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DESIGN, MODELLING AND CONTROL
OF A REACTION WHEEL ACTUATED SYSTEM

SUMMARY

The stability and control of spacecrafts has been an significant topic, since the
beginning of the space age. The spacecrafts (S/C) can be required to be stable in
some missions depending on the requirements. The S/C can also be required to rotate
with a given speed, to observe a point in space, to keep its orientation. In these cases,
depending on the orbit of the S/C, the attitude of the S/C should be changed with an
active control method.

The attitude control of a S/C can be realized with active and/or passive methods. Spin
stabilization is a passive method and used for the control of some S/C in the beginning
of the space age. This method utilizes the gyroscopic rigidity of a spinning object to
reject the disturbances on the rotating axis. Gravity gradient stabilization is another
passive stabilization technique. In this method, the S/C should be longer in one axis
comparing it to the other axis. The gradient in the length causes the gradient in the
gravity. In this way, the longest axis is aligned with the gravity vector and stability can
be maintained through the orbit. However the S/C can rotate freely about the gravity
axis, due to no control effort on that axis. Therefore it is not suitable for precise
missions.

In active methods, the attitude of the S/C can be changed with actuators. Magnetic
torquers are used to exert a moment on the S/C by applying a current on an inductor.
They can be used to dump the excess momentum of the momentum exchange devices.
Thrusters can be used in the orbit transfers due to their high torque/force output. They
can be used to apply high angle maneuvers on the S/C, also the momentum dumping
operations can be done using thrusters. Momentum exhange devices uses the reaction
torque generated when the speed or the rotating axis of a high inertia flywheel is
changed. Reaction wheel (RW) is composed of a flywheel, an electric motor to drive
it and electronic components to change the voltage/current applied on the motor in
order to change the speed of the flywheel. Control moment gyroscopes (CMG) can
be considered as a RW attached to a gimbal, and on that gimbal axis there is a high
torque capable electric motor. The rotation axis can be changed by this gimbal and
high control moments comparing to the RW, can be achieved by CMGs. RWs and
CMGs are used in high precise missions. CMGs are more complex than the RWs and
they are much more expensive. Depending on the mission requirements an active or a
passive method and proper actuators can be chosen.

In this thesis, reaction wheels, their electro-mechanical structure is researched. A
literature survey is conducted on RWs and the control applications with RWs. In
the literature, it is observed that most of the research is done on computer simulation
environment. It is important to test the systems both mechanical and electronic, on
a realistic test environment before real operations. On a test system, the sensors and
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actuators can be tested and a possible failure can be prevented beforehand. In this
research, for the purposes of modelling an control, a RW and a RW actuated test system
is designed on computer aided drafting (CAD) programme and then manufactured.
As a result, it become possible to observe the behavior of this dynamic system. A
mathematical model is developed and validated with the experimental data. Then, the
desinged controller is tested on the platform.

In the first section, the current research in the literature is presented. The purpose of
the thesis is explained.

In the second section, the design process of RW and the test platform is explained
with the CAD drawings. The testbed can be rotated in two axis, pitch and yaw. On
each axis, there is a RW to control the orientation. There are encoders on each axis
to measure the angles. The measured angles are processed with a controller and the
control signal is applied on the RWs. The processes of measurement, calculation, data
recording, controller implementation are done on a micro-controller.

In the third section, the mathematical model for a RW and the testbed is obtained.
RW is modelled using DC motor model. The testbed is modelled with the Newton’s
second law, the friction is taken as viscous friction and embedded in the equation of
motion. During tests, it is observed that the simulation results and the real data does
not match. An update for the friction model is required. Literature is surveyed on
the topic of friction. It is decided that the Stribeck friction model best represent the
nonlinear behavior of the testbed.

In the fourth section, controllers are designed. The first one is an open loop control law
to determine the time when to increase speed of the flywheel and when to decrease it.
In order to check if the desired angle is reached a feedback controller is needed. The
second controller is A PD based controller designed using parameter space approach.

In the last section, the contribution of the thesis is explained briefly and future work is
discussed.
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REAKSIYON TEKERI ILE KONTROL EDILEN BIiR SISTEMIN
TASARIMI, MODELLENMESI VE KONTROLU

OZET

Uzay ¢aginin bagladig1 zamandan giiniimiize, uzay araglarinin kararlilig1 ve kontrolii
onemli bir konu olarak gelisimini siirdiirmektedir. Uzay araglari kendileri icin
belirlenen gorevleri gergeklestirmeleri icin kararli bir yonelme halinde olmalari
beklenebilir. Ornegin siirekli donen bir uydu ile iletisim kurabilmek icin, uydunun
tizerinde ¢ok yonlii ve ¢ok sayida anten olmasi gerekir, ancak eger uydu siirekli
nadir dogrultusunda bakacak sekilde kararli hale getirilirse tek bir anten ile iletisim
saglanabilir. Benzer sekilde, uzay aracinin belirli bir noktaya yonelmesi beklenebilir,
orne8in derin uzay arastirmalari, gezegen gozlemleri vb. Bunun gibi durumlarda
uzay aracinin yoriingesine de bagli olarak, aktif bir kontrol yontemi ile yonelmesinin
degistirilmesi gerekmektedir.

Uzay araclarinin yonelme kontrolii aktif ya da pasif olarak gerceklestirilebilmektedir.
Pasif yontemlerden uzay aracinin belirli bir hizda dondiiriilmesi ile kararli hale
getirilmesi yontemi ilk uzay araglarinda kullanilan bir yontemdir ve jiroskopik etkiden
yararlanilarak donme ekseninde olusan bozucu etkilerin giderilmesini saglar. Bu
yontemde diisiik hassasiyet ile kararlilik saglanir ve haberlesme icin ¢ok yonlii
antenler kullanilmalidir. Yer cekiminin degisiminden faydalanarak da pasif olarak
uzay aracinin kararli hale getirilmesi miimkiindiir. Bunun i¢in aracin boyunun eninden
cok daha uzun olmasi gerekmektedir. Bu hali ile uzay araci bir sarkaca benzetilebilir.
Aracin yere yakin boliimiine daha fazla agirlik kuvveti etkiyor iken, uzak tarafina daha
az agirlik kuvveti etkiyecektir. Olusan bu fark ile uzay aracinin uzun oldugu eksen ile
nadir dogrultusunun ¢akigmasi saglanir. Yiiksek hassasiyetli uygulamalar i¢in uygun
degildir.

