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THESIS ABSTRACT
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120 Typed Pages

Directed by George T. Flowers

Recent advances in MEMS technology have resulted in relatively low cost gy-
roscopes and accelerometers. The low cost of these devices has led to inexpensive
inertial measurement systems, opening up a wide variety of possible applications
for inertial measurement units (IMUs) with environmental conditions ranging from
mild to harsh. This study focuses on MEMS gyroscopes, which are based upon
vibratory, rather than rotational designs, that have been proven susceptible to the
effects of acoustic noise. In some aerospace environments this is particularly true.
In these environments the noise levels can reach higher than 120 dB with frequencies
reaching in excess of 20kHz. These effects can overwhelm the output signals causing
them to become extremely contaminated and even completely saturated. A model
is developed to simulate testing the gyroscope exposed to high frequency noise. The
model also simulates the use of several types of acoustic foams to mitigate the ef-
fect of high frequency noise. The model simulates high frequency noise as high
frequency vibration. Samples of the foams will be tested to determine their ability
to mitigate simulated high frequency noise. The information gathered from these

tests will be used in the model to mitigate the effects of the high frequency acoustic



noise simulated by use of high frequency vibration applied to the gyroscope in the
model. Following testing with the model, several ADXRS300 gyroscopes were tested
in an acoustically harsh environment to determine the effects of the high frequency

acoustic noise. The foams were also tested to provide data to validate the model.
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CHAPTER 1

INTRODUCTION

Microelectromechanical systems (MEMS) are devices within the scale of 1mm to
1pm that combine electrical components with mechanical systems [1]. The small size
of MEMS devices has opened up a wide variety of applications to sensing technology
that had been previously limited due to size constraints. The MEMS gyroscopes
in this study have recently become more widely used due to this reduction in size
and the decrease in manufacturing costs. Applications for MEMS transducers in
general have environments that range from completely benign to extremely harsh.
Examples of harsh environments include high frequency vibration, extreme temper-
atures, mechanical shock, and high frequency, high power acoustic noise. Recent
studies have focused on the effects of high frequency vibration, extreme tempera-
tures and mechanical shock on such devices. Little research has been performed in
the area of high frequency acoustic noise. This work is an investigation into mitiga-
tion techniques, with the objective of providing the ground work for further research
in the field and further development of noise mitigation techniques for the MEMS

gyroscope.

1.1 Motivations & Objectives

This thesis is the result of a desire to investigate what effects high frequency,
high power acoustic noise can have on MEMS gyroscopes, and the attempt to miti-

gate the adverse effects caused by such noise. This is not meant to be an exhaustive



search of mitigation techniques, but rather a focused study of one particular device
using specific mitigation strategies.

The major objectives are:

e To demonstrate that high frequency, high power acoustic noise has an effect

on a MEMS gyroscope

e To develop a model of a MEMS gyroscope exposed to high frequency, high

power acoustic noise

e To examine strategies for isolating this model from simulated high frequency,

high power acoustic noise

e To experimentally validate mitigation techniques of the effects of the acoustic

noise on the MEMS gyroscope.

1.2 Review of Previous Works

A review of previous research in the field of high frequency, high power acoustic
noise on gyroscopes yielded few results. This section will provide an overview and
summary of what was found and other similar studies in MEMS applications.

Weinberg [2] discussed potential error sources in vibratory tuning fork gyro-
scopes. The error sources discussed in this paper focus mainly on design aspects.
Weinberg presented the following reasons for vacuum packaging: it reduces the re-
quired driving force of the device; it increases bandwidth of the device; the resolution
is enhanced due to lower damping; and it reduces the hydrodynamic lift. As an error
source, Weinberg also cited mechanical quadrature caused by imperfections in the
manufacturing process and electrical coupling of capacitance which causes false out-

put signals. Saukoski discussed sources of zero-rate output errors identifying these



sources as manufacturing defects, interface electronics, environmental vibration and
temperature. The article includes several methods of compensating for quadrature
error, as well as methods for distinguishing the sources[13].

Pryputniewicz used an optoelectronic laser interferometric microscope to com-
pare thermal expansion of attachment methods such as gold bump, gold/tin braze,
and mechanical interposer. The deformation of each method was measured at differ-
ent temperatures. This research indicated that the mechanical interposer produced
the least deformation at higher temperatures of all attachment methods examined
in the study. During the course of this research, it was also discovered that the
anchors connecting the proof mass to the frame could have deformations of up to
40nm dependent on the fabrication process[3].

Dean, et al. proved that vibration at or near the resonant frequency of a
MEMS gyroscope has an adverse effect on the output signal. It was also proven
that these effects can be mitigated by integrating a low-pass filter into the die level
packaging, by suspending the article between two membranes of rubbery or soft
material, and by creating a low-pass filter in printed circuit board laminate[6]. This
research was extended in another study using electrostatic actuators to create an
active filter, allowing the filters to have a variable damping coefficient and spring
constant. These active filters provided increased performance over the passive filters
in the mitigation of vibration|[7].

Another study by Dean proved that wide-band high power acoustic noise can
have an effect on MEMS gyroscopes. This study used four commercially available
gyroscopes, the ADXRS300, the SiRRS01, the QDARS and the Tokin gyroscope.
At noise levels approaching 100dB, it was seen that the gyroscope’s noise floors

were increasing, and at levels near 130dB, the gyroscopes yielded no reliably usable



datal4]. In a continuation of the study by Dean, Castro subjected an inertial mea-
surement unit containing multiple MEMS gyroscopes to the same wind tunnel noise
used in the previous study[5]. The inertial measurement unit was isolated from the
noise by surrounding it with different types and thicknesses of foams. The foams

provided sufficient isolation to prevent complete corruption of the output data.

1.3 Organization of this Thesis

This thesis is organized as follows:

Chapter 2 contains background information of gyroscopes including MEMS gy-
roscopes. Chapter 3 describes the development of a simulation of MEMS gyroscopes
and the simulation results. Chapter 4 discusses the experimental test procedures
and results. Chapter 5 summarizes the results and discusses the observations and

conclusions of this research.



CHAPTER 2

BACKGROUND

This chapter provides a brief description of the function of traditional gyro-
scopes. It also provides a description of MEMS gyroscopes and applications for

which these sensors are best suited.

