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HARDWARE IMPLEMENTATION OF ACTIV E DISTURBANCE

REJECTION CONTROL FOR VIBRATING BEAM GYROSCOPE

DAVID AVANESIAN

ABSTRACT

Obtaining the approximation of rotation rdétem a ZAxis MEMS gyroscope is a
challenging problem. Currently, most commercially available MEMS gyroscopes are
operding in an operoop for purposes of simplicity and cost reduction. However,

MEMS gyroscopes are still fairly expensive and are not robust during operation.

The purpose of this researebas to develop a higiperformance and lowost
MEMS gyroscope usingnalogActive Disturbance Rejection ContrADRC) system.
By designing and implementing analog ADRC both above requirements were satisfied.
Analog ADRC provides the fastest response time possible (because the circuit is analog),
eliminates both internal dnexternal disturbances, and increases the bandwidth of the
gyroscope beyond its natural frequency. On the other hand, the overall design is
extremely economical, given that thgstem is builtising pure active and passive analog

components.



This work, kesides achieving higherformance and providing leaost solution,
furnishes two novel designs concepts. First, Active Disturbance Rejection Controller can
now be build using pure analog circuit, which has never been done before. Second, it is
the first tme that the advanced controller has been successfully implemented in hardware
to control an inertial rate sensor like gyroscope. This work provides a novel solution to

applications that require higterformance and lowost inertial sensors.
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NOMENCLATURE

ADRC: Active Disturbance Rejection Control
MEMS: Micro-Electromechanical System
VBG: Vibrating Beam Gyroscope

FPAA: Field Programmable Analog Array
Op-Amp: Operation Amplifier

LPF. Low-Pass Filter

HPE High-Pass Filter

BPFE BandPass Filter

ESO: Extended State Observer
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CHAPTER |

INTRODUCTION

Il n 1817 mathematician Johagafirst meBhahicale nb e r |
gyroscope and c addewcdwas introdudéd to Rrenohenathematibian

PierreSimon Laplace, who suggested using the gyroscope as an educational tool.

Figure 1: First Gyroscope

I n 1852 French mathematician Leon Foucaul
involving rotation rate oEarth. Even though the experiment was unsuccessful, the name

Afgyroscopeo ¢ ame rotatioha nd stk o/gdggeyirmoos of dror



The gyroscope became extremely useful when it was combined with an electric
motor to make a prototype of first gyrocoagses. First functional gyrocompass was
created by a German inventor Hermann Anschikiiemmpfe from 1905 to 1908. In the
time when naval industry was the measure of power, many countries realized the
importance and contributioof gyroscopes$o naval andaircraft stabilization and control.

In 1910, American inventor Elmer Sperry created his own gyroscope design, which
became the first product for the Sperry Gyroscope Compirg design was so popular

that it became a major factor in naval and aircratassh and development.

With major development in micrsystems and microelectronics in the past 40 to
50 years, the traditional mechanical gyroscopes are being rapidly replaced with Micro
Electromechanical Gyroscopes (MEMS Gyroscop8gstron Donner Inéeal (SDI) was
the first company to produce fully functional MEMS Gyroscopes and is one of the largest
manufacturersip to date.Although, the MEMS Gyroscopes have many advantages over
their predecesss, they have their own issudshis work aldresses andolves some of

the problems that MEMS industry is facing

1.1  Background

Since the development of a first MEMS device, MEMS industry has seen a huge
progress. With MEMS devices becoming more versatile, higher performance and batch

fabricated, the amau of applications increased exponentially. The MEMS pressure

2



sensor has the highest sales volumie past 15 yearsvith MEMS accelerometer being
the second largesSone of the reasons for sugbopularity for these devices are

innovations in micrefabrication and low cost due to batch fabrication.

Therapid progres#n siliconbased micranachiningst ar t ed i n earl vy

Integrated Circuits (IC)techology process was createdVith strong effort being

centered on silicon etching and chemical d#pmn research, first commercially

available nicro-fabricak d pr essur e sensor was created b
processes and better understanding of electrical and mechanical properties of materials,

led to integration of micranachining (mechacal structure) and IC technology
(electricalci rcui t) . I n t he b egi nnklectgpmeahdnicall 9 9 0 0 ¢
Systems (MEMS) were fully developed that included sensors, actuators and supporting

electronics on the same silicon wafer.

Although the MBMS devices offer many advantages and are increasingly used in
di fferent applications, they had and stil]
issues were understood to be due to imperfections during fabricktemhanical and
thermal noise issueled to research in material science to improve thermal stability.
Unknown system pararters asymmetricdamping and spring couplingnd small
operation bandwidtked to search in improvement in fabricatimocessteps.In the past
15 to 20 years, most dhe research was focused on improving MEMS fabrication to
achieve higher performance systems. The aftermath of this research was creation of two
main types of micramachining (surface and bulk miemachining), generation of

fabrication process steps fodmes(PolyMUMPS, SUMMIT V), numerous actuation and



sensing mechanisms (Elect®tatic, Piezoelectric, Comb Drive) and different design

styles for different devices.

However, improvement in performance increased the cost of +fabraation of
MEMS devies. Tight tolerances, expensive equipment and faciitiemain factors for
cost per device still being relatively high. Companies that were involved in producing
accelerometers and pressure sensors realized that increase in a market share could only
ocaur if they can offemot onlyhigh performancebut low-cost MEMS devicess well
They were able to achieve marketds price
MEMS sensors that broke the price barrier. Unlike MEMS accelerometers and pressure
sensorsMEMS gyroscope industry is still struggling with high cost issue. There are only
a few high performance MEMS gyroscopes on the market, but they are still relatively
costly for many applicationsAt this point, only military and high end automotive
applications can afford MEMS gyroscopes, since the tmsthese applicationss not a

prime concern.

