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Abstract — An analytical bank-and-climb gyro unit supplies the flight crew with
information about aircraft angular movement relative to the local vertical. This
article describes the particular principles of unit operation providing a step by step
explanation of principles governing the operation of the analytical bank-and-climb
gyro unit and provides a kinematic scheme of the unit. The article also gives an
insight into the occurrence of errors in the bank-and-climb gyro unit as well as
explains their significance.
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I. INTRODUCTION

An inertial attitude and heading reference system (analytical bank-and-climb gyro unit) is a
technical device which supplies the flight crew with information about aircraft angular movement
relative to the local vertical (roll and pitch angles) and has no angular movement sensing
devices [1].

The analytical bank-and-climb gyro unit consists of a gyro, accelerometers and an analytical unit.
The gyro reflects the direction of the Earth’s local vertical. In flight, the direction of gyro rotor axis
C coincides with vertical axis H of the geographical reference system (GRS). The accelerometers
measure the aircraft’s accelerations. The analytical unit computes the angular velocity of gyro rotor
axis C in inertial space.

Il. PRINCIPLES OF OPERATION

The operating principle of the analytical bank-and-climb gyro unit includes the following
fundamental actions:

1) measuring the aircraft’s accelerations;

2) computing the angular velocity of the rotor axis C of the gyro;

3) correcting the position of the gyro.

In order to determine the analytical principle of bank-and-climb gyro unit operation, the analysis
of the gyro is required [2]. The initial situation is as follows: an aircraft with a three-stage gyro is in
flight. In the beginning the gyro’s rotor is aligned vertically. Therefore, the direction of gyro rotor
axis C coincides with vertical axis H of the GRS. The primary function of the given unit is to keep
the gyro’s rotor axis C aligned with GRS axis H.

In contradistinction to GRS vertical axis H, the alignment of the gyro rotor in inertial space is
constant. Consequently, in order to have gyro rotor axis C aligned with GRS axis H during flight,
the following angular velocity (1) must be applied to axis C:
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Qc = Qp, 1)
where
Qy angular velocity of GRS vertical axis H in inertial space;
Q. angular velocity of gyro rotor axis X in inertial space.

The Earth is rotating in inertial space with angular velocity Q,. Angular velocity Q; of this
rotation is then projected onto GRS axes — NEH (see Fig. 1).
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Fig. 1. Fundamental interrelations in the geographical reference system.

The projections (2) of the Earth’s rotation angular velocity Q; onto GRS axes (NEH) are the
following:

{QZN =, cos @ @)
‘QZH = .QZ sin (p’
where

0] geographical latitude angle;

Qy Earth’s rotation angular velocity.

The horizontal (North) Qy and vertical (), components of the Earth’s rotation angular velocity
appear due to the deviation of GRS vertical axis H from the Earth’s vertical line. Horizontal (North)
component Q,y affects the pitch and roll angles, while vertical component Q,, affects the yaw
angle.

Another reason of H rotation in inertial space is the aircraft’s movement relative to the Earth’s
surface. During the flight, the aircraft passes through a variety of points, the local verticals of which
have different directions. Therefore, if the aircraft has flight speed V, the vector of vertical axis H
rotates in inertial space. Furthermore, the angular velocity of the vector of vertical axis H depends
on the value of flight speed V. The North component of flight speed Vn results in the appearance of
the horizontal component (3) of vertical axis H angular velocity oe.
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where
Rz Earth’s radius;
VN North component of flight speed.

The East component of flight speed Ve gives origin to the appearance of the vertical
component (4) of vertical axis H angular velocity w1(VE).

14
(‘)l(VE) = R_IIE', ’ (4)
Z
where
R; Projection of Earth radius (5) onto the flight longitude:
R; = Rzcos. (5)

The projections (6), (7) of angular velocity o1 of GRS vertical axis H onto the NEH system are
the following:

4 4
Wy = W1COSQP = —7- COSQP = ——; (6)
Ry Rz
. VE . VE
Wy = WSing = R—,Z,smcp = tge. (7)

The angular velocity Qg; (8) of GRS vertical axis H rotation in inertial space (taking into account
both causes of this rotation) therefore is:

Qpi = Qz; + w;(Vg). (8)

The angular velocity Qg of GRS vertical axis H consists of two components, which emerge due
to different movement processes. The first component Q4; appears because of the Earth’s rotation in
inertial space. The second component w; appears because of the aircraft’s movement relative to the
Earth’s surface.

The components (9), (10) of the rotation velocity Qg of GRS vertical axis H are the following:

Qun = Qgzcose + I;—’;; 9)
v
QHE = _R_IZ (10)

These mathematical expressions represent the algorithm of analytical bank-and-climb gyro unit
operation. In flight, the gyro stabilized platform, which is aligned along North and East axes in the
geographical reference system NEH, must rotate with the specified velocities in order to keep the
platform in the local horizontal plane at all times.