Aktif yontemlerde ise kullanilan bir eyleyici ile aktif olarak yonelme kontrolii
saglanabilir.  Manyetik eyleyiciler ile bobin iizerinden akim gecirilmesi sonucu
bir moment elde edilip yonelme kontrolii saglanabilir. Ayrica diger bir eyleyici
olan momentum degisim cihazlarinda bulunan disklerin limit hiza erismeleri
halinde kontrollii olarak yavaslatilmalarinda kullanilabilirler. Itki sistemleri yoriinge
transferlerinde kullanildig1 gibi, yonelme kontroliinde de kullanilabilirler, kimyasal,
soguk gaz ve elektrik olmak iizere ii¢ alt gruba ayrlabilirler.  Kimyasal itki
cihazlan ytiksek kuvvet/moment iiretebildikleri icin momentum degisim cihazlarinin
yavaslatilmasinda kullanilabilirler. ~ Ayrica hizli ve biiytik acili bir yonelme
manevrasinda kullanilabilirler. Elektrik ve soguk gaz itki cihazlar gérece daha diisiik
kontrol momenti iiretirler ve yonelme manevralarinda kullanilirlar. Buraya kadar
anlatilan aktif kontrol yontemleri dig bir etki ile moment olustururlar, momentum
degisim cihazlarinda ise uzay aracinin i¢inde bir diskin doniis hizinin ya da donme
ekseninin degistirilmesi bir tepki momenti elde edilir. Reaksiyon Tekerleri (RW),
Momentum Tekerleri ve Kontrol Moment Jiroskoplar1 seklinde ii¢ ayr1 grupta
toplanabilir. Reaksiyon tekerleri ve momentum tekerleri yapisal olarak aynidir ancak
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calisma prensipleri itibari ile farklilik gosterirler. Bu eyleyiciler, yiiksek ataletli bir
disk, bu diskin dondiiriilmesini saglayan bir elektrik motoru ve motora giden akimi
ve gerilimin ayarlanmasinda kullanilan devreden olusurlar. Momentum tekerleri sabit
bir hizda doner ve olusan jiroskopik etki ile kararlilik saglanir. Reaksiyon (Tepki)
tekerlerinde ise diskin doniis hiz1 degistirilerek bir tepki momenti elde edilir. Kontrol
Moment Jiroskoplar1 (CMG) ise reaksiyon tekerinin doniis eksenine gimbal eklenmis
hali olarak diisiiniilebilir. Bu gimbal ekseninde yiiksek tork saglayabilen bir motor
bulunur. CMG’lerde donen disk sabit hizda donebilecegi gibi, reaksiyon tekeri gibi
degisken hizlarda da donebilir. Gimbal eksenine bagli olan motorun calistirilmasi ile
momentum vektoriiniin yonii degistirilir ve RW’ye kiyasla yiiksek bir kontrol momenti
elde edilebilir. Yiiksek hassasiyet gerektiren gorevlerde, drnegin uzay teleskopunun
belirli bir hizda doniip, belirli bir noktaya bakmasi ve sabit olarak o noktaya bakiyor
vaziyette kalmasi gibi, RW ve CMG’ler kullanilirlar. CMG, RW’ye gore daha
kompleks bir yapidadir ve daha maliyetlidir ancak daha yiiksek kontrol momenti
dretebilir. Uzay gorevine bagli olarak aktif ya da pasif bir yontem belirlenerek, gérevin
gereklerini karsilayacak eyleyici(ler) secilebilir.

Bu calismada, reaksiyon tekerleri incelenmis, mekanik-elektronik yapisi konusunda
aragtirmalar yapilmis, RW’ler ile uzay aracinin kontrolii konusunda yapilan yayinlar
taranmistir. Yapilan yayinlarda genellikle kontrol yontemleri anlatilmis ve simiilasyon
sonuglart verilmis, gercek bir senaryoda ya da donanimsal bir benzetim ortaminda
test edilmemistir. Modelleme ve kontrol agisindan bakildiginda donanimsal benzetim
ortami, gergek testler gerceklestirilmeden Once ve bilgisayar simiilasyonlarindan sonra
onemli bir yer teskil etmektedir. Test sistemi ile kullanilan eyleyiciler gercege
yakin senaryolarda test edilebilir, olusabilecek hata durumlar1 6nceden fark edilip
giderilebilir. Bu ¢alismada modelleme ve kontrol islemlerini gerceklestirmek amaciyla
reaksiyon tekeri mekanizmasi ve reaksiyon tekeri test mekanizmasi mekanik ve
elektronik olarak tasarlanmig ve liretilmistir. Bu sayede uzay araglarinda da kullanilan
dinamik bir sistemin davranis1 gozlemlenmis ve matematiksel modellemesi ve fiziksel
parametrelerinin belirlenmesi islemleri gerceklestirilmistir. Sonraki asamada ise test
mekanizmasi iizerinde, tasarlanan yonelme kontrolorii test edilmistir.

Birinci boliimde konuya giris yapilmis, literatiire atif yapilarak hangi konularin
calisildigr belirtilmigtir. Konunun neden se¢ildigi ve tezin amaci detayl bir sekilde
anlatilmistir.

Ikinci boliimde teker tasariminda nasil bir yol izlendigi, tasarimlarm hangi degisik-
liklerden gectigi, bilgisayar destekli ¢izim ortaminda hazirlanan cizimler eklenerek
anlatilmistir. Tasarlanan test diizenegi yunuslama ve sapma eksenleri etrafinda hareket
edebilmektedir. 1ki eksende de kontrolii saglamak icin birer RW bulunmaktadir.
Eksenlerdeki doniis acilar1 enkoderlar ile dl¢iilmektedir. Enkoderlardan gelen yonelme
acilar1 tasarlanan kontrolorde islemden gecerek RW’lere iletilmekte ve kontrol
saglanmaktadir. Veri isleme, kaydetme ve kontrolor implementasyonu islemleri bir
mikrokontrolcii ile ger¢ceklestirilmektedir.

Uciincii boliimde RW ve test sisteminin matematiksel modelinin nasil elde edildigin-
den bahsedilmektedir. RW, dogru akim motor modeli kullanilarak modellenmistir.
Farkli gerilimler i¢in diskin sahip oldugu hizlar kaydedilmis, motor iireticinin
verdigi motor ile ilgili parametreler kullanilarak simiilasyon gergeklestirlmis ve
model, yapilan Olgiimler ile dogrulanmistir. Test sistemi ise Newton’un ikinci
yasasi kullanilarak modellenmis, eksenlerdeki siirtiinmeler viskoz siirtiinme olarak
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denklemlere dahil edilmistir  Bu asamada yapilan Olgiimler ile matematiksel
modelin simiilasyonu birbirleri ile eslesmemistir. Bunun sebebi olarak diizenegin
sirtiinmesinin dogrusal bir davranig gostermemesi olarak goriilmiistiir. Bu noktada,
test sisteminin modellemesini daha saglikli yapabilmek icin literatiirde bulunan
stirtinme modelleri incelenmis ve statik siirtiinmeyi de igeren Stribeck modelinin
uygun oldugu goriilmiistiir. Yapilan ol¢ciimlerden elde edilen veriler, tezde anlatilan
yontemden gegirilerek siirtiinmeyi belirleyen parametreler kestirilmigstir. Elde edilen
yeni model farkli verilerde de test edilmis ve yeni modelin dlgiimlere yakinsadigi
goriilmiistiir.

Doérdiincii boliimde, tasarlanan iki farkli kontrol yontemi anlatilmistir. Bunlardan
ilki, sistem dinamiginin bastan c¢ozdiiriilerek, hangi anda diskin hizlandirilacaginin
hangi anda diskin yavaslatilacaginin bulunmasi prensibine dayanmaktadir. Bu yontem
acik cevrim kontrol yontemi olarak adlandirilabilir, geri besleme kullanilmamaktadir.
Ancak, sistemin yonelmesinin istenilen degerlere gelip gelmedigini anlamak icin
geri beslemeli bir yontem kullanilmalidir. Tasarlanan ikinci yontemde, kontrolor
parametreleri sistem transfer fonkiyonuna belirsiz parametreler olarak girilmis, bu
parametreler belirli bir uzayda taranarak, kararliligi saglayan kazan¢ degerleri
bulunmustur. Simulasyon sonuglar1 ve test sistemi sonuglari sunulmustur.