2.1 History

The inertial gyroscope dates back to the early 1800’s. Over the years, there have
been a number of major advances in gyroscope technology. Until the development of
MEMS devices, there were two major types of conventional gyroscopes- mechanical
and optical. Traditional mechanical gyroscopes incorporate a spinning rotor free to
rotate about a spin axis which is contained within a frame called a gimbal that is
allowed to freely move in one or two axes[8]. Traditional optical gyroscopes utilize
the Sagnac effect using two beams of laser generated light traveling in two different
directions through a ring of optical fiber; the rate of rotation is calculated by the
determining the distance the light has traveled[8]. The optical types of gyroscopes
are not as affected by harsh environments as are mechanical gyroscopes on the other

hand; optical gyroscopes are not as compact as MEMS gyroscopes.

2.2 Background

MEMS gyroscopes are fabricated using micromachining techniques. For those

interested in specific details, an excellent discussion and overview is provided in



Chapters 15-23 of The MEMS Handbook[l]. MEMS gyroscopes do not rely on a
spinning rotor as used in conventional mechanical gyroscopes because fabricating
rotating parts with significant useful mass is difficult at the micro level[10]. Instead,
a mechanical member is driven to resonance in one axis which excites a secondary
vibration in the same structure or a vibration in secondary structure, due to the
Coriolis effect[9)].

Figure 2.1 shows a basic diagram of a vibratory gyroscope.

Driven
Axis

Rutatinn/ <>
Ay AM—

SENSE
Axis

,

Figure 2.1: Simple vibratory gyroscope

The Coriolis acceleration and Coriolis force are defined as:

a. = 20 x v, (2.1)

— —

F, =2mQ x v, (2.2)

The particular gyroscope design that is the focus of this research is a tuning fork
vibratory gyroscope and uses a combdrive to drive the proof mass to resonance,

resulting in a Coriolis coupling between the two degrees of freedom. The basic



equations of motion for a vibratory gyroscope are similar to that of a spring mass
damper system. The derivation of the following equations of motion is shown in
Appendix A.

mi + ot + (ky — mO»x — 2mOy — mOy = F, (2.3)

mij + ¢, i + (ky, — mO?)y + 2mOi +mOi = 0 (2.4)

1 .
mO(2* + y* + E(zg +12)) + 2mO(xi + yy) — myi + maj = 0 (2.5)

where m is the mass, k;, ky, c;, and ¢, are defined as follows, () is the quality factor,
wy is the drive axis resonant frequency, and wy is the resonant frequency of the sense

axis:

k. = wim (2.6)
k, =wim (2.7)
Cp = "g’d (2.8)
¢, = mgs (2.9)

while F} is defined as:

2.28N€T Vi Ve sin Wapiget
= €1V Ve Sinwy (2.10)
9e

Here N is the number of capacitors created by fingers in the combdrive, € is the
dielectric constant, T" is the thickness, V;. and V,. are the driving voltages, and g,

is the gap between the fingers in the combdrive[11].



2.3 Applications

Traditional gyroscopes have limitations in some of the applications where the fu-
ture use of IMUs is concerned. These applications are better suited for IMUs based
on MEMS technology. There have been considerable advancements in microma-
chined mechanical transducers in recent years, which have allowed the size, power
requirements, and production cost of these devices to decrease. Low production
costs, power requirements, and small size have allowed the introduction of MEMS
transducers into a variety of new applications. Examples of these applications are
consumer products such as videogames and cell phones, automotive stability control
and rollover sensors, and small aerospace vehicles. These transducers are exposed
to a variety of environments depending on their application. These environments
range from benign to severe, where severe applications have harsh characteristics
that can have an adverse effect on the ability of these devices to perform prop-
erly. Recently, research has focused on MEMS gyroscopes and the effects caused by
mechanical shock, high frequency vibrations, and extreme temperatures. With the
use of MEMS gyroscopes in both aerospace and commercial applications, it is not
difficult to identify environments that contain high power, high frequency acoustic
noise. This high power, high frequency acoustic noise can have detrimental effects

on the output of these devices.

2.4 Acoustic Noise

The average person’s hearing range is approximately 20Hz - 20kHz. The level
of noise present in certain environments can be as high as or higher than 150dB.
Examples of the dB scale of acoustic noise are as follows: 30dB would be the average

noise level in a quiet place such as a library; 60dB is the average conversation; 90dB



would be traffic near an interstate highway; 110dB is the output of pneumatic
tools; 120dB is considered to be painful without the use of hearing protection;
150dB and higher cause immediate hearing loss.[12] The gyroscopes used in this
study were found to be effected at levels around 100dB [5]. The effects of high
frequency acoustic noise can be transmitted to the device through contact between
the package of the device and through the fluid surrounding the device similar to
the manner in which the effects of high frequency vibration are transmitted to the
device through the chassis. If the acoustic energy frequency components are close
to the natural frequency of the mechanical structure in the MEMS gyroscope, it can
produce undesirable motion of the sensor proof mass resulting in a corruption of the

output signal.



CHAPTER 3

SIMULATION

This chapter describes the simulation model development and the simulation

results.

3.1 Modeling of Gyroscope Dynamics

As described in Chapter 2, recall the equations 2.3, 2.4, 2.5, and 2.10. These
are the equations of motion for a tuning fork gyroscope. The simulation consists of
several MATLAB files, with one containing the equations of motion for the gyroscope
with an additional noise term. The equation used to simulate the acoustic noise as

a vibration is shown in 3.1.

Froise = M SIN Wgensel (3.1)

This simulated noise term is introduced into the x and y equations of motion. The
level of noise, n, is calculated before it is introduced to the equations of motion,
using a method to acquire the correct values to provide similar results to that of
the physical gyroscope. The equation follows where sound_level is equivalent to
the sound level in the chamber reduced by 100 and noise_isolation is equivalent to

insertion loss of the simulated acoustic foams.

n = .75(sound_level — noise_isolation) (3.2)

10



The frequency of the vibration is equivalent to that of the sense direction res-
onant frequency with some of the simulations performed with the frequency above
and below this value. The output of the simulation is converted into a voltage based

on calculations performed on a sample ADXRS300, as shown in Equation 3.3.

5 @6) +2.5 (3.3)

‘/out:@( I

The MATLAB run files documented in Appendix B run MATLAB function ode45
in three phases. In the first and third phases, the amplitude is reduced to zero,

while in the second phase the amplitude is varied for each test run.

3.2 Model Results

Using the initial values found in Table 3.1, the model was simulated several
times with differences due only to the adjustment in the amount of simulated Noise
Reduction. The test results are presented in Figures 3.1-3.5. These simulations
were performed with no simulated rotation of the device to be similar to the tests

conducted on the experimental subjects.