Most of the problems that are listed above understood to be due to imperfections
in micro-fabrication or in design styles that are currently used. So far, afote
researchers focus on improving migebrication to obtain higher performance sensors
and try to drive cost dowrtowever, this perception is changing towards employing
closed loop control systemin [1] Adaptive adedon controller is used to contro
conventional mode of operation of MEMS gyroscope. The controller is an addition to
force-balancing scheme for parameter estimation. The algorithm approximates the
angular rate and compensates the quadrature diner.main point of using adaptive

controler is to obtain angular rate without quadrature error contaminatidaptive
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controller gives positive simulation resultsyt it is model dependant amd hardware
implementation has ydieen done. Controllers such Kalman filter in [2] andother
force-balancing controllers in [3] and [4hcreased the operational bandwidth of the
system,but those two methods are still model dependant and performance will degrade
with parameter variations. In [5], feedback control is useddntrol piezoelectric
resaator that is used in MEMS gyroscopes. The closed loop control system replaces the
traditional mechanical balancing operation. Controller adjusts the resonant frequency and
increases the bandwidth of operation. However, the method does not include constant
amplitude of oscillations and is not involved in rotation rate measurenmef@], dual

stage control architecture is used to correct the manufacturing imperfections. The
controller includescalibration and feedback capabilities. Calibration portion of a
controller tries to eliminate large imperfection, while feedback portion is dealing with
remaining small nofinearity. However, ideal gyroscope model is usd@thout taking

nonl i nearityos and acdowhaidware gesultsiare presendamtbeo u n t
example of using an adaptive controller is presented in [7]. The adaptive controller is a
discrete observdvased adaptive controller that approximates rotation rate and tries to
deal with mechanical imperfections. Like in many other applicatiohsadaptive
controllers on MEMS gyroscope, precise mathematical model is required for the
controller to work. Also, the mathematics behind the development of a controller is quite
conplex, andusing digital computers is certainly an option, but the implaateon will

be computationally intensiyevhich will most definitely increase the overall cost of the
device.An interesting idea was proposed in [8], where gyroscope is designed using two

vibrating masses instead of oréhe authors claim thatush desig will increase the



operating bandwidth of the gyroscope without using advanced control electronics. Also,
tight tolerance requirements might not be needed anymore due to advantages listed
above. Hhwever, constructing twmasses instead of oneuld potentlly give two times

more uncertainties and castight either stay the same or increa&hough advanced
controller might not be required, some other simpler controller strategy will have to be
implemented, since the oscillation amplitude for a secorsbmaust remain constant for

the system to workAlso, no experimental results have backed up the proposed theory.
The control approach in [9] shows both rexhaptiveand adaptive strategies using active
nontlinear feedbackThe work is basically a summanf principles of operatiorof a
gyroscope and general formulation of control problemsith it. However, the
methodology heavily depends on modeling of the system and no experimental results are

given.

The above given references show that the MEMS gyr@saojustry is shifting
towards employing closeldop control strategies in order to improve the performance of
the system. Although there are many publications that use many different-icloped
control methods, they are either model dependant, hardplenment due to computation
intensity or expensivelt is clear that by improving micrtabrication only it is
impossible to desighigh performance and low cosgstemsat the same timd3y adding
closed loop controlleto the systenwe can allow imperfé®ns to occur during micro
fabrication. In addition, any unknown disturbances (external and/or internal) can be
reduced or eliminated by using a closed loop colettdlVith control system thenicro-
fabricationprocessdoes not have to have such tighetahces during fabrication process

andthat will allow more flexibility in design process and will result in a ceduction



Currently supporting electronics that is packaged together with a mechanical
structureis generallyused for signal conditiong and user interface. Therefore, MEMS
gyroscopes that are currently used in 90% of industeygenerally operating ieither
open loop preshaped opetoop driving or employ very simple control structures like
PLL and AGC.Main reason for choosinthosetypes ofoperation versus closed loop is

simplicity on a design and operation levels

This thesistries to accommodate deficiencies of above referenced work and
industry needgo designhigher perbrmance/lowcost MEMS gyroscopesensor By
doing so, we ame up with a completely novel control concept that solves all of the
problems of other controllers, increases performance of a given gyroscope and decreases
the cost of the overall systetWe use Active Disturbance Rejection Control (ADRC)
[12, 13, 14, 15, 16, 17, 18, 19, 20, 21, and 22 methodology to control the device as well
as approximate rotation rate. The main difference between ADRC and other advanced
controllers is that it does not require precise mathematical model of a plant to be able to
succesfully control it. Instead of using precise mathematical model, ADRC contains
Extended State Observer (ESO), which precisely tracks internal and external disturbances
of the plant and cancels them in a real time. The only plant information that ADRC
requires is the relative order of the plant and its bandwid#ing this information ESO
approximates state of the plant and generalized disturbance of the system. Approximated
disturbance is then canceled and system becomes a double integral plant that can be
easily controlled with a PD controller. ADRC algorithm is inherently scalable and can be
utilized to solve many different control problentishis capability is realized in hardware

implementation, many control problems can be rapidly addressed withdioude



redesign processVersatility of ADRC has been demonstrated on problems such as
motion control, jet engine control, power electronics, satellite attitude control, magnetic
bearings,and human posture sway. Each of these problems varies in complexity
requiring different variations of the base algorithm and different methods of

implementation.

The most common method of implementing ADRC is with general purpose
sequential processors. This includes the use of microcontrollers, digital signal processors
(DSPs) and field programmable gate arrays (FPGAs) with embedded microprocessors.
Generally, digital implementation provides scalability and repeatability, but may also be
expensive. Depending on the application, the response time of the digital comtia}fier

degrade the performance of the overall system.

In our design we chose not to use digital implementation for controlling of
MEMS gyroscope. We chose to design and build ADRC using pure analog
implementation which has never been done before. Analoglé@mentation gives us
several advantages over its digital counterpart. First, MEMS gyroscope sensor needs to
have the fastest response time possible to ensure high performance and analog circuit is
the fastest hardware implementation method, since itstantaneousSecondly, analog
implementation of ADRC is very economicadmparing to a digital implementation of
previously designed ADRC topology for other applicatiofsird, the designed analog
circuit is power efficient and small, which is very im@ort in MEMS industry. The
disadvantage of using analog circuit versus digital is that it is not easily scalable. For
example, if the order of a plant increases the existing controller will not work without

adding hardware to accommodate the increase mi pialer. However, the purpose of
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this work was to find an efficient, high performance and economical solution for
improving MEMS gyroscope sensor. MEMS gyroscope industry is extremely broad and
it is simply impossible to design a system that would sbig@glications And our design

is not an exception. Analog ADRC for MEMS gyroscope design is particularly good for
specific applications with specific problems, and it solves them very well. Such specific
problems are high performance issues, cost percelevesponse time, bandwidth of

operation and general disturbances.

In the next subsections we will describe the general applications of MEMS

gyroscopes, top level hierarchy of a controller and general outline of the thesis.

1.2 Application in Industry

There are three main applications where MEMS devices, particularly MEMS
gyroscopes, are usefirst and the fastest growing application is automotive. MEMS
gyroscopes are used for anti rollover system, GPS navigation and electronic stability

control.
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[ | remai ns t he
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today. Only high end cars can afford implementation of MEMS gyroscopes.

