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Abstract—The paper considers a new method for
measuring the angular deviations of moving objects. A
specific measuring system is proposed to measure ship roll,
pitch, heel and trim. The system consists of two measurement
channels operating in parallel. The first channel is built on
the position properties of a physical pendulum so as to build
the base vertical. The second channel ensures the dynamic
accuracy of the system. The principal of operation of the
second channel involves correction of the signals from the
first channel by using information obtained from linear
MEMS accelerometers. To increase system measurement
accuracy, a signal processing module is used through the
Kalman filter algorithm.

Keywords— Kalman filter; dynamic error; gyro-free
measuring system; roll, pitch, heel, trim.
L INTRODUCTION

The dynamic accuracy of measuring instruments and
systems mounted on moving objects considerably depends
on the intensity of the linear and angular accelerations
acting upon them and mainly caused by the fluctuations
of the object. Meanwhile the basic parameters of the
interference effects and the quantities being measured vary
within wide ranges and depend on a number of factors
which are determined by the specific moving object and
its motion medium. In this respect, there is a great variety
available for state-of-the-art means of transport (ships,
aircrafts, road transport, etc.).

The above mentioned substantially complicates
the development of measuring systems that possess the
required accuracy for the whole range of variations of the
interference effects and the quantities being measured.
This holds true for instruments measuring parameters
such as roll, pitch, heel and trim which characterize the
ship motion. Namely, the problems related to measuring
those parameters are covered by the present study.

A distinguishing feature of the measuring instruments
presented in this paper is that they operate under
conditions of dynamic effects caused by the motion of

the moving objects or by the fluctuations of the ships,
aircrafts and road means of transport, as well as by the
vibrations in the place where the measuring instruments
have been positioned [1] - [3]. Those motions result in
producing inertial forces and moments which act upon the
measuring instruments thus causing a dynamic error in the
measurement result. [4].

To reduce the influence of inertial forces and moments
in current measuring instruments, gyro-stabilized systems
are mainly used. They model the reference coordinate
system in relation to which the position of the moving
object upon its rotation with respect to its mass centre
and its motion along with its mass centre is measured,
as well as the set direction of motion is kept. [5] - [8].
This complicated model for reproducing the direction of
the vertical leads to a number of disadvantages such as a
complex design resulting in a bigger instrumental error,
low reliability under extreme conditions, need for special
systems ensuring the operation of the gyro-vertical, larger
dimensions, higher price of the instrument or system, etc.
(91, [10].

Thus, the present paper proposes a new method for
developing measuring instruments and systems which
define the parameters of moving objects. That method
is able to overcome the drawbacks of the current
measuring instruments since, on one hand, it is based
on a considerably simplified mechanical module, and
on the other hand, on the advanced achievements in the
area of nanotechnologies, microprocessor and computer
equipment.

A specific measuring system has been developed in
compliance with the basic principles of the proposed
method so as to measure ship roll, pitch, heel and trim.

II. DESCRIPTION OF THE MEASURING METHOD

The general concept of the proposed method is pre-
sented by means of a block diagram shown in Fig. 1. The
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block diagram consists of a main measurement channel,
an additional channel, interfaces to be connected to a
computer and software modules for processing and pre-
senting measurement information. The main channel is
designed to measure the current values of the quantities
being measured.
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Fig.1. Block diagram illustrating the principle of modeling of
measuring systems

Due to its simplified design and lack of stabilization
systems, the signal at the channel output contains a
dynamic error caused by the deviation of the physical
pendulum from the astronomical vertical. The procedure
for obtaining the measurement information required
for defining the current values of the dynamic error is
performed in the additional channel (Fig. 1). The latter
operates in parallel with the main one, which makes

possible the elimination of the dynamic error from
the measurement result in real time. The design of the
additional channel and the type of the constituent devices
are specified according to the model chosen to determine
the current values of the dynamic error and the correction
algorithm of the signal from the main measurement
channel.

I11. MEASURING SYSTEM FOR DEFINING SHIP ROLL, PITCH,
HEEL AND TRIM

To illustrate the features of the proposed method, the
characteristics of a specific measuring system built in
compliance with the above concept are considered. The
system has been developed to measure ship roll, pitch,
heel and trim.

The block diagram of the system is shown in Fig. 2.
The main measurement channel consists of a mechanical
module intended to provide gyro-free modelling of the
local vertical and a system for recording the angles of
the heel and trim, which includes two code photoelectric
converters mounted along the respective measurement
axis. The design model of the mechanical module of the
main measurement channel (Fig. 3) has been developed
according to the block diagram in Fig. 2.
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Fig.2. Operating diagram of the measuring system

The development of the main measurement channel is
focused on a simplified technical implementation of the
vertical in the form of a physical pendulum. Therefore,
this comparatively easy technical implementation of the
mechanical module, which consists of a small number
of components, results in reducing the magnitude of the
instrumental error.