’ Variable \ Value ‘

Timestep 0.1s
SPL 130dB
Freq 14000Hz
Rotation | 0 deg/s

Table 3.1: Initial data for simulations

11



’ Test ‘ Noise ‘ Noise Reduction ‘

No Noise 0dB 0dB
No Isolation 130dB 0dB
8dB Isolation | 130dB 8dB
10dB Isolation | 130dB 10dB
15dB Isolation | 130dB 15dB

Table 3.2: Simulations performed

12
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Figure 3.1: Simulation results without noise and for 130dB with 0dB, 8dB, 10dB,
and 15dB of isolation with noise
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Figure 3.2: Comparison of simulation output without noise and with 130dB of
simulated noise

14



3
lgﬁ:ﬂ tﬁiﬂ‘ —— Mo Isolation
2.5 :
W —— & Isolation
2 &

i)

Voltage (V)

D T T T T T
o 5] 10 19 20 25 a0

Time (s)

Figure 3.3: Comparison of simulation output for tests at 130dB without isolation
and with 8dB of isolation
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Figure 3.4: Comparison of simulation output for tests at 130dB without isolation
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Figure 3.5: Comparison of simulation output for tests at 130dB without isolation
and with 15dB of isolation

17



CHAPTER 4

EXPERIMENTAL SETUP

This chapter describes the experimental test setup and discusses the tests and

test procedures.

4.1 Experimental Test Setup

The experimental tests were performed within an acoustic isolation chamber.
The experimental configuration inside the chamber included a computer controlled
single axis rate table from Aerotech. This rate table was attached to a massive
aluminum base plate to prevent the device from rocking. In order to attach the
gyroscopes to the table, a plate was designed and machined to allow the wires to have
access to the mounting points that correspond to the individual gyroscope boards.
This plate is adequate for mounting up to 5 individual gyroscope circuit boards, as
seen in Figure 4.1. Figure 4.2 is a diagram of the plate(with the dimensions removed
which allows the mounting positions to be observed).

The rate table was surrounded by a frame which supported several acoustic
drivers. The two drivers that provided the high frequency noise are Community
Speakers VHF-100 drivers. These drivers are capable of outputs of up to 140dB at
frequencies higher than 12kHz. Additional high range acoustic noise was provided
by an EV DH1A all purpose driver. The other two drivers in this experimental con-
figuration are also made by Community Speakers. They are a M4 for the low range

frequencies and an EM282 for the middle range. The frame provided adjustment of

18



the high and midrange speakers and held the low range speaker directly over the rate
table. Figure 4.3 shows the basic layout of the test setup inside the acoustic cham-
ber. The control area for the experiments was external to the acoustic chamber, as
shown in Figure 4.4. The control area consisted of two computers, each containing
a data acquisition card. The primary computer was responsible for generating the
noise and recording the output from the gyroscopes. This computer provided the
control for the rate table. The secondary computer was used only for monitoring
and recording sound output levels via the piezo-electric microphone located inside
the chamber. National Instruments Labview software was used to create virtual
instrumentation to provide recordings of the data from both the gyroscopes and the
microphone. The block diagram of this is shown in Figure 4.5. NCH Software’s Tone
Generator was used to create the high frequency noise used in these experiments.
This software has the ability to create multiple tones, sweeps over ranges of tones,
and several types of noise generation, while allowing control over the dB level cre-
ated in the software. The tones generated by the software were then passed through
the computer’s sound card into two Crown XTi-1000 model amplifiers. The ability
of the computer tone generating software to control the sound output level to the
amplifiers simplified some tests by allowing more precise control over the pressure
level in the chamber rather than controlling the analog inputs for output power level
on the amplifiers. A script was written using AutoHotKey to make testing more

efficient and to create less potential for human error.

19



4.2 Test Results

4.2.1 Baseline Testing

The MEMS gyroscopes used during the experiments are model ADXRS300 from
Analog Devices. Testing began with one gyroscope used as the reference. First, the
device was subjected to high frequency sound sweeps between 6kHz and 18kHz
to determine the frequency that had the most detrimental effect on the output
signal. A sample is shown in Figure 4.6. The high frequency sound sweep range
was narrowed after calculating which frequencies were closest from visual inspection
of the output signal. After narrowing the sweep to what was perceived to be the
correct frequency, the tests were changed from continuous noise to 30 second tests
with no sound for 10 seconds, followed by 10 seconds of sound, and completed with
10 seconds of silence. This format was used throughout the remaining tests. When
the resonant frequency of the device was found, errors were generated in the device’s
output signal as shown in Figure 4.7. After it was shown that high power acoustic
noise had such a detrimental effect, the other gyros were tested to see if they were
responsive to such effects. Figures 4.8-4.33 show the output of the gyros during
these tests. It was found that the frequency of noise for the reference gyroscope
was different from the rest of the gyroscopes tested. Table 4.1 shows the different
resonant frequencies for each of the gyroscopes.

The output for Gyro 2 in Figure 4.8 demonstrates the drastic effect on the
output signal due to the exposure to high power noise. The signal spikes downward
to about 1.75V then promptly rises to almost 3.5V remaining at that level until the
noise is removed. The output signal from this device during noise exposure is similar
to that of a gyroscope rotating at an approximate rate of 120deg/s. Examining the

output of Gyro 3 in Figure 4.9 reveals an immediate drop due to the introduction

20



’ Gyro Number \ Frequency (Hz) ‘

Reference (1) 13903.77
2 15386
3 16234
4 16340
5 15796
7 14255
8 16071
9 13836
12 15433.51
13 15576
14 15689.6
15 16009.62
16 15983.83
18 13766
19 13640.75
20 14041
21 15923.59
22 15732
23 15943.1
24 15933.5

Table 4.1: List of resonant frequencies of gyroscopes

of the high power noise. This noise creates a false output signal at just below 2V,
which would be the equivalent of a rotation at 60deg/s. The output from Gyro 4
in Figure 4.10 is similar to that of Gyro 3 but the signal has a sinusoidal pattern
during exposure to the noise. This can cause detrimental effect on a system as it is
generating output signals similar to a Gyroscope that has a varying rotational rate.
The effects had on the output signal from Gyro 5 can be seen in Figure 4.11. The
signal quickly spikes down to under 1.75V and then climbs back to 3.25V.

Gyro 6 was non-functional during testing. Figure 4.12 shows a downward spike
followed by an gradual increase to the baseline voltage followed by a small spike
when the acoustic noise was removed from the environment. As shown in Figure

4.13 Gyro 8 experienced a drop in voltage as the noise was introduced. However,
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as the noise continued the signal began to take on a sinusoidal pattern. Figure 4.14
shows the response of Gyro 9 to its resonant frequency having a sharp drop under
2V then immediate spike to almost 4V followed by a leveling off at 3V. This would
be similar to a rapid change from no rotation to -60 deg/s then to 180 deg/s and
changing to 60 deg/s.

