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DYNAMIC ERROR AND METHODS FOR ITS ELIMINATION IN
SYSTEMS FOR MEASURING PARAMETERS OF MOVING OBJECTS

Summary

This paper presents a new block diagram for defining a dynamic error in instruments for
measuring the angular position of moving objects. The diagram proposes a new concept for
investigating dynamic error characteristics as well as for compiling algorithms, inventing
methods, and employing means for elimination of the dynamic error as independent
component. Based on that concept, a system for measuring the roll, pitch, trim, and heel of
moving objects has been developed. The system features high accuracy ensured through a
combination of the capacities of different micro-electromechanical sensors that are unified
into a shared platform with a specific algorithm used to determine and eliminate a real-time
dynamic error. In addition, the paper presents the results from experimental research work.
The results confirm the large operational capacity of the proposed concept concerning
measurement accuracy.

Key words: dynamic error, micro-electromechanical system, error analysis, error
correction

1. Introduction

Undoubtedly, tasks related to measurement accuracy and its improvement is among the
ones underlying the development of measuring instruments. Successful solution to these
problems has always been one of the most important prerequisites for further improvement of
measuring instruments, thereby contributing to a large extent to the overall development of
many branches of science and technology which rely on accurate measurements. For example,
accurate and timely information concerning the measurement of movement parameters will
enable further improvement in modern means of transportation with regard to their control,
maneuverability, low consumption rate, safety, comfort, etc. [1-4].

Alternatively, the accuracy of instruments in measuring parameters of moving objects is
preconditioned most of all by the dynamic error value [5-8]. The latter is largely due to
inertial effects related to the primary transducer as well as to some random noises being
present in the measuring circuit of the instrument [9, 10]. Inertial effects are generated by the
movement of moving objects and primarily, by the ships’ trim and keel, oscillations of air-
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crafts and ground vehicles as well as by the vibrations at the location where measuring
instruments are placed [11-13].

Sensitive elements, which have been developed in accordance with gyroscope
properties, are used in the existing measuring instruments for the purpose of increasing
dynamic accuracy [14]. On the other hand, the measuring instruments built on the basis of
gyro-verticals have a number of disadvantages, such as a complicated design, lower reliability
under extreme conditions, a requirement for special systems ensuring the gyro-vertical
operation, large sizes, and high prices [15-18]. Thus, their application is limited to a great
extent.

A complete solution to these problems can be found by using the method proposed in
this paper. Unlike existing methods and measuring instruments using the stabilisation of the
vertical in inertial space, the proposed approach is based on a methodology that eliminates
dynamic error in real time. The proposed concept for modelling measuring instruments and
systems of this type overcomes, to a great degree, the disadvantages listed above. In this
respect, micro-electromechanical systems (MEMS) appear to offer promising prospects and
applications [19-21]. Independent use of individual sensors as primary transducers is, of
course, quite limited due to a number of flaws and the heavy-duty mode of operation caused
by inertial effects. In this respect, the combination of various sensors in one shared platform
with an application-oriented algorithm for control and data processing will provide a far more
accurate and reliable measuring output [22-26].

The integration of measuring instruments in that particular field with the advantages of
modern computer systems and the introduction of algorithms for the optimized adaptation of
dynamic parameters into a common concept, could substantially increase the accuracy of
measurements, improve the metrological characteristics of measuring systems, and extend the
scope of their functional possibilities. Accordingly, this paper proposes a new concept for the
development of application-oriented sensor system which targets the dynamic error
elimination in real time. At the core of this concept is the block diagram of dynamic error of
instruments and systems for measuring the angular position of moving objects, which is
presented in the following section.

2. Dynamic error

The basic dynamic error component is determined by the deviations of the sensitive
element of the primary transducer and, also by its reference position which results from
inertial effects on the spot where the instrument is fixed. Therefore, in the block diagram
shown in Fig.1, the elements of the measuring instrument are structured, though conditionally,
in two measuring circuits.