Sonug¢ boliimiinde ise tezin katkis1 ve gelecekte yapilmasi planlanan calismalardan
bahsedilmisitr.
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1. INTRODUCTION

The exploration of space has been a topic of interest for a century. Once was a dream
for humanity, now capable of reaching at the edge of solar system and observing
beyond. The capability of sending payloads to orbit Earth, spacecrafts needed to be
controlled to be stable and/or to be oriented. Initially, the S/Cs were to be controlled by
passive methods such as spin stabilization or gravity gradient stabilization. Later on,
active stabilization became a requirement for some missions such as low earth orbit
(LEO) observation satellites. The active methods consist of gas thrusters, magnetic
torque rods, momentum exchange devices. These actuators and their variations are
used depending on their cost, advantage/disadvantage for the mission in question. Gas
thrusters are used to change the orbit of the satellite since they have high force/torque
capabililty. They are used to change the attitude of the S/C, however their bandwidth
is not wide as other actuators, because they only work in an on/off manner. The
momentum dumping feature of these actuators are used to dump the excess momentum

of RW and CMGs.

Magnetic torque rods are used in the orbits of planets with magnetic field, and in the
effective range of this magnetic field. They need electricity to be actively used. Their

bandwidth is wide, however the output torque is low.

Momentum exchange devices use the angular momentum difference to generate
control torque for attitude control. They can be classified in two categories, first
Reaction Wheels (RWs) and Control Moment Gyroscopes (CMGs). A RW has an
electric motor, a flywheel driven by the motor and electronic components to change
the speed of the flywheel. A S/C can be controlled by RW Array (RWA) by changing
the speed of the flywheels. A CMG has the same components as a RW, in addition
it has a torque motor to change the angular momentum vector of the flywheel. This
amplifies the torque as an advantage for the CMG. CMGs can be modified into Variable
Speed CMGs (VSCMGs), by changing the speed of the flywheel, it combines the RW

effect and the CMG torque amplification. This also helps to escape singularities that



can be caused by gimbal lock. CMG can be furhter modified into a Double Gimbal
CMG (DGCMG) which has a higher torque amplification capability. The complexity
and cost from RW, CMG, SGCMG to DGCMG increases.

A RW is advantageous actuator to orient the S/C from one attitude to another, since
it requires no fuel, it can run wherever the S/C can generate electricity. It has high

bandwidth comparing it to gas thrusters. It has low complexity comparing it to CMGs.

In the starting phase of this thesis, the literature for momentum exchange devices are
searched. The advantages of RWs made them the topic of this thesis. They are low
complexity electro-mechanical devices and they can be manufactured and controlled

by low cost microcontrollers.

In this thesis, mathematical model for a RW is obtained and validated. Also, in 1IDOF
and in 2DOF configurations the RW actuated systems are designed and manufactured.
The main purpose is to obtain a mathematical model for these systems, identify
the physical parameters, and finally validate the model. The last part is to design

controllers to change the attitude of the test systems.

1.1 Purpose of Thesis

There have been significant contribution in the literature of control theory and in the
spacecraft control applications, however some of these contributions cannot have place
to be tested on the spacecraft itself or even on a test environment. In this thesis, a
model is developed and validated with the experimental data for a reaction wheel and
reaction wheel actuated system. The purpose of this thesis is to develop and validate a

momentum exchange system and to be able to test new control methods.

1.2 Literature Review

The momentum based control of spacecraft, with active or passive methods, dates back
to the beginning of the space age. In the first applications, the S/C is rotated with an

angular rate, this passive method utilizes the gyroscopic rigidity of a rotating object [1].

In later studies, the spacecraft is designed to be composed of two parts as rotor and
stator and with the angular momentum of the rotating part, the system is kept stable.

With the development of technology, reaction wheels and control moment gyroscope

2



devices have been used to generate momentum by rotating one or more discs or
changing rotation axes instead of rotating the entire spacecraft. The reaction wheels are
based on the principle of producing reaction torque by changing the speed of the wheel.
With this reaction torque produced, the spacecraft can perform the desired orientation
movement in three axes. The most common state of a rotating disk and the control
torque is the variable speed control moment gyroscopes (VSCMG)). In these devices,
the direction of angular momentum can be changed by the motor on the gimbal axis.
These devices can produce higher torques than the reaction wheels, but they are more
complex and have higher costs. Table 1.1 shows the comparative table of the actuators

used in the orientation control.
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We can collect the studies on reaction wheels in the following topics: zero speed
crossing [1] [3], minimum time optimal control [4] [5], integrated momentum storage
and orientation control system [6] [7] [8] , the reaction wheel array configuration [9]
[10], the vibration generated in the spacecraft [7] [11], the momentum discharge [12],
and applications outside the spacecraft [13] [14] [15]. Thanks to this detailed literature
survey, it is possible to take into consideration the configuration trials and the optimal
and linear controller tests that are expected to be realized in the thesis. Studies have
been carried out to determine which configuration will provide the lowest power
consumption for different tasks in configuration [9]. In another study [10], it was
explored how the torque and momentum envelopes should be positioned in order to
provide optimal agility, and how torque and momentum should be distributed between
the wheels. It is also important that the spacecraft performs the steering maneuver
in the shortest time and with the lowest power consumption. In this regard; in the
operation [4], the reaction time of the reaction wheels to the maximum speed and the
time from the maximum to the stationary position are known. In order to perform the
eigenvector rotation, the equation of motion is analytically solved and the open loop
control law were calculated. In ref. [5] it is developed a control law that defined energy
as a function and minimized it. With the knowledge gathered in the literature research
section of the thesis, information about how the system requirements should be taken,
what should be paid attention to in the wheel design, and which control methods can

be used to control the RWA in the following stages are obtained.






2. DESIGNING A REACTION WHEEL AND A REACTION WHEEL
ACTUATED SYSTEM

In this chapter, design methodology for a reaction wheel surveyed in the literature.
Furthermore, in order to apply a reaction wheel test on ground, initial simulations are
carried out. In the first phase, the requirement for a RW is considered, how fast the RW
should rotate the test system, what the inertia of the testbed is, etc. Next, based on the
literature, a design method is utilized to determine the size of the RW. This method,
however, is to be applied for a S/C, for ground applications, there are significant effects,

such as friction, mass imbalance on the rotation axes.

2.1 Determining the Wheel Dimensions

In this section, using the methodology described in [16], the dimensioning of the

flywheel according to the determined time and rotation angle is explained.

Depending on the specific parameters of the reaction wheel and spacecraft, the moment
of inertia of the wheel may be determined. The maximum speed at which the motor

and the disc can rotate:
Qpax = 4000 rpm 2.1

J is the moment of inertia of the flywheel. Maximum angular momentum that the

wheel can have:
27
Nonax = JQRumax = J %4000 % =) 2.2)

In order to rotate the S/C, an angle of 0

21 max 0

hmax

tr = 2.3)

Lyax Here is the maximum moment of inertia of the I,,,, spacecraft or testbed. Some

of the limitations of the wheel can be added to the equation, the moment of inertia can

7



Figure 2.1 : Model Lab 3DOF Gyroscopic Test Mechanism. [2]

be found, and the number of times it will be able to perform a maneuver, or otherwise,
the inertia of a wheel that can perform the desired maneuver within a set time can
be found. The first way was used here, primarily the diameter of the wheel is not to
exceed 10cm. This can be explained by the limited size of the testbed in Figure 2.1
and the power requirement. The testbed seen in Fig. 2.1 will be used in the scope of
the project mention in the Foreword section. The RW and testbed used in the thesis
is funded by the same project and the same RWs will be tested on the gyroscopic test
platform seen in Fig. 2.1 in future studies, therefore the maximum possible inertia is
the yaw inertia of the gyroscopic test platform seen in Fig. 2.1 and it is taken in the
calculations. The moment of inertia of the ring can be calculated analytically when its
wheel is considered as a ring and its material properties are known. The outer radius
of the ring can be taken as R = 10cm inner radius r and the thickness of the disk can
be taken as d and the volume of the ring can be calculated. Aluminum is considered
as the material of the wheel. The mass can be calculated using the volume and density
information, and the moment of inertia can be found here. Cross-sectional area of the

ring:



A=r(R*-r) (2.4)

Volume of the ring:

V=Axd (2.5)
Mass of the ring
m=pV (2.6)
Inertia of the ring:
J =mR? (2.7)

These equations are coded parametrically in MATLAB. By changing the r and d values,
the moment of inertia can be increased or decreased for the same diameter wheel.
When R =5 cm, r =4 cm,d = 0.5 cm, a 90 degree rotation can be done in 15 seconds

for the specified characteristics.