Gyro 10 was also non-functional for the tests performed. Gyro 11 was non-
functional through out the testing process. Gyro 12 in Figure 4.15 presents an
increase in the noise floor that can be seen in Figure 4.16. The detail in Figure 4.17
seems to not show change in output signal for Gyro 13. However in Figure 4.18 it
also shows an increase in voltage and an increase in the noise in the output signal.

Figure 4.19 shows an almost sinusoidal output signal that swings from -60 deg/s
to almost 60 deg/s. Gyro 15 in Figure 4.20 demonstrates a minute reaction to the
noise similar to those of Gyro 12 and Gyro 13. Figure 4.21 reveals that Gyro 15 has
a small increase in voltage that gradually begins to decrease until the removal of the
noise. Gyro 16 in Figure 4.22 reveals reactions similar to that of Gyro 14; however,
the voltage swing is much less than that of Gyro 14. Gyro 17 was non-functional
throughout testing.

In Figure 4.23 Gyro 18 demonstrates a sudden drop off followed by erratic
output signal changes until the removal of noise. Figures 4.24-4.25 show the output
of Gyro 19. Figure 4.25 displays the details of an increase of voltage followed by
sinusoidal drop and peak before the noise is removed. Gyro 20 shows a initial
spike followed by a drop in voltage as seen in Figure 4.27. Gyro 21 in Figure 4.29
experiences a drop followed by a half sinusoidal motion that is not perceived in
Figure 4.28.

Figure 4.30 shows that Gyro 22 has inverted reaction to the noise that is similar

to that of Gyro 5. Gyro 23 in Figure 4.32 demonstrates a small voltage change that
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begins to drop through the duration of the noise portion of the test. The output of
Gyro 24 in Figure 4.33 shows a voltage drop while exposed to the high frequency
noise. While each gyro was affected by the acoustic noise it was determined that

the effects of the acoustic noise did not have an established pattern.

4.2.2 Foam Testing

Several different types of foams were used in the testing - a half inch thick gray
closed cell foam, half inch thick black closed cell foam, and three different types of
open cell foam (pink, blue, and green) which were all 1 inch thick. The black and
gray foams were doubled in thickness for the tests to create one inch cubes of foam.
The insertion loss for each of these foams is listed in Table 4.2. These tests were
performed by inserting the microphone into the foam and measuring the sound level
recorded. This shows that the black foam has an advantage at reducing the amount

of noise in the baseline measured tests with the microphone.

| Foam | Sound Level (dB) |

No Foam 130
Gray 122
Black 119
Pink 120
Blue 122
Green 121

Table 4.2: Sound levels

The tests consisted of placing the shaped foam over the gyroscope then subject-
ing the device again to its resonant frequency in order to determine what effect the
foam had as a mitigation technique. Figures 4.35-4.39 present a comparison of the
effects of the noise with and without each type of foam on the reference gyroscope.

The average increase in output voltage due to the noise over the baselines at the
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beginning and end of each test, where there was no noise for each type of foam, can

be seen in Table 4.3.

| Foam | Absolute Difference (V) |

Gray 0.010681
Black 0.005188
Pink 0.006256
Blue 0.011750
Green 0.005646

Table 4.3: The absolute difference in output voltage between baseline of no noise to
that of noise during tests with foams for the reference gyro

This shows that the black foam was the most effective at mitigating the effects of
the noise for the reference gyro, as indicated by the smallest average voltage change.
Figure 4.40 shows a comparison of the mitigation effects of the foams. During
testing of the mitigation techniques, several of the gyroscopes began to perform
sporadically, perhaps due to the exposure to extended periods of high power, high
frequency noise. There were only two other gyroscopes that would perform reliably
during the testing. These gyroscopes were numbers 14 and 16. A comparison of the
effects of noise with and without each type of foam on Gyro 14 is seen in Figures
4.41-4.45. The data provided from Gyro 14 generated inconclusive results as the
foams appear to have had no effect on mitigating the acoustic noise at its respective
resonant frequency. Gyro 16, however, as shown in Figures 4.46-4.50, provided useful
data with the black foam having the greatest effect at reducing the effects of noise
in Gyro 16. The results of these tests seem to indicate that the black foam has a
better overall ability to mitigate the effects. The results from Gyro 16 also confirm
that the black foam has the highest noise reduction of all the foams. This seemed
to be predicted as the insertion loss of the black foam was greater than that of the

rest of the other types of foam.
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Figure 4.1: Gyroscopes mounted to the rate table

Figure 4.2: Gyroscope mounting plate
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Figure 4.3: Basic configuration of the test setup
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Figure 4.4: Control area directly external to the acoustic chamber
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Figure 4.12: Output response from gyro 7 at resonant frequency
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Figure 4.14: Output response from gyro 9 at resonant frequency
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Figure 4.15: Output response from gyro 12 at resonant frequency
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Figure 4.20: Output response from gyro 15 at resonant frequency
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Figure 4.21: Output response from gyro 15 at resonant frequency with y-scale en-
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Figure 4.24: Output response from gyro 19 at resonant frequency
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Figure 4.26: Output response from gyro 20 at resonant frequency
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Figure 4.28: Output response from gyro 21 at resonant frequency
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Figure 4.30: Output response from gyro 22 at resonant frequency
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Figure 4.31: Output response from gyro 23 at resonant frequency
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Figure 4.33: Output response from gyro 24 at resonant frequency

95




Figure 4.34: Photograph of foam samples used during the experimental testing
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Figure 4.35: Output responses from the reference gyro without foam and with gray
foam
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Figure 4.36: Output responses from the reference gyro without foam and with black
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Figure 4.37: Output responses from the reference gyro without foam and with pink
foam
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CHAPTER 5

CONCLUSION

Applications for MEMS gyroscopes have increased in recent years due to the
small size and low cost of MEMS fabrication. Many of these environments include
harsh conditions such as extreme temperatures, mechanical shock, vibration, and
high frequency, high power acoustic noise. Studies have been performed by Weinberg
on basic design error sources and by Pryputniewicz on the effects of temperatures
on the packaging and devices. Studies have been performed by Dean, et. al., on
the effects of vibrations and the means of isolation through the use of lowpass filters
controlled with electrostatic actuation and signal processing [7] and by the use of
mechanical filters made of either silicon or a polymer membrane[6]. The focus of this
thesis was to demonstrate that MEMS Gyroscopes are susceptible to high power,
high frequency acoustic noise and to evaluate ways of mitigating these effects.