Circuit one characterises errors in the static mode of measuring. Inertial properties of
the primary transducer sensitive element are accounted for in the second circuit through the
parameters of the operational part of its transfer function Wp(p), which is regarded as the
fraction-rational function of the complex variable p. This type of the block diagram shown in
Fig.1 allows for the processes, which form the dynamic error inertial component, to be
separated as an independent measuring procedure that corresponds to the dynamic mode of
operation of the instrument.

Deviations of pphysical parameters shown in the diagram and the measuring design of
the instrument, together with deviations of the parameters, which characterise the adopted
method of measuring, can be expressed through a summary indicator, i.e. the deviation of the
sensitivity coefficient Ac.

Ac=c—¢y, (1)
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where c¢ - is the actual value of the sensitivity coefficient and co - is the reference value of the
sensitivity coefficient.

The presence of deviation Ac leads to a change in static characteristics from the
reference function f-(x). The said change can be defined as an error of static characteristics
which is expressed by

Af(x)=1(x)= [ (x), 2)

where fi=f(x,q1,92,...,q») 1s the actual function of the static characteristics which depends on
the measured value x and the actual values of coefficients ¢1,¢z>, ...,qn, €ach of which is defined
by the respective physical parameters of the instrument; f,=f-(x,q10,q20,...,qn0) is the reference
function of the static characteristic in which gi0,g20,...,gno are the reference values of the
physical parameters of the instrument.

—_————_—

|
! | 2
PO | < AY(Y)
c-G ' =
l= | Z
3} <
x(1) | Z | C)Azm
£z | +
|2 |
e
|2 I 3
1| W) { ¢
)
! |
b= £,(1)

Fig. 1 Dynamic error block diagram

Since the static characteristic is at the end of the measuring instrument metrological
circuit containing in itself all deviations of instrument parameters Agi=gi-qio, it will be
appropriate to express the error in static mode of measuring Ay through the deviation Af(x).
On the other hand, the value A4f(x) depends not only on the parameters of the measuring
instrument, but also on the current values of the measured quantity x. In the dynamic mode of
operation, the measured quantity x is a function of time, x = x(?). Accordingly, the error Ay at
the output of the first circuit will vary on the basis of the dynamic character of the quantity
being measured and, in this sense, be regarded as a function of time, Ay=Ay(?).

As previously stated, the major part of the summary error Ax?) of instruments which
measure the parameters of moving objects in the dynamic mode, is due to the deviations of
the primary transducer sensitive element that are caused by inertial effects. This is why the
formation of this error is structured by means of a separate circuit shown in Fig. 1. This
allows us to investigate not only the characteristics of the dynamic error, but also to set up
algorithms, methods, and means for its elimination as an independent component. In
instruments for measuring the angular position of moving objects, the dynamic character of
the measured quantity x(z) and other external effects, a(?), f(¢), and v(t), do influence the
spatial stability of the sensitive element due to its inertial properties. This leads to the
deviation &z(?) of the sensitive element from its reference position along the direction of the
measuring coordinate, which accrues as an absolute value to the measurement result
X(t)+é&de(t). Deviation &ae(?) is the basic component of the dynamic error £x(7). Random noises
which are available in the measuring circuit of the instrument are designated in Fig. 1 by
means of the component &un(7).
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The block diagram shown in Fig. 1 allows the dynamic error characteristics to be
investigated as well as algorithms, methods, and means to be devised for elimination of the
dynamic error as an independent component. This way, one can devise new intelligent
measuring systems whose improved accuracy factors in the dynamic mode of measuring are
formed based on the dynamic error elimination in real time.

3. A system for measuring angular deviations of moving objects

The system is designed to measure the roll, pitch, heel, and trim of moving objects
(boats, air-crafts, and ground vehicles). It has been developed based on the concept which is
defined in the previous section of this study; its block diagram is shown in Fig. 2. The
primary transducer consists of a sensitive element and two absolute rotary encoders (ARE)
which measure the angular position of the moving object in relation to the vertical in two
mutually perpendicular directions. The sensitive element is a physical pendulum with two
degrees of freedom. Using the two absolute encoders, the angular deviations of the moving
object along the directions of its roll and pitch are measured with regard to the fixed position
of the pendulum.

