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Abstract — This paper deals with an acceleration measuring
unit, which uses two biaxial accelerometers, and compares its
performance with a typical triaxial framework. In cases of
small aircrafts, UAVS, robots, or terrestrial vehicle navigation
units utilizing sensors manufactured by a MEMS technology
are preferred due to their cost-effectiveness. In order to
suppress imperfections of the measuring system (noise, drift,
nonlinearities, small sensitivity) a solution based on the
difference configuration of accelerometers is proposed.
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|. INTRODUCTION

For the aircraft navigation it is generally required to
employ gyroscopes with the accuracy better than 1 °/h and
accelerometers (ACCs) with not more than 10 pg. The
higher accuracy is demanded, the more expensive is a
navigation device .Basic comparison of required accuracy
with respect to a particular application is depicted in Fig. 1
for gyros and in Fig. 2 for ACCs, both referred to [1]. The
most precise device for angular rate measurements is a ring
laser gyroscope (RLG), which has the stability better than
0.1 °/h and the resolution better than 10 °/s. In the case of
the ACCs, the most precise existing device is a servo ACC
with the resolution of about 1 ug [2]. These devices would
have been ideal for all applications, if they were not so
expensive. Due to this reason other systems, such as a
Micro-Electro-Mechanical-System (MEMS), have been
commonly and often used in cost-effective applications,
such as on UAVs or small aircrafts, terrestrial vehicles,
robots, etc.[3], [4]. The MEMSs offer reduced power
consumption, mass, manufacturing and assembly costs, and
increased system design flexibility. Reducing size and mass
of a device allows multiple MEMS components to be used
to increase functionality, device capability, and reliability.
In contrast, MEMSs performance has many weak aspects,
such as for precise navigation purposes, they have low
resolution, noisy output, insufficient bias stability,
temperature dependence and so on. Nevertheless, their
applicability in navigation is wide due to fast technology
and calibration techniques improvements, applied
signal/data processing, and used aiding measurement
systems. The calibration is generally crucial for the MEMS
units applications. Calibration techniques can be further
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divided into two groups depending on whether or not they
use precise positioning and measuring devices to obtain
referential data [1], [6] or they utilize information just about
applied forces without knowledge of an exact positioning
[71, [8], [9], [10], [11], [12]. The linear model for accurate
tilt sensing and estimated sensor error model was proposed
in [13]. Moreover, the signal/data processing is closely
related to the application of aiding systems whose output
signals/data are treated on a basis of Kalman filtering
algorithms [14] or complementary filters [15], [16] which
are supplemented by preprocessing in a form of frequency
modification and filtering [17].
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Fig. 1 Required precision of sensed angular rate according to specified
applications [1].
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Fig. 2. Required precision of sensed acceleration according to specified
applications [1].

In a navigation area the cost-effective navigation units
using the MEMS based ACCs and angular rate
sensors/gyros cannot work as standalone systems due their
low resolution and insufficient noise level reduction.
Therefore, they have to be extended by the aiding systems
which commonly provide corrections for the position and/or
attitude both primary estimated from the acceleration and
angular rate measurements. Those aiding systems can be
based for instance on GNSS, electrolytic tilt sensors,
pressure based altimeter, or speedometer. On this basis it
can also be used sensed acceleration for attitude evaluation
[18], when only gravity is applied, and therefore the ACCs
can be also considered as an aiding system [14], [19]. Due
to this fact this paper is primary oriented on methods
improving resolution of the MEMS based ACCs via the
modification of their sensing framework and a special
treatment of their analogue outputs in order to increase
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accuracy of the attitude estimation. Our motivation is in the A = a‘P AA + AA + AA

improvement of a useful signal to noise ratio,

which increases the resolution, plus in the reduction of the _AA, Ay M. = &)
ACC readings dependences on temperature and power Ay+Az Azt

fluctuation. The contribution of this paper lies in the
extension of the original idea published in [20], which
included an ACCs framework modification to enhance
accuracy of attitude evaluated from the digital ACCs
readings, and in presenting a sensitivity analyses when the
ACCs with analog outputs are used. The analyses and
experiment results providing a proof of the proposed
approach are presented.

