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Abstract

Accelerometers are used in numerous industries including aircrafts and missile navi-
gations systems, rotary machines, and electronic devices such as tablets, cell phones,
and cameras. Accelerometers of different purposes and specifications are being pro-
duced in large quantities. The large demand for accelerometers forces the need for
accelerometer testing methodology that is more convenient and accurate. Inertial
Micro-Electromechanical Systems Accelerometer (MEMS) require a series of tests
that include physical stimuli. One of the key challenges is the cost associated with
testing. Therefore, the accurate prediction of the sensor functions not only reduces
the testing time but also more importantly contributes to reducing testing cost.

Shaker accelerometer calibrators are widely used to test accelerometers. Shakers
use sinusoidal acceleration input, and their testing acceleration range could be as
small as 0.1 g! and as high as 20 g. These devices test accelerometers in one axis
at a time. In this study, the 3-D MEMS accelerometer testing method and system
have been developed to reduce the testing time cycle significantly by testing 3D axes
simultaneously. The theoretical study shows that an acceleration sensor is rotating
about a fixed axis experiences tangential and normal accelerations.

The objective of this project is to develop a testing methodology and equipment
to test accelerometers along all three axes simultaneously over a range of + 50 g while
reducing testing time. These accelerations are related to the distance from the center
of rotation and the angular velocity. The angular velocity can be controlled by the
amount of the voltage that is given to the DC motor from the power supply which is

adjusted by a speed controller. By varying either the angular velocity with the speed

L g (Gravity) = 9.8 m/s?
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controller or varying the distance from the axis of rotation, it is possible to expose
an accelerometer to the desired acceleration value.

The equipment uses a rotating turntable where the center of the table marks the
axis of the rotation. The accelerometer being tested was mounted at a known distance
from the center of the table. The resulted normal and tangential accelerations were
calculated from the angular velocity of the turntable and the position of accelerometer
from the axis of rotation. A high precision encoder was used to determine the angular
velocity of the turntable. The range of the angular velocity that can be measured
accurately by the encoder affects the range of acceleration amplitude the system can
be used to test. The encoder used can sense an angular velocity as low as 0.0144°/s.
This corresponds to the normal acceleration value of 2.32 x 107 g.

The accelerometer mounted on a turntable in a way that all three of its axes
are exposed to the input acceleration to test an accelerometer in all three axes at
the same time. A program written in LabVIEW operated the system and collected
the test data. This program was able to collect acceleration readings along all three
axes of the accelerometer with position and velocity information of the input mo-
tion. The collected data set were processed by MATLAB. This testing methodology
provides a way to use multiple input accelerations unlike traditional accelerometer
testing method. The test methodology developed in this study provides a way to
use a constant acceleration input over a wide range (£ 50 g). Its lowest acceleration
range is 2.32 x 107 g. This reduces the time it takes to align the accelerometer in
different axes and eliminates errors that may result during a manual repositioning of
the accelerometer to align it in a different axis. Error models for MEMS accelerom-
eter sensors have used Kalman filters to perform complete accelerometer sensor test.
The accelerometer error model must be constructed, and the coefficients in the er-

ror equations must be determined. Therefore, Kalman filter in the analysis of visual
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motion has been documented frequently. The filter is constructed as a mean squared
error minimizer. The purpose of filtering is to extract the required information from

a signal, ignoring everything else.
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Chapter 1

Indroduction

1.1 Introduction to Accelerometers

An accelerometer is a device that measures acceleration forces. These forces may be
static, like the constant force of gravity, or they could be dynamic. The dynamic
acceleration force could be caused by moving or vibrating the accelerometer. There
are many types of accelerometers sensors, but the most common ones are as the

followings.

1.1.1  Piezoelectric Crystal
This type of accelerometer is big in size [9].

Mass

Spring 1
Z-Direction

Damper

|

S

Figure 1.1: Spring and Damper System in an Accelerometer [1]




The working principle of the accelerometer can be described by a single mass m
attached to a spring of stiffness k, which in turn is connected to a casing as illustrated
in Fig. 1.1. The mass used in accelerometers is often called the seismic-mass or proof-
mass. The system also includes a dashpot to provide a desirable damping effect. The
dashpot with a damping coefficient ¢ is usually attached to the mass in parallel with
the spring. When the spring mass system is subjected to a linear acceleration, a force
equal to mass times acceleration acts on the proof-mass, causing it to deflect. This
deflection is sensed by a suitable means and converted into an equivalent electrical
signal. Some form of damping is required. Otherwise, the system would not stabilize
quickly under applied forces. To derive the equation of motion of the system, Newton’s
second law is used [1]. From the stationary observer’s point of view, as shown in Fig.

1.1 the sum of all forces in the Z direction is:

Fapplied - Fdamping - Fspring - ’ITLD (]—]-)
mD + Fdamping + Fspring = Fapplied (12)
mD +c¢D+ kD =F (1.3)

where:

m = mass of the proof-mass.

D = relative movement of the proof-mass on frame.
¢ = damping coefficient of damper.

k = spring constant.

F = force applied.



1.1.2 Micro-Electromechanical Systems Accelerometer (MEMS)

Recently, researchers have been working to develop a new accelerometer sensor that
could increase applicability. MEMS accelerometer is considered the first micro ma-
chined accelerometer was designed in 1979 at Stanford University [9]. After 15
years, MEMS accelerometers started to be widely used in many industries like the
automotive-airbag system. MEMS system consisting of a cantilever beam with a
proof-mass (also known as seismic-mass), is placed in single crystal silicon using sur-

face micromachining or bulk micromachining processes [10].

motion, D
Base (substracte) Fixed outer
plate
eV
D [C
! — & ditd=d
_V — -E—ID— _44_
° Moveable Plate
1 —————— —
V.
e —
L —————— ——
Proof mass
movable
Y —— ——
Proof Mass
— —— Movable
Microstructure
—— SpingK
Base (substracte) ——— Vx

Figure 1.2: Electronic Circuit [2]

As shown in Fig. 1.2, each sensor has many capacitor sets. All upper capacitors
are wired parallel to an overall capacitance (. Likewise, all lower ones are parallel to

an overall capacitance Cy. Otherwise, the capacitance difference could be negligible



to detect. Eq. 1.4 could be applied to all of the system. Fig. 1.2 shows a simplified
electric circuit that measures the capacitance change. For example, Analog Devices
accelerometer has 46 pairs of capacitors. The fixed plates of sensor are driven by
1MHz square waves with an amplitude voltage of a value of Vy coming out of an

oscillator. The voltage output V, is the voltage of the proof mass [9], as

(Ve +Vo)Cr+ (Ve — Vo) Cy =0 (1.4)
Cy,—C, D
Va VOCQ+01 dvo (1.5)

where:

C1 = upper cantilever beam capacitance.
C5 = lower cantilever beam capacitance.
V., = voltage output.