I |
F@ !
- MEMS |
| Process.
I
-
o |5
1% ——f-—-- ——;
B~
= | > £,
=] -E 38 [[ Sensitive ARE | Processing Processing ( )RCSHII
%0 4 g = | Element Block | Block 2 Block 3
. — Q @)
> | € i -
o | & t
S | = ==y
Gyroscope 2
| MEMS |
| | | GyroModule |
Gyroscope_l% l
I
-

L— — —

Fig. 2 Block diagram of the measurement system for defining theangular position of moving objects

To ensure high accuracy of the system in the dynamic mode, a correction algorithm
which eliminates the dynamic error in real time is used. The principle of operation of the
algorithm is based on a hardware-software platform using signals from MEMS accelerometers
and gyroscopes.

The body frame X»Y»Z» makes movement in relation to the Earth, i.e. the reference

frame XzYeZe so that the relative angular position of the object is defined by the following
orientation cosine matrix (Fig.3):

cospcosy sinpcosy —siny
cos@siny sin@—  cos@pcosO+ cosy sin@
Mg =| —sinpcos@ +sin@siny sin@ , 3)
sinpsin® + singsiny cos@— cosy cos6
| +cos@siny cos@ —cos@sin6 ]

where y, 6, and ¢ designate the angles of pitch, roll, and yaw of the moving object.
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In Figure 3, the sway, surge, and heave of a moving object, which disturb the sensitive
element of the primary transducer, are designated as 7(2), &(t, and {{?), respectively. Since the
heel and trim of a moving object are time functions of the momentary values of the roll #and
the pitch y; they will be, herein after, designated as €(?) and y(?).

As a result of inertial forces and moments that have been generated by the movement
and oscillations of the moving object, the sensitive element will deviate from its vertical
position. The angular deviation of the sensitive element frame XseYseZse with regard to the

system XeYeZg is defined in Fig. 3 by means of the angles ¢!, and gge, and the orientation
cosine matrix will be
v —eineV
cosgy, 0 singy,
M = sing¥ singl, cossl, cosg¥ singl, |. 4)
sing" cosgl, —sing, cose¥ cosel,

The sensitive element movement, which is produced by the impact of inertial forces and
moments, can be defined by the following system of differential equations:

Q)+ 2biE5 (1) + e, (1) = ay[i(t )+ xip(t) = 20(1) | .
EN(1)+2b,E0 (1) + el (1) = ay| E(1)+ yi(1)+20(1) |

where b; and b2 - are the coefficients that determine the attenuation of pendulum oscillations
along the coordinates Yse and Xse; x, y, and z are the coordinates defining the position of the
instrument with regard to the centre of rotation of the object aw; and @p: are the inherent
frequencies of the pendulum along the directions of coordinates Yse and Xse; ar=woi/g;
o2=m02/g.
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Fig. 3 Angular offset of coordinate systems

The values of angular deviations &' (1) and gge( t) are equal to the dynamic error

components &(?) when measuring the pitch and roll of the object. The definition of the
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current values of these two dynamic error components obtained through the measuring system
presented in this study is based on the measurement-calculation approach. A sensor
configuration consisting of two blocks with MEMS sensors is used to implement the
measurement part (Fig.2). Block one consists of two identical 3-axis MEMS based
gyroscopes. One of the gyros is mounted on the instrument body so that its measuring axes
coincide with those of the frame X»Y»Z» whereas the second one is fixed on the physical
pendulum and its axes are oriented in accordance with the axes of the frame XseVseZse.
Measuring block two is designed on the basis of two identical 3-axis MEMS g-meters, which
are mounted in the same way as the two gyros, i.e. on the instrument body and on the
pendulum, with the measuring axes coinciding with the axes of X»Y»Z» and XseYseZse. G-meter
2(two) is sensitive to all accelerations acting on g-meter 1(one) as well as to accelerations
generated by the angular oscillation of the pendulum. This is the reason why the difference in

the readings of both g-meters will be proportional to the functions &, (7)and 29'5@( t). The

