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ABSTRACT: The presence of bias in low-cost inertial sensors has always been a fundamental problem
in the estimation of Euler angles. The transfer alignment technique involves using two sets of sensors:
a set of low-cost sensors (which may have significant bias) and a set of high-accuracy sensors (which
provide reliable data). By comparing the outputs of these two sets, the biases in the low-cost sensors
can be estimated and corrected. To achieve this goal, it is necessary to obtain the difference between the
master and slave frames. The “master frame” typically refers to the coordinate system defined by the
high-accuracy sensors, while the “slave frame” refers to the coordinate system defined by the low-cost
sensors. In this article, the method of small rotation angles is used to calculate this difference between
the two frames. This article proposes a new alignment algorithm that is both fast and accurate. The
biases of accelerometers and gyroscopes can be rapidly estimated and compensated for. The alignment
discussed in this article is conducted during motion, which is more complex than stationary mode
estimation. The desired maneuver in this study is a constant acceleration maneuver, where the biases of
both the accelerometer and gyroscope are well estimated. For other maneuvers, gyroscope biases may
not be accurately estimated, while accelerometer biases are generally well estimated. The estimated
biases for accelerometers and gyroscopes are often noisy due to errors in the inertial sensors; therefore,
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preprocessing filtering is also performed to estimate the biases smoothly.

1- Introduction

Flying vehicles typically begin navigation by performing
an ‘initial alignment’ [1], which involves correcting their
directions at the start of a flight. Alignment refers to the
relationship between the Body (B) and Navigation (N)
coordinate systems [2]. ‘Leveling’ involves calculating the
angles of roll and pitch, representing the vehicle’s deviation
from the horizon. ‘Gyrocompassing’ is the process of
determining the direction of geographic north.

Inertial alignment is divided into two categories:
“stationary alignment”[3,4]and “in-motion alignment”[5&6].
Stationary alignment is completed in two consecutive steps,
improving accuracy in each step. These stages are “coarse
alignment” [7 & 8] and “fine alignment” [9 & 10]. The first
step (coarse alignment) provides a rough estimate of initial
attitudes [11]. In the second phase (fine alignment), a filter is
used to correct the alignment and estimate the inertial sensor
errors before flight [12].

Coarse alignment offers good estimation speed but lacks
accuracy, while fine alignment has lower speed but higher
accuracy. Recent research has focused on enhancing the
accuracy of coarse alignment and the speed of fine alignment
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[5, 13]. In [4], by improving the convergence speed of filters,
estimation speed in accurate alignment can be enhanced up
to 40%.

Transfer alignment is a method used to estimate attitude
differences between two inertial platforms with slight
mismatches known as misalignment. Challenges in estimating
misalignment include validity in small rotation angles and
difficulty in estimation with structural deformations. Recent
research has addressed these issues [14] and [15-17].

This article focuses on estimating gyroscope and
accelerometer biases using a novel method called “differential
alignment”, combining the speed of coarse alignment with
the accuracy of fine alignment. In this algorithm, the rate of
change of the small rotation angles is utilized to estimate the
misalignment.

The article is organized as follows: Section 2
discusses rewriting navigation error equations, calculating
accelerometer and gyroscope bias using master and slave
data, and presenting the mathematical formulation of the
new algorithm. Section 3 covers the simulations, section 4
presents and analyzes the results, and section 5 concludes the
article.
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2- Algorithm Formulation

In this section, the equations that obtain the bias of
accelerometers and gyroscopes are derived. To achieve this
goal, at first, the misalignment value is obtained by using the
equations of small rotation angles.

Rotation of Small Angles

Small angle equations are used for two reasons. First, the
misalignment in this research is small, and secondly, the main
focus in this research is on obtaining biases, otherwise, there
are equations for larger misalignment that are given in. When
the rotation angles are small, the following relationship exists
between the two frames [18]:

OV =]+ (1

Where @™ s the rotation tensor of the estimated
navigation frame (N) with respect to the true navigation
frame (N); I is the identity tensor and PORN is the skew-
symmetric form of the perturbation tensor (éfDNN ), which is
modeled as follows:

[¢NN]N=[£g0 e PN -
~ 0 —cY ¢ 0 @)
[CDNN]N: eP 0 —c@
-0 €@ 0

In the previous equation, &p, €0 and €W represent
three small rotation angles. According to reference [18],
the relationship [fDN”]N =[T™ where [T defines the
transformation matrix that converts coordinates from the
N frame to the N frame. By applying this transformation,
Equation (1) can be reformulated in the navigation frame as
follows:

[E®™TY =[@™ N -[1]" =
[T =[N =[TT™ —[1]" = 3)
[T]NB[T]BN _[I]N

Where [T]BN is a matrix function that transforms
navigation in}o a body frame and [TI™ =f (v,0,9) and
[TI™ =/ (7,0,9) ; where @,0,y are true and 7,0, are
estimated Euler angles.