2.2 Designing Reaction Wheel

In the literature, the topics of the papers are mostly about the controller design,
stability analysis etc. However, they are mostly based on simulations assuming the
RW performs without any imperfections. There are not so much detail about the

manufacturing of a RW.

The components of the RW are a motor and its driver, a flywheel, an encoder to
measure the speed, and a box to hold these together and to prevent the damage in a
case of failure. In Fig. 2.2, initial design of the RW is presented as exploded assembly

form. In Fig. 2.3 cross section view of the designed RW can be seen.

In the next design iteration, it is decided to be able to change the motor and the flywheel
to analyze the performance of different motors and flywheels. This also will help to
validate the model parameters of the RW. A plate is designed and mounted on the CAD
drawing, also 3 options for flywheels are included. This new design can be seen in Fig.

24.



Figure 2.2 : Reaction Wheel (Encoder, Flywheel, Motor and its Driver) Initial Design

There should be a speed measurement equipment to keep the speed of the wheel
constant when control torque generation is not required. An encoder is thought to
be mounted on the RW. However, the encoder to be used is limited to the maximum
speed of 1000 rpm. In order to solve this problem, tests are performed on the RW to
identify the behaviour of the RW, within the safe operational speed range. In normal

operation, the encoders will not be used.

Figure 2.3 : Reaction Wheel Cross Section

2.3 Designing a Reaction Wheel Actuated System

In order to test the torque capability of the RWs, to test the controllers on the RWs,

to test how the RWs can actuate a system, a testbed is required. The literature is

10
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Figure 2.4 : Reaction Wheel Components and Disc Options (Final Design)

sureveyed on this subject, testbed manufacturers, their products are examined. The
proposed design is a two degree of freedom reaction wheel actuated system. This
system has a base on which the moving parts are mounted. It can freely rotate on the
yaw axis without restrictions, on the pitch axis, it can rotate in a range between -40
degrees and 40 degrees. The final design on a CAD program can be seen in Fig. 2.5.

Previous designs can be seen in the figures in the appendices section.

11
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The main requirements in the design process were:

e to be easily manufactured

e to have less number of components, less complex

e casy to mount the RWs

e to be as small as possible, in weight and in dimensions
e to be able to mount the encoders to measure the angle

e to have small amount of friction

These design concerns are taken into account and the testbed is designed in CAD

environments, several revisions are made until the final version is reached.

The testbed is manufactured and components are assembled as seen in Fig. 2.6

13
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As seen in Fig. 2.6, the testbed can rotate around two axes, pitch and yaw. It has two
reaction wheels to be able to control the orientation with the reaction torque generated

by the RWs. It has two encoders to measure the pitch and yaw angle.

15






3. MODELLING A REACTION WHEEL AND A REACTION WHEEL
ACTUATED SYSTEM

In this chapter, in order to simulate the behaviour of the system, a model is developed.
First the reaction wheel is modelled with the well-known DC motor model and the
physical parameters are either given by the manufacturer or identified. The RW
actuated system equations are derived using Newton’s second law. The inital viscous
friction model was not representing the behaviour of the system. Therefore a new

model is proposed based on the literature.

3.1 Modelling Reaction Wheel

Reaction wheel is simply an electric motor and a flywheel driven by it. The high inertia
flywheel helps to generate torque when it is accelerated by manipulating the voltage
on the motor. Direct current electric motor mathematical model is utilized, the wheel

inertia is included.

3.1.1 DC Motor Model

The DC Motor model including the rotor inertia:

JQO+bQ =Ki
di 3.1
LEJrRz =V —-KQ

The parameters in the equations are given in Table 3.1.

Table 3.1 : Motor Parameters.

Parameter Explanation Value Unit
] Wheel Inertia 1.24e-4 kgm?
R Motor Resistance 0.83 ohm
L Motor Inductance 0.0641 H
b Motor Friction Coefficient 4.07e-6 Nms/rad
K Motor Torque Constant 0.0182 Nm/A

The parameter J is the inertia of the wheel and it is modelled in CAD programme,

its inertia is taken from this programme. R is the motor resistance and L is the motor

17



inductance, these values are taken from the datasheet of the manufacturer. However b
which is the motor friction is not given in the datasheet, this parameter is identified as
follows: first measurements are taken on the system, for a certain voltage applied on

the motor, the terminal speed of the wheel is recorded.

When there is no change in the speed of the wheel and the current is constant in the

steady state, the equations become:

bQ =Ki
(3.2)
Ri=V —KQ
Solving the equations above
Rb Vv
—+K )=~ (3.3)
K Q
Limit speeds for the wheel is recorded for some certain voltage values.
Voltage vs. Speed of the Flywheel
700,00
y =54,39x ]
600,00 T
— v
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2 A
£ -
[ O
< 300,00 &
‘5 o
& 200,00 -.::.._‘__..»:"
O
100,00 @
e
-
0,00
0 2 4 6 8 10 12 14

Voltage on the Motor (Volt)

Figure 3.1 : The Relation Between the Limit Speed of the Flywheel and the Voltage
on the Motor

The equations 3.1 are solved numerically with the given parameters in Table 3.1. The
angular speed of the flywheel and the current that is drawn by the motor can be seen in

Fig. 3.2.
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Figure 3.2 : Motor Model Simulation Output for RPM and Current for V = 8§ Volts

3.2 Modelling Reaction Wheel Actuated System

In order to test the RWs, a platform is needed. In some cases air bearing platform is

used to test the behaviour of the reaction wheels in three axes.

In this case, a low cost solution is proposed. The platform will be able to rotate about
two axes, pitch and yaw. It will be mounted on a base and rotating parts will be on

bearings.

In the air bearing test case, it is nearly frictionless environment to test the RWs.
However, with normal bearings, a friction model needs to be employed to increase

the fidelity of the model.

For the inital tests, a readily available 2DOF Helicopter Test Platform seen in Fig. 3.3
is utilized. First the mathematical model given by the manufacturer is tested for the
yaw motion with restricting it on the pitch axis. In the given mathematical model,
only viscous friction is taken into account. The experiments on the platform showed

that, in order to increase the fidelity of the model, a valid friction model needs to
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be implemented. Before coming to this conclusion, here are the experiments and the

system identification approach to obtain the physical parameters.