received signals are in fact equal to the tangential accelerations at the spot where g-meter
2(two) is mounted, thereby, the tangential accelerations are transformed in the “processing
block 1" into angular accelerations and, following a double integration, are then passed onto
the “processing block 2. With this accelerometric approach to dynamic error measurement,

additional disturbances generated by secondary accelerations of the kind (7 )-&h.(t) and

y-yi(t) g (t) are accrued to useful signals. However, these disturbances occur as small

quantities of the second order and therefore their influence is negligible. Along with that, the
signal received from the differential connection of two identical g-meters provides far more
accurate and reliable data than those coming from just one such g-meter. Thus, it is possible
to eliminate some methodical errors of MEMS g-meters such as gravitation errors.

In this study the current values of dynamic errors &”,(7) and gge (t) are defined on the

basis of two 3x1 vectors p¥ and p?. The elements of the vectors p¥ and p? are formed by the
data received from gyro 2, “processing block 17 and “processing block 3”. The result at the
output of the “processing block 3* is obtained by the measurement-calculation method which
contains a supposition that the information about current dynamic error values can be
obtained through the theoretical model of physical pendulum dynamics, whose input vector is
obtained as a result of measurement. The said theoretical model is based on equations (5), the
information on the current values of quantities on the right side of these differential equations
is received from gyro 1 and g-meter 1.

The final evaluation of dynamic error components ¢, (¢) and gge (t) 1s obtained at the

output of “processing block 2 by means of which the two absolute rotary encoders correct
the currently measured values of the angles of roll, pitch, heel, and trim. The principle of
“processing block 2” operation is given due consideration in the next section of this study.

A “correction block” has been provided to compensate errors of MEMS sensors in the
measuring system circuit. For example, the error resulting from the gyro bias is eliminated by
accepting as reference values the readings of the two absolute rotary encoders at those
moments in which g-meter 2 recognizes the condition of rest of the primary transducer’s
sensitive element.

4. Processing algorithm model

The algorithm model implemented in the “processing block 2” is developed for defining
the optimum evaluation of the dynamic error components &' (7) and gge( t ) according to the
requirement for minimum mean squared deviation of the current and previous evaluations

60 TRANSACTIONS OF FAMENA XLV-4 (2021)



Dynamic Error and Methods for its Elimination in D. Dichev, 1. Zhelezarov,
Systems for Measuring Parameters of Moving Objects N. Madzharov

which alter the state of vectors p¥ and pf. This algorithm considerably increases the
measuring system accuracy because it is based on the actual model of the sensitive element
dynamics and the analysis of each new measurement in the time sequence.

Figure 4 shows how the algorithm works. The current values of measurement-

calculation vectors p¥ and p? are fed into the “processing block 2”. Data is recorded in the
matrices Nx3,

7 v v o 0 0 ]

djp dp dapg arpp  dpp aps

v Y v % 0 %

ay; 4y 4 app dpyy 4z

=| ¥ v Vo = 0 2 0

A, az; dzy azz | Ap az; Az dzz | (©)

v v v 0 0 0

19N1 ANn2 An3 | LdN] ANz An3 ]

for the vectors p¥ and p?, respectively.

The data received from gyro 2, “processing block 1” and “processing block 3” are
recorded in each of the columns of the matrices 4, and 49. The data from gyro 2 are recorded
in the first column, containing the elements al?"’]ﬂ,i =1,...,N . The data from “processing block

1” and “processing block 3” are recorded in the second and third columns, containing the
elements al‘.”’e,i =],..,N and a;’”‘g,izl,...,N.

A,(pY ")

k=1

v
| Ay H k>3 |

1= (Algk-l Ak/k-l)-lx
XAkT/k—ISk/k-I
vy,

Er
Fig. 4 Algorithm of the processing block 2

The algorithm shown in Fig. 4 is derived from the equation below:

§=Ay+5, 7

where £ is the 3x1 vector that contains the dynamic error &u(?) values at the current and the
two previous moments of time; 4 is the matrix with dimensions 3x3; y is the 3x1 vector
whose elements determine the rate of veracity of each of the current values of vector elements
pY and p% Jis the 3x1 vector whose elements determine the values of the random component
in equation (7).

