accepted F; (DX, Dy) =Fj-

Template image

Foo Fon FioFa
Current image
Fig. 7.13
Then algorithms (7.6) and (7.7) are written in the form:
rs(Dx, Dz) = (Fgo + Fua )N 7%

rn (Dx, Dz) = (Foo/No ) (Fa1/N1)
where No and N; are number of map elements containing respectively 0
and 1,and N =Ng+N;.



Let us consider an example of comparison of binary-quantized
template and current maps containing N = 10 map elements and shifted
to Dx = 2 (Fig. 7.14).

Templale image

-
Current image

Fig. 7.14

With the image shift all paired functions are equal to 2, the num-
bers of matching elements 00 and 11 respectively are equal to
Fow =1and Fy; = 3.

Determining the value of paired functions are:

rg = E =04; rp= lxE =0.125.
10 4 6

By the next shift of the template realization relative to the current
one, it is possible to reach the maximum value of the correlation func-
tions equal to 1. Further image shift will result in a decrease of the val-
ues of the correlation functions.

Depending on the type of RNS used, CENS may differ in the de-
gree of structural connectivity of systems and in algorithms of data fu-
sion of navigation information. Since CENS itself cannot act as the sole
and main source of navigation information for the vast majority of mo-
bile objects, including unmanned aerial vehicles, then in future instead
of term "GNS" the complex navigation system (CNS ) will be used. Tak-
ing into account the CNS errors on the input of the correlator the prior
probability of the object location comes in the form of the probability of
coincidence of the current field realization with some template p;(If).

Also, from the output of CNS to the data fusion block, the estimate of
state vector X, is coming, which is specified using the previous na-

vigation information )A(CENS from CENS georeferencing block.
7.5.2. Classification of physical fields

There are following classification features of the geophysical
fields.

Physical origin

1. Relief field of the ground surface, which is characterized by
mutual heights, that is the elevation regarding certain level, such as sea
level. Surface elevation has geometric content that does not depend on
objects which create these inequalities of ground surface. The measure-
ment of the field parameter on the aircraft is done using radio altimeter
or rangefinder with simultaneous using signals of barometric or inertial
altimeters to set the reference profile of the terrain.

2. Optical field of ground surface, which is created by individual
objects and their relative positions in the visible range of radiation. It is
characterized by geometric and spectral characteristics of the image.
Airborne measurement of the field parameters are carried by optical or
television imaging devices.

3. Thermal field of ground surface is created by the electromag-
netic radiation of individual elements (soil, water, vegetation, metal and
concrete structures) in the infrared, the centimeter or millimeter wave-
length range. It is characterized by temperature of these objects. This
temperature is measured at a large distances by special devices (radi-
ometers) which operate in corresponding wavelength ranges.

4. Radio reflection field (radar contrast field) is created by surface
elements and is characterized by reflectance properties by areas in the
radio wavelength range. Numeric values of reflectance coefficient are
measured by airborne radar with scanning beam.

5. Magnetic field of the Earth (normal and abnormal in total) is
caused by magnetic rocks in the Earth’s core and its surface layer and is
characterized by strength vector and direction of magnetic field strength
lines. Airborne measurements of these fields are carried out by induc-
tion, ferromagnetic, quantum magnetometers.

6. Gravitational field of the Earth, created by the mass of the Earth
and masses of natural and artificial formations on its surface, is characte-
rized by the force of gravity. Airborne sensors of this field (gravimeters)
are based on measurement of gravity force of reference masses installed
aboard, to the ground surface in the given point.

In addition, there is a number of other fields (the field of natural
gamma radiation, electrostatic, etc.) which are less stable in time or poor
studied.

Spatial structure



1. Spatial fields are fields with parameters defined in each point of
near-Earth space, e.g. magnetic and gravitation fields.

2. Surface fields have parameters defined only for the ground sur-
face — relief field, thermal, optical, radio wave reflection coefficient
fields.

Measurement of surface field can be done in the form of two-
dimension or “volumetric” frames whereas spatial fields allow perform-
ing only point probing.

The most informative fields are surface fields because of the in-
formation content of any small-sized object on the ground surface in
combination with increasing flight altitude due to so-called smoothing
effect on height.

However, high informatively of spatial field is limited by such
important disadvantages as weather condition, time of day of measure-
ment, seasonal changes, sensitivity of airborne sensors and their noise
immunity.

Form of representation on a map.

1. Fields are represented by continuous grid of points or in the
form of analytical model. If the surface field is used, it is clear that that
the surface can be described both in explicit and in parametric form. The
main advantage of parametric representation is invariance of model to
the geometric rotation.

2. Fields are represented by isolines (Fg. 7.16, a). Typically, these
fields are represented as lines of equal values of the field, in general the
curves are approximated by splines. As the basis function the polynomi-
al, harmonic and hyperbolic function are commonly used.
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3. Fields are represented by regular grid (GRID). The value of
field is stored as two-dimensional array data, indexes match the coordi-
nates of the surface (Fig. 7.16, b). Grid spacing is set according to the

degree of geophysical data. Such representation of field has a number of
significant advantages, namely: the information can be effectively com-
pressed; data occupies less space, respectively, its processing requires
less time, moreover, the possible use of complex nonlinear interpolation
algorithms.