Vo = voltage input.

D = motion.

d = the distance between the electrodes.
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Figure 1.3: 3D MEMS Accelerometer Packaging [3]

As shown in Fig. 1.3, there are many ways to package the 3D MEMS accelerom-
eter. However, the most common ways are by separating each axis (A4,, A, or A,)
from the other ones, or connecting them to the same proof mass [11].

The MEMS accelerometer sensor market grew from $700-800 M in 2007 to $11,900
M in 2015 [12]. Although a new technology has been employed to create MEMS
sensors,sensor perfection is not guarantied. Sensor qualification is the last step of
the manufacturing process to insure that the characteristics and performance of the
sensors are in the specification range before shipping to the end user. The estimated
costs of the MEMS accelerometer is about 1-2% to 40-50% of the total cost which
include the cost of testing time [13]. Hence, the cost of the sensor can be reduced
by cutting the testing time. The main purpose of this project is to develop a testing
methodology and equipment to calibrate the MEMS accelerometer in three axes while

reducing the testing time.



1.2  Scope

The scope of this project is to develop a test methodology and equipment for mechan-
ical testing of 3D-axes accelerometers. The testing system is designed to be able to
test any accelerometer in 3D axes within this range starting from a minimum acceler-
ation 0.1 g to the maximum acceleration 50 g. The system will require high resolution
for the encoder. The system has used absolute encoder 19 bits resolution and 524288
lines/rev. As a result, the equipment used to acquire the values of acceleration can
detect an angular velocity as low as 0.0144°/s and will also be able to test a large
range of accelerations in a short time in conjugation with a DC motor with a high
torque of 18 in.lbs. and maximum speed of 1750 RPM. The proposed system tests
multiple axes simultaneously for a large range of g ranging up to 50 g. Moreover, the
test system has to be designed to meet the requirement of providing highly accurate

rotational motion, compact and reliable.



1.3  Outline of Study

Chapter 1 includes a definition of the accelerometer and explains the principle of
working of the accelerometer.

Chapter 2 includes a definition of the error that accompanies MEMS accelerometer
sensors. Moreover, This chapter includes the two ways methodologies to qualify the
sensor performance and determine the sensor errors; The first one used for single
axis (Linear Regression Technique), and another one is 3D-axes testing scheme
relying on the Kalman filter which is developed for 3-axis test.

Chapter 3 discusses and explains all equipment that is used to develop the system
and it includes (hardware and software). The system was designed to generate
rotation motion up to 844 RPM for the sensor test to get 50 g acceleration. Fully
3-D axes testing system was studied including dynamic and kinematic modeling.

In Chapter 4, the testing result and error analysis for 3D axes MEMS accelerometer
are discussed.

In Chapter 5, the summary, conclusion, and future works are presented.



Chapter 2

Testing Methodology and Error Analysis of MEMS Accelerometer

Although the MEMS Industry’s sensors are very accurate, errors such as bias offsets,
scale factor errors, and misalignment could still be further improved. The testing
methodology has to be developed to validate the sensor performance and determine
all the sensor errors described above while reducing the testing time. IEEE recom-
mends practice for precision centrifuge testing of linear acceleration and describes
the general testing procedure for inertial sensors like MEMS accelerometers [14]. The
main principle behind testing accelerometers is to expose an accelerometer to a known
acceleration and to compare the output of the sensor with the input in a way that
satisfies the design requirements. In this study, the input acceleration comes from
a rotary motion. An acceleration sensor rotating about a fixed axis experiences two
different accelerations; tangential and normal acceleration. These accelerations are
related to the distance from the axis of rotation and angular velocity. Fig. 2.1 il-
lustrates the scheme of acceleration input for the test setup. By varying the angular
velocity and distance from the axis of rotation, it is possible to expose an accelerom-
eter to a desired acceleration value. The accelerometer can be oriented so that the

desired acceleration stimulates one, two, or all three axes of the sensor.



Figure 2.1: Scheme of Testing Accelerometer

where:
R = radius.
A,, = normal acceleration.
A, = tangential acceleration.

60 = the angular displacement.
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2.1 Generation of Acceleration Input

2.1.1 Single Axis Test Mode

2.1.1.1 General

Fig. 2.1 shows that the rate table is used to generate the acceleration input for
sensor calibration. The accelerations caused by the circular motion of rate table are

expressed by the following equations [15].

v=uwr
de
V= XT=wXT (2.1)

a; =ar, a, =wr

a= aXxr+ wx(wxr) (2.2)

where:
w = the angular velocity.
v = linear velocity.
r = distance from the center of rate table to sensor origin.
t = time.
d@ = the angular displacement.
a = angular acceleration.

a = total acceleration.
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a; = tangential acceleration.

a, = centripetal acceleration.

DETAIL A
SCALE1:1

Figure 2.2: Single Axis Test about z Axis

As shown in the Fig. 2.2, to expose only one axis of the accelerometer to the
desired acceleration, the axis of interest (z), should be oriented in the direction of
the normal acceleration of the rotary motion. Fig. 2.2 shows the z-axis of the sensor
oriented toward the center of the rotary motion; the y-axis is oriented towards the
tangential acceleration (tangential acceleration is set to be zero for this study because
the change in angular velocity to the time is very small), and the z-axis is oriented

in the vertical direction.
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DETAILB
SCALE1:1

Figure 2.3: Single Axis Test about y Axis

As shown in Fig. 2.3 to expose only one axis of the accelerometer to the desired
acceleration, the axis of interest (y) should be oriented in the direction of the normal
acceleration of the rotary motion. Fig. 2.3 shows the y-axis of the sensor oriented
toward the center of the rotary motion; the z-axis is oriented towards the tangential

acceleration, and the z-axis is oriented in the vertical direction.
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Figure 2.4: Single Axis Test about z Axis

Fig. 2.4 shows that to expose only one axis of the accelerometer to the desired
acceleration, the axis of interest (z) should be oriented in the direction of the normal
acceleration of the rotary motion. As shown in Fig. 2.4, to achieve z orientation, it
needs to use 45° block. Fig. 2.4 shows the z-axis of the sensor oriented toward the
center of the rotary motion; the y-axis is oriented towards the tangential acceleration,

and the z-axis is oriented in the vertical direction.
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2.1.1.2 Error Model of MEMS Accelerometer Sensor

In the case of single axis testing, to perform an accelerometer sensor test, an ac-
celerometer error model must be constructed, and the coefficients in the error equa-
tions must be determined. The model representing the relationship between the

measured input and the output of the sensor is given by Eq. (2.3) [16].

aj = (1+e)a; — B =9 (2.3)

where:
a; = output acceleration along the i-axis of accelerometer.
a; = input acceleration along the i*"-axis.
e; = scale factor error of the i**-axis of accelerometer.
B; = the bias offset of the sensor along its i'*-axis.
¥ = random error with an average of zero.
1 =1, 2 and 3 axis.