Military is the second largest application of MEMS gyroscopes. It includes

navigation, flight control, platform stabilization, missile guidance, and etcetera.
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Figure 3: Military Application

In military application the most important system parameter is its performance.
Generally, MEMS gyroscopes used in military application are expensive. ginedst is
driven by a need of high performance and tight tolerances. Such gyroscopes are

application specific and would rarely be employed in other applications.

Third main MEMSgyroscopes application is consumer electronics. Gyroscopes
are used in camcder stabilization, camera stabilization, cell phone stabilization, video

games, digital light processing and many others.
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Figure 4: Consumer Application

The main challenge of employing gyroscopes for consumer electronics is cost of a
sensor. Most of the devicesat use MEMS gyroscopes are still expensive and consider
being high end products. Driving cost of MEMS gyroscopes has become the most
important task for MEMS manufacturers and researchers in the Acbgving he
market requirement for lowost MEMS gyre copes i s essential. Onc

target is met, the MEMS gyroscopes industry salé drastic increase in sales volume.
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13 Problem Formulation

Most MEMS Gyroscopesise vibrating mechanical element or proof mass to
sense rotation. This apprdadiminates rotating parts, which leads to small size device
that can be easily batch fabricated using mmoachining techniqueddEMS gyroscope
is understood as a proof mass that is attached to a fixed frame by means of springs and

dampers.

Figure 5: Model ofa MEMS Gyroscope

The horizontal axis (denoted x) is called Drive Axis and vertical axis (denoted y)

is called Sense Axighe axis that is perpendicular to both Drive and Sense axis (denoted

13



z) is called Z axis or rotation axiBrive and Sense axis can bepresented as second

order coupled systems:

it d, K+ K X - MAEX+K, ¥ MLy - 2mW, %= Uy, 1)
mypi+d, K,y - MAZY +K, X+ d, g+ mix o+ 2m0ge= U, )

Where X, y are displacement output of drive and sense dyj#d, ¥ are
damping terms of drive and sense axs.,x K,y arespring forces along drive and
sense axisd, % d, ¥ are asymmetridampingcoupling terms caused by fabrication
imperfections.K, x, K, )y are asymmetric spring coupling terms caused by fabrication

imperfections.mMW-x, MWy are centrifugaforces along X and Y asi 2mW, % 2mW, #

are Coriolisforces along drive and sense aadequations (1) and (2) represent full
mathematical model for MEMS gyroscope. In our design we make the following
assumptions: Rotatiorate is constant, damping coupling terms are zero, and centrifugal

forces are zero. The mathematical model for MEMS gyroscope becomes:

W, 1
#4- #+ '/'/fX"'Wny- 2V\#:Eudrive (3)
w,
W—y#+wfiy+my><+2\/\ﬁ#=iusens. (4)
Q m
k w, d k
Where&:dXX:ZXX, M/ﬁ:&’ W, = xy’ _y:i:ZXy’ l/l/j:l
. m m m v m m

Equations (3) and (4) are couplegicond order representation of Drive &athse

axis Quality factor (Q) of both axis is generally very large number, therefore the

14



damping coefficient;(’:%) is very small. This feature of MEMS gyroscopes makes

them lightly damped secdrorder systems that have a very sharp resonant peak.

All vibratory gyroscopes are based on transfer energy between two vibrating axis
of a structure caused by Coriolis acceleration. Electrostatic actuators force the motion of
the mass in one directionr{de). When the sensor is rotated aroundxs, the mass

experiences the Coriolis force F:
F(t) =-2mW, (t)® X(t) 5)

where m is a proof mas¥Y,is angular velocity andis the velocity of the proof
mass. The agption (5) contains vector product, since proof mass velocity and angular
velocity are both vector3.he drive, sense and z axis are all orthogonal to each other and,
therefore, the Coriolis acceleratiom(f) = - 2W, (t)*(t) ) acts along sense axis. Ihg

implementation, proof mass velocity is a sinusoid with a constant frequency. Generally,
frequency of this sinusoid is a lot larger then the frequency of the angular velocity signal.
As a result, Coriolis acceleration can be represented as a duodddland modulated
signal, where the proof mass velocity is a carrier and angular velocity is the information
carrying signal. Therefore, in order to retrieve the rotation rate information, Coriolis

acceleration must be sensed and demodulated.

In our design w make three requirements for MEMS gyroscope to operate
properly. First, the rigid frame must be rotating at a constantwat8econd, drive axis
must be driven to resonance, in order to obtain the maximum amplitude. Third, we use
forceto-rebalance control on sense axis, whereadimput is monitored in real time and

forced to zero. With output of sense axis being zero, control signal of sense axis becomes
15



the rotation rate information carrying signahs mentioned above, we will use

demodulation techniques to obtain rotation rate.

In the following subsections we will describe each requirement on details.

1.3.1 Drive Axis Control

As mentioned above, drive axis afMEMS gyroscope is a@epresenteds a
second order lightly damped $gm. Its large quality factor creates very sharp resonant
characteristics with natural resonant frequency being in the range-30 kBlz. With
MEMS gyroscope size being on a micrometer s@l@f theinput andoutputsignalsare
very smallin magnitude Most of the time iis pretty muchimpossible to distinguish the
information carrying voltage signal from low voltage nosignals that are always
present in aystem In order to separate drive axis output signal from noise, drive axis
must be drivend resonance, where it has the highest amplitGdesn that drive axitias
very large quality factor, it will have a very narrow and sharp resonant pealedge of
the peak igenerally30 to 50 dB higher then the base amplitude of the signal. Basically,
resonant peak achs a natural amplifier and assuming the base amplitude is in-micro
volts, if the drive axis operates at resonance the sensed voltage amiplijeterally in
hundreds of millvolts. Drive axis signal is a very important signal for eppmating
rotation rate. Equation (5) represents Coriolis force that contains rotation rate and
velocity of the drive axis signals. If we do not operate drive axis at reson@neédl not
be able toobtain large enough Coriolis forcand, thereforewill not be able to

approximateotation rate.

16



Most MEMS gyroscopes in industry use electrostatic actuators to force drive axis
into resonah oscillations However this method is an oplop technique and has
several issueslhe oscillations of drive axisave uncontrolled amplitude and frequency
(mainly due to temperature variations), which create large performance drifts.
Uncontrolled amplitudereates drifts in Coriolis force, which in turn accumulates in a
rotation rate approximation error. Since theomant peak of drive axis is extremely
narrow (generally a few Hertz) it is vital to have oscillations precisely at the natural
frequency of the system. With temperature variations and other external disturbances
keeping drive axis at resonance is a totagk if uncontrolled method is used, which

results in heavgegrade in performance up to device loosing its sensitivity completely.