The algorithm from Fig. 4 is executed in parallel for each of the two measuring
coordinates; for this reason, indices w and € will be skipped when considering the
mathematical model. Equation (7) can be written in its extended form in the following way:
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Ern | | -21 —22 23| V1K | |91k
Ekeg |=| Wm1s W12 W3 || Yok || O2k |- (8)

25 ar; A2 sz 736 |93k

In (8), the vector for the current state of the sensitive element is marked with the index
k. In solving the task for optimality, it is necessary that for each current state, there should be
identified such values for the vector y whereby the elements of the random component ¢ are
to have their minimum. This study puts forward the hypothesis that the vector & has zero
expectation, i.e. £(9)=0. In practice, it could be accepted that the elements of matrices (6)
accrue as a result of the measurement done within the limits of a comparatively short period
of time and that in themselves they are a homogeneous time set. In addition, it is possible to
affirm (with sufficient accuracy for practical solutions) that the processes in consideration are
stationary random functions of time. Accordingly, it could be expected that the vector § has
uncorrelated coordinates of identical dispersion ¢°. With such hypothesis, the correlation
matrix of the random component & would feature the following simple structure [27, 28]:

E(5-5T)=02-1, 9)

where 7 is the identity matrix with dimensions 3x3.

The optimal values of the elements of y are equal to those values at which the sum of
the squared deviations ¢ has a minimum. The sum of the squares of & is determined by the
equality below:

5T6=(6-A-y) (6-4-y). (10)

Finding this minimum is identical with the setting to zero of the first derivative on the
right side of (10) in relation to , which leads to a system of normal equations

AT 4.y=4"-¢. (11)
The solution of this equation is one and only and it is obtained as

7:(AT-A)_]-AT-£'. (12)

As one can see from Fig. 4, the iterative process for defining the current values of
evaluations € of the dynamic error is divided into two cycles: a cycle for updating the &
evaluations and a cycle for updating coefficients of the matrix y both of which determine the
level of veracity. For the purpose of reducing the amount of calculations, the vector of state €
and the vector of gain yare updated separately by using one and the same matrix Awk-1.

Input data obtained by measurement and calculation and put in order in the vectors p¥
and p? are fed into the buffer Ao(p¥, p% whose initialization is synchronized with the structure
and the way of updating the matrix 4. The latter is a 3x3 matrix which is organized according
to the logic of the model (8). The actual evaluation value & of the dynamic error in the
current cycle k is derived from the element &. With k<3 , evaluations & are obtained by
multiplication of unfinished matrices 4o by the vector-column y, =[/ 0 O]T , which means

that in these particular cases priority is given to the measurement vector coming from gyro 2.
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5. Experiment and results

To prove the veracity of the proposed measurement approach experimental
investigations have been conducted on the special purpose prototype of the measurement
system. A simulation stand, i.e., a parallel manipulator (hexapod) based on the Stuart platform
has been used to carry out the investigations (Fig. 5).

The efficient mechanical components of the hexapod allow motion generation along
three angular and three linear coordinates with a wide range of displacement and a wide range
of variation in kinematic parameters. The reference properties of the simulation stand
movements are proved by the necessary calibration certificates. This allows the measurements
in the conducted research to be referred to a common traceable reference. Manipulator User
Interface presents a wide range of possibilities for the modelling and control of harmonic,
poly-harmonic and random oscillations on its working plate both individually, in accordance
with each of the levels of freedom, and in combined movement.