Il. ACCELEROMETER FRAMEWORK

A. Typical Framework Configuration

A typical ACC framework generally consists of
3 sensitive axes perpendicular to each other, as shown in
Fig. 3, and aligned along the main axes of a navigated
object. Since both acceleration and angular rates have to be
measured it is common to compose these sensors into an
inertial measurement unit (IMU) which forms a core of any
navigation system. Within the IMU the gyro frame and
accelerometer frame generally coincide; the framework
structure is defined with respect to the international standard
orders ISO 1151-1 and 1151-2.

Fig. 3. A typical framework of an inertial measurement unit (left),
of a vehicle (right).

When the ACCs are aligned in the way as shown in Fig. 3
and only the gravity is applied the attitude can be computed
as:

@ =tan™! (':—Z) (1)

= tan~! [ =& 2
/A§,+A§

where ¢, 8 correspond to the roll and pitch angle of the
object and A,,A,,A, are sensed acceleration along
particular axes, see Fig. 3.

0 =sin"tA4,

B. Sensitivity Analysis for a Typical Framework
Configuration

The goal of the sensitivity analysis is to determine how
changes of the output signals of the ACC axes Ay, Ay, A;
contribute to the changes of the attitude angles defined in
(1), (2). The sensitivity maximum, when using a total
differential evaluation approach, can be found by the total
differential of (1) calculation as follows:
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1
e (A4, — A NA,) =

AA, DA

7(_3’ -—5
A§, + A2 A, A,

. . AzA
The maximum of (3) occurs when the expression A2+31/2
y V4

reaches its maximum value. Then following conditions
should be fulfilled:

i( Asz> Ay(A3+AZ)- AZAyZAZ _ AZ-AZ —0 (4
04z \ A +AZ (42+42)° Y (42 +42)°
i( Asz> Az(A%+AZ)- AZAyZAy AZ-A% —0 (5
24y \ A3+43 (43 +42)" ? (a3 +a2)’

The resultant condition for the maximum sensitivity from
both equations is A, = A,. The value of the maximum
sensitivity is then given by expression:

Ay A,
Bmar = 3 (52 - %2) ©)

Ay Ay
In the case of the pitch angle a total differential is as
follows:

AxAy

1 AxA
== | (VA3 + A2)AA, — A4, — 2=
2 ( y Z) x W y \/@
(JA2 + AZ)AA,

—=— (4,04, + A,DA,) @

AA,| =

1

> —
g /AZ A2

When considering the condition A,, = A, as valid for the
roll angle, Eq. (7) can be rewritten as:

80 = =2 [4,44, + A,(44, + 44,)]. ®)

The sensitivity of the pitch angle 6 to changes AAx is
proportional to the value of Ay, see (8), and at the same time
the sensitivity to changes 44,,, 44, increases with the value
of Ay In the case of the situation Ax = Ay = 0 when the
gravity vector g is perpendicular to the horizontal plane
XaYa (see Fig. 3), the volume of the A@ changes is close to
zero. This fact makes the typical ACC framework less
sensitive on small attitude changes from a horizontal plane
when the MEMS based ACCs with a limited resolution
about 1 mg are utilized.

C. Modified Accelerometer Framework

The modified ACC framework utilizes the properties of
differential configuration which occur in the simplest case
when a biaxial ACC is used and has its initial position
rotated by 45 ° with respect to the original vertical axis.
To complete the whole framework two of these ACCs need
to be employed and placed in the way shown in Fig. 4 [1].

@)ov-sa |


http://dx.doi.org/10.14311/TEE.2016.1.021

x1‘&x2‘

Transactions on Electrical Engineering, Vol. 5 (2016), No. 1 23
1
- . X " Xo + Yo + Ax — Ay. (12)

y1l‘&y2‘

Side view B

Front view A
Fig. 4. The modified ACC framework with its front and side views.