We use ADRC methodology to achieve the following goals: Obtain stable
oscillations with constant frequency and amplitude mwdease the bandwidth of the
resonant peak of the drive axi€onstant amplitudewill ensure zero drift in the
approximated rotation rate. Constant frequency of oscillations will ensure stability during
operation. Large system bandwidill allow imperfections during micrdabrication

process, which will decrease the cost of the overall system.

1.3.2 Sense Axis Control

Model of a sense axis is generally the same as drive axis. It is represented using
second order lightly damped resonant system. Mb#teoresearch has been focused on
fabrication of sense axis that is perfectly aligned with drive axis (zero coupling terms). If

we assume perfectly decoupled system, then we can force sense axis to resonant
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oscillations, approximate Coriolis force (it achlong sense axis as it was mentioned
above) and use simple demodulation technique to retrieve rotationNeatertheless,
mechanical imperfections always occur and they will create couplings between drive and
sense axis. One way to eliminate couplimgntés to mathematically model it as precisely

as possible and then wuse control met hodol
response. Although this method is one of the most popular ones among many researchers,

we will use Forcdo-Rebalance controhethod.

The idea behind Foret®-Rebalance method is to use a control algorithm (such as
ADRC) to force the output of the system (sense axis) to kKeedbng output of sense axis
using ADRC methodology gives us several advantages. First, it eliminateseteto
fabricate perfectly aligned dual axis system, which will greatly reduce the cost of the
device. Secondly, instead of modeling dual axis couplings, we use its property to

approximate the rotation rate.

Equation (4)represents second order senssaxis y st e m. Let &s assu

to-rebalance method is successfully implemented and output of sense axis (y) is zero:

y=0 (6)
which means that any order of derivative of y will also be zero:

¥=%=0 (7)
Therefore equ#on (4) becomes:

nyX + 2M= usense (8)
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Equation (8) contains a coupling term, Coriolis acceleration and control signal of
sense axis. Assuming that drive axis output (x) is driven to resonance and oscillates with
constant amplitude and frequency,ntol signal of sense axis is now rotation rate
information carrying signal. By detecting control signal of sense axis and applying simple
demodulation techniques and some other signal conditioning, we can extract the rotation

rate information.

Successfulmplementation of ADRC to null the output of sense axis is essential
for rotation rate approximation. Next subsection uses implementation of ADRC on both

drive and sense axis to approximate rotation rate.

1.3.3 Rotation Rate Approximation

Although the conbl system design for drive and sense axis is essential for the
system to perform, the ultimate goal of this project is to obtain correct rotation rate. We
will approximate rotation rate using equation (8) with assumption that drive axis is

oscillating atresonance and sense axis output is nulled.

Note that coupling termw, x and Coriolis acceleratior?\\& are 90° out of

phase with each other. The goal here is to eliminate the coupling term aaxt eotttion
rate (W) from Coriolis acceleration term. We will apply synchronous demodulation to

control signal of sense axis, which is simply multiplying control signal { ) by drive
axis output (x):

X Wgepse= X(Wy X + 2V 9)

sense
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In actual implementation, output of drive aXig is a sinusoidal function with
fixed amplitude and frequencyhe first derivative of x is also a sinusoidal function with

fixed frequency and amplitude:
x = Acosit), #= Aw,sin(w,t) (20)

Applying equation (9) we get:

XUppee= W, ASin(st) cost) - 2WASIN® (4t) (11)

XUggpge = 1 W, Asin@w,t) - 2WAW, 1- cosewt) (12)
2

XUggnee = % W, Asin@w,t) + WAW, cosRw,t) - WAW, (13)

Equation (13) contains two parameters that have double frequency component and
offset rotation rat¥V/ . The last step in ration rate approximation is to apply a kpass
filter in order to filter out double frequency components, which will leave us with just

rotation rateW and offsetAw, . After applying simple signal conditioning wétain the

rotation ratan.

1.4 Thesis Organization

In this thesis, in depth Active Disturbance Rejection Control design is proposed in

Chapter 2. The design includes derivation of transfer function ADRC for analog
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implementation. Exteded State Observer algorithm is derived and necessary filter tuning

is shownRotation Rate Approximation algorithm is derived and verified.

Chapter 3 contains all of the simulation results. At first, in depth Matlab
simulation of ADRC on VBG is shown.hEn, circuit simulation of ADRC on VBG is

shown using LTSpice.

Chapter 4 contains all of the experimental results. Experimentapagting high
performance turn tableanalog circuit implementation for driving mode, sensing mode

and demodulation with si@l conditioning.

Finally, Chapter 6 offers concluding remarks about the impact and significance of

this work and proposes possible future work.
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CHAPTER Il

ADAVANCED CONTROLLER DESIGN

This chapterwill introduce the design of Active Disturbance RejectControl.
ADRC is a powerful control methodology that has had many successful applications
already. The range of applicatiomentioned in Introductiors very broad, which means
that the control methodology is very scalable and easily applicable tgp diferent
control problems. However, ADRC should not be understood as an eqoatidarmula
It must be understood as atea thatcan be reformulated to fit a specific issue and be
able to solve itDepending on the application, equations that deschDRC might very
well be different, but the tefevel idea always stays the same. Many applications up to
date required digital implementation of ADRC. Differaligcretizationtechniques were
used to describe particul&ADRC equations in order to be ablo use microcontrollers,
digital signal processors (DSPs) and field programmable gate arrays (FPGAS) with
embedded microprocessoiBigital implementation of ADRC has been very successful
due to its scalability, repeatabilignd easy reconfiguratioBut it also has some potential
disadvantages, such as development time and @eselopment of ADRC using FPGA

is a very rewarding process, but complex, time consuming and expensive. Using
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sequential processors is cheaper, but complexity and time are lbeteradameas with
using FPGAsWith an application like MEMS gyroscope, digital implementation could
only work if the gyroscope is applied to a military system or high end automotive
application because the cost and development time are not the Sgssteeone of the
goals of this work is to deliver a low cost MEMS gyroscope, digital implementation will

not be suitablé this case.