The main task accomplished in this work was the creation of a model to simulate
the effects of high frequency acoustic noise on a MEMS Gyroscope. The model was
created using the base equations of motion of a vibratory MEMS Gyroscope and
introducing a vibration into the equations to simulate the effects that acoustic noise
would have on the gyroscope. This model was used to determine what type and
amount of isolation were required to mitigate the adverse effects on the gyroscope’s
rate output due to acoustic noise. This data was then used to find similar foams
with characteristics that corresponded to the simulated isolation. Experimental
testing began without isolation to determine the effects on each of the gyroscopes

that were used during the testing. These experiments demonstrated that there is
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a wide range of effects that this noise can have on gyroscopes. After investigation,
foams were found with characteristics similar to those used in the simulation. Tests
were run with these foams in order to determine the ability of each foam to mitigate
the effects of the acoustic noise. It was found that the denser black foam provided
the best isolation from acoustic noise. The results from the gyro isolation tests
also corresponded to the performed insertion loss tests. During the experimental
testing several of the gyroscopes became unresponsive or intermittently responsive
this could be due to prolonged exposure to the acoustic noise and warrants further
investigation.

While the mitigation techniques used in this work only used several different
types of foams, the study has provided a good background for work into the isolation
of MEMS devices from high frequency, high power acoustic noise. This study pro-
vided a few means of mitigation of high frequency acoustic noise, the area remains
open for further research into the field of mitigation techniques for acoustic noise

isolation of MEMS devices.
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APPENDIX A

DERIVATION OF EQUATIONS OF MOTION

The derivation of the Equations of Motion for a vibratory gyroscope using

Lagrange’s Equation. First find the kinetic energy

!

1 . .
T:§m( g Vy) + 56 H,y

N | —

Given the following statements:

To =i +Yyj
V, = @i+ yj
& = Ok

This leaves us with:

1 ) . ) . 1,1 .
T = om(i® + 9" = 20yi + 20w + ©%2% + ©%7) + S (5m(l; +17))0?

Next the Rayliegh dissipation function D and the potential energy:

1 1
D = icxﬂitQ + icyyz
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1 1
= —k2® + =

V
2 2

kyy® (A.9)

Then find the Lagrange equations of motion by plugging A.7, A.8, and A.9 into:

d (0T or oD oV
“ _ — 0. Al
at (é@-) i T og Tog @ (4.10)

Where i is z,y, © and

Qx:FdaQy:()aQ@:O

The equations of motion are:

mi + co& + (ky — mOHx — 2mOy — mOy = F, (A.11)
mij + ¢, i + (k, — mO?)y + 2mOi +mOi = 0 (A.12)

B} 1 .
mO(2* + y* + E(Z?E + 12)) + 2mO(xi + yy) — myi + majj = 0 (A.13)
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APPENDIX B

SIMULATION CODE

B.1 Plotting

o\

This program is designed to plot a

o\

simulation of a 30 second test run

% of the gyroscopes in the acoustic chamber

o

while not in motion

% It is divided into 3 phases
%************************************************************
%$Phase 1 Ten seconds of Silence
%*******‘k**********‘k**********‘k**********‘k*********‘k*********
tic

clc

clear

delete x.mat

run('sim_run')

clear

run('init_Data')

format long

int=Tfinal-Timeglobal;

n=Timeglobal/Tstep;

Timel=Timeglobal;
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end

nfinal=(Tfinal) /Tstep;

fileinit=int2str(N);
load (fileinit, 't','z")
i=1;

X=z(1,1);

X_dot=z(1,4);

Y=z(1,2);

Y_dot=z(1,5);
Theta=z (1, 3);
Theta_dot=z (1, 6);

for i=N:nfinal;

file=int2str (i);
load ( file, 't','z")

ttemp=t;

x_dot=z(:,4);
v=z(:,2);
y-dot=z(:,5);
theta=z(:,3);
theta_dot=z(:,6);

clear t z
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Timel = cat(l,Timel,ttemp);

X_dot=cat (1,X_dot, x_dot) ;
X=cat (1, X, x) ;

Y_dot=cat (1,Y_dot, y-dot);

Y=cat (1,Y,y);
Theta_dot=cat (1, Theta_dot, theta_dot);
Theta=cat (1, Theta, theta);

i=i+1;

end

index_Time=length (Timel) ;

index=length (Theta_dot) ;

if index_Time==index

voltage_outl = .0075* (180/pixTheta_dot)+2.5;

end

save ('phasel', 'Timel', 'voltage_outl"')
%*******‘k‘k‘k‘k******‘k‘k‘k‘k‘k******‘k‘k‘k‘k‘k***************************
%$Phase 2 Ten seconds of Noise
%‘k*******k*k*‘k‘k*******k*k*‘k‘k*******k*k‘k‘k***************************
run('sim_run2')

clear

run('init_Data2')

format long

int=Tfinal-Timeglobal;

n=Timeglobal/Tstep;

Time2=Timeglobal;
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else
N=n;
end

nfinal=(Tfinal) /Tstep;

fileinit=int2str(N);
load (fileinit, 't','z")
i=1;

X=z(1,1);

X_dot=z(1,4);

Y=z (1,2);

Y_dot=z(1,5);
Theta=z (1, 3);
Theta.dot=z(1,6);

for i=N:nfinal;

file=int2str (i) ;
load ( file, 't','z")

ttemp=t;

y-dot=z(:,5);
theta=z(:,3);
theta_dot=z(:,6);
clear t z

Time2 = cat(l,Time2,ttemp);
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X_dot=cat (1, X_dot, x_dot);
X=cat (1, X, x);
Y_dot=cat (1, Y_dot,y-dot);

Y=cat (1,Y,vy);
Theta_dot=cat (1, Theta_dot, theta_dot);
Theta=cat (1, Theta, theta);

i=i+1;

end

index_-Time=length (Time2) ;

index=length (Theta_dot);

if index_Time==index
voltage_out2 = .0075%(180/pi+Theta_dot)+2.5;
end

save ('phase2', 'Time2', 'voltage_out2"')

%*************************‘k***‘k******************************
%$Phase 3 Ten seconds of silence
%***********‘k*******k*k****************************************
run('sim_run3"')

clear

run('init_Data3"')

format long

int=Tfinal-Timeglobal;

n=Timeglobal/Tstep;

Time3=Timeglobal;
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else
N=n;
end

nfinal=(Tfinal) /Tstep;

fileinit=int2str(N);
load (fileinit, 't','z")
i=1;