As explained in the previous section, when the ACC axes
are aligned with respect to the typical configuration, see
Fig. 3, the problem of a low ACC sensitivity arises. Due to
this cosine function behavior in the region around zero,
the change of the angle of about 0.057 ° could be evaluated
only if the sensor sensitivity is better than 1 mg and the
noise level is lower than that. Both of these conditions are
hard to satisfy in cases of the MEMS based ACCs. The
noise level is typically about 5 mg. In order to avoid this
dead zone (uncertainty) it is advantageous to set an initial
position of the biaxial ACC about the angle of 45 ° with
respect to the horizontal plane, as shown in Fig. 4, and to
the gravity vector as depicted in Fig. 5.

Fig. 5. Biaxial ACC axes configuration in vertical plane.

When the biaxial ACC is aligned as shown in Fig. 5 its
sensitivity to small attitude changes from the initial
alignment can be assumed equal for both sensitive axes.
This fact enables application of the difference signal
processing method. Due to the same sensitivities but with
opposite signs of changes the biaxial ACC behaves as a
differential sensor. The output signals A,, A, correspond to
the projection of gravity to each axis X, y, see Fig. 5, as
follows:

Ax=x0+Ax=gcos(§—(a+Aa)) = gsin(a + Aa)

g(sina cosAa + cosa sinAa) = 9)
= g sina (cos Aa + sin Aa),

Ay, =y, — Ay = gcos(a + Aa) =

= g cosa (cos Aa — sin Aa). (10)

Considering the angle « = 45° leads to gsina =

gcosa = Therefore, the relations for the difference

1
95
(Ag) and sum (As) of the output signals can be derived in the
following forms:

1
Ag=A,—A, =gEZSinAad =

Xo — Yo + Ax + Ay, (11)
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For small deviations Ax, Ay from their initial position
an approximate symmetry of the output signals of both
ACC axes can be assumed, and thus the attitude changes
related to the difference (Aaq) and sum (das) can be defined
as:

Ax = Ay and Xo = Yo

A, —A
Aay =sin"1 ——2 =
gv2
-1 Ax+Ay Lo _q 20x Ax

sin 2 5 (13)

sin =
g2 gv2

Aag = cos‘lt;‘/_':y = cos™! 2%" =— \/f%". (14)

A resultant change of the angle Aa,; according to (13)
does not depend on a constant or slowly varying values of
Xo, Yo Of the output signals A4,, 4,,.

This fact has a quite important advantage in situations
when the output signals from the ACCs are used for the
attitude corrections plus have to be integrated in order to
obtain the velocity. The partial suppression of the initial
values x,, o, having an influence on the angle Aay, occurs
even in the case when x, # y,.

The resultant attitude angle related to the differential
configuration and the modified ACC framework is
estimated using eq. (15):

-14x74y
gvz ’

To study the impact of the differential configuration on
its resolution in the angle domain following assumptions
were taken in account: the ACC sensitivity S = 1 V/g and
10 bits ADC with 1 LSB = 1 mV is used (corresponds to
ADXL203). Rewriting (9) and (10) for the differential
configuration it is possible to define the resultant output
voltage as:

Amoa = Az = sin (15)

Auy; = (ux - uy)k'i - (ux - uy)k =

29S¢ . .
= % [sin(Aay + Aa;) — sin(Aay)],

where Aq; =0.05°0.1° is a required resolution
in the angle domain, u, ,, corresponds to the output voltages
of particular axis of the bi-axial ACC, and Aa;defines the
tilt angle around which Ae; is studied. The study was
performed in the range of Aa; 0 ° up to 89 ° with the step of
5° and Au,; was observed. In the case of Aa; = 0.05°
only the differential configuration was capable of the Aq;
resolving in the range up to 35 ° from the initial position,
e.g. in this range Auy ; is bigger than 1 LSB. When Aa; =
0.1° is considered the differential configuration satisfies
the condition in the range up to 65°and the typical
configuration up to 55 °. It is important to notice that the
Aa, is measured for the typical single-axis configuration
from the horizontal line, while in the case of the differential

(16)
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configuration the origin of measurement is the vertical line
defined by the gravity.

When the signal-to-noise ratio is observed the difference
of the output voltages can be defined as:

29S8

(ux - uy) = ﬁsin(Aa), an

where S corresponds to the ACC sensitivity in V/g and Aa is
the angle as depicted in Fig. 5.