Simulation
stand

Fig. 5 Simulation stand and a prototype of the measurement system

The prototype of the measurement system is designed on the basis of the block diagram
shown in Fig. 2 and the model presented in point 3. The absolute rotary encoders are mounted
on the main measuring axes; they register the rotation angles of a moving object relative to
the vertical modelled by the physical pendulum. (Fig. 6). The application of differential
parallel scanning of each bit of the rotating scale in Gray code eliminates the errors due to
interferences and provides a wide operating temperature range. Absolute encoders are
characterised by their high accuracy, high noise immunity, fast response, wide range of
supply voltage, and small size. In this particular case, the absolute encoders of 2!* bit
resolution are used. An additional bit is provided in the encoders. It is analogous to the least-
significant one but dephased by 90 electrical degrees. This enables the increase in the
resolution to 2'® bits by analogue interpolation. The said prototype features two ADXL313 g-

meters with a measurement range of +4g and a noise level of150 ug/~Hz ; it also features
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two ITG-3200 gyros with a measurement range of +2000 deg/s and sensitivity of
14.375 LSBs/deg/s. The proposed processing algorithm for obtaining the time-related
sequential evaluations of the dynamic error operates with a renewal frequency of 20 Hz.

Figures 7, 8, and 9 show the results of conducted experiments to illustrate the quality of
performance of the proposed measurement system. The results of the operation of the system
when measuring the heel without including the algorithm for the elimination of the dynamic
error proposed in this paper are shown in Fig. 7b. Figure 7a shows the reference motions
generated by the simulation stand which represent harmonic angular oscillations about the X5
axis. In Figure 7b, the signal from the absolute rotary encoder measuring the heel is marked

with G4re(?).

Fig. 6 Prototype of a system for measuring the roll, pitch, heel, and trim of moving objects

It can be seen that the signal @ire(?) differs substantially from the signal @eq?) which
defines the reference movement of the simulation stand. The summary error Ag (t) of the

investigated prototype when the system operates in the dynamic mode of measurement
without a sensor configuration processing block can be determined by the difference between

the two signals, Ag( t)=0,pp(t )—Qref( t). This model of summary error Ag( t) comprises

not only the basic component 836 (t) along with all other dynamic error components gg (t),

but also all instrumental and methodical errors expressed by the Ay(z) function (Fig. 1). It is
evident that in this mode of the system operation, the summary error can reach high values. In

this particular case, the maximum value of the summary error Ag (t) when measuring the
heel is 19°, whereas the standard deviation from the reference curve is O'z =6“. In order to
define the quantitative ratio between the summary error Ag (t) and the basic component

gge( t) of the dynamic error resulting from the deviations of the sensitive element from the

vertical, the functions of the summary and basic component errors are shown in Figure 7.
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Fig. 7 Results of investigation carried out in the harmonic mode of operation

The signal 556( t) comes from the output of the processing block with the sensor

configuration of the roll channel and the function 5)‘,9 (t)= Ag (t )—gge( t) is marked
with 5;,9 (t). The function 5)? (t ) allows the influence of all components of the summary error

Ag( t) without the basic component gge( t) on the formation of the summary error to be

accounted for. From Fig. 7 one can see that the relative share of the function 5;9 (t) values

does not exceed 12% of the summary error Ag (t). Similar results have been observed when

investigating other modes of movement of the simulation stand, including measurements
along the roll channel as well as measurements along the pitch channel. Therefore, the
accuracy of measurement in the dynamic mode is primarily determined by the values of the
inertial component of the dynamic error &z(?), which results from accelerations occurring
during the movement of moving objects.
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Fig. 8 Results of investigation carried out in the poly-harmonic mode of operation

The employment of the processing block with the sensor configuration proposed in this
study enhances the measurement accuracy significantly, which is shown in Fig. 7d. This
figure shows the curves that define the reference movement of the simulation stand &.4?) and
the signal coming from the output of the measuring system &»(?) operating with the
processing block. A graphical representation of the dynamic error defined by the equality

8219 (1)=0,,(1)=0,,(t) is shown in the same figure. In this case the maximum value of the

error 8zb( t)when measuring the heel is 52', whereas the standard deviation from the

reference curve is O'?b =11".