Instead of using digital implementation, we reformulated ADRC to be represented
in a transfer function formTransfer fution can be understood as a filter, poles and
zeros of which are the cutoff frequencies. ADRC in transfer function form is a
combination of different types of filters, which can be implemented using analog
circuitry. Analog implementation of ADRC is a lotheaper then the digital
implementation and requires less development tiinean be build using active and
passive components such as operational amplifiers, resistors and capadiers.
components are readily available at very low cost, which inreoinces the cost of the
overall systemThe development time is reduced because there are many different known
filter topologies well documented. Therefore, the redesign of a certain topology to fit the
specific application is not a time consuming proc8RC in analog form delivers high
performance, robust and low cost system that can be used many applications that require
these particular specificationk. the first time that ADRC is reformulated in transfer
function form and successfully implemented hardware. Analog implementation
provides a good alternative to digital implementation of ADRC. Habiotp analog and
digital ways of implementing ADRC the range of control applications is increased

substantially.
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2.1 Analog ADRC

Implementation of ActiveDisturbance Rejection Controller in analog form
requires that the controller is represented in a transfer function form. Unlikesstete
representationtransfer function from gives unique insights on frequency domain of the
system. As mentioned abowntrol system can be understood as a certain combination
of different types of filters. The combination of filters working together will shape up the
required transient respongéderivative or highpass/bangbass filtery, eliminate the
steadystate erro (integrator or lowpass filter), reject the high frequency disturbances
and noises and will increase the operational bandwidth of the system beyond its
limitations. In order to be able to analyze and design these filters, frequency domain
analysis is esntial. Using transfer function representation is the most straightforward
way to analyze a system in a frequency domain. Frequency response analysis provides

important information on gain and phase margins, stability and operational bandwidth.

In our casethe system consists of two identical second order systems (drive and
sense axis). Therefore, we will only show the design of ADRC in transfer function form
for drive axis with an assumption that the same procedure is used for senS®asider

the mahematical representation of drive a33:

#"ﬁ#+ VVfX"‘ nyy' 2\/\/#: iudrive (14)
Q, "
W,
#= - Q_ - WEX - Wyt 2\ + budrive (15)

Whereb = i Equation (15) can be represented in a different form:
m
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#: f (X! #; W, t) + budrive (16)

Where f (X, % w, t) is ageneralized disturbandenction that represents all of the
internal and external disturbances. From now on, for simplicity, we will denote this
function justf . The idea behind this representation is that if germadldisturbance term
is canceled, the overall system becomes a double integral plant that can be easily
controlled using a simple PD controller. ADRC consists of two parts, Extended State
Observer (ESO) and PD controller. ESf3timatesgeneralized disturlee f and
cancels it in real time and PD controller controls the remaining double integralTgiant.

plant is then written with an extra state:

Y =V,
1% = y;+bu (17)
(¥ =f

Where y, =%, X, =% y,=f. Based a equation (17) we construct an

extended state observer

#: Az+Bu+L(x- XY

x/O: Cz
X . (18)
0 10 Do
_ u _au -
A_go 0 1 B—gog, c=[1 o 0
& 0 0Oy &0y
Wherez- Xx. The observer is reduced the following state equations:
Ae% =z + Ll(x' 21)
1% =2, +L,(x- ) +bu (19)

%#3, = Ls(X' 21)
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The characteristic equation of equations in (29) IS
/(9) :‘sl - (A- LO)| =S’ +L,s* +L,s+L,, which is equal to the desired error
dynamics. The observer gains are set to
L, =3w,, L,=3uw?, L,=u (20)
By setting observer gains to equations (2@ systemessentiallyhasonly one

extended state obseriening parametey,.

As ESO correctly tuned and precisely estimates all of the states including

generalized disturbanege = f , it is actively cancels the generalized disturbanbg

applying the following control signal

— (uo - Zs)
u=e s (21)

If we combine equations (16) and (21) with an assumption that ESO is precisely

trackingf , then the plant reduces to
wW=(f-2z)+u,°u, (22)
Equation (22) is a representation of a unity gain doubégrat plant that can be
easily controlled using a PD controller
Uy =K, (r- z) + Kk, (# z,) (23)

Up to this point the design of ADRC observer was rather general. We assume

that all three statesy(, y,, y;) of the systemhaveto be estimated byhé obsever in

order for system to workHowever, this is aassumptiorfor a generated second order
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system where it is assumed that the outputs of the system (position, velocity) are either
unavailable or available but rather noidly our particular ase,the output signa{x) is

readily available and the signal is clean enotngihithe ESO does not necessarily have to
estimate the output of the gyroscope. This particular feature of our system allows us to
decrease the order ofetobserver, which in turn will mean decreased complexity of the
design, less hardware required to build an ESO and decrease in cost of the overall system.
As mentioned above, it is important to understand that ADRC is an idea that can be
applied to a spefic problem and does not necessarily follow the same set of equations.
This particular case does not require full order ESO taldmigned;instead it uses
reduced order ESO in which only velocity and generalized disturbance smymals

estimated.
Based o (17) the reduced order ESO is constructed:

#= Az+Bu+L(x- X)
%_
X=Cz (24)
0 1 .
a=g B:efbﬁ’, c=f o
& oy &y
From (24) it is clear that the order of the ESO has been reduced. The
corresponding state equations are

&% =z, +but L (x- z)

25
:'#Z:Lz(x' 21) (29)

Where L, =2w,, L, =ufare observer tuningparameters that satisfy
characteristic equatiof(s) :‘sl - (A- LC)| =s’+L,s+L,. The control signal of the

reduced order ADRC is now
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u=-—2_"=2 (26)

By combining equations (16) and (26) the system becomes unity gain double

integral plantwhich can beasily, controlled using a PD controller

Uy =K, (r- x) +k, (#- z) (27)

Notice that the proportional terr, (r - x) does not contain the estimated output

of the system, but uses the measured output fed directly back to theGopuining

equdions (26) and (27) the control signal of the system is

K K B
U_F(r X)+b(# %) b (28)

Where k|, :WCZ, ky =2w, with w, being the only tuning parameter of the

controller.Since the gyroscope operates at rather large resonant foeegiét330 kHz),

the controller tuning parametew/() comes out to be a very large valuénich would be

next to impossible to implement using analog citcutHo we v e r the syste
(b) is also a largeumber and by using equation (28) the large controller gains are scaled
down to values that can be implementednalog hardware without reaching saturation
limits.