The body of the mechanical module is permanently
connected to the ship. A 2-degree-of-freedom physical
pendulum reproducing the device vertical is mounted
on the body by means of a suspension system (Fig. 3).
The latter consists of an outer and inner frame, connected
in series by cylindrical joints. A physical pendulum is
attached to the inner frame. The two frames have inter
perpendicular axes of rotation, which intersect at one
point. The measurement information about the heel and
trim angles is obtained from two code photoelectric
converters (CPC1 and CPC2), mounted on the respective
measurement axis.

The measurement accuracy in dynamic mode is
ensured by an additional channel for determining the
dynamic error. It consists of two pairs of identical MEMS
accelerometers used for measuring the linear acceleration.
The accelerometers are mounted respectively on the body
of the mechanical module, on the first cylindrical joint
(two accelerometers), and on the physical pendulum. The
first two accelerometers are mounted in such a way that
their measurement axes are sensitive to the accelerations
generated by the roll whereas the measurement axes of the
other two accelerometers are sensitive to the accelerations
generated by the pitch. This scheme of mounting of
the MEMS sensors ensures the sensitivity of the first
accelerometer of each sensor pair to all accelerations
generated by theroll and pitch. Every second accelerometer
is sensitive not only to the accelerations of the first sensor
but also to those generated by the pendulum motion with
respect to its degree of freedom. This makes possible the
development of a procedure involving the subtraction of
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the signals from the first and second accelerometer of
each sensor pair where the output signals are proportional
to the accelerations generated by the pendulum motion
with respect to its degree of freedom. By means of a
data processing algorithm a double integration of the
accelerations is performed, where signals defining the
pendulum deviations from the vertical with respect to its
two degrees of freedom are obtained.

Fig.3. Design model of the main measurement channel

Because the device body is permanently fixed to
the ship and its measurement axes are sensitive to
ship fluctuations with respect to the heel 8 and trim v
, the measurement information on the change of those
quantities is obtained at CPC1 and CPC2 outputs. That
information is recorded with respect to the time coordinate
in the form of functions 0 (t) and y (t). The instability
of the physical pendulum in the inertial space leads to
a dynamic error in the result whose characteristics are
defined by functions a(t) and B(t). The latter are formed
by the pendulum deviations from the ideal astronomic
vertical emerging along the two measuring coordinates
of the device. In this case the values obtained from the
two measurement channels are equal to the sums of the
desired signals and the respective dynamic errors, i.e.
0.(t) = 0(t) + a(t); w(t) = w(t) + B(t), where 0(t) and wy(t)
are the signals determining the true values of the heel and
trim along the time coordinate.

Due to the presence of interference sources of
random characteristics, additional secondary processes of
unpredictable behavior and possible occurrence of errors
as a result of system conversion processes, additional
errors may occur thus considerably reducing accuracy
when defining the dynamic error [11] - [14]. Therefore,
in order to eliminate the influence of the above listed
sources, adaptive algorithms (such as Kalman filter) need
to be introduced in the measurement procedure [15] -
[17]. They make possible the automatic adjustment of the
measuring system when searching for optimal solutions
according to the minimum mean square criterion. In
this sense, the result from the precise solution of the
algorithmic synthesis problem can be formulated by
target inequalities of the form

(1)

Eu (t)—a(t)<qu; 5 &5 (1)=PB(1)<qu; >
where &,,(1)s &5 (1) - the dynamic errors obtained

— the true values of the respective dynamic error; ¢ —

Jom

admissible deviation.

IV. MATHEMATICAL MODEL OF THE MEASURING SYSTEM

The measuring system can be developed only
on the basis of a complete and precise mathematical
model because this model is used to determine the
main dependences of the parameters of the measuring
system, the quantities being measured, and the influence
quantities in a form appropriate for the analysis of the
required characteristics.

2

@

Fig.4. Diagram of the dynamic system moving object - measuring
instrument

The differential equations are worked out on the
basis of the design model and the diagram showing the
arrangement of the accelerometers. The dynamic system
is shown in fig. 4. Ship motions are defined as angular
and linear fluctuations of a rigid body around or along
with its centre of gravity. The moving object (the ship)
to which the coordinate system Oxyz is connected moves
randomly with respect to the reference system O ¢n¢.
A measuring instrument is mounted on the ship and its
sensitive element (a physical pendulum) is connected to
coordinate system Cxyz,. The suspension point O, of
the instrument sensor coincides with the diametral plane
of the ship and its position with respect to the centre of
gravity of the moving object O is defined by the z and y
coordinates.