X=z(1,1);

X_dot=z(1,4);

Y=z (1,2);

Y_dot=z(1,5);
Theta=z (1, 3);
Theta.dot=z(1,6);

for i=N:nfinal;

file=int2str (i) ;
load ( file, 't','z")

ttemp=t;

y-dot=z(:,5);
theta=z(:,3);
theta_dot=z(:,6);
clear t z

Time3 = cat(l,Time3, ttemp);
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X_dot=cat (1, X_dot, x_dot);

X=cat (1,X,x);

Y_dot=cat (1,Y_dot,y-dot);

Y=cat (1,Y,y);
Theta_dot=cat (1, Theta_dot, theta_dot);
Theta=cat (1, Theta, theta);

i=i+1;

end

index_Time=length (Time3) ;

index=length (Theta_dot);

if index_Time==index

voltage_out3 = .0075%(180/pi+Theta_dot)+2.5;
end

load('phasel', 'Timel', 'voltage_outl')

load('phase2', 'Time2', 'voltage_out2"')

Tot_Time = decimate(cat(l,Timel, Time2,Time3),decval);

Tot_voltage=decimate (cat (1,voltage_outl,voltage_out2,voltage_out3),

decval);

plot (Tot_Time, Tot_voltage),title('Voltage Output vs Time'),

xlabel ('Time (s)'),ylabel('Voltage Out (V)'),ylim([0,5])

RunTime = toc

save ('good/no_noise', 'Tot_Time', 'Tot_voltage"')
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B.2 Imitialization Data

B.2.1 init Data.m

e0=8.854e—12;

er=1.00054;

Vv0=12; %Voltage from charge pump
Vac=6; %AC drive voltage
num=2500; S%$Number of comb fingers on
thick=4e—6;%Thickness of gyro structure
widthleg=1l.7e—6;%Width of legs
m=8e—9; %$Mass of Proof mass
driveamp=7e—6; samplitude of drive
V_bias= 12; %Volts

Vn=10e—-8;

CapSum=12e—12;

Capc=le—13;

Ve=.2;

g=1.7e—6;

phase_shift=0;

lc=1.7e—6;%50e—6;
x0=7e—6;%amplitude of drive
alpha=le—6;

11=1e-3;

12=5e—4;

fn=14000; %rate ADXRS300 proofmass is supposed to vibrate

ratio= 1.2;%the ratio between drive and sense usually sense is
$approximately 20% higher than drive

Q=45; SQUALITY FACTOR
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diffchange=2e—12/3e—6;
feedback =2e—12;

$Frequencies and Spring Rates
wnl= 2xpixfn;

wn2= 2xpixfnxratio;

kl= wnl+wnl=+m;

k2= wn2+wn2+m;

cl= m*wnl/Q;

c2= m*wn2/Q;

decval = 200;

$Rotational Rate Information

rotationDegrees=0; % Initial Rotational Rate of the Gyroscope
omega_in=rotationDegreesx (pi/180);

$Acoustic Noise Parameters

noiseamount=0; %sound level in dB

noisefreqg=0;

$noise_isolation=0;

Tstep=.1;

Timeglobal= 0;

Tfinal=10;
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B.2.2 init_Data2.m

run('init_Data')

%$Acoustic Noise Parameters

soundlevel=30; $sound level in dB minus 100
noise_isolation=0; $reduction in dB
noiseamount=(soundlevel—-noise_isolation)*.75;

noisefreg=wn2;

Timeglobal= 10;

Tfinal=20;
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B.2.3 init_Data3.m

run('init_Data')

Timeglobal= 20;

Tfinal=30;
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B.3 Files That Run ode45

B.3.1 sim_run.m

clc

clear all

close all

run('init_Data');

yd0=0;

ydd0=0;

theta0=0;
thetadO=omega_in;

thetadd0=0;

z0=[x0,y0,thetal,xd0,yd0, thetadl];

options = odeset ('RelTol',1le—3,'InitialStep’,
t=0;

int=Tfinal-Timeglobal;

n=Timeglobal/Tstep;

Time=Timeglobal;

if n==0;
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N=1;
else N=n;
fileinitial = int2str(N);
load(fileinital, 'z");
Lin=size (z);
xinit=z(Lin(1),1);
yinit=z (Lin(1),2);
thetainit=z (Lin (1), 3);
xdinit=z(Lin(1),4);
ydinit=z (Lin(1),5);
thetadinit=z(Lin (1), 6);
clear z
end
n=n+1;
while Timeglobal<Tfinal;
if Timeglobal==0;
zinitcond=z0;
timestep=Tstep;
else
zinitcond=[xinit,yinit,thetainit, xdinit,ydinit,thetadinit];
time=Timeglobal;
end

timestep=Tstep+Timeglobal;

[t,z]=0ded45(@sim try, [Timeglobal timestep],zinitcond, options);

filename=int2str (n);

save (filename, 't', 'z")

clear t z;

load(filename, 't', 'z")
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end

L=size (z);
xinit=z(L(1),1);
yinit=z (L(1),2);
thetainit=z (L (1), 3);
xdinit=z (L(1),4);
ydinit=z(L(1),5);
thetadinit=z (L (1), 6);

clear t z;

Timeglobal=Timeglobal+Tstep;

n=n+1;
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B.3.2 sim_run2.m

clc

clear all

close all

run('init_Data2');

yd0=0;

ydd0=0;

theta0=0;
thetadO=omega_in;

thetadd0=0;

z0=[x0,y0,thetal,xd0,yd0, thetadl];

options = odeset ('RelTol',le—3,'InitialStep', le—16);
t=0;
int=Tfinal-Timeglobal;
n=Timeglobal/Tstep;
Time=Timeglobal;
if n==0;
N=1;

else N=n+l;
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file = int2str(n);
load(file, 'z")
Lin=size (z);
xinit=z (Lin(1),1);
yinit=z (Lin(1),2);
thetainit=z (Lin (1), 3);
xdinit=z(Lin(1),4);
ydinit=z (Lin (1), 5);
thetadinit=z (Lin (1), 6);
clear z
end
n=n+1;
while Timeglobal<Tfinal;
if Timeglobal==0;
zinitcond=z0;
timestep=Tstep;
else
zinitcond=[xinit,yinit,thetainit,xdinit, ydinit, thetadinit];
time=Timeglobal;
end

timestep=Tstep+Timeglobal;

[t,z]=0ded5(@sim_try2, [Timeglobal timestep], zinitcond, options);

filename=int2str (n);
save (filename, 't', 'z")
clear t z;

load(filename, 't', 'z")