While the sum of noises from both axes with
approximately the same standard deviation o follows the
rules of stochastic independent variables, the resultant noise
standard deviation of their difference is equal to v2o. The
signal-to-noise ratio of the differential configuration is then
given by the relation:

29S .
s _ —zsm(Aa) _ Sg .
(), = = Fsintea),
which equals to the S/N ratio of the typical triaxial
configuration defined as:
S\ _ Sg._.
(—) == sin(Aa).

N/g

(18)

(19)

In an often discussed case when in the differential
configuration one axis is parallel with the gravity and the
other one is perpendicular, i.e. Ao = 45 °, the contribution
of the perpendicular axis to the output signal is zero, while
the noise with the variance o is added. The resultant value
of the signal equals to:

Uy — Uy, = %sin(45) = %\% = g8, (20)
and then
Sy =39
), =% @

Eg. (21) reaches the same value as when the typical
triaxial configuration is considered, since the same
condition i.e. Aa. = 45 °, has to be applied. That relates to:

s Sg 1

(—)S = %gsin(45) =5 (22)

N

I1l. EXPERIMENTAL VERIFICATION

Usage of the differential configuration of the ACC
utilizing the biaxial sensitive element built up on a single
chip has the advantages from noise reduction perspectives
as well as it decreases negative effects of the environment
and power fluctuation on the output. To confirm these
aspects we performed several experiments whose results are
provided.

A. Noise Effects on Attitude Evaluation

A noise impact on the attitude estimation was analyzed
according to the 3-hour data set measured by a biaxial ACC
ADXL203 (Analog Devices) whose output was sampled
and converted to a digital form with a sampling frequency
1024 Hz. The sensor was placed and oriented as shown
in Fig. 5. A standard deviation of the acceleration measured
along both X; and X, axes was evaluated as 0.0045 g,

TELEN2016005
DOI 10.14311/TEE.2016.1.021

0.0044 g respectively. When both accelerations were
combined by adeduction (Axz = Ax — Ax), the resultant
value of the standard deviation was 0.0023 g. The Allan
deviation analysis of the measured and combined
accelerations is shown in Fig. 6.

While these results are transformed into angles by (2) and
(15) the standard deviation of the evaluated angles was
about 0.1° for the modified ACC frame using the
differential configuration and 0.3° for the typical
configuration.

When a drift effect on the attitude evaluation was
analyzed, the same 3-hour long data set was used.
Nevertheless, obtained data were further filtered by a low
pass filter with a cutoff frequency of 1 Hz (FIR-Bartlett
window, 50" order) to exclude the high frequency noise
from the data and thus observe just a low frequency
behavior. The filtered data were then used to calculate the
pitch angle according to (2) and (15). A resultant time
progress of both obtained angles is depicted in Fig. 7.

The mean values of the angles were matched to each
other for better observation of their time progress
differences. As shown in Fig. 7 the modified configuration
confirms its advantage against the typical one in the sense
of a lower fluctuation of the evaluated angle whose standard
deviation was 0.048 ° against 0.072 °, which is about
a 33 % improvement.
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Fig. 6. Allan deviation analysis of the acceleration measured along X; and
X, axes plus their combination.
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Fig. 7. The pitch angle progress when the typical and modified
configuration of the ACC frame are applied.
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B. Initial Offset Effect on Attitude Evaluation

To evaluate the effect of the initial offset on the attitude
determination in cases of the modified configuration and
the typical ACC framework configuration long-term
experiment including 50 independent measurements under
static conditions was performed and analyzed. The
ADXL203 sensor was mounted to a constant position which
was kept unchanged in about a month within which we have
estimated 50 initial conditions of the ACC at the room
temperature. Each set of turn-on/off initial conditions was
estimated according to the average of 100 ACC output
readings obtained after approximately 60 seconds left for
the ACC to warm up. This approach was repeated 50 times,
twice per day. All estimated initial conditions, transformed
to the angle by (2) and (15), were related to the first of them
and then their variation was then observed. The resultant
progresses of the evaluated angle variations are shown in
Fig. 8. It confirms the suitability of the difference signal
processing used in the modified ACC framework, which
except 4 cases is characterized by a smaller error in the
angle determination caused by the initial offset variation.
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Number of measurement (-)

Fig. 8. The dependency of the pitch angles computed using the typical
(Ax1, Ax2) and the modified ACC frame configurations (Mod).