Figure 3.3 : 2DOF Reaction Wheel Test Platform

The equation of motion for yaw axis in helicopter configuration:
Iy +by =K,V (3.4)

In the experiment with the 2DOF Helicopter Test Mechanism, only the yaw motor
is used, and yaw motion is studied in order to find a friction model. In the equation
3.4, even small amount of control moment can rotate the system. However, in the
experiment, it is observed that, the voltages less than 4V cannot rotate the system.
This gives rise to the error in the friction compensation. Thus a new friction model
needs to be proposed. The parameters are described and their values are given in Table

3.2

3.2.1 System Identification
The equation 3.4 is converted into Laplace domain.

Transfer function for the voltage input to the y angle output becomes:

K,y

vis)
V (S) - S2 + lfys (35)

In order to identify the physical coefficients, the yaw motor is excited with a square
wave voltage and several experiments are conducted on the platform. Here, given two

experiment for the purpose of identifying the parameters.
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Table 3.2 : Parametes of the 2DOF Platform.

Parameter Explanation Value Unit
I Total Inertia About Z Axis 2.28e-1 kgm?®

b Friction Coefficient About Z Axis 0.082 Nms/rad
K,y Torque Constant 0.428 N/V

3.2.1.1 First Experiment

For the first experiment, -4 Volts constant voltage and 0.4 Volt square wave voltage is

applied. The transfer function given by System Identification Toolbox of MATLAB:

The transfer function given in Eq. 3.5 is named Model 2 in the simulation seen in Fig.

3.5.

Y

psi_d_new.mat

To File1
Scopel
uogg » 0.03457 » L > ]
s+0.04315 s
Signal Transfer Fon Integrator Scope
Generator
4 P psi_new.mat
Constant To File
P duldt P psi_d_new2 mat
0.03457 Derivative To File3
"|  $2+0.04315s+2.871e5 -
Transfer Fcnl o
Scope2

psi_new2.mat

To File2

Figure 3.4 : MATLAB Simulink Diagram for Model Validation.

3.2.1.2 Second Experiment

For the second experiment, -5Volts constant voltage and 1 Volt square wave voltage
with a frequency of 0.02 rad/s applied on the yaw motor. The transfer function given

by System Identification Toolbox of MATLAB:

w(s)  0.08911
V(s) s+0.09091 (3-6)
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Figure 3.5 : System Identification Validation (First Experiment).

3.2.2 Friction Model

Several experiments and identification processes are conducted on the platform and
two of them are presented in the previous section. In each experiment, a model is
obtained with the given experimental data, the model output is compared with the
measured values of the angle and angular speeds. It is observed that the models cannot
overlap with the experimental data, for both angular speed and angle responses. It is
also known that, in the mathematical model representing the system, even a small
amount of control moment can rotate the system. However in the experiments, it
is observed that the voltages below 4 Volts cannot rotate the system. This can be

explained with static friction phenomena.
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In order to propose a better mathematical model, the literature on friction is surveyed.

3.2.2.1 The Coulomb Model

The classical way to model static friction is the Coulomb model.

friction model:

F. = uF,sign(v)

In the Coulomb

(3.7)

here F, is the normal force, u is the friction coefficient, v is the velocity of the object

[17] [18]. This model is a candidate for the testbed friction behaviour.
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Figure 3.7 : Coulomb Friction Representation.

3.2.2.2 The Stribeck Model

In the coulomb friction model, after the static friction is overcome, the friction
force/torque does change with the speed linearly. In the Stribeck Model, there are
four phases, phase 1: no sliding which is where the static friction effect occurs, after
the static friction is overcome there comes the second phase: boundary lubrication. In
this phase, the friction force/moment remains the same. In the third phase, which is
partial fluid lubrication, the friction force/moment decreases with increasing velocity.
In the fourth and last phase, full fluid lubrication, the friction force/moment increases

with increasing velocity [17] [18].

3.2.2.3 The Dahl Model

In the Dahl model, friction is described with an analogy of stress-strain behaviour of
materials. Dahl assumed that the friction force is not only a function of velocity, but a

function of displacement as well [17] [18].
The formulation:

dFy(x)
dx

F
=0 ‘1 — F—'fsign(fc)

sign (1 - %sign()'c)) (3.8)

C
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Figure 3.8 : Stribeck Friction Representation.

where o is the stiffness parameter at equilibrium point Fr = O[N], F. is Coulomb
friction, n is a material dependent parameter, O < n < 1 for brittle materials, n > 1

for more ductile materials [17] [18].

3.2.3 Identification of the Friction Model

In order to validate the model and determinde the friction model coefficents several
experiments are done on the test platform seen in Fig. 3.3. Literature is surveyed to
gain insight on the determination of the model parameters, and to choose the best suited
model. After several trial and error process, it is decided that the Stribeck friction

model best suits the behavior of the testbed.

A methodology is developed and applied to determine the model parameters,
depending on the data recorded on the experiments. Friction cannot be directly
measured, therefore from the measurement of the angle, angular rate; an experimental

estimation of the friction is obtained.

In this process, the testbed is turned into a form that it can move only about the yaw

axis, this makes it single input single output system.

The equation of the system can be written in such form:
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Nr+Mp=1(V) (3.9)

where y is the yaw angle, I is the inertia about the yaw axis, M is the friction moment

about the yaw axis, V is the voltage, 7 (V) is the moment applied by the motor.

When the system has an initial velocity and there is no voltage on the motor, the
equation of motion becomes:
Iy+Mp= 0
(3.10)
1y +boy + b1y + b2y +b3 =0
In order to capture the Stribeck curve, the friction is modelled as a third degree

polynomial of the angular rate.

The equation can be rewritten as:

boyr + by + by + by = — 1 (3.11)
In the Eq. 3.11, yr is a known quantity. The angle v is measured directly by the
encoder, y is obtained by applying a derivative filter to the angle. The inertia / is
also a known quantity. The friction related coefficients by, b,by, b3 are unknown
parameters and to be estimated. If Y is known, the friction related coefficients can
be estimated by using the least squares method on the experimental data. However,
applying a derivative filter to the angular rate y gives a noisy result and cannot be
used. Another solution is to model the angular rate y as a function of time when there
is no external torque applied on the system. If a function can be obtained, the time

derivative of this function can be taken to obtain V.

In Fig. 3.9 the time response of the angular rate can be seen. The polynomic function
is found using least squares method. This function is than derivated to get the . Now,
the only unknowns in the equation of motion are the b terms. They can be identified

again by least squares regression.

The time dependent function ( Eq. 3.12 ) of the angular rate y is obtained using least

squares method with the help of experimental data.

Y= (6751075t 4+ (<41 x 1072) 24 (=9.5 X 1072) 24 (~1.3)1410.9 (3.12)
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Figure 3.9 : Angular Rate as a Function of Time.

In order to estimate the friction coefficients seen in Eq. 3.11, the second derivative of
the angle is needed. The time dependent function of the angular rate is derivated with

respect to time, can be seen in Eq. 3.13
W= (2.68x107") 7+ (-123x107%) >+ (-1.9x 10 ")+ (—1.3)  (3.13)

The function relating angular rate and angular acceleration is estimated using least
squares method with the experimental data. At each time step the measured angular
rate is known, the estimated second derivative of the angle is also known quantity.
Considering the equation of motion (Eq. 3.11) the relation between ¥ and y is

obtained.
Iy = (—6.89 x 1074) y + (2.05 x 1072) y? + (=5.25 x 10~1) ¥+ (0.375) (3.14)

In Fig. 3.10 the friction moment as a function of the angular rate can be seen. In the
horizontal axis is the angular rate Y, in the vertical axis is the friction moment. The

coefficients seen in Eq. 3.14 are by, by,b;, b3, respectively.