*x = output acceleration from accelerometer sensor.

By equating the coefficients from Eq. (2.3), the scale factor and bias can be

expressed as:

l+e = (2.4)

Bi=p (2.5)

This general equation is used to process data and produce results with error

information about the tested accelerometer. Suppose we have n pairs of data collected
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(af,a;), (af,a;) ... (af,a;). A scatter plot of af vs. a; can be generated. An estimated
regression line can lead to the calculation of scale factor and bias. The best fit to the

data is expected to be in the form of Eq. (2.6).

a; =oa; — =19 (2.6)

« = scale factor error + 1.

[ = the bias offset of the sensor.

The random error ¢ can be ignored because a mean value of the random error is

zero. Therefor, Eq. (2.6) can be reduced to

a; = aa; — 3 (2.7)

The same method can be used to determine the misalignment of an axis about
another axis. Again n data points are required to find the misalignment of an axis
with respect to an orthogonal reference axis. The general equation relating one axis

to a reference axis is shown in Eq. (2.8).

a; = 0ija; — B (2.8)

where:
0;; = the coefficient of misalignment along the #*"-axis in reference to the j"-axis.

B; = the bias offset of the sensor along its i*"-axis.
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The main disadvantages of the single axis test are; i) According to the reference [14]
it would take a long time to install the parts and to collect the data for nine positions.
ii)In order to test each position for 3D accelerometer sensor after each position test
the sensor needs to reorient the axis of the sensor to test another position, and this
process maybe lead to cause errors in the angle and alignment of the sensor. Moreover,
in the single axis test, each axis is needed to be tested individually with other axes
to find the errors (Scale Factor, Bias, and Misalignment).

The single axis test uses the least square fit method to determine the errors. Suppose
that we have n pairs of observations. For example, if the collected data is {( x1 , y1)-
( Zn , Yn)}, so the define of the errors will be associated with a} = aa; — 5 as

shown in Fig. 2.5.

where:

a’ = output acceleration along the i*" axis of accelerometer.

(2
a; = input acceleration along the " axis.
a = scale factor error.

[ = the bias offset of the sensor.
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Figure 2.5: Output vs. Input Acceleration Along i-Axis

The plot depicted in Fig. 2.5 shows a comparison between the input and output
acceleration values along the i-axis. The best fit to the data leads to the estimation
of the scale factor and bias associated with the i-axis [17]. The collected data in
a single axis test is also used to determine the misalignment associated with the
other two axes in reference to the axis of interest. For example, from the i-axis test
mentioned above, it is possible to measure the misalignment associated with the j-
axis in reference to our ideal i-axis (6;;) and the misalignment associated with the

k-axis in reference to our ideal i-axis (f) as shown in Fig. 2.6.
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0.14
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Figure 2.6: Output Acceleration Along j-Axis vs. Input Acceleration Along i-Axis
The misalignment angles () associated with the j-axis and the k-axis in reference

to the i-axis are measured form the following expressions.

al = Qijaz‘ - Bz (29)

J

where:
0ij = angle of misalignment of the j-axis with respect to the reference i-axis.

fik = angle of misalignment of the k-axis with respect to the reference i-axis.
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2.1.1.3.1 The Least Square Method Equation

Suppose that we have n pairs of observations { y;-(az;+b) . . . y,-(axy +0)}. A
typical scatter plot of this observed data and a candidate for the estimated regression
line are shown in Fig. 2.7. The estimated values of the parameters a and b in the
observed data should result in a line that is a “best fit” to the data. The German
scientist Karl Gauss (1777-1855) proposed an estimation of the parameters a and
b to minimize the sum of the squares of the vertical deviations as shown in Fig.
2.7. Estimating the regression parameters is commonly called the Method of Least

Squares [4].

Observed value data

Estimated regression line

Figure 2.7: Deviations of the Data From the Estimated Regression Model [4]
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The sum of the square of the deviations of the observations from the true regression

line is:
N

E(a, b) = > (4, — (azn + b))’

n=1

20 -0 @ =V
g—f —22 (y, — (ax, + b)) (—z,) =0
aa—f_Zz(yn— (azn + B) (1) =0

Rewrite these equations as

(54 ) (£0)r- o

n=1 n=1

(2.11)

(2.12)

(2.13)

(2.14)
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Matrix equation will be:

N N N
n=1 n=1 — n=1 (2 15)
N N N .
n=1 n=1 n=1
The matrix is invertible, which implies
N N -1 N
— ”;1 ":Nl ”:]{[ (2.16)
b oz, > 1 > U
n=1 n=1 n=1
Denote the matrix M is
N N
PORED D
/M/ — n=1 n=1 (217>

M=
&
M=

3
I
-
3
Il
-

The determinant of M is

N N N N

/M) = apy 1= x> (2.18)

1 N
T= > (2.19)
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SO

/M) = ap — (Nz)? (2.20)
= N? (%in - j;2> (2.21)

2 1 2
=N NZ(xn—x) (2.22)

By using the definition of variance, we notice the above could also be written as

/M | = N ?02 (2.23)
-1 N
n=1
= o L (2.24)

N N
N > zny, — Nz Yy,
n=1 n=1
a= N (2.25)
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(2.26)

(2.27)

(2.28)

(2.29)

(2.30)
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2.1.2 Tri-Axis Test Mode
2.1.2.1 General

A rate table is used to generate the acceleration, but in this situation, the input ac-
celeration needs to be analyzed to three components 1, 2, and 3. Therefore, in order
to test the three axes of the sensor at once, the orientation of the sensor has to be
changed so that the acceleration generated by the rate table and the gravity acceler-
ation are distributed equally on the three axes. As shown in Fig. 2.8, to simplify the
design, rotational angle ¢ about 3-axis is fixed at 45° so that the acceleration A, and
A, on the mounting block are the same. Then, the rotational angle 1 about 1-axis is

varied until A,, A,, and A, on the mounting block are equal [7].