When studying dynamic accuracy of the system in the poly-harmonic operation mode of
the simulation stand, a significant increase in the maximum value of the basic component of
the dynamic error 536 (t) (Fig. 8b) is observed. This is due to the additional dynamic response

of the sensitive element to the second and third inertial components of the signal G.A?)
defining the reference motion of the simulation stand. The signal G.4?) is formed by adding
two higher frequency components (the continuous curve in Fig. 8a) to the harmonic signal

from Fig. 7a. The maximum value of the dynamic error 6‘36( t) in this particular case exceeds

by 31% the respective dynamic error obtained from the investigation carried out in the
harmonic operation mode of the simulation stand. However, the increase in the maximum
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value of the dynamic error gzb (t) is considerably smaller and does not exceed 10% of the

value of the respective error in the harmonic mode of investigation with the sensor
configuration processing block.
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Fig. 9 Results of investigation carried out in a combined mode of operation
How inertial effects, which result from the oscillation motions in all six degrees of
freedom of the moving object, influence the dynamic accuracy of the measurement system is
studied in the third dynamic model. Figure 9 shows the reference angular motions, modelled
by the simulation stand, which include: the heel (continuous curve), the trim (broken curve),

and the yaw (dotted curve). The curves showing the translational motions (sway, surge, and
heave) are shown in Fig. 9b. It can be seen that the maximum value of the dynamic error

gge( t) exceeds the respective dynamic error from investigations in the harmonic mode of
operation by no more than 18% (Fig. 9c), whereas, in the operation mode with the sensor

configuration processing block, the maximum value of the error gzb (t) is 52' (Fig. 9d). Even

TRANSACTIONS OF FAMENA XLV-4 (2021) 67



D. Dichev, 1. Zhelezarov, Dynamic Error and Methods for its Elimination in
N. Madzharov Systems for Measuring Parameters of Moving Objects

when tested in harsher conditions of operation, the maximum value of the error gzb( t) does

not exceed 1°.

Wret (t) , !
pr (t) s
8;';1; ¥,

rad

Fig. 10 Results of a study on the accuracy of measurements of the trim in a combined mode of operation

Similar results are obtained when examining the accuracy of the measurement of trim.
The results of measuring the trim during operation of the system with the included algorithm
for the dynamic error elimination are presented in Fig.10. The investigations were conducted
during oscillations of the simulation stand in all six degrees of freedom; they are presented

graphically in Fig. 9a and Fig. 9b. The error g"fb (t) in measuring the trim is determined by

the equality &V, (1)=vy ,,(1)—,c(t), where W, (1) is the function defining the reference

values of the trim of the simulation stand, and y ,(7) is the signal received at the output of

the measuring system. The investigations show that the maximum value of the error gf‘,fb (t) in
measuring the trim is 48', and the standard deviation, determined relative to the reference

o
curve, is o, =10".

6. Conclusions

A novel method for developing systems for the measurement of angular orientation of
moving objects has been proposed. The concept of the method is based on the elimination of
the dynamic error major component resulting from the deviations of the primary transducer
sensitive element from its reference position due to inertial effects.

The elimination of the dynamic error is based on the mathematical model presented in
this study. The mathematical model makes it possible to determine the best estimate of the
dynamic error £, based on minimizing the variance of a random component, which defines
the difference between £ and the measurement-computational model. The developed model
makes it possible through the measuring computing platform to cover previous and current
values of a wide range of quantities involved in the formation of the dynamic error. Thus,
appropriate algorithms for determining the dynamic error relative to reference dynamic
models can be created.

Because of the simplified design of the sensitive element, measurement instruments of
very small instrumental error could be developed using this method. Based on the proposed
method, a measurement system for defining the roll, pitch, heel, and trim of moving objects
has been developed. High dynamic accuracy of the system is guaranteed by the
measurement-calculation platform whose output vector is formed by the data coming from the
sensor configuration, which consists of two blocks with MEMS sensors. The output vector
which contains the dynamic error current values is obtained by means of an algorithm which
is based on the mean squared deviation criterion.
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The results of experiments are presented in this study. The experiments are carried out
with the help of a hexapod, developed on the basis of the Steward platform and produced by
the company “Symetrie”. The characteristics of the prototype built for this purpose of the
measuring system presented in this paper are studied. The performed experiments proved the
effectiveness of the proposed method.
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