To transform Qgy and Qg angular velocities into mathematical expressions, the dependence of
Earth’s rotation velocity Q7 (11) on the East component of linear velocity Vi should be taken into
account:

0, =—= (11)

" Rgcosg’

Moreover, it should also be noted that Earth’s linear velocity (East direction) Ve (12) is an East
component of the aircraft’s transfer velocity Vg:

VE == VaE- (12)

Besides, the aircraft’s linear velocity Ve ,/c (13) is an East component of the aircraft’s relative
velocity V.g:

Ve a/c = VrE: (13)

73



Transport and Aerospace Engineering
2016/3

The sum of the East components of aircraft transfer velocity Vg and relative velocity Vg (14)
forms an East component of the aircraft’s absolute velocity V,g:

Vep + Vg = Vag. (14)
With account of the above mentioned mathematical expressions, the component of the angular
velocity Qg (15) of GRS vertical axis H is:

Vg VEcos@ Veasc VeE+VrE VaE
Qun = Qgzcos — = = = : 15
HN z€OSQ + Rz Rzcos@ T Rz Rz Rz 15)

The North component Vn (17) of the aircraft’s linear velocity is a North component of the
aircraft’s relative velocity Vin:

Qpe = — N _VT_N- (16)

Rz Rz

As a result, the following expressions (17), (18) define the analytical operation of the bank-and-
climb gyro unit:

Qun = V:E ; (17)
Z
Vy
Queg =— sz ' (18)
Z
where
Qun North component of the angular velocity of GRS vertical axis H;
Qur East components of the angular velocity of GRS vertical axis H;
Vag East component of the aircraft’s absolute velocity;
Vin North component of the aircraft’s relative velocity.

These particular mathematical expressions suggest what should be done in order to design the
analytical bank-and-climb gyro unit. Firstly, the East component of the aircraft’s absolute flight
speed V¢ and the North component of the aircraft’s relative flight speed V .y should be found. This
can be achieved by integrating signals (19), (20) from accelerometers:

Ve = faaksEdt; (19)

Vin = faakstha (20)

where a,sp and a,ysy are East and North accelerometer signal components accordingly.
The expressions (19), (20) represent the operating algorithm of the analytical bank-and-climb
gyro unit [3]-]9].

I11. KINEMATIC SCHEME OF THE UNIT

There can be various engineering implementations. Let us consider a relatively simple analytical
bank-and-climb gyro unit without the heading stabilization of the platform and with stabilization in
the Earth’s horizontal plane only [10].

Fig. 2 shows the kinematic scheme of this analytical bank-and-climb gyro unit.
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Fig. 2. Kinematic scheme of analytical bank-and-climb gyro unit.

The analytical bank-and-climb gyro unit consists of the following components:

1.

2.

3.
4.

5.

A leveling gyroplatform with a plane situated in the local horizon plane during the whole
operation of the system;

Two accelerometers measuring the aircraft’s accelerations along the platform axes in inertial
space;

An angular velocity computer calculating the angular velocity of the Earth’s local vertical;
Functional components of the angular velocity computer — moment motors (electric motors),
which generate control moments for the gyro;

A platform correction circuit consisting of gyro angular sensors, amplifiers and stabilization
motors. The platform correction circuit rotates the platform in reliance on gyro signals (the
platform is set in such a way that its plane is perpendicular to the gyro rotor) [11].

1V. BASIS OF THE OPERATING PRINCIPLE

The principle of operation of the analytical bank-and-climb gyro unit is the following: the
accelerometers measure absolute accelerations along the platform axis, as they are mounted on the
platform, while the platform is mounted to the aircraft. As a result, the analytical bank-and-climb
gyro unit measures absolute accelerations along the axes of body-fixed reference system X and Z —
aax and aaz.

However, to compute the angular velocity of the Earth’s local vertical in inertial space,
information about flight speed components Ve and Vn should be obtained in the GRS [12], [13].
Therefore, acceleration components aax and a.; should be transferred from the body-fixed reference
system XYZ to the geographical reference system NEH (aan and as). The transfer can be completed

75



Transport and Aerospace Engineering
2016/3

if the transfer angle between both reference systems is known. The body-fixed reference system and
geographical reference system are shown in Fig. 3. For instance, let us assume that the body-fixed
reference system is rotated relative to the geographical reference system for an angle of .
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Fig. 3. Transfer angle between the geographical reference system and body-fixed reference system.

Then the transfer of accelerations (21), (22) is as follows:
Agn = AgxCOSY + ag,Siny; (21)
Aqp = —AgxSiny + ag,cosy, (22)
where aax and aa, are accelerometer signals along axis X and Z respectively, and v is an angle
between the systems.
The analytical bank-and-climb gyro unit can operate normally, as the aircraft’s actual heading v
is an input signal supplied from other aircraft systems. The signal from the accelerometers is
supplied to an angular acceleration computer converter.