Figure 2.8: Position of the Sensor for Tri Axes Test
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There are two approaches to limit the amount of the acceleration that will be
generated during circular motion on the turntable. For the first approach, the sensor
is mounted at the center of the 45°-mounting block. The mounting block is placed
on the rate table at a distance of R from the center of the table as shown in Fig.
2.9. For the second approach, the angular rate can be controlled by using a speed
controller. The speed controller is used to control the value of the voltage that is
needed to rotate a DC motor at a specific speed. The testing system used in the
current study was designed to test a sensor that has a lower/upper range of + 50
g. Therefore, the distance from sensor origin to the center of the center of the rate
table (R) should be 0.45 m, and the angular velocity of the rate table should be
844 RPM. However, the available ADI sensor at the time of the current study had a
range of £18 g. Thus, the theoretical value of the angular velocity of the rate table
should be 304 RPM with the same value of R. Moreover, in this case, each axis of the
mounting block coordinate system reciprocally aligns with the axes of the rate table
coordinate system. consequently, 1-axis is in the tangential direction, 2-axis is in the

radial direction, and 3-axis points up.
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Radius

| /" Mounting Block

Figure 2.9: Scheme of Testing 3D-Axes Accelerometer

2.1.2.2 Transfer Coordinates

The transformation from the global coordinates system of the measured input to the
local coordinates system of the sensor output is considered the first step for measur-
ing the error by the multi-axis test. The global and local coordinate represented by
red and green coordinates symbols,respectively in Fig. 2.10. The transformation of
coordinate is used to make comparison between the input and output on the same
coordinate system. The transformation of coordinates is shown in Fig. 2.10, and it

could be expressed as following:
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Figure 2.10: Transform Global Coordinates to the Local Coordinates

The orthogonal triad of unit vectors parallel to the inertial axes X, Y, and Z are
i, J and K respectively.
A=AT+ A4, + 4K (2.31)

where:
A; = tangential acceleration.
As = normal acceleration.

Az = gravitational acceleration (g).

{Abwew = [T]{A} (2.32)

where:

[T] = the transformation matrix.
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{A}new = [T]{A1, Ay, Az} (2.33)

[T] = [R4][R2][Rs] (2.34)

sin(1) sin(¢) sin(f) 4 cos(0) cos(¢), cos(¥) sin(p), sin()) cos(d) sin(¢) — sin(f) cos()
[T] = sin(v) sin(f) cos(¢) — cos(f) sin(¢), cos(y) cos(¢), sin(v)) cos(0) cos(¢) + sin(f) sin(¢p)
cos(1)) sin(9), —sin(v), cos(2) cos(6)

See Figure 3.6.
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where:
1 = rotation angle around l-axis.
0 = rotation angle around 2-axis.
¢ = rotation angle around 3-axis.
R, = the rotational matrices around the 1-axis.
R, = the rotational matrices around the 2-axis.
R;3; = the rotational matrices around the 3-axis.
Therefor, the measured acceleration as result of transfer coordinate for each axis

can be expressed as;

a; = a, sin (@) cos () — gsin (¢) sin () (2.35)
a, = @, cos (@) cos () — gsin (¢) cos (¢) (2.36)
a; = —aysin (¢) — gcos (¥) (2.37)

a; = output acceleration along the z-axis.
a, = centripetal acceleration.

a; = output acceleration along the y-axis.
a® = output acceleration along the z-axis.
¢ =rotation angle around 3-axis.

1 =rotation angle around 1-axis.

g = gravity.

*x = input acceleration from encoder.
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2.1.2.3 Kalman Filter

The Kalman filter has been considered as the optimal solution to many tracking
and data prediction tasks. Its used in the analysis of visual motion that has been
frequently documented. The filter is constructed as a mean squared error minimizer.
The purpose of the filter is to extract the required information from a signal and
ignoring everything else [18]. The Kalman filter addresses the general problem of
estimating the state measurement x € R,, of a discrete-time controlled process that

is governed by the linear stochastic difference equation [19].

X = AXk_l + Buk_l + Wi_q (238)

where:
X = the state vector of the process at time k.
A = the state transition matrix of the process from the state at k-1 to the state
at k.

w), = the associated white noise process with known covariance.

Observations on this variable can be modelled in the form of

Zp = I‘IX}C + Vi (239)

where:
7, = the actual measurement of x at time k.
H = the noiseless connection between the state vector and the measurement
vector.

v, = the associated measurement error.
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The process noise covariance  and measurement noise covariance R matrices are

assumed stationary over time and are given by

Q = E [wyw;] (2.40)

R = E [vyv}] (2.41)

where:
Q = Process Noise Covariance.

R = Measurement Noise Covariance.

The mean squared error is:

E [e; ef] = Py (2.42)

where:
P, = the error covariance matrix at time £.
E = expectation operator.
e, = a posteriori estimate errors.

Eq. (2-41) may be expanded to give;

Assuming the prior estimate of %, is called x’, and was gained by knowledge of
the system. It is possible to write an updated equation for the new estimate, combing

the old estimate with measured data thus;
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where:
K} = the Kalman gain.
X = the posterior estimate.

X', = the prior estimate.

ik = Zp — H)E,k (245)

At this point, it is noted that xj — x'; is the error of the prior estimate. The
difference (zj, - Hx';) in Eq. (2.45) is called the measurement innovation, or the
residual. The residual reflects the discrepancy between the predicted measurement
Hx' r and the actual measurement z;. A residual of zero means that the measurement
innovation are in complete agreement [19]. The n x m matrix K, in Eq. (2.44) is
chosen to be the gain or blending factor that minimizes the posteriori error covariance
in Eq. (2.42). This minimization can be accomplished by first substituting Eq. (2.44)
into the above definition of e, substituting that into Eq. (2.42), performing the
indicated expectations. Then by taking the derivative of the trace of the result with
respect to Ky setting that result equal to zero, and then the Kj can be determined.

One form of the resulting K;, that minimizes [5]. Eq. (2.42) is given by

Py — (I - K H)E | (x — x)(x¢ )" | (1- KH) ~ KBviv] K] (2.46)

where:

P, = State Error Covariance Matrix.
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X = System State Matrix.

H, = Measurement transition Matrix.