In the initial mathematical model, friction was modelled as viscous friction, however in

the experiments, it was observed that for some voltages the system cannot be rotated.
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Figure 3.10 : Friction as a Function of Angular Rate.
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Figure 3.11 : Time Response of Angular Speed for the Applied Voltage of 6.7 Volts.

This phenomena is explained as static friction in the literature. In the scope of the
thesis, a systematic method is employed to identify the friction model experimentally,
a two stage least squares method is utilized. As a conclusion, the mathematical model

with the identified parameters became a more reliable model comparing it to the inital
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model. However, it should be noted that, this model is highly nonlinear and it has the

switching property due to the friction model.
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4. CONTROLLER DESIGN

In this chapter, two types of controllers are designed and applied on the simulations
and on the real testbed. The first one is on-off controller, the second one is a parameter

space approach based Proportional-Derivative (PD) controller.

4.1 On-Off Controller Design

In the section about RW design, it was found out how much time the spacecraft could
scan according to the properties of the reaction wheel. Using the same mass and inertial
properties, the equation of motion of the spacecraft is solved numerically, using only
one reaction wheel and assuming it only rotates around an axis. The spacecraft will
be controlled around the z-axis. The desired reference value will be reached with an

on-off controller.

At this stage, the control signal required to perform a particular maneuver in a
minimum time with a known reaction wheel of a known S/C of inertial properties is
calculated as open loop and the resultant controller is applied on the computational
simulation system and the results are presented. The open loop control signal
is obtained by integrating the equations of motion at certain time intervals. The
acceleration and deceleration characteristics of the reaction wheel are as in Fig 4.1.
To scan the positive angle, the RT should be rotated in the negative direction, and the
negative angle should be rotated in the positive direction to scan. In this example; a

positive maneuver is desired. Starting angle and desired angle to be reached:

6,=0°  6;=90° 4.1)

The maneuver will be carried out in three stages. In the first phase, RW will be at zero
speed, the maximum speed it can reach (4000 rpm). At the second stage, the RW will
rotate at the limit speed and the spacecraft will have a certain angular velocity. After

a certain angle is scanned, the RW will slow down and stop at the third stage. At the
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moment the RW is stopped, the angular velocity of the spacecraft is zeroed and the

desired orientation maneuver is performed. The equation of motion:
IscO+JQ =0 (4.2)

Here, the total moment of inertia of the Igc spacecraft is the moment of inertia of
the J reaction wheel, while the Q is the acceleration of the RW, which is also equal
to the slope of the graph in Fig. 4.1 in the first and third regions. In this example,
acceleration and deceleration are thought to be linear and equivalent. In the equation
of motion, Igc, J and Q, Q att = 0 are known, the initial value problem can be solved.
Since the acceleration behavior of RW is known, the time to reach the maximum speed
of RW can be calculated. If the equation of motion is integrated in this time period, the

rotation angle at ¢ is:
- =0, (4.3)

Since the same amount of angle will be scanned at the deceleration time, the equation
t1 =tz is valid. If #; +#3 is removed, the angle to be scanned in the second stage can be

found. The time spent in the second stage can be calculated from this.
0, =05 — (6, +6,) (4.4)
The equation of motion in the second phase:
Isc6 =0 4.5)
If it is solved for the duration of 7,
8, = 6,12 (4.6)

The angle 6;, that is covered in time #, is calculated earlier, the time in the second

phase can be calculated. This time is important because when to slow down the wheel

should be known.

In Fig. 4.2, the simulation result shows the orientation angle and angular velocity

graphs of the spacecraft. In the first region, the angular velocity increased and in the
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Figure 4.1 : RW Speed Time Response

second stage the speed of the reaction wheel was constant as the speed of the reaction
wheel was fixed. In the third zone, due to the wheel being decelerated, an acceleration
in the opposite direction has occurred and the speed of the vehicle has become zero

when the desired angle has been reached.

As can be seen from the orientation angle graph, after ¢; + r, + t3 period, the vehicle
performed the desired steering maneuver and no deviation was observed. This method
was made assuming that there were no disturbing effects for the minimum time
maneuver. However, in a real scenario, there may be effects that will cause the system

and RW to behave differently than expected.

4.2 Linear Controller Design Based on Parameter Space Approach

In order to design a linear controller for this system, model is represented in Laplace

domain. The equation of motion about Z axis:

Iy + [bOW3 + b y? +bzl[/—|—b3] sgn () =1, 4.7
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Figure 4.2 : S/C Angle and Angular Speed Time Response for On-Off Control

If the angle to be rotated and the angular speed is assumed to be small, and the static
friction to be compensated with a feedforward term. The equation of motion can be

simplified to this form:
Iy+byy=rt, (4.8)

The Laplace domain representation:
Pis)
E (S ) Ky (s —+ b72>

~I—

4.9)

The motor equations are transform into Laplace domain as voltage is the input and

angular speed of the wheel is the output.

Q(s) _ K
V(s)  [(Js+Db)(Ls+R)+K?] (4.10)

Finally the motor, wheel and the rotational system about Z axis can be represented as
one transfer function: voltage as the input and the angle about Z axis y is the output.

The parameters in Eq. 4.12 are listed in Table 3.1

JK
ys) _ I’ 4.11)

VI s +b) (Ls+R) + K [s (s+ )
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Controller design for this simplified form can be implemented and furthermore,

stability analysis can be performed.

The controller is in the Proportional-Derivative form:

G(s) =K, +Kys

4.12)

Controller design is implemented based on the method described in [19].

The controller is designed to be a PD based controller. K, and K are taken as uncertain

parameters in the transfer function and the stability region in K, — K; plane is searched.
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Figure 4.3 : Stability Region in K, — K; plane

The simulations are run for several reference inputs, and K, K; combinations, the

results are listed in Figs. 4.5, 4.6, 4.7, 4.8, 4.9, 4.10, 4.11.

In the process of controller parameter tuning, K, - K, pairs are chosen from the stability

region seen in Fig. 4.3. Several options are tested on simulation environment first and

then on the real test platform.
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Figure 4.4 : Pole Spread for the Stable K}, - K; pairs seen in Fig. 4.3

In Fig. 4.5, 4.6, the reference signal to be tracked is a 10 degrees square wave. The
controller is driving the system near to the reference, however there is a steady state

€Irofr.

In Fig. 4.7, several K, - K; are tested on the system for 10 degrees square wave
reference signal. It can be observed that, as the controller gain for K, increases, the
reference tracking performance gets better. For the case of K, = 100, K; = 10 the
steady state error is minimal. It is also observed that as the K, is increased more, the

control signal increases and saturation occurs.

The first part of the tests are done for the same reference signal. For the next case, the
reference signal is changed and the controller parameter is fixed at K, = 100, K; = 10.
In Fig. 4.9 the time response can be observed for 20 degrees of square wave reference

signal.
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Figure 4.5 : Yaw Angle Time Response K, = 40 and K; = 10

Yaw Angle Time Response

30 T T
—— s Reference
= =  Measured
20 F
w . - T i 7T
@ 1 f ,
GJ I I L
:]6; 10 - [] i : i 1 ¥ I T
: A O A O O F
= ok 1 i ! : : 1 1 -
o 1
o |, ! ! ; ! I ' !
[ ] [] 1 1 I
=L 1 8 i ) 1 ! 1 ¥
= -0 ] i T
© ! 1 . 1
- ) ) 1
-20 -
_30 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

f(s)
Figure 4.6 : Yaw Angle Time Response K, = 40 and K; = 10
In Figs. 4.9, 4.10 and 4.11 the overshoot effect increases as the reference angle gets
bigger. This is due to the high gain, high error combination. However the reference

tracking performance of the controller is not decreased.