L=size(z);

xinit=z(L(1),1);
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end

yinit=z (L(1),2);
thetainit=z(L(1),3);
xdinit=z (L(1),4);
ydinit=z (L(1),5);
thetadinit=z (L (1), 6);

clear t z;

Timeglobal=Timeglobal+Tstep;

n=n+1;
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B.3.3 sim_run3.m

clc

clear all

close all

run('init_Data3"');

yd0=0;

ydd0=0;

theta0=0;
thetadO=omega_in;

thetadd0=0;

z0=[x0,y0,thetal,xd0,yd0, thetadl];

options = odeset ('RelTol',le—3,'InitialStep', le—16);
t=0;

int=Tfinal-Timeglobal;

n=Timeglobal/Tstep;

Time=Timeglobal;

if n==0;
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file = int2str(n);
load(file, 'z");
Lin=size (z);
xinit=z (Lin(1),1);
yinit=z (Lin(1),2);
thetainit=z (Lin (1), 3);
xdinit=z(Lin(1),4);
ydinit=z (Lin (1), 5);
thetadinit=z (Lin (1), 6);
clear z
end
n=n+1;
while Timeglobal<Tfinal;
if Timeglobal==0;
zinitcond=z0;
timestep=Tstep;
else
zinitcond=[xinit,yinit,thetainit,xdinit, ydinit, thetadinit];
time=Timeglobal;
end

timestep=Tstep+Timeglobal;

[t,z]=0ded5(@sim_try3, [Timeglobal timestep], zinitcond, options);

filename=int2str (n);
save (filename, 't', 'z")
clear t z;

load(filename, 't', 'z")

L=size(z);

xinit=z(L(1),1);
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end

yinit=z (L(1),2);
thetainit=z(L(1),3);
xdinit=z (L(1),4);
ydinit=z (L(1),5);
thetadinit=z (L (1), 6);

clear t z;

Timeglobal=Timeglobal+Tstep;

n=n+1;
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B.4 Equations of Motion

B.4.1 sim_try.m

function zprime=sim_try (t, z)
run('init_Data')

xd= sin(wnlxt);
Fx=(2.28*«num*eo*xthick+*V0xVac*xd) /g;

noise=noiseamountxsin ( (noisefreq)*t);

x=z(1);
y=z(2);
theta=z (3);
xdot=z (4) ;
ydot=z(5) ;

thetadot=z (6);

%$Linearized equations
xprime=xdot;
yprime=ydot;

thetaprime=thetadot;

xdotprime = (12+Fx+mxxX " 2+xxk1*1272—12%x"3xklxm+x*kl1*11"2+12xxxklxy"2
—12%x"3xmrthetadot "2+clxxdot*12"2+12+cl*xdot*xx"2
+24xnoisexmxx"2+12xclsxdotxy " 2+clrxdot*11"2
+12xx"3*m” 2*xthetadot"2—12+clxxdot+m*x"2
+12+xx+m”2xthetadot "2xy " 2—xxmxthetadot "2+x11"2
—x*mrthetadot "2x12"2—12xx*mxthetadot "2xy~2

—2+mxthetadot+ydot*11"2+24+xm”"2+thetadot*ydot*x"2
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—2xmrxthetadotrydot*12"2—24xmxthetadotxydot*«x"2
+12+mry*x*noise—12+mrxy 2xx*k2—Fx%x11"2
—Fxx1272—12+xFx*xx"2—=12*xFx*y " 2—2+noisex11"2—2xnoise*x12"2
—24xnoise*x"2—24*noisexy " 2+12xx"3*xk1+24xmry*+thetadot+xxxdot
—24+m” 2+xyxx*xthetadotxxdot—12+m*y*x+xc2xydot) / (12+m*xy~2—11"2

+12+xm*x"2—12"2—12xx"2—=12xy"2) ;

ydotprime = (12xy*xk2+xx"2+12xc2+ydotxy " 2—12xy " 3xk2+m+yxk2+11"2
—12+y " 3xmrxthetadot "2+y*k2x1272+12*c2+ydot*x"2+c2xydot*11"2
+c2xydot*x12"2+12xy " 3+xm”2xthetadot "2+12+noisexmxy”2
+24xm*y*x*xnoise—12+«c2+ydotrmxy 2—yrmxthetadot "2+x11"2
+12+xy*m”2+xthetadot "2xx"2—y*mxthetadot"2x12"2
—12xyxm+thetadot "2*x"2—24+m" 2+xthetadot+xdot*y~2
+2+xmxthetadotxxdot*11"2+2+«m+xthetadotxxdot«12"2
+24+xm+thetadot+xdot*xy 2—noisex11"2
—noisex12"2—12+noisexx"2—12xnoisexy " 2+12xy " 3xk2+12 m*x*xy*Fx
—12+mxx"2xy*xkl—24xm+xx*xthetadotry+xydot
+24xm” 2+xxxy+thetadotxydot—12+m+x*xy*clxxdot)

/(12xmxy " 2—11"2412+m*x"2—12"2—12xx"2—12*y"2) ;

thetadotprime =12x (—y*Fx+x*noise+2xthetadot*x+xdot+2+xthetadot*y*ydot
—2xyxmxthetadotxydot—2+y*noiset+tyxclsxdot+y*x*kl
—2xx*mrxthetadotxxdot—x*c2+xydot—x*+y+k2) / (12+m*y~2—11"2

+12+xm*x"2—12"2—12xxX"2—=12xy"2) ;

zprime (1) =xprime;
zprime (2)=yprime;
zprime (3)=thetaprime;
zprime (4) =xdotprime;
zprime (5)=ydotprime;

zprime (6)=thetadotprime;
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zprime=zprime';
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B.4.2 sim_try2.m

function zprime=sim_try2 (t,z)

run ('init_Data2"')

xd= sin(wnlxt);
Fx=(2.28+num*eoxthick*«V0xVacxxd) /g;

noise=noiseamountxsin ( (noisefreq)*t);

x=z(1);
y=z(2);
theta=z(3);
xdot=z (4) ;
ydot=z(5) ;

thetadot=z (6);

%$Linearized equations
xprime=xdot;
yprime=ydot;

thetaprime=thetadot;

xdotprime = (12+Fx+mxxX " 2+xxk1+*1272—12%x"3xklxm+x*kl1+ 11" 2+12xxxklxy~2
—12xx"3xm*xthetadot "2+cl*xdot*12"2+12+clxxdotxx"2
+24xnoisexmxx"2+12xclsxdotry " 2+clrxdot*x11"2
+12xx"3*m” 2*xthetadot"2—12+clxxdot+m*x"2
+12+xx+m”~2xthetadot "2xy " 2—xxmxthetadot "2%x11"2
—xxmrxthetadot "2x12"2—-12xx*mxthetadot "2xy~2
—2+mxthetadot+ydot*11"2+24+xm”"2+thetadot*ydot*x"2
—2+mxthetadotrydot*«12"2—24+«mrthetadot*ydot*x"2