The position of the moving object with respect to the
reference system O ¢ is set by the three coordinates of
its centre of gravity O - &, 7, ¢ and the matrix 4= | a; "
(ij=1,2) of the given angle cosines of the trim y and the
heel 6, defining the angular displacement between the
axes of the systems O ¢i¢'and Oxyz. The dynamic system
consists of two bodies - a physical pendulum which is
free to rotate with respect to the coordinate axes O x,
and O,y,, and an accelerometer mounted in the centre of
gravity C of the physical pendulum. The accelerometer
inertial body of a mass m, stays at an equilibrium position
in relation to the y, coordinate by means of two horizontal
springs of an elastic constant c.

Therefore, the system has three degrees of freedom
and the generalized coordinates are, respectively, o,

as a result at the output of the adaptive filters; a(), f(t) p and y,. The a and S coordinates define the angular
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displacement of the physical pendulum from the vertical
in relation to, respectively, O,y, and O x, axes whereas
y, determines the relative motion of the inertial mass
m,. By means of coordinate £ the inertial component of
the dynamic error for the measurement channel under
consideration is defined. The latter determines the trim
values of a ship.

After performing the required mathematical
operations and reducing the obtained equations to a
simplified form by linearizing the quantities that define
the motion of the system points and including only small
first-order quantities, the following system of differential
equations is obtained:

(7, +m I*) i +k, c+m .gla=
=m, Lij,~(J, +m12)6;

(7, +m 1) B+ky pem, gl p=

=—m 1.5, (T, +m,.z0) 4 ; @

m,.y, +ky1 Y, +ey, =

——Sma(LB 2,

where k , kﬁ and kyl are damping factors along the
three generalized coordinates a, f and y ; [ — the length of
the physical pendulum.

The third equation in (2) defines the link between the
readings of the accelerometer mounted on the physical
pendulum and the quantities entering at the input of the
instrument. A differential equation representing the motion
of the sensitive element of the second accelerometer
can be easily worked out from this equation, taking
into account the identical design characteristics of the
two sensors and the fact that this accelerometer is not
sensitive to the motion of the physical pendulum. Then
the differential equation sought will be:

mz.yp+kyp'yp+c'yp=_3m2'(§0+z.l//) > (3)

where v, is the coordinate of the motion of the sensitive
element of the second accelerometer.

Fig.5. Photos from the experiments
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In this case the difference between the readings of the
two accelerometers will be proportional to the function
B(t), by means of which we can easily determine the
quantity B(t) defining the dynamic error. However,
additional interferences are accumulated to the A(z)
signal. They can be easily identified if equations (2) are
reduced to a form which consists of first- and second-order
quantities. Then on the right side of the third differential
equation from (2) functions £,-g and y-y - appear
and they are superposed on signal gz ). Although the
values of those functions are formed as small second-
order quantities with respect to B(t), they cause an
additional error when determining quantity £(¢). Hence,
they should be eliminated from the signal before the final
formation of function (). In this case the use of Kalman
filter, whose location in the measurement procedure is
given in the block diagram in fig. 2, is very relevant.

V. EXPERIMENTS AND RESULTS

To carry out the experiments, the required stand
equipment has been developed. It possesses reference
properties and makes possible the implementation of
all metrological tasks related to checks, calibration,
definition of dynamic characteristics and investigation
of dynamic accuracy. The equipment is in the form of
a 6-degree-of-freedom hexapod and photos from the
experiments are shown in fig. 5.

To illustrate the quality of the measuring system, the
results from the investigation of the channel measuring
the ship pitch and trim are presented in fig. 6. The figure
shows: the reference motion of the hexapod operating
platform /(?); the recorded signal before Kalman filter
w,,(1); the pitch measurement result obtained at the output
of Kalman filter y, (2); the dynamic error &, (z). Figure
5 indicates that the measuring system possesses high
measurement accuracy in dynamic mode, since error
g, (1) does not exceed 4% of the variation range of
the quantity being measured. Similar results are obtained
upon investigating the second measurement channel
(measuring roll and heel). In static mode the system
operates at approximately two times higher accuracy
because of its simplified design diagram, which is used in
the mechanical module for modeling the vertical.

VL CONCLUSIONS

The proposed measurement concept is designed
for developing gyro-free measuring systems that deter-
mine the parameters of moving objects. This modelling
approach overcomes the disadvantages of the existing
measuring instruments since it is based, on one hand, on
a very simplified mechanical module, and on the other
hand, on the advanced achievements in the area of nan-
otechnologies, microprocessor and computer equipment.

The high dynamic accuracy of the proposed mea-
suring system is ensured by an additional measurement
channel operating in parallel with the main channel. The
metrological procedures in the additional channel are
based on an appropriate correction algorithm using sig-
nals from linear MEMS accelerometers.

The experimental results confirm the effectiveness
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of the proposed measurement concept in relation to the
dynamic accuracy of systems measuring moving objects.
As a result of the operation of the additional channel and
the Kalman algorithm the accuracy characteristics of the

RG————— === mm— e —

measuring system under conditions of dynamic influenc-
es are improved to a great extent. This can be implement-
ed without using expensive elements and stabilization
systems.
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Fig.6 Experimental results
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