Now solving for K, gives;

K,=P,H" (HP,H" + R) ' (2.47)

Looking at Eq. (2.47), as the measurement error covariance R approaches zero,

the gain Kj weights the residual more heavily. Specifically,

- _ -l
I%}glo K.=H (2.48)

On the other hand, as the a priori estimate error covariance P approaches zero,

the gain Kj weights the residual less heavily. Specifically

lim Ky, =0 (2.49)
P, —0

Another way of thinking about the weighting by K is that as the measurement
error covariance R approaches zero, the actual measurement z, is trusted more and
more, while the predicted measurement Hx';, is trusted less and less. On the other
hand, as the a priori estimate error covariance P approaches zero the actual mea-
surement zy is trusted less and less, while the predicted measurement Hx' i 1s trusted

more and more [5].
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2.1.2.4 The Discrete Kalman Filter Algorithm

The Kalman filter estimates a process by using a form of feedback control. The fil-
ter estimates the process state at some time and then obtains feedback in the form
of (noisy) measurements. The equations for the Kalman filter fall into two groups:
time update equations and measurement update equations. The time update equa-
tions are responsible for projecting forward (in time) the current state and error
covariance estimates to obtain the a priori estimates for the next time step. The
measurement update equations are responsible for the feedback (i.e. for incorporat-
ing a new measurement into the a priori estimate to obtain an improved a posteriori
estimate) [5]. The time update equations can also be considered as predictor equa-
tions, while the measurement update equations can also be considered as corrector
equations.Therfore, the final estimation algorithm resembles a predictor-corrector al-
gorithm for solving numerical problems. The specific equations for the time and
measurement updates are presented below.

Time update equations

X'y = AX;_, + Bu,_, (2.50)

P =AP;,_ AT +Q (2.51)

Again notice how the time update equations (2.50), (2.51) project the state and
covariance estimates forward from time step k—1 to step k. A and B are from Eq.
(2.38), while Q is from Eq. (2.40). Initial conditions for the filter are discussed in
the earlier references.

Measurements update equations

K, =PHMHPH" +R)™! (2.52)
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xp = X' + Ky(z; — Hx'p) (2.53)

P, = (I- KH)P, (2.54)

The first task during the measurement update is to compute the Kalman gain K;.
Notice that the equation given here as Eq. (2.52) is the same as Eq. (2.47). The next
step is actual to measure the process to obtain z; and then to generate an a posteriori
state estimated by incorporating the measurement as in Eq. (2.53). Again Eq. (2.53)
is simply Eq. (2.44) repeated here for completeness. The final step is to obtain an a
posteriori error covariance estimate via Eq. (2.54). After each time and measurement
update pair, the process is repeated with the previous a posteriori estimates used to
project or predict the new a priori estimates. This recursive nature is one of the
very appealing features of the Kalman filter. It makes practical implementations
much more feasible than, for example, an implementation of a Wiener filter (Brown
1983), which is designed to operate on all of the data directly for each estimate. The
Kalman filter instead recursively conditions the current estimate on all of the past

measurements. Fig. 2.11 offers a complete picture of the operation of the filter [5].
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Measurement Estimate

Figure 2.11: A Complete Picture of the Operation of Kalman Filter [5]
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2.1.2.5 State Space Model of the MEMS Accelerometer Sensor Errors

To estimate the sensor errors using Kalman filter, the sensor error model in subsub-
section 2.1.1.2 has to be transformed to state space form. The errors of the sensor

will be modeled as a 12-element state vector [16].

x] = [0uy Ou Oy Oy 0.0 0., SF, SF, SF. B, B, B.]" (2.55)
where:
6, = misalignment about z-axis reference to y-axis.
.. = misalignment about z-axis reference to z-axis.
6,, = misalignment about y-axis reference to z-axis.
8,. = misalignment about y-axis reference to z-axis.
0., = misalignment about z-axis reference to z-axis.
6., = misalignment about z-axis reference to y-axis.

SF, = scale factor about z-axis.
SF, = scale factor about y-axis.
SF, = scale factor about z-axis.
[, = bias about z-axis.
B, = bias about y-axis.

[, = bias about z-axis.

On the other hand, linear measurement model can be modeled as:

Z — Hka+Vk (256)
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where:
a, az. 0 0 0 0 a 0O 0 -1 0 0

H=|0 0 a a 0 0 0 a 0 0 -1 0 (2.57)
00 0 0 a a 0 0 a 0 0 -1

where:

a, = input acceleration about z-axis.
a, = input acceleration about y-axis.

a, = input acceleration about z-axis.

Kalam filter analysis procedure, as shown above, is used to determine the estimate

x which represents the sensor errors. [20].
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Chapter 3

Test Equipment Design and Setup

3.1 Design Description

The rotary motion is an important component of the testing system. A rotating
turntable is used to provide the rotary motion. Moreover, a DC motor and a power
supply are used to power and to drive the system. The testing system is powered
by a power supply which its output is 30 V DC with a maximum current of 50 A.
Hence, the angular velocity of the turntable is directly dependent on the speed of the
DC motor that is controlled by a speed controller. The general idea of the system is

shown in Fig. 3.1.

LabVIEW Program + *

(DAQ) <

Power supply

Speed Controller ’

Figure 3.1: General Idea of the Test
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3.1.1 Turntable

This part is considered the largest part of the system because it is used to increase the
range of the input acceleration. The diameter of this part is 90 cm, and the thickness

is 4 cm as shown in Fig. 3.2.

»90

Figure 3.2: Dimensions of the Turntable

To increase the difference range of the input acceleration, the turntable has instal-
lation holes. These holes are used to control the value of radius which is responsible
for the acceleration range. For example, if we want to increase or decrease the acceler-
ation value, we need to adjust the radius, which is the distance from the accelerometer
sensor to the center of the turntable as explained in Fig. 3.3. In order to get high
accurate angular velocity, the speed controller should be used. Moreover, By adjust-
ing the radius and the speed of the DC motor, the system would be able to generate

a wide range of linear acceleration without gears.
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Radius

Figure 3.3: Limit Acceleration by Adjusting Radius

3.1.2 Mounting the Sensor

A mounting block was carefully fabricated within specified tolerances. Dual Axis
Digital Angle Protractor with five magnetic sides was used to match the angles be-
tween the coordinates system of the sensor and the coordinates system of the testing
system. High precise equipment was needed to mount the sensor with the testing sys-
tem to avoid any misalignment sensitivity between the testing system and the sensor.
Therefore, Dual Axis Digital Angle Protractor was used to get high accurate result

for the testing system.

3.1.3 Wiring the Turntable

The electrical power, input, and output signals to the accelerometer sensor could be
transferred through a slip ring. However, the output signals can also be transferred
via wireless transmission. Since the analog signal could suffer some degradation by
going through slip rings, the microprocessor could be implemented on the top of the
table to collect data from the test, and then transform it to a digital signal through an

A /D converter. These digital signals could be transferred to an acquisition computer
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to process them via slip rings or radio transmission. In this project, since the outputs
of the sensor were digital signals, the slip rings were used without any interfere of

noises and signal degradation.