Although equation (28) can be easily simulated using Matlab aitlotharder to
implement because of two issues. First, it is impossible to design pure differentiator

(# % using analog circuitdue to stability issues. Seconthe estimate of the
generalized disturbancezf) must be related to generalizdisturbance ) in order to

be able to implement generalize disturbance estimation circuit.
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Implementation ofa differentiator is done by using derivative approximation
scheme. Derivative approximate scheme applies differentiatiarlyoto a specific
operating region or point, where differentiation is required. In this design, the output of
the gyroscope x is differentiated oniythin a specific regionn a frequency domain, at
resonanceThe end of the derivatioregionis specifiedby the tuning parameter of the
observew,. Representation of the derivative term of equation (28) in Laplace domain is

%"(r - X)s (29)

After application of derivative approximate scheme the derivative term becomes

L S

b s* +2w,s+ug

(30)

Although first order polynomial could have been used in the denominator of

equation (30) (SJFLW) it is always better to add a lepass filtering action after
0

differentiation in order to eliminate amplified highefuency noise that occurs during

differentiation.Combining equation (28) and (30) the updated control signal is

k k s z
u=—(r- x)+-2(r- x .2 31
b( ) b( )SZ+2WOS+W02 b (31)

The second issue is related to obtaining the relationship between generalized

disturbance and estimate of generadi disturbancef(). To show how ¢g,) converges to
(f) equations (16) and (25) are used. Equation (16) can be rewritten in the following

form

f =# bu (32)
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If z,* fwas exactly equal td then the equation (31) would look like this

S

f
- — 33
s*+2ws+u b (33)

K K
u=—2(r- x)+-2(r- x
b( ) b( )

Equation (33) implies that estimation of generalized disturbance in an ideal case
(z,* f)is aunity gain. Howevan reality there is certain relationship between the two

that can be determined by solving equation (25). First, equation (25) and rewritten in the

following form

é# =z, +bu+L,(X- z)
| z (34)

I _ 7
Azl_x__
' L,

Combining two equations in (34) the following derivation iddjie

#-ﬁzzz+bu+L1§ (35)
L, L,
L,(%- bu) =# + L % +L,7, (36)

Converting equation (36) to Laplace domain

L,(sx- bu) = z,(s* +L;s+L,) (37)
z, = (sx- bu)# (38)
? s?+L,s+L,

Equation (38) represents the key relationship between generalizathaliste and
its estimate. What it states is that estimation of generalized disturbance is simply filtering

of the generalized disturban€e This key concept holds true for any order g (
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L,

z, = (s"'x- bu)—*— 39
k ( ) (S+ M/O)k ( )
Therefore, applying equation (39) to estimata (32) we obtain
z, = (SZX- bu)z#
s“+L;s+L,
L
z,=f(s)———2—— 40
STy (40)
z, = f(s)L2
(s+w)

Combining equations (33) and (40) the resulting control signal of the entire

ADRC in transfer function form is obtained

s b wg

5= X > tu 5 (41)
(s+ ) (s+up) (s+up)

K K
u=—2(r- x)+-2(r- x
b( ) b( )

Equation (41) represents ADRC in transfer function form that consists of
combination of different types of filters. For better understanding what types of filters are

used in this design, equation (43) can be rewritighe following form
u=Pdr- x)+BPF{r - x)- HPF®X) + LPFQu) (42)

Where
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k
Proportiond Gain(P) = F"

BandPassFilter(BPF) = (b—

y (43)

M 2

High PassFilter(HPF) = ———
g (HPF) s+ )

w5

LowPassFilter(LPF) = ————
(s+1p)

Filters in equation (43) are all implemented using pure active analog circuits
(operational amplifiers, resistors, capacitofid)e resonant fregucy of the gyroscope is
quite high, therefore it is important to spec out operational amplifiers to have high
operational bandwidth and high slew rate in order to avoid signal lags and phase

distortion.

Although the design process seems to be complexesudting controller is quite
simple. It only consists of an amplifier (proportional gain) and three second order filters,
which are all easily realizable in an analog circuit. Yet, the simplicity combined with high
performance are the key elements tlegdasate analog ADRC from many other types of
advanced controllers. The power of analog ADRC is that the controller design becomes
intuitive in nature, because the entire design is based on intelligent combination of
different types of filters. Ones thesigner understands the purpose of each filter, tedious
mathematical derivation can be omittadd simple, lowcost and high performance

controller can be implemented relatively quickly.
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2.2  Analog ADRC Circuit Design

The entire design of analog ADRC circis done using pure analog components
such as operational amplifiers, resistors and capacitors. Equation (42) contains all of the
control loop parameters including lepass, higkpass and bangass filters, amplifier for
proportional gain, summation andbdraction junctionslt is important to note thagach
individual component in equation (42) must be designed separately to insure the
correctness of operation. Once all of the components are designed and operation is

verified, they can be integrated ttiger to complete the overall control loop.

The first component of equation (42) to be designed is ainput subtraction

junction

R1
R3
R4
NS

Figure 6: Two-Input Subtraction Junction

Subtration circuit takes two inputs, il and Vin2 and outputs the difference

between them
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V :R4 &

out Evin 2 -

Vinl (44)

The ration of resistors for each voltage input determines the gain of each signal.
Since this design does not require any particular amplification, all resistors are

equalR, =R, =R, = R, and equation (44) becomes
Vout :\/inz - \/inl (45)

Another arithmetic circuit is an addition circuit that is shown in figure 7

Figure 7: Addition Circuit

Addition circuit takes two inputs, Vinl and Vin2, and adds them together to

represent Vout

R, R,
\% "l _Vin1+_Vin2 46
ou (Rl R, ) (46)

By making all resstors equal the output is

Vout =- (\/inl +Vin2) (47)
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Although both input voltages are added, the output voltage is inverted. If the
inversion is not desired, additional inverting buffer can be added to the output. In our
design it is not required becauiee inverted output is an intermediate signal and is

accounted for in the later stages of the design.

Another part of the controller design is a proportional gain, which is simply an

amplifier circuit

Figure 8: Amplifier Circuit

Amplifier circuit takes input vibtage Vinl and outputs the amplified voltage Vout

out

Vau =+ 12V, (48)
R
The ratio of resistor® and R,determines the amount of amplification

Proportiond Gain = % (49)

35



Since inverting amplifier is usedée output voltage is inverted. One way to avoid

it is to use noanverting amplifier, in which case the proportional gain will become
: : R,
Proportiond Gain =1+ E (50)

Yet, it is not required for this design, since the inverted amplified signal can be

accommodted in later stages of the design.