+12 mry*x*noise—12+mry 2xx+k2—Fx*x11"2
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—Fxx1272=12+Fx*xx"2—=12+xFx*y " 2—2+noisex11"2—2xnoise*x12"2
—24+noisexx"2—24xnoisexy " 2+12xx"3xkl+24+«mry*rthetadot»x*xdot
—24+m” 2+xyxx*xthetadotxxdot—12+m*y*xxc2xydot) / (12+mxy~2—11"2

+12+m*x"2—12"2—12%x"2—12xy"2) ;

ydotprime = (12xy*xk2+xx"2+12xc2+ydotxy " 2—12xy " 3xk2+m+yxk2+11"2
—12+y " 3xmrxthetadot "2+y*xk2x12"2+12*c2+ydot*x"2+c2xydot*11"2
+c2xydot*x1272+12xy " 3xm” 2+xthetadot "2+12xnoisexm*y”2
+24xmry*x*xnoise—12+c2+ydot+smry 2—y+msthetadot "2x11"2
+12+xy*m”~2+xthetadot "2xx"2—y*m+xthetadot "2x12"2
—12xyxmrxthetadot "2*x"2—24+m" 2+xthetadot+xdot*y~2
+2+xmrthetadotxxdot*11"2+2+ m+xthetadot*xdot«12"2
+24+xm+thetadot*xdot*xy 2—noisex11"2
—noisex12"2—-12+noisexx"2—12xnoisexy " 2+12xy " 3xk2+12 m*x*y*Fx
—12+xmxx"2*y*kl—24xmxx+xthetadotxy*xydot
+24xm” 2*xx*xy*xthetadotxydot—12xm*xx*xy*xclxxdot)

/(12xmxy " 2—11"2412+m*x"2—12"2—12xx"2—12*y"2) ;

thetadotprime =12x (—y*Fx+x*noise+2xthetadot*x+xdot+2+xthetadot*y*ydot
—2*xy*m+xthetadotrydot—2+y*noise+tyrclrxdot+y+rx*xkl
—2xx+mrxthetadotxxdot—x*c2xydot—x*y*k2)/ (12+mxy”"2—11"2

+12+xm*x"2—12"2—12xx"2—12xy"2) ;

zprime (1) =xprime;
zprime (2) =yprime;

zprime (3)=thetaprime;
zprime (4)=xdotprime;
zprime (5)=ydotprime;
zprime (6) =thetadotprime;

zprime=zprime';
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B.4.3 sim_try3.m

function zprime=sim_try3(t,z)

run ('init_Data3"')

xd= sin(wnlxt);
Fx=(2.28+num*eoxthick*«V0xVacxxd) /g;

noise=noiseamountxsin ( (noisefreq)*t);

x=z(1);
y=z(2);
theta=z(3);
xdot=z (4) ;
ydot=z(5) ;

thetadot=z (6);

%$Linearized equations
xprime=xdot;
yprime=ydot;

thetaprime=thetadot;

xdotprime = (12+Fx+mxxX " 2+xxk1+*1272—12%x"3xklxm+x*kl1+ 11" 2+12xxxklxy~2
—12xx"3xm*xthetadot "2+cl*xdot*12"2+12+clxxdotxx"2
+24xnoisexmxx"2+12xclsxdotry " 2+clrxdot*x11"2
+12xx"3*m” 2*xthetadot"2—12+clxxdot+m*x"2
+12+xx+m”~2xthetadot "2xy " 2—xxmxthetadot "2%x11"2
—xxmrxthetadot "2x12"2—-12xx*mxthetadot "2xy~2
—2+mxthetadot+ydot*11"2+24+xm”"2+thetadot*ydot*x"2
—2+mxthetadotrydot*«12"2—24+«mrthetadot*ydot*x"2

+12 mry*x*noise—12+mry 2xx+k2—Fx*x11"2
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—Fxx1272=12+Fx*xx"2—=12+xFx*y " 2—2+noisex11"2—2xnoise*x12"2
—24+noisexx"2—24xnoisexy " 2+12xx"3xkl+24+«mry*rthetadot»x*xdot
—24+m” 2+xyxx*xthetadotxxdot—12+m*y*xxc2xydot) / (12+mxy~2—11"2

+12+m*x"2—12"2—12%x"2—12xy"2) ;

ydotprime = (12xy*xk2+xx"2+12xc2+ydotxy " 2—12xy " 3xk2+m+yxk2+11"2
—12+y " 3xmrxthetadot "2+y*xk2x12"2+12*c2+ydot*x"2+c2xydot*11"2
+c2xydot*x1272+12xy " 3xm” 2+xthetadot "2+12xnoisexm*y”2
+24xmry*x*xnoise—12+c2+ydot+smry 2—y+msthetadot "2x11"2
+12+xy*m”~2+xthetadot "2xx"2—y*m+xthetadot "2x12"2
—12xyxmrxthetadot "2*x"2—24+m" 2+xthetadot+xdot*y~2
+2+xmrthetadotxxdot*11"2+2+ m+xthetadot*xdot«12"2
+24+xm+thetadot*xdot*xy 2—noisex11"2
—noisex12"2—-12+noisexx"2—12xnoisexy " 2+12xy " 3xk2+12 m*x*y*Fx
—12+xmxx"2*y*kl—24xmxx+xthetadotxy*xydot
+24xm” 2*xx*xy*xthetadotxydot—12xm*xx*xy*xclxxdot)

/(12xmxy " 2—11"2412+m*x"2—12"2—12xx"2—12*y"2) ;

thetadotprime =12x (—y*Fx+x*noise+2xthetadot*x+xdot+2+xthetadot*y*ydot
—2*xy*m+xthetadotrydot—2+y*noise+tyrclrxdot+y+rx*xkl
—2xx+mrxthetadotxxdot—x*c2xydot—x*y*k2)/ (12+mxy”"2—11"2

+12+xm*x"2—12"2—12xx"2—12xy"2) ;

zprime (1) =xprime;
zprime (2) =yprime;

zprime (3)=thetaprime;
zprime (4)=xdotprime;
zprime (5) =ydotprime;
zprime (6)=thetadotprime;

zprime=zprime';
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