In reference [19], the relationship between the master and
slave frames is established, and the resulting expression is
presented below.
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The above equation demonstrates the relationship between
the small rotation angles and the Euler angles. Expansion of
Eq. (4) is also as follows:

g = Osiny — 0 siny — Pcosy cosd
+@cosy cosd +yl cosyy
—p0 cos 7+ 0 cos 7 — 0 cos
+Qy cos @ sin — Py cosf sinyy
+@y cos @ siny — @y cos B sinyy

€0 =—0cosy + 0 cosy — pcosf sinyg
+(cos siny + @O siny sind
—@pOsiny sind + @Osin i sin@
—@0 siny sind
gy = Psind — psind —y +y )
+(0 cos 7 cos@ — PO cos* 7 cos
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According to Eq [5], the difference between the master
and slave frames has been calculated, which is referred to as
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misalignment.

Bias Estimation equation

To estimate the bias of the accelerometer and gyroscope,
the set of navigation error equations for speed and attitude
should be considered first. These equations are given in [6-7]
as follows:

ev, = TlTBfo +T1];B6fy +T1];B6fz
2.2
+f .eW —fdsé’—(ve;L/1 +2m0,v,)eld
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2
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In this context, A & ¢ represents latitude and longitude,
while vn, ve, and vd refer to the terrestrial velocities in the north,
east, and downward directions, respectively. Re denotes the
Earth’s radius, and € serves as the perturbation operator. The
attitude errors between the actual and computed navigation
frames are indicated by &g, €0, and ey. Furthermore, u”
signifies the Earth’s angular velocity, whereas on, od, fn, fe,
and fd are defined as follows:

" cos A o,
[0"T" =] 0 |=| 0 ®)
—0”sind| |o,

Ja Ji
[ax]" =| /. |=[TI""| £, )
2 f,

Eq [10-11] can be derived by using Eq [6-7], where the
bias values of accelerometers and gyroscopes are obtained.
It should be noted that the stationary mode assumption is not
used in these equations, and they also can be used for the in-
motion transfer alignment.

3- Simulation

The simulation is presented in this section. The main focus
of the simulation is on estimating the bias of accelerometers
and gyroscopes, using experimental data from both. The
simulation is divided into two parts: data generation and bias
compensation.

Data generation requires two sets of data: accurate and
less accurate. Accurate data is obtained from experimental
data, while less accurate data involves adding bias and white
noise to the experimental data.

The bias considered for the accelerometer in the X, Y, and
Z axes is 0.001, 0.002, and 0.003 m/s?, respectively, while for
the gyroscope in the X, Y, and Z axes the bias value is 1e®, 5e-
8 and 8e*® rad/s respectively. The noise level for the sensors
should not exceed the bias and should be at least one order
of magnitude lower than the bias of the sensors. Data from
accelerometers and gyroscopes are displayed in Figures 1 and
2. Based on the accelerometer data presented in Figure 2, it is
evident that the vehicle is not stationary and is experiencing a
constant acceleration in the X-axis, leading to an increase in
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speed in the X-axis direction.

As mentioned before, this simulator uses experimental
data, and the following initial conditions are utilized: The roll
and pitch angle initial values are set to zero, with an initial
speed of 50 m/s that gradually increases. The experiment has
been investigated at various heading angles. Based on this
maneuver, it can be concluded that the device can estimate
the bias of the accelerometer and gyroscope in acceleration
mode, at different headings. The results obtained regarding
the estimation of sensor biases and estimation speed will be
presented in the next section.

4- Experiment

One of the results obtained from the proposed algorithm
is the misalignment angles. This method has a suitable
speed and quickly estimates the misalignment values. The
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misalignment and rate of misalignment are shown in Figures
3 and 4. The bias values of accelerometers and gyroscopes
are calculated in the next step.

The bias values of the accelerometer and gyroscope are
shown in Figures 5 and 6. According to the figures, this
algorithm was able to accurately estimate the bias of both the
accelerometer and gyroscope. While this algorithm operates
at a high speed, one of its drawbacks is the presence of noise
in the data. To handle this issue, a low-pass filter can be
utilized.

A low-pass filter is utilized to eliminate the noise in
this algorithm. Although this method may slow down the
algorithm and require approximately three seconds for
estimation, this time frame is ideal for accurate estimation

and justifies the use of the low-pass filter to remove system
. . . S .
noises. Filter transform function equal to i1 this filter
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Fig. 2. Acceleration data with bias & noise
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Fig. 8. Acceleration bias with low pass filter

works by trial and error because it removes noise well. The
bias estimated without noise is depicted in Figures 7 and 8.

5- Conclusion

In this article, the bias values of the accelerometer and
gyroscope are estimated using navigation error equations
and real measured values from two sensors, one accurate
and the other less accurate. Initially, misalignment values are
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calculated through a small angle of rotation by comparing
actual and measured values, taking into account misalignment
between the master and slave frame.

In the navigation error equation, three accelerometer
biases and three gyroscope biases are determined by solving
six navigation error equations numerically. This bias
calculation method is efficient and can be considered as one
of the important achievements of this study.
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The proposed algorithm also calculates the misalignment
angles between the master and slave frames. It estimates
the bias in the accelerometer and gyroscope based on the
misalignment values. Finally, accelerometer and gyroscope
noise is eliminated using a low-pass filter. The approximate
time required to calculate the bias estimation in this algorithm
is about three seconds, which can be classified as a fast
algorithm.
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