4. Fields are represented by irregular network (TIN — Triangle Ir-
regular Network). This presentation is called triangular grid where the
surfaces is represented in the form of triangle using triangulation algo-
rithm, such as Delone triangulation. The features of this presentation is
possibility to work with the geophysical data collected with variable
sampling, interpolation of information at unexplored areas, support for
on-line adding and updating mapping information. In addition, com-
pleteness of maps can be determined by the size of triangles (Fig. 7.16,
c).

Principle of formation

According to the principle of formation, the fields are classified
into natural and artificial. The natural ones include magnetic, gravita-
tional, relief, optical, thermal and radio thermal fields. It is clear that the
term "natural field" is rather arbitrary, because people and their activities
affect the current realization of these fields, in particular magnetic field
anomalies can be caused by the presence of large piece of metal struc-
tures, anomalies of radio thermal field may actually be different artificial
interferences of radio systems.

The artificial fields are created by deliberate irradiation of ground
surface and determined by the energy distribution of the reflected signal.
They include radar, laser and ultrasonic long-range fields.

Type of measured signal

By type of measured signal the geophysical fields can be classi-
fied as fields with time, spatial, and spatial-time signals. The parameter
measured by sensor of geophysical field, depending on the field and me-
thods of its measurement can be represented as realization of time func-
tion, for example, with measuring the geomagnetic field or relief fields.
The field is measured at point of space at time moment, and a set of dis-
crete samples creates the time function. With observation by a frame the
field value at each time moment is measured at certain surface area (sur-
face field), such as optical field gives two-dimensional set of samples of
contrast of the ground surface in the frame, described by the spatial sig-



nal. The set of such frames over time will already by described by spa-
tial-time signals.
General classification of fields is shown in Table 7.2.
Table 7.2.Classification geophysical fields
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7.5.3. Variants of existing correlation-extreme navigation sys-
tems

TERCOM system is guidance system of cruise missiles by the ter-
rain relief. This system (in some sources - TAINS-TERCOM or Aided
Inertial Navigation System) was developed by McDonnell Douglas for
cruise missiles ALCM and "Tomahawk". The main components of the
system are radio altimeter AN/APN-194, INS LN-35 and autopilot.

During the flight TERCOM system measures the vertical profile
of terrain along the actual flight trajectory using radio altimeter (to
measure geometric height) and pressure altimeter (for reference of the
profile). Subtracting the current height measured by radio altimeter from
pressure level, the system determines the profile of the relief along the

flight trajectory and begins searching the similar one in computer memo-
ry that contains profile with known coordinates (Fig. 7.16).
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Fig. 7.16

Search is done by sequential comparison of field sensor signal
with the digital map, first by viewing back and forth from the predicted
location, and then across the trajectory within the matrix of 64”64 ele-
ments (at element size D from 307 30m to
240m ~ 240 m) .

The procedure of comparison is the minimization of the absolute
difference and can be represented approximately by the following ex-
pression:

14 : : :
ag& Hirue (D32 Fi) = Hiap (Di + ID. F; +vD)‘ = min; (L£ j,v £ 64),
1=
where Hyq is elevation of relief along the actual flight path, Hpa, is re-
lief elevation, selected from the airborne map; D;,F; ar€ object size.

Data fusion of INS with TERCOM system provides the accuracy
of navigation solution rabout 50 meters.

TERCOM systems differ in the type of used algorithm of correla-
tion search and filtering of navigation errors, namely such systems as
SITAN, VATAN, PTAN. However, the use of these systems is possible
only in areas with varying terrain relief and practically impossible above
the water surface.

Systems of GGAINS type use abnormal gravitational and geomag-
netic fields for correcting INS errors. Components of the gravitational




field aboard the aircraft are measured using gravimeters, errors of which
are within 0.5...0.6 MGal. The main sources of noise in the measurement
of abnormal components of the Earth’s gravitational field is vibration
and overload during aircraft evolution which are eliminated by placing
gravimeters on precision stabilized platforms and by further integration
to INS structure. Components of Earth’s magnetic field are determined
by magnetometers with errors limited to 10...15 nT. The main types of
magnetometers errors are instrumental errors associated with impact of
artificial sources of magnetic field; errors of mapping of magnetic fields;
random variation of the magnetic field; unbalance of magnetic fields of
the vehicle, which generally limits the practical widespread use of mag-
netometers aboard.

The system GGAINS uses gravimeters and magnetometers as
geophysical field sensors together with models of gravitational and
geomagnetic fields to take into account regular components of fields and
pre-recorded maps of gravitational and magnetic anomalies. Data fusion
of CENS and INS is made by filter of adaptive estimation of errors
(Kalman filter) for INS and by the method of weighted average for ano-
malies data.
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Fig. 7.17

Systems of VAINS type become of wide use because they can be
related to the greatest number of systems, including systems that use
radar contrast field - RAC systems and MICRAD, systems with optical

field of ground surface - SMACI systems, OMFAC and others. The
principal difference between these systems classes is in the use either
optical information processing methods, providing higher speed, espe-
cially in real time modes, or digital methods. In particular, the system
OMFAC is the optical correlator that uses coherent holographic methods
of information processing.