3.1.4 Motor Selection

The high acceleration range of + 50 g of the 3D axes test needs a high-performance
DC motor. Moreover, due to the size and the weight of the turntable, the testing
system had high moment of inertia. Table 3.1 illustrates the mean properties of the
DC motor used in the current study. Therefore, a high torque DC motor was used.
In order to avoid the signal instability of the decoder card that might be caused by
the magnetic field of the electrical current, This DC motor was placed at a specific

distance from the decoder card.

Table 3.1: Properties of the DC motor

Voltage 12V DC
Speed 1750 RPM
Power % HP
Torque 18 in.lbs
Full Load
Current 39 Amps
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3.1.5 Accelerometer Sensor

Analog device inertial sensor with the specifications listed in Table 4.2 was employed

for the test [21].

Table 3.2: Analog inertial sensor (ADIS16400) specification

ADIS16400 Accelerometer Sensor Specifications

Accelerometer Dynamic Range +18¢g
Accelerometer Initial
Sensitivity 3.33 (& 1%) my
Acceleror‘net('er Axis-to-Axis 1+ 0.0034 Radian
Misalignment
Accelerometer Axis-to-frame 1+ 0.0087 Radian
(package)

Accelerometer Nonlinearity 0.1 % of FS
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3.2  Velocity Measurement Device Selection

Analog and digital devices are commonly used for motion measurement. The analog
devices generate the voltage or current output which is proportional to the velocity
of the motor. However, The values of the analog signal are not reliable at low-speed
motion because of the noise generated. Therefore, The analog devices are not accurate
in measuring the slow velocity. On the other hand, the motion creates a stream of
pulses equivalent to the magnitude and direction of the motion. The digital sensor
are used to measure this stream of pulses. The most important factor for getting
accurate measurement is the resolution of the sensors. The position rotation can be
measured by using a rotary encoder that is one of the digital devices. There are
many ways to determine the angular velocity. One of these ways is by measuring the
difference in the position of rotation over the time between two samples. in order to
have velocity that is closed to the continuous form, the resolution of the measured
velocity has to be increased as much as necessary. The rotary encoder consists of a
rotary disk that is attached to a rotational part and a reading head. The encoder
signal is generated when the marking lines on the encoder disk move to block and
unblock the light to the receiver creating an interference pattern. The resolution of
the system is defined as the number of lines per revolution. The encoder is divided
into two types; absolute and incremental encoder. As shown in Fig. 3.4, an absolute
encoder can provide the absolute angular position in one rotation, but the incremental
encoder gives the change in position. Moreover, the incremental encoder provides finer
resolution. Although one output pulse stream is useful for measuring speed, it does
not indicate the direction of rotation (i.e., clockwise vs. counter-clockwise) of an
incremental encoder. To get around this problem, an incremental encoder has two

disks of alternating regions, each with its own photo emitter and detector, that allow
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two pulse streams to be produced simultaneously. The two pulse streams (”clocks”)
can be used to determine both velocity and direction. This is made possible by an
intentional misalignment of the two disks that causes a 90 degree phase difference
between their clocks. An incremental encoder that produces two clocks (typically
designated A and B) having a 90 degree phase difference is said to be ”quadrature”
encoded. In the case of a quadrature incremental encoder, the A clock phase will lead
B for one direction of rotation, and B will lead A when the encoder rotates in the
opposite direction. A quadrature encoder’s rotational direction can be determined by
detecting the phase relationship between the A and B clocks, while its speed can be

detected by measuring the frequency of either clock.

Figure 3.4: Virtual Absolute Encoder

The widely used techniques for measuring the rotational velocity with the optical

encoder are by counting the number of pulses per sampling time, or by measuring
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pulse period that is defined as the time between two consecutive pulses. The second
technique more suitable for the high velocity measurement [22]. However, the first
technique (M method) is the most widely used method to measure the angular velocity
from encoder pulses. Moreover, M method was used with this project because of the
accuracy of this technique is governed by the resolution of the encoder [17]. The

principle of velocity measurement is depicted in Fig. 3.5 [6].

Encoder
Pulse

Sampling | <_1—7_)| - T_}l
Period . S . S
Ly, Sample  (Z+1), Sample

Figure 3.5: Principle of Velocity Measurement Method [6]

The angular velocity is calculated by finite-difference method using the constant

sampling time and the number of pulses per sampling time.

2Tme
0 = 3.1
©="pr (3.1)
2w
= 2
-5 3.2

T, =T, (3.3)
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where:

w = angular velocity.

m, = the number of pulses per sampling time.

P = the number of counts per revolution.

(), = the absolute velocity resolution.

T, = the time interval used to count a pulse number periodically (sampling
time).

T,, = the measurement time used to calculate velocity based on pulse count

within one or more sampling time.
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3.3 Kinematic Model

Three angles are required to specify the orientation of a rigid body relative to an
inertial frame. The choice is not unique, but there are two sets in commonly used:
the Euler angles and the yaw, pitch and roll angles. The three Euler angles give
the orientation of a rigid, orthogonal z, y and z frame of reference relative to the
1, 2 and 3 inertial frame of reference. The orthogonal triad of unit vectors parallel
to the inertial axes 1, 2 and 3 are I, J and K respectively. The orthogonal triad of
unit vectors lay along the axes of the 1, 2 and 3 frame are i, j and k respectively.
Fig. 3.6 shows the I, J and K triad and the i, j and k triad, along with the three
successive rotations required to bring unit vectors initially aligned with I,Jand K
into alignment with i, j and k [7]. The zy plane intersects the 1 2 plane along a line
defined by the unit vector i. The first rotation (1) is around the K axis through the
Euler angle. ¢ rotates the i, J directions into the i,j directions. As shown in Fig.

3.6.



Figure 3.6: The Euler Angles [7]

where:

(1)= first rotation from axis.

(11)= second rotation from axis.

There are three rotations around three axes. Therefore, the first rotation about

3-axis can be expressed by:

R; = Rotation about 3-axis with (¢) angle
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cos(¢) sin(¢) 0
R3(¢) = | —sin(p) cos(¢) 0 (3.4)
0 0 1

The second rotation about 2-axis can be expressed by;

R, = Rotation about 2-axis with (#) angle

cos(d) 0 —sin(6)
R»(0) = 0o 1 0 (3.5)

sin(@) 0  cos(f)

And the third rotation about 1-axis can be expressed by;

R; = Rotation about l-axis with (¢) angle

1 0 0
Ri(¥) =10 cos(y) sin(th) (3.6)
0 —sin(y) cos(v)