It can be seen that the time response of the angle has a steady state error, considering all
the figures. This should be minimized or diminished by modifying the controller with
an integral component. If it were possible to rotate the wheels without a limit speed,
this would be a solution. For future work, the excess momentum can be dumped to the

static friction torque by slowing down the flywheels in a controlled fashion.
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Figure 4.8 : Yaw Angle Time Response for K, = 100 and K; = 10, Reference 10
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S. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, a RW and a RW actuated testbed design, modelling and controller
design is taken as a research subject. RW is a dynamical system, it is used in space
applications to actively control the orientation of the S/C. The purpose of the thesis was
to design a platform to be able to identify the system initially, to obtain a high fidelity
model and to validate it with experimental data. The final objective of the thesis is to

be able to test control methods on RW actuated system.

In the first stage of the thesis, the literature survey is conducted on RW systems. It
is observed that practical test environment is needed to be able to do realistic tests
on control actuators. Test environments such as air bearing platforms and gyroscopic
platforms are researched. It is decided to design and manufacture a two degree of
freedom test platform to test the reaction wheels. The reaction wheels are designed
according to the maximum inertia of the possible testbed. There have been multiple

designs in this process and finally RW and test platform are manufactured.

In the second stage, reaction wheel and the testbed is modelled mathematically with the
laws of physics. Initially, it is observed that the model output and the measurements
does not match. The reason behind that is thought to be the friction model. In the
mathematical model of the testbed, the friction representation did not include the
static friction effect. The model is updated with the Stribeck friction model and its
parameters are identified based on the method described in the thesis. Thus a high

fidelity model is obtained to simulate the output of the designed controllers.

The last stage was to design and test controllers. A simplified version of the
mathematical model is utilized based on assumptions to design a controller using
parameter space approach. A plane of all possible PD controllers is obtained, several
K,, K; combinations are chosen from this plane and tested on the platform. It is
observed that increasing K, helped the system to reach the desired angle quickly,
with a possible cost of overshooting. It should be noted that the tests show PD based

controller cannot overcome the steady state error. In order to close the gap, an integral
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part could have been included to the controller. However this also comes with a cost,
since the wheels have a saturation speed. In the S/Cs the excess momentum is dumped
with other actuators. In this testbed, the excess momentum can be dumped to the static

friction on the bearing, by slowing down the wheel in a controlled way.

For future applications, it is planned to manufacture four more RWs and a 3DOF
test platform to be tested on gyroscopic test mechanism [2] in Model Lab. ITU.
This research can be helpful understanding nonlinear systems’ behaviour, friction
phenomena and how to model and compensate it, to test controllers, to gain insight

on the behaviour of RWs on S/Cs.
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APPENDIX A.1: Rotary Encoder Readings.

/%
* Rotary Encoder Angle Readings
x/

#include <Servo.h>

// constants

#define POSMIN —512
#define POSMAX 512
#define PWMMIN 1000
#define PWMMAX 1900
// pins

#define PINA 3
#define PINB 6

// rotary encoder position
volatile float pos;

volatile float pos_d, pos_d_new;
volatile float alpha;

float pos_prev, pos_new;
float t_new, t_prev;

// esc related variables
Servo esc;
int pwm;

void setup () {

// pins

pinMode (PINA, INPUT);
pinMode (PINB, INPUT) ;
//esc.attach (ESCPIN);

// initialization(s)
pos = 0;
pos_d = 0;
alpha = 0.95;
pos_prev = 0;
t_prev = 0;

// interrupt for pos update
attachInterrupt(digitalPinTolInterrupt (PINA),
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checkPos) ;



Serial .begin (9600);

}

void loop () {
t_new = millis ();
pos_new = pos;

// only the prints for the serial plotter

Serial.print(2000);
Serial . print("_");
Serial . print (PWMMAX) ;
Serial . print("_");
Serial . print (PWMMIN) ;
Serial . print("_");
Serial . print (POSMAX) ;
Serial . print("_");
Serial . print (POSMIN) ;
Serial . print("_");

if ( isnan(pos_d_new) )
pos_d = 0;
else
pos_d = pos_dxalpha + pos_d_new=x( 1 — alpha );
Serial . print (pos*360/205) ;
Serial . println ("_");
Serial . println (pwm) ;

t_prev = t_new,;
pos_prev = pos_new;

void checkPos () {
// called when PINA (of rotary encoder) changes
// updates pos

if (digitalRead (PINA) != digitalRead (PINB)) {
pos += 0.1;

}

else {
pos —= 0.1;

}

pos = constrain (pos, POSMIN, POSMAX) ;

48



APPENDIX A.2: The Code to Run the Designed RW Actuated System.

/%

* How to use:

* Do the pwm calculations in ISR() function.
* Fill RES1 and RES2.

%

*

x/

#include <SPI.h>
#include <SD.h>
#include <Servo.h>

#define TWO_PI 6.283185307179586476925286766559

/l pins

#define PINAI1_
#define PINA2
#define PINBI1
#define PINB2_

AN L W

~

#define esc_1_pin
#define esc_2_pin 8

// consts
const int PWM MIN = 1100;
const int PWM MAX = 1800;

const int RES1 = 1024;
const int RES2 = 1024;

/! vars
Servo esc_1;
Servo esc_2;

int pwm_1;
int pwm_2;

float tt;

/!l rotary encoder positions

volatile 1int posl;
volatile int pos2;
volatile int posl_prev;
volatile int pos2_prev;

volatile double speedl;
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volatile double speed2;

/l logging
File log_file;
String log_data;

void setup () {

/x ESC %/
esc_1.attach(esc_1_pin);
esc_2.attach(esc_2_pin);

/* Rotary Encoder x/

pinMode (PINA1_, INPUT);
pinMode (PINB1_, INPUT);
pinMode (PINA2_, INPUT);
pinMode (PINB2_, INPUT);

posl = 0;
pos2 = 0;
posl_prev = 0;
pos2_prev = 0;

attachInterrupt(digitalPinTolInterrupt (PINAl1_), checkPosl );
attachInterrupt(digitalPinTolInterrupt (PINA2_), checkPos2 );

/* Timer Interrupt =/

cli ();
/! cleaning
TCCROA = 0;
TCCROB = 0;
TCNTO = O0;
/1 CTC

TCCROA = (1 << WGMOL);
/l prescaler
TCCROB |I= (1 << CS00) | (1 << CS02);

/!l compare reg
OCROA = 0x9C;

// enable
TIMSKO I= (1 << OCIEOA);

sei ()

/+ Logging x*/
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pinMode (SS, OUTPUT);

Serial .begin(9600);
// wait for serial
while (! Serial) {};

Serial . print ("[ Message] Initializing SD card.");

if (!SD.begin(SS)) {
Serial . println ("[ Error] Initialization failed!");
while (true) {};

}

Serial . print ("[ Message] Initializing completed.");

Serial . print ("[ Message] Oppening log file .");
log_file = SD.open("logll.txt", FILE WRITE);
if(!log_file) {
Serial . print ("[ Error] Couldn’t open log file .");
while (true) {};
}
Serial . print ("Log file successfully opened.");
log_file.println ("posl; pos2; pwm_l; pwm_2");
log_file.println( micros() );
log_file.close (); //!!!
log_data = "";
tt = 0;

void loop () {
tt += abs( micros () );
log_file.println(log_data);
Serial . println (log_data);
if ( tt > 300000 ) {
log_file.close ();