Up to this point, all of the shown circuits only dealt with amplitude of input and
output signals. Next three circui(cPF, HPF, and BPFaffect both the amplitude and
frequency of inputs and outpufBhe first circuitto be designed is monresonant second
orderlow-pass filter (LPF) There are many different types of lpass filter topologis
and their complexities and tuning options depend on the application they are used for. In
this application, one tuning parareetlow-pass filter would be the best solution to
achieve desired simplicity. The equal component value Sellen Keypdsw filter is a

perfect fit for the requirements of the design
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R4

R1 R2
| Vin

C1

<~

Figure 9: Sallen Key LowPass Filter

The circuit in Figure 9 represents lgassButterworth response with resistors
R = R,and capacitorsC, =C, (equal component circuit)lhe cutoff frequency of the

filter is

Wy = ——— (51)

cutoff — m

Since the resistors and capacitors are equal in values thaoeq(tl) can be

further minimized

Wos = —— (52)
RC,

This means that the filter has only one tuning parameter and can be adjusted by

changing the value of either resistBror capacitolC,. The addition of resistor&, and
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R;creates the resistive gain enhancement, which means that the filter has variable gain

for fine tuning of a signal.

The same approach was taken is designing a-pgagk fiter. The equal

component value Sallen Key higlass filter is chosen

R3

C1

R4
C2
e
R1 R2 RS

R6

<

Figure 10:Sallen Key HighPass Filter

The filter in Figure 10 is a neresonant higipass Butterworth filter. It apparent
that the only difference between Sallen Key Jpass filter and Sallen ¢ highpass
filter is the position of tuning resistors and capacitors. The cutoff frequency of the high

pass filter is the same as the {pass one

W, ot = —— (53)

High-pass filter also has the resistive gain enhanoémiecuitry in order to fine

tune the outputBoth filters have similar structure with only one tuning parameter. This
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choice for filter design provides simplicity, but yet very powerful Rpgihformance

system.

Any filter designer will find that there amany types of banrglass filters circuits
availableto realize the second order bagpalss response. From the large number of
possibilities, most designers will chose the design that they are either very comfortable
with or itds t helarapplicapon.dar this design thé dhace paa to goi ¢
with the simplest and easy to tune one. We choose a very famous and useful Delyiannis

Friend banepass filter

o
|
R2
R1 C1
Vin .
i . Vout
R3

NS

Figure 11:DelyiannisFriend BandPass Filter

Just like with the lowpass and higipass filter, theDelyiannisfriend bandpass

filter has one tuning parameter and the cutoff frequency is

W, . .= L (54)

cutoff C \/ﬁ
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WhereC =C, = C, and resistorRR and R,determine the gain of the filter for fine

tuning. During implementation, the capacitors can be physically connected together on
the same shaft (change value at the same time) and one of the resistors can be used to

tune quality factor (Q) or bandwidth of the filter (BW).

All three filters have very siple design approach with each having one tuning
parameter and ability to be fine tuned. During implementation, all of the tuning
components can be physically connected on the same shaft, creating one physical tuning

parameter (knob) for all three filters.

The following chapter will showow the above circuits interact with one another
to produce higiperformance controller.hle simulation results of analog ADRC by using
Matlab/Simulink for block diagram representation and LTSpice for circuit simul&tion

shown next
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CHAPTER 1lI

SIMULATION RESULTS

The simulatiorpartof thesensor development is divided into two parts. First, the
simulation of ADRC controller on VBG is done using Matlab/Simulink in order to verify
the operation of the controllen both drive and sense ax@&econd part is the verification
of the controller operation using LTSpice circuit simatatAlthough both simulations
verify the correctness of controller operation, what they help to determine is quite
different. Simulationsusing Matlab helps to correctly tune controllers (determine the
values for tuning parameters) for both axiglverify thec o n t r tacking pregision
The results obtained using Matlab simulations are empirical and do not contain
information on how d build hardware to produce such results.order totranslate
empirical results into actual hardwarvee use LTSpice circuit simulator. It takes tuning

parameters valuesy, , w, ), which represerbserver and controllérequencies, andse

them to determine the actual values of circuit components (resistors, capaCitars).

the simulation results produced by Matlab are matched with simulation results produced
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by LTSpice, the actual hardware can be build to produce experimental refiudts will

be compared to simulation ones.

3.1 Analog ADRC Matlab Simulation

The simulation of MEMS gyroscope is done usin¥iarating Beam Gyroscope
model from University of AlabamaThe mathematical representation of the model is

given in equations 3 and (4) with key parameters being

w, =63428.25rad /s, w, =63365.20rad /s, x, =53 10 , X, =4.893 10*, m= 43 10°,
w,, = 6000 rad” /seé.

Using equation (41) the block diagram of ADRC for drive and sense axis is
constructed. Figure2land Figurel3 show theblock diagram of drive and sense axis,

respectively

42



Proportional
Gain

(B,k, Ik,)s
s’ +B,s+B,

BPF

B,/K,s’ —

> Sense
s"+B;s+B,

Axis
HPF / 2\ . Output
d

O

Figure 12:Block Diagram of Drive Axis

Proportional
Gain

(B,ky /k,)s

s’+B,s+B,
BPF

B,/K,s®
s? + B,s+B, Drive
X | Axis
2

HPF B T Output

d

O W e

Figure 13:Block Diagram of Sense Axis

Both block diagrams demonstrate the coupling relationship between drive and

sense axis by having an extra input to each plapk andw, y respectively. In addition,

Coriolis acceleration signalsrea added to both block diagrams to fully represent
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gyroscope model from equations (3) and (Bhe only difference between the block
diagrams is the reference signal. The referenceakifyn drive axis is a sinusoidal

function
rdrive = AS in (M/xt) (55)

The amplitude A is setib 100 in AiMatlab unit®, which during implementation
would correspondo® 100mV. The reason the amplitude A is relatively small is because
the physical device has an input limitatiaf° 200mV, therefore exciding this voltage
might permanently damage the device. Since the control goal is to force and maintain

drive axis at resonancéereference signdrequencyw, is set tothe resonant frequency

of drive axis
Unlike the drive axis,he reference signal of sense axis is set to zero
rsense: 0 (56)

The forceto-rebalance control methodology that is employed for sense axis forces

and maintains theutput signal at zero.

In order for controller to perform at its highest capacity, it must be tuned well
ADRC has two main tuning parameters, observer and controller tuning parameters,
w,andw,, respectively. Fnm Figure 12 and 13, both parameters are affecting the
response of the filters, but each in its own unique way. Observer parametgn be

understood as a bandwidth of the observer or the cutoff frequency of observer filters.
Theoreti@ally, the higher the bandwidth of the observer, the higieeformance can be

obtained, bwever,it is not the case in reality. Any system has a point after which the

44



increase of the observer bandwidth does not improve the performance of the system,
insteal it gets worse. When observer bandwidth is set too high, more high frequency
noise is allowed in the system, which degrades its performance. The conclusion from this
observation is that any system has a range within which, the observer tuning parameter
can be set to provide the best performance. Generally, tigeris pretty wide and can

very well include high frequency noise region. In that case, there is a trade off between
high bandwidth (higher performance) and amount of high frequency noise alldohed.
decision on how high the observer bandwidth should be set is solely depending on the

applicationand designers choice.