The main advantages of the system OMFAC compared to other
optical systems are the absense of moving parts in correlator and signifi-
cantly larger memory volume. Increased memory allows the system to
be used not only at the final, but also on the middle section of the flight
trajectory, increasing also the possibility of maneuvering and approach
to the target from different directions.

The principle of optical information processing is explained in
Fig. 7.18, where 1 is plane of input signal, 2 is holographic lens matrix,
3 is memory device with matched filter, 4 is lens, 5 is photodetector
plane.

Fig. 7.18

At the plate a set of elementary Fourier transformers is coated.
Every elementary hologram acts like a lens, deflecting the light beam
passing through it in a certain point in the given focal plane. Memory
device 3 is also photographic plate, on which Fourier holograms of tem-
plate images are recorded. Through focusing lens 4 the resulting image



which is the difference between the template and current images comes
to photo detector 5 that detects the degree of deviation between them.
Functional diagram of OMFAC system is shown in Fig. 7.19.
Fig. 7.19

Here there are designations: current image 1, semitransparent mir-
ror 2, converter 3, holographic lens 4, laser 5, matched filter 6, inverse
Fourier transform lens 7, photodetector 8.

Since the current image of area 1 is obtained with incoherent sun-
light, and the processing of information in the system uses properties of
space-time coherence, then the converter 3 forms so-called equivalent
image. Conversion of current image is performed in real time. Converter
3 is two-layer structure. It consists of thin layer of photoconductive ma-
terial such as cadmium sulfide, and memory layer, such as, liquid crys-
tal. With transparent conductive electrodes DC voltage 10...15 V is sup-
plied to the converter.

With projecting the current image on the photoconductive materi-
al the resistance of photoconductor is reduced to seven orders. This elec-
tric potential is transmitted from the cadmium sulfide layer to the memo-
ry layer as a function of illumination of each point photoconductor. Then
voltage from the converter is removed, and the coherent laser 5 radiation
passes thought it. The laser beam passing through the converter is mod-
ulated by "image" amplitude, fixed in the liquid crystal, and enters the
optical processor with matched holographic filters 6.

To reproduce the resulting image the lens 7 of inverse Fourier
transform is used, then the image is applied to photo detector 8 to get
degree of mismatch between the template and current image.

The system can operate at incomplete input information, such as
when clouds shade to 50% of the current image. With the angular dis-
placement of template and current images of £ 3° and respectively with
the scale + 4° the level of output correlator signal is reduced to 3 dB.

7.6 Features of meteo radar station operation

Flight operation of systems. In the case of use with flight mission
completeness the radar station is turned on before taxing to runway.

In flight, according to the instruction of the operation, RS is
checked in the mode "GROUND". System serviceability is estimated by

the appearance of radar images of the ground surface and by the ability
to determine the range to the radar landmark and its heading angle.

In the mode “METEQ” the size and degree of meteo formation
risk are determined. With thunderstorm area detection the height of its
formation relatively altitude of the aircraft is determined and the specific
measures are taken to maneuver and avoid the storm front depending on
its nature and development height.

It is forbidden to use radar stations as the basic tool of preventing
the possibility of collision in the air or the danger proximity to ground
surface and ground facilities.

While landing approach it is necessary to approach turn off the
high-frequency antenna radiation, and with landing radar station must be
completely turned off.

Technical exploitation of radar systems. Before turning on the
system it is necessary to be sure that at distance of 100 m from the air-
craft in sector 80° there is no large objects with reflective surface and at
distance of 30 m people are absent.

After turning on the system by pressing button «MAP/WX» the
test starts (on the control display unit the word "TEST" appears and
there is also the scale of test time). After test finishing (not more than 3
minutes) the word "TEST" changes to "RTW" (ready to work). There
should be no reports of refusal on the airplane multifunctional display.

TEST QUESTIONS

1. What are the advantages and disadvantages inherent to compar-
ative-overview navigation methods? What features can these systems be
classified?

2. How is the problem of landmark recognition in manual over-
view-comparative navigation systems solved?

3. What purpose usually are overview-comparative point probing
system usually used for?

4. What are two types of radar location?

5. Which factors does power of secondary radiation of radar field
depend on?

6. What parameters of received radar waves is it possible to de-
termine landmark location in space?

7. How is it possible to increase the resolution for radar of the
ground surface surveillance?



8. How are the side-looking surveillance radars classified?

9. What are elements in structure of the simplest radar devices?

10. What is the main problem solved by radar in the analysis of
the received signal?

11. What are the variants of surveillance at all? What surveillance
methods are used in the two-dimensional radar?

12. What problems does "Buran A-140" solve?

13. What operation modes are implemented in "Buran A-140"?

14. What are the principles in the basis of CENS operation?

15. Give the classification features of the geophysical fields.

16. What field does CENS «TERCOM» use?

17. What methods of information processing does CENS «OM-
FAC» use?