The aircraft’s flight speed components (23), (24) are computed by integrating the converted
components of acceleration aan and aqe:

Vag = [ aggdt; (23)
VTN = faath. (24)

Afterwards, the angular velocity components of GRS vertical axis H (25), (26) can be calculated
in the following way:

Qpp = _VTN; (25)
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The gyro rotor reflects the direction of the Earth’s local vertical and is mounted on the
platform [14]. The gyro can rotate if the moment sensors MM of the gyro generate control moments
Mca and Mce. As the gyro rotates relative to the platform reference system XYZ, a recalculation
should be performed to make the gyro rotate in inertial space like Earth’s vertical axis H does.
Hence, the angular velocity of the Earth’s vertical axis should be transferred (27), (28) from the
GRS (Qpyy and Qg ) to the body-fixed reference system XYZ:

Wgx = Wgy = QuycosP + Qypcos(90 — Y); (27)
Wy, = Wgp = Qyy c0s(90 — ) — Qypcos Y. (28)

To perform this particular operation, a second converter section is incorporated in the angular
velocity computer.

The last section in the structure scheme of the angular velocity computer is calculation (29), (30)
of gyro control moments (Mva, Mvg):

MVA = H(,l)gB; (29)
Myp = Hwgy, (30)

where

H  kinetic moment of the gyro.

The output signals of angular velocity computer, which are proportional to gyro control moments,
are supplied to gyro moment sensors. The gyro moment sensors generate moments Mva and Mys
affecting the direction of the gyro rotor. The gyro rotates in such a way that its rotor movement is
identical to the movement of the Earth’s vertical axis H. As the gyro rotates, the rotors of angular
sensors ASa and ASg move relative to its stators. Signals from angular sensors ASa and ASg via
amplifiers AMP are afterwards sent to platform stabilizing motors SM. Thus the platform is rotating
along with the gyro and tracking the gyro’s position. Due to the fact that the gyro’s rotor is aligned
along the Earth’s vertical axis H and the platform is kept perpendicular to the gyro’s rotor, the
platform is situated in the Earth horizon. Therefore, the platform reflects the Earth’s direction.
Selsyns-sensors SSx and SS; are situated on platform axes X and Z in such a way that Selsyns rotors
are connected with the platform, but the stators are attached to the aircraft. When the aircraft is
rotating around X axis (roll angle) or around Z axis (pitch angle) Selsyns-sensors SSx and SSz move
relative to its rotors. Because of that, the Selsyns-sensors generate signals, which are proportional to
roll and pitch angles.

The errors of the analytical bank-and-climb gyro unit evolve with time due to the operation of
integration. For instance, if the accelerometers measure accelerations with errors (Aaa, Aaan),
aircraft flight speed components (31), (32) are calculated erroneously:

AVaE = anaEdt; (31)
AVTN = anath. (32)

Consequently, the components of the angular velocity (33), (34) of vertical axis H are calculated
erroneously as well:

—AVyN,

AQHE == R’ (33)
AVg

Assuming that the heading remains constant, gyro angular velocity components (35), (36) are
also calculated erroneously:

Awgy = AQpycosy + AQygcos(90 — ); (35)
Awgp = AQyy c0s(90 — ) — AQygcos . (36)
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From the previous expressions it is clear that the gyro rotor does not rotate in inertial space as the
Earth’s vertical does. The errors of the analytical bank-and-climb gyro unit (37), (38) are equal to
the integral of the difference of gyro rotor axis C and the angular velocity of the Earth’s vertical
axis H.

[ Awg,dt = Ay; (37)
[ Awgpdt = Av. (38)

As a consequence, errors of the analytical bank-and-climb gyro unit appear because of two-stage
integration and evolve with time [15].

V. CONCLUSION

The analytical bank-and-climb gyro unit consists of a gyro, accelerometers and an analytical unit.
The gyro reflects the direction of the Earth’s local vertical. In order to determine the analytical
principle of bank-and-climb gyro unit operation, the gyro analysis is required. In order to design the
analytical bank-and-climb gyro unit, the East component of the aircraft’s absolute flight speed Vae
and the North component of the aircraft’s relative flight speed Vin should be found. The errors of
the analytical bank-and-climb gyro unit appear because of two-stage integration. The errors of the
bank-and-climb gyro unit tend to evolve with time.

REFERENCES

[1] P. Trifonov-Bogdanov, Inertial Navigation Basics. Riga: RKIIGA, 1984.

[2] W. Wrigley, W. Hollister and W. Denhard, Gyroscopic Theory, Design and Instrumentation, Cambridge: M.L.T.
Press, 1969.