C. Temperature Dependency

Another advantage of the difference ACC signal
processing is in the reduction of environmental influence on
the evaluated data. To confirm this fact we have performed
the experiment in which the ACC ADXL203 was exposed
to the temperature change in the range —25°C + +15 °C.
The ACC was oriented as shown in Fig. 5 and the outputs
were measured by the 16-bit DAQ unit with the sampling
frequency of 100 Hz. The temperature was simultaneously
measured by the sensor PT100. Due to the sensitivity
dependency on the temperature, both measured
accelerations Ax, Axe altered with a positive slope as
depicted in Fig.9. To confirm a positive impact of the
difference processing the data were converted into angles;
Fig. 10 then compares the behaviors. For a better projection
of the different behaviors all angles were equaled to each
other for the condition of 0 °C. It is clear that the final
dependency of the pitch angle on the temperature variation
is reduced by the used difference processing unlike
in situations when the typical configuration is utilized.
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D. Effect of a Fluctuating Power Supply on Attitude
Evaluation

Among environmental influences it can also be considered a
power supply fluctuation. This aspect can generally
influence the ACCs and their outputs, and therefore it was
studied. The ACC was oriented approximately as shown in
Fig. 5 and it was kept under static conditions; the power
supply varied in the range of 4.5V + 5.5 V.
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temperature variation, the evaluated attitude related to A, Ax,
and (sz— Axl)-
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The evaluated acceleration Axi, Ax also varied due to the
power supply different values as depicted in Fig. 11. In the
angle domain this behavior is shown in Fig.12 and is
compared with the difference data processing which is used
inthe modified ACC frame configuration. For a better
projection of the different behaviors all angles were equaled
to each other for the condition of 5V. The pitch angle
evaluation, when the modified ACC frame is used, is more
resistive to the power supply fluctuation due to the fact that
this fluctuation similarly affects sensitivity in both ACC
axes which leads to a reduced effect of the power supply on
the final angle deviations and errors.
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Fig. 11. Measured acceleration along two axes X; and X, and its changes
reflecting different power supply voltage.
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1V. CONCLUSION

This paper proposes the modified accelerometer (ACC)
framework and provides its advantages against the typical
configuration being commonly used in inertial navigation
systems. Due to the fact that the MEMS based inertial
sensors cannot be assumed for standalone navigation
applications, aiding systems are unavoidable. Therefore,
this paper is aimed at the ACCs application and their
modified framework utilized as an aiding source for
compensation of the attitude evaluated based on gyro
measurements. According to the sensitivity analyses the
modified ACC frame optimizes the distribution of the
gravity vector into the ACC sensitivity axes under
horizontal conditions when the MEMS based ACCs with a
low resolution are utilized. This fact increases the accuracy
of the attitude evaluated according to sensed acceleration.
Another advantage is that the modified ACC frame further
enables usage of the difference signal processing.

This approach allows increasing the ACC frame
sensitivity on small changes of angle while preserving
the signal-to-noise ratio being the same as the one
corresponding to the typical ACC frame configuration.
The modified ACC frame further reduces the effect of
temperature and power source Vvoltage variation
on anevaluated value of a combined acceleration
(difference of sensed acceleration) as well as its consecutive
attitude determination.

Based on performed experiments it was confirmed that
the modified ACC frame enabling the difference signal
processing brings about 33 % reduction of a noise impact
on the attitude evaluation Furthermore, the process of the
attitude evaluation in the case of the modified ACC frame
becomes more resistive to the temperature variation, which
is about 10 times smaller, as well as to the power supply
voltage variation, which is about 20 times smaller, all
compared with the typical ACC frame application.

All this confirms the advantage of the approach of the
modified ACC frame against the typical configuration and
its suitability when g-sensing is used in the attitude
evaluation process.
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