Finally, it is worth noting that the transformation matrix [Q]X z from the inertial
1, 2 and 3 frame into the moving x, y and z frame is the product of the three rotation

matrices given by Eq. (3.4), (3.5) and (3.6). Thus,



[T] =

[Q]Xz = [R3(¢)][R1(4)][R2(6)]

sin(v)) sin(¢) sin(f) + cos(#) cos(¢), cos(¢h) sin(g), sin(e)) cos(#) sin(¢) — sin(f) cos(¢)
sin(1)) sin(f) cos(¢) — cos() sin(¢), cos(v) cos(@), sin()) cos(h) cos(¢) + sin(f) sin(¢)
cos(1)) sin(9), —sin(v), cos(1)) cos(6)

51

(3.7)
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3.4 The Testing Methodology of Simulation

Kalman filter was used to determine sensor errors. The circular motion of the system
provides the input rate to generate the acceleration inputs in three sensitive axes of
the sensor simultaneously. National Instruments USB-4851 12C/SPI interface was
used to collect measurement data of the accelerometer sensor and reference input
angular velocity. Gurley 7700A02048R12U0175N encoder with the base resolution of
2048-line disc and its 11 bits upscale decoder VJ11SO08UOCN has the total resolution
range of 19 bits (524288 steps /rev) which can be able to measure a 0.0007 deg/step
was used to measure the reference angular velocity inputs [23]. To generate the input

acceleration vary from 2.32 x 1072 to 50 g on three axes of the sensor.
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3.5 Verification Study

Prior to the testing process, it was important to examine some aspects of the testing
system in order to ensure that any errors taken place with these aspects would not
significantly affect the test results. The verification study was conducted in terms the

Kalman filter and the static balance of the shaft and the turntable.

3.5.1 Kalman Filter Parameters

To estimate the parameters for the kalman filter, the system model is used. First, it
is needed to estimate the initial state for the system. Since the system is started from
zero, the initial state will be zeros. The matrix A is the behavior of the system with
time. It depends on the sampling time of the system as explained in Eq. (2.38). In
Eq. (2.40) and Eq. (2.41), Q and R values can be obtained from the manual sheet
of the sensors [21]. These values depend on the noise density and bandwidth for the
sensors. Moreover, the matrix H in the Kalman filter is the measurement matrix that
can be estimated from the relationship between measured values from the sensor and

the predict values as showed in Eq. (2.39).

3.5.2 Static Testing - Balance

There are two types of static balance for the system:

A) Using Dail Gage and Dual-Axis Digital Protector

As shown in Fig. 3.7, the static balancing process was conducted for both the top
and the side of the shaft by using a dial gage. For the turntable, a dial gage and
a dual-axis digital protector were used to perform the static balance testing. The

testing results for the shaft with a dial gage showed that the error of the shaft was
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0.0015 inch and the error of the turntable was 0.0035 inch. These values of the errors
were measured by mounting the dial gage at the static reference point outside of the
testing system and the turntable or the shaft was rotated to measure the maximum

value of the imbalance.

Figure 3.7: Shaft Balance

B) Verify the Balance of the Turntable with Accelerometer Sensor

As shown in Fig. 3.8, the misalignment of the accelerometer sensor was used to check
the balance of the turntable. The accelerometer sensor was placed at several points
on the turntable. The results of the misalignment of the sensor about zx and zy
were used to estimate the imbalance of the turntable. To conduct the misalignment
testing, the turntable was divided by two imaginary lines as shown in Fig. 3.9. One
of the two lines was drawn so that it passed through the actual location of the sensor
from the real test. Several of testing points were selected along those two lines. Each
testing points represents the location at witch the misalignment of the turntable was
measured by using the accelerometer sensor. The static testing points were labeled
as 1, 2, 3,....., 8 as shown in Fig. 3.9. The values of the misalignment angle (\)
of the turntable at points 4 and 5 are —0.12° and —0.09°, respectively. They were

calculated as the difference between the maximum misalignment on the line and
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the misalignment of the sensor with ideal axis. The maximum misalignment of the
line on the turntable was calculated by the Least of Square fit between the input
acceleration on the z-axis due to gravity and the output acceleration on the z-axis
and y-axis without rotation (static). The negative signs indicate that inclination of

the turntable at the specified points is downward.

g

Figure 3.8: Balance of the Turntable with Accelerometer Sensor

Figure 3.9: Static Balance Testing of the Turntable
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Chapter 4

Results of Error Analysis of MEMS Accelerometer Sensor and Testing

Although the microfabrication is very accurate, there is no way to make a perfect
sensor that has no bias or affect other errors. The sensing for the multi-axes MEMS
accelerometer sensor, bias offset, scale factor error, axis misalignment are three main
errors that mostly contribute to error in sensor measurement. Bias offset is the output
of the sensor when the input is zero as shown in Fig. 4.1. The scale factor is the ratio
of the change in the input intended to be measured. The scale factor was normalized
to 1. Aging or manufacturing tolerance could cause scale factor to be around 1. Axis
misalignment is an assembly error such that the sensing axis of the accelerometer

sensor is misaligned with respect to the reference axis.



Sensor
Output

bias

‘Yl{oise

scale factor
(slope of line)

Figure 4.1: Common Errors in Accelerometer Sensor [8]
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4.1 Three-dimensional Testing System.

The 3-D Accelerometer testing system was designed as showed in Fig. 4.2.

Figure 4.2: 3D Testing Machine

This testing machine was designed mainly for single/multi-axis MEMS accelerom-
eter test. This testing machine provides precise continuous uniform angular rate mo-
tion about a spine axis. All operations and controls were computerized based on
Labview 7. The capability of this 3-D MEMS accelerometer testing system is given
in Table 4.1.



Table 4.1: Acceleration testing machine properties

Acceleration Rate about All
Axes

Min: 2.32 x 1077
Max: 50 g

Angular Position Measurement

19 bits resolution Absolute
encoder 524288 lines/rev
(2.5arcsec /line)

Position Accuracy

+ 5.2 arcsec

Slip-ring

24 wires

Control Software

Based on Labview M7

59
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4.2 Data Processing

MT and saved on

The data was collected by using a program developed in Labview
a text file. The collected raw data was processed by using Matlab program. The
program collects information about the turntable such as position in counts, position
in degrees and angular velocity in degrees per second of the turntable. Along with
that, acceleration measurements of the sensor along z, y, and z-axis were collected.
During any testing mode, the turntable is rotated in both directions; clockwise and
counterclockwise. The turntable is rotated in each direction at different magnitudes

of angular velocity. Depending on the positioning of the accelerometer, this exposes

the sensor to one or any different magnitudes of acceleration.
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4.3 3-D Testing Results & Discussion