On the other hand, the controller bandwidthdetermines the response time of
the observer as well as the PD tolter. Theoretically, the higher the value waf, the

faster the response time of the overall system. However, just like in the case with
observer bandwidth, controller bandwidth has its own limitations. From Figure 12 and
13, the cotroller bandwidth determines the proportional gain value, and, therefore, has a

finite range within which itcan be set. i.i s set too hi gh, t hen

will contain overshoot and may even lead to oscillations andbitisy.

There are many ways ADRC controller can be tuned and it is hard to choose one
that is the best, since the applications are all very different. However the presence of
boundaries for both tuning parameters makes it easier to define the rangeatibopand
fine tune the controller to achievke best performanc@ne definite rule in any system,
and in this design in particular, is that both tuning parameters must be higher then the
plants operating bandwidth. Taking into account above informatibe following

procedure demonstrates how the ADRC was tuned to control vibrating beam gyroscope.
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Knowing that the resonant frequency of VBG is around 10 kHz, the controller tuning
parameter was first set to the highest value before overshoot occurtéeé. game time,

the observer tuning parameter was randomly set to a value gdausten times higher

then the resonant frequency of the gyroscdpenning simulations with this set of
parameters yielded poor tracking performance, which meant thabsiaever parameter

was set too low. After increasing the observer parameter number of times, the

performance of the controller improved, until the observer upper boundary was met
(w, =43 10°rad/s). Any increase ofw, beyond thé value yielded no improvement in
tracking. Important thing to note is that the controller tuning parameter should not be
changed during observer tuning and vice verdter the fine tuning of the observer
parameterthe final values were set to be

w,=2310rad/s

(57)
w, =4310°rad/s

The above tuning procedure is unique for this particular application and can be
used as a general guideline for tuning ADRC controller. However, the values in equation

(57) will not necessarily work for another application.

Thefollowing simulation results are obtained using parameter values of equation

(57). Thefirst simulationresultis the response of the drive axis to a sinusoidal input
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Figure 14:Input and Output of Drive Axis

From Figure (14), the output of the drive axis (bottom)adertly tracking the
reference sinusoidal input. The transient of the outpatains a small overshoot that is

within the specified margins, and very fast approximately0ns. The amplitude and

frequency are constant and stable dytime operation.

The control signal of the drive axis is
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Drive Axis Control Signal
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Figure 15:Control Signal of Drive Axis

In the initial moment of operation, the system requires a large control signal to
achieve the desired set point, which is evident from FigureOtise the set point is
reached, the control effort is starting to exponentially decrease. Note how the transient

time of the control signal matches the transient time of the output of drive axis.

So far, the discussion was about the position output of the drive axis. However th
ESO also has estimated velocity and acceleration signal. In order to show how he

estimated velocityconverges tdhe measuredne, Figure 1@epresert the difference

between them#- z,)
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The Difference Between Estimated and Measured Velocity Outputs
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Figure 16:The Estimated vMeasured/elocity Outputs

During transient period there is a difference between estimated velocity and the
measured one. However, in the steady state the difference is very small and can be
considered to be zero for all practical purpo3édse same holds true for the difference

betwe@ estimated acceleration and measured one
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The Difference Between Estimated and Measured Acceleration Outputs
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Figure 17:Estimated vs Measured Acceleration Outputs

The next of results describes the results obtain by running simulations with sense
axis control. Figure 18 shows tinesponseof the sense axisutputto the applied z®

reference signal
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Sense Axis Reference Signal
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Figure 18:Input and Output of Sense Axis

The Figure 18 shows small amplitude sinusoidal instead of expected zero output.
However, the amplitude of the output is in the magnitude of avichs, which is well
within the noise floor of an analaignal. Therefore, for all practical purposes the output

of sense axis can be considered to be zero.

Unlike control signal of drive axis, the control signal of sense axis contains the

rotation rate information and is expected to be a sinusoidal irvoits range
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x10° Sense Axis Control Signal
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Figure 19:Control Signal of Sense Axis

Figure 19 shows how after a certain period of transient, the output reaches a
steady state, which is represented by a constant amplitude and frequency sinusoidal. The
steady state is reached within 200 micro secoadd contains the rotation rate

information
udrive = nyx + ZM (58)
By demodulating this signal and applying signal conditioning, the rotation rate
can be extracted and displayed.

The velocity and acceleration outpwf sense axis amsoestimatedo ensure
their convergencerl he following figures show the difference between the estimated and

the measured velocity and acceleration signals
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Figure 20:Estimated vs Measure Velocity Output

The Difference Between Estimated and Measured Acceleration Outputs
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Figure 21:Estimated vs Measured éaleration Output
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Figure 20 and 21 show the ammgence of the difference between estimated

velocity and acceleratioand the measured signals.

3.2  Analog ADRC Circuit Simulation

The above simulation results demonstrate the controller operation and
performance. However, these results are empirical dmehot show how to develop
hardware to obtain the same results during implementation. In order to achieve the same
results in hardware, the controller of Figure 12 and 13 must be converted to actual circuit
and simulatedising LTSpice circuit simulatoifhe main building blocks of ADRC are
the lowpass, higkpass and banpassfilters; therefore, the main focus is alesigning
filters that meet the specifications of equation (57). All three filters are designed using

pure analog circuits and operation isifted in time and frequency domains.

The first filter to be designed is an equal component Sallen Keyresamant

low-pass filter of Figure 9
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Figure 22:Sallen Key LowPass Filter

The mathematical representation of the -oass filter is given in equation (43).
Its cutoff frequency is given in equation (57) and by using equation (52) the values for

resistors R , R,) and capacitors, , C,) can be calculated. The resistors value is taken
to be R =R, =10kWand after calglating the capacitors value it come out to
beC, =C, =250pF . The rest of the resistor(, R, , R,, R;) are given values so the
overall gain of the filter is unity, th& R, =0, R, =39%kW, R, =0, R; = 39kWw.

To verify that the above values are sho correctly and filter operates properly,

its frequency responsebtained from a circuit simulatiors compared to the frequency

response of the Ioypass filter from equation (43) simulated in Matlab
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Figure 23:Low-PasgFilter Frequency Response using Matlab

Figure 24:Low-Pass Filter Frequency Response using LTSpice
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