Serial . println( "File Closed" ); } VAN
Serial . println ( tt );
log_data = "";

}

ISR (TIMERO_COMPA _vect) {
// default pwm
pwm_1 = 1100;
pwm_2 = 1100;

// speed calculation (in rad/sec)
speedl = (((posl—posl_prev)/(RES1%2))/TWO_PI)/(0.01);
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speed2 = (((pos2—pos2_prev )/(RES1%2))/TWO_PI)/(0.01);

posl_prev = posl;
pos2_prev = pos2;

// TODO: calculate pwm_1 and pwm_2 here

// constrain PWM between max and min
pwm_l = constrain (pwm_1, PWM_MIN, PWM MAX) ;
pwm_2 = constrain (pwm_2, PWM_MIN, PWM MAX);

// send pwm to esc
esc_1.writeMicroseconds (pwm_1);
esc_2.writeMicroseconds (pwm_2);

/1l logging
log_data = "";
log_data += tt;
log_data += ";";
log_data += posl;
log_data += ";";
log_data += pos2;
log_data += ";";
log_data += speed2;
log_data += ";";
log_data += pwm_1;
log_data += ";";
log_data += pwm_2;

log_data += "\n";

}

void checkPosl1 (){
if (digitalRead (PINA1_) != digitalRead (PINBI_))
++posl;
else
—posl;
}

void checkPos2 (){
if (digitalRead (PINA2_) != digitalRead (PINB2_))
++pos2;
else
—7pos2;
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APPENDIX A.3: Motor Model Simulation.

cle; clear; close all;
9% Motor model

RADPS2RPM = 60/(2x pi) ;

J = 1.24e—4;
K= 0.0182;
R = 0.83;
%L = 0.1;

b = ( K/54.39 —K*2 )/R;
P =1 b2 ( —2%xbxRxJ — 4xK*2x]J ) ( RA2xJ*2 ) ];
rootsP = roots(P);

L = rootsP(2);
%L = 0.63e—3;

A = [-Db/] K/J
—-K/L  —R/L];
B = [0
1/L1];
C =11 0];
D = 0;

motor_ss = ss(A, B, C, D);
[bb,aa] = ss2tf (A, B, C, D)
sys_motor = tf( bb, aa )

ii_prev = 0;
OMEGA _prev = 0;
i1l_max = 3;

t = 0;

% Simulation Time

T = 10;

% Integration time constant
h = 0.08;

1 = 1;

OMEGA _dot = @( OMEGA, ii ) K*ii/J — (b/J)+OMEGA;
ii_dot = @ ii, OMBGA, V ) ( 1/L )*( V — K+¥OMBGA — Rxii );

tic
while t < T

53



STATE(i,:) = [ t OMEGA_prevxRADPS2RPM ii_prev |;

Voltage = 8;
if t >=5
Voltage = 0;
end
9% Current
k_1 = 1i_dot( 1ii_prev , OMEGA_prev, Voltage );
k_ 2 = ii_dot( ii_prev + 0.5xhxk_1, OMEGA_prev, Voltage );
k_ 3 = ii_dot( ii_prev + 0.5xhxk_2, OMEGA_prev, Voltage );
k_ 4 = ii_dot( ii_prev + k_3xh, OMEGA_prev, Voltage );

ti_new = ii_prev + ( 1/6 )*x( k_1 + 2xk_2 + 2xk_3 + k_4 )xh;

if ii_new > 11_max

11_new = 11_max;
elseif ii_new < —ii_max
11_new = —i1_max;
end
9% Speed
k_1 = OMEGA_dot( OMEGA_prev, ii_prev );
k_2 = OMEGA_dot( OMEGA_prev + 0.5xhxk_1, ii_prev );
k_3 = OMEGA_dot( OMEGA_prev + 0.5xhxk_2, ii_prev );
k_4 = OMEGA_dot( OMEGA_prev + k_3xh, ii_prev );

OMEGA_new = OMEGA_prev +
( 1/6 )=( k_1 + 2xk_2 + 2xk_3 + k_4 )x*h;

% Memory Variable

ii_prev = 11_new;
OMEGA_prev = OMEGA_new;
i =1+ 1;
t =t + h;

end

toc

9% Current and RPM Plot

figure (’Name’ ,’RPM’) ;
subplot(2,1,1);

plot ( STATE(:,1) ,STATE(:,2) );
title ('RPM’)

xlabel ("t (s)’)

ylabel ('RPM’)

grid on
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subplot(2,1.,2);

plot ( STATE(:,1) ,STATE(:,3) );
title (’Current_(Amperes)’)
xlabel ("t (s)’)

ylabel (’ Current_ (Amperes) )
grid on
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APPENDIX A.4: Controller Design.

cle;

clear; close all;

9% Controller Design for Motor model

RADPS2RPM = 60/(2xpi);

(¢}

b= (

R R —
1
oo ll =

24e—4;
0.0182;

.83;

.1;

K e/54.39 —K_e"2 )/R;

9% Total moment of inertia about Z axis

I =0

[OSIN I )
1]

.0432 + 0.3%x0.145"2;

—6.8912e—4x1;
2.0461e—2x1;
—5.2491e—-2x1;
3.7570e—1x1;

sigma_U = —-0.5;

cC =

I;

for K.p = 0:1:100

for K d

0:1:100

P=1[1¢(b2/T +R/L + Rekb 2/(I«L) + b/J )...

bxb_2/(IxJ) + bxR/(JxL) + (K_e”2)/(JxL) ...

[

(

+ K_dxK_e/(IxL) ) ( bxRxb_2/(J«LxI) ...
+ K e™2xb_2/(J«Lx1) + K_pxK_e/(IxL) ) 1];
rootsP = roots(P);

for i = 1:3
real_a (1)
imag_a (1)

real (rootsP(i));
imag(rootsP(i));

end
if real_a(l)<sigma_U && real_a(2)<sigma_U...
&& real_a (3)<sigma_U
STATE(cc,:) = [ K p K_d [;

STATE_Poles(cc,:) = [ real_a(l) imag_a(l) ...

real_a(2) imag_a(2) real_a(3) imag_a(3)
cc = cc + 1;
end

end

end
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figure (’Name’ ,’K_p_vs. K. d’);

plot ( STATE(:,1), STATE(:,2), .’ )
ylabel (’K_d’)

xlabel ("K_p’)

Yoset(gca, XTick’,0:5:T);

title ("K_p_vs._K.d’)

grid on

% ylim([0 250])

% xlim([0 210])

figure (’Name’ ,’Pole_Spread’);

plot( STATE_Poles(:,1), STATE_Poles(:,2), °.’ )
hold on

plot( STATE_Poles(:,3), STATE_Poles(:,4), °.’ )
hold on

plot( STATE_Poles(:,5), STATE_Poles(:,6), .’ )
sgrid

ylabel (’Imaginary Axis’)
xlabel (’Real_Axis’)

YDset (gca,’ XTick’,0:5:T);
title (' Pole_Spread’)

hold off
% ylim([0 250])
% xlim([0 210])

= 20;

= 10;
"MAX = 10;
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APPENDIX B.1: RW Actuated System Designs

Figure A.1 : The 2DOF RW Actuated Testbed Final Design
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Figure A.2 : The 2DOF RW Actuated Testbed Final Design
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A.3 : The 2DOF RW Actuated Testbed Initial Design

Figure
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