[3] M, S. Grewal, L. R. Weill and A. P. Andrews, Global Positioning Systems, Inertial Navigation and Integration.
New York: Wiley, 2004.

[4] I. Vaisgant, Inertial Navigation Systems Structure Principles. Saint Petersburg: LETI, 1984.

[5] P. Bromberg, Inertial Navigation Systems Theory. Moscow: Nauka, 1979.

[6] D. Pelpor, I. Mihalev and V. Bauman, Gyro systems. Moscow: Visaja Skola, 1988.

[7]1 A. Ishlinsky, Alignment, gyros and Inertial Navigation, Moscow: Nauka, 1976.

[8] G. Fridlender, Inercialas navigacijas sistemas, Moscow: GIFML, 1961.

[9] A. Lawrence, Modern Inertial Technology, Berlin: Springer, 2001.

[10] M. Zaharin and F. Zaharin, Inertial Navigation Systems Kinematics, Moscow: Masinostroenie, 1968.

[11]V. Bulatov, Aviation Gyro Devices. Vyborg: VATKGA, 2004.

[12]N. Vinicenko, D. Kacay and A. Lisova, Gyro Devices Theory, Chelyabinsk: UuRGu, 2010.

[13] K. Britting, Inertial Navigation Systems Analysis, London: Artech House Print, 2010

[14]V. Matvejev, Inertial Navigation Systems, Tula: TulGu, 2012.

[15]A. Yakushenkov, Inertial Navigation Basics, Moscow: Morskoy Transport, 1963.

Pjotrs Trifonovs-Bogdanovs Professor, Doctor of Engineering Sciences (Prof. Dr.habil)

Date and place of birth: 1943, Riga.

Education: 1966, Riga Civil Aviation University and Latvian University; Latvian State
University, Physical (1979).

Affiliations and functions: 1999 — habil. doctor of Engineering Sciences, Aviation Institute of
Riga; 2008 — professor, Aviation Institute of Riga Technical University.

Research interests: engineering psychology, systems of automatic controlling, inertial
navigation.

Publications: 46 science and methodical publications.

Present position: professor at the Institute of Aeronautics of Riga Technical University.

Address: Institute of Aeronautics, Faculty of Mechanical Engineering, Transport and
Aeronautics, Riga Technical University, Lomonosova 1A, k-1, Riga, LV-1019, Latvia.

Phone: (+371) 26065007

E-mail: ptb@inbox.Iv

78



Transport and Aerospace Engineering
2016/3

Artars Levikins graduated from the Institute of Aeronautics of the Faculty of Transport
Engineering, Riga Technical University, in 2014 and received a bachelor’s degree.

Present position: Institute of Aeronautics, Faculty of Mechanical Engineering, Transport and
Aeronautics, Riga Technical University, Master course.

Work experience: Lecturer at the Institute of Aeronautics, Riga Technical University.

2013 to 2014 — Avionics Chair Laboratory Assistant at the Institute of Aeronautics, Riga
Technical University.

Address: Institute of Aeronautics, Faculty of Mechanical Engineering, Transport and
Aeronautics, Riga Technical University, Lomonosova 1A, k-1, Riga, LV-1019, Latvia.

Phone: (+371) 67089990

E-mail: arturs.levikins@rtu.lv

Vadims Kirillovs graduated from the Institute of Aeronautics of the Faculty of Transport
Engineering, Riga Technical University, in 2015 and received a bachelor’s degree.

Present position: Institute of Aeronautics, Faculty of Mechanical Engineering, Transport and
Aeronautics, Riga Technical University, Master course.

Work experience: junior avionics engineer at the leading Latvian airline “airBaltic”.

Address: Institute of Aeronautics, Faculty of Mechanical Engineering, Transport and
Aeronautics, Riga Technical University, Lomonosova 1A, k-1, Riga, LV-1019, Latvia.

E-mail: vadims.kirillovs@gmail.com

Zarif Zabirov graduated from the Institute of Aeronautics of Faculty of Transport Engineering,
Riga Technical University in 2016 and received the bachelor’s degree.

Present position: Institute of Aeronautics, of Faculty of Mechanical Engineering, Transport and
Aeronautics, Riga Technical University, Master course.

Work experience: aviation science research centre “Aviatest”, aircraft maintenance company
“Magnetic PRO”.

Research interests: aviation electronic systems, radiolocation, navigation and communication
systems, computer programming.

Address: Institute of Aeronautics, Faculty of Mechanical Engineering, Transport and
Aeronautics, Riga Technical University, Lomonosova 1A, k-1, Riga, LV-1019, Latvia.

Phone: (+371) 67089990

E-mail: zarif.zabirov@rtu.lv

79


http://en.wikipedia.org/wiki/Latvia
http://en.wikipedia.org/wiki/Airline