4.3.1 Measured and Output
4.4.1.1 Measured vs. Output Acceleration along x, y and z Axes.

Fig. 4.5 shows the change in the acceleration from encoder and output acceleration
from sensor with time for z-axis. It can be seen from this figure that the measured
acceleration from the encoder matches the sensor acceleration output. Similarly, this

observation applies for the case of y-axis and z-axis as shown in Fig. 4.6 and Fig. 4.7

respectively.
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4.4.1.2 Measured Acceleration around x, y and z Axes with the Kalman

Filter

Fig. 4.8 shows the change in the acceleration from encoder with time for z-axis after
processing the data with Kalman filter. It can be seen from this figure that using
the Kalman filter eliminated the noise in the raw data resulting in more accurate
values of aceeleration and closer to the real values of the encoder. The same process
was followed with raw data of the accelerometer sensor as shown in Fig. 4.9. The
condition of the test was 23 second testing time and 304 RPM angular velocity in the
room temperature. For better illustration of using the Kalman filter, a close-up view
of a segment of the output acceleration along the z-Axis is shown in Fig. 4.10. From
this figure, it can be clearly noted that the accuracy of the input and output data

were improved by using the Kalman Filter and the noise was removed.
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Figure 4.6: Measured Acceleration around z, y and z Axes with the Kalman Filter
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4.4.1.3 Sensor Outputs Along x, y and z Axes with the Kalman Filter
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4.3.2 Estimation of Errors
4.4.2.1 Sensor Bias Estimation Along x, y, and z Axes

Fig. 4.11 shows the bias error around z-axis, y-axis, and z-axis. The bias error is
the difference between the real value and the output. As shown in plot (a) in Fig.
4.11, the bias error around z is 0.0384 g. Some values of the error up the tolerance
of the sensor because the system is not calibrated yet. It can be seen from this figure
that there are some instability in the first two second. Moreover, the error is changed
at the first two second to be about 3% from the real error for the some axes. This
value of the error was due to the Kalman gain. The Kalman gain needs more data
points to be stable in order to find the exact error. This instability is related to initial
estimations of the errors in the Kalman filter, and the instability of the error needs

2-3 seconds in order to reach the steady state.
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4.4.2.2 Scale Factor Estimation Along x, y, and z Axes

Fig. 4.12 shows the Scale Factor error around three axes; z-axis, y-axis, and z-axis.
The Scale factor error is the relation between measured input and sensor output.
When the input is 100% the expected output is 100%. The actual output is the
result of a linear effect where the output is proportional to the input but scaled.
For example, if the input is 10 g and there is a 2% scale factor error, the output
measurement will be 10.2 g. It can also be expressed as a 20000 ppm? error [8]. As

shown in plot (a) in Fig. 4.12, the value of error around z-axis is 0.9998.
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4.4.2.3 Sensor Misalignment Estimations Along x, y, and z Axes

Fig. 4.13 demonstrates the misalignment error along z-axis, y-axis, and z-axis. This
misalignment error is generated due to the fact that the three accelerometers were
not mounted orthogonally to each other. This leads to a correlation between sensors.
For example, assume one axis is pointed perfectly up. The accelerometer on this axis
is measuring gravity. If the other two axes were perfectly orthogonal, they do not
measure any of the effect of gravity. If there is a nonorthogonality, the other axes
also measure gravity, leading to a correlation in the measurements. For each axis,
there are two misalignment errors [8]. The graph (a) in Fig. 4.13 shows that the
misalignment error around z-axis with y-axis is 0.00243 Radian, and the graph (b)
in Fig. 4.13 shows the misalignment error around z-axis with z-axis is 0.0124 Radian

which they are less than the tolerance of the sensor errors.
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Table 4.2: Summary of 3-D testing results

. . Sensor
Sensor axis Bias (g) Specs
X 0.0384 + 0.05
y 0.04902 +0.05
z -0.05188 + 0.05
Sensor axis Scale factor Sensor
Specs
X 0.9998 14+ 0.01
y 1.003 1+ 0.01
7 1.018 1+ 0.01
Axes Misalignment Sensor
couples (Radian) Specs
Xy 0.00243 + 0.0034
X7 0.0124 + 0.0034
yX -0.00170 + 0.0034
V7 20.01233 £ 0.0034
ZX -0.000262 + 0.0034
zy -0.00384 + 0.0034
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4.4 Effect the Misalignment of the Turntable on the Results

In section 3.5.2, it was verified that there was small misalignment in the turntable.
The maximum misalignment of the turntable with the accelerometer position was
0.0015 Radian at point 4 (refer to Fig. 3.9). However, this value will not affect the
result of the misalignment of the 3D accelerometer testing system because the 45°
mounting block was leveled with the vertical axis of the turntable to be zero. In other

words, the mounting block was balanced independently to the turntable.
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Chapter 5

Conclusion, Recommendation and Future Works.

5.1 Summary and Conclusion

The 3D Axis turntable prototype has successfully conducted all the required tests
for MEMS accelerometer sensor. Thus, it proves that high torque DC motor with
a speed controller is able to provide a range of acceleration up to £50g. The high
resolution encoder (524288 counts/rev) is sufficient to measure the whole range of
angular velocity inputs. There is no any distortion in the signal when it goes through
the slip rings. Hence, This testing methodology has determined all the sensor errors
in the range of its specifications. For 3-D testing, the testing data were collected
within 20-25 sec. The estimation of sensor errors parameter converged within 30
sec. Moreover, the new system should be able to test many accelerometer sensor at
a time. This feature will decrease the costs of the total testing time. Furthermore,
the new system should be able to test a sensor along multiple axes at once. This
process will lead to increase the accuracy of the testing system because it does not
need to reposition the accelerometer sensor during the test. Some errors parameters
are beyond the speciation provide by the manufacture because of the alignment of

the machine was not perfectly calibrated. Therefor, further investigation is needs.
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5.2 Future work and recommendation

MEMS accelerometer sensor is the device that is temperature sensitive. Therefore, it
could be better to implement the temperature effect on the sensor to employ it for
environmental temperature simulation. Every test has to be conducted through the

whole sensor operation temperature range.
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Appendix A

Glossary of MEMS Accelerometer Testing Machine Terminology

Figure A.1: Multi-axes MEMS Accelerometer Testing Machine

1: Turntable.
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2: DC Motor.

3: block 45°.

4: MEMS Sensor.

5: Belt.

Figure A.2: Multi-axes MEMS Accelerometer Testing Machine

6: Shatft.

7: Slip Ring.

8: Shaft Coupling.
9: Encoder.

10: Bearings

7
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Labview M7 Program
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Appendix C

Kalman Filter Parameters of the Sensor

A=[1dt; 0 1]

dt=0.016

Noise density=0.05

BW=330

sigma =Noise density*sqrt(BW *1.6)
R=sigma?

Q=0.00001*cye(2)

H=[1 0]
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