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Abstract 

Novel Spherical Actuator with Wireless Power Transfer: Mechanical, 
Magnetic and Drive Electronics Design 

This thesis describes the mechanica), magnetic and electronics design of a novel spherical 
actuator with wireless power transfer. The prototyping procedure and the test results of 
the standalone prototype system arealso included. 

The joint is composed of a magnet, ferromagnetic core and si de plates, coils and a simple 
support. This simplicity allows building smaller joints ( <32mm) which can replace a 
human eye hall structure. 

The mechanical design which allows easy decoupling of rotor (leg) and stator (base), and 
ensuring a good friction surface is described. 

A magnetic topology is proposed which offers control on pan and tilt rotations up to 15 
degrees. The spherical joint stays intact due to the magnetic coupling force between the 
magnet in the rotor and the ferromagnetic core in the stator. The frictional force on the 
rotor-stator rubbing surface keeps the joint standstilL Movement is achieved by applying 
current pulses to the actuator coils which results in small steps. 

A positional feedback control is implemented by using Hall-Effect sensors and a driving 
circuit including a microcontroller. The control algorithm is embedded into the software 
of the microcontroller. 

The wireless power transfer circuitry is integrated in the driving circuit. The transmitter 
coil in the base transmits power by electromagnetic radiation. The power received by the 
receiver coil in the legisthen processed in the secondary circuit, to be used on auxiliary 
devices attached to the leg. 

Finally the test results of the prototype which shows the viability of the design are 
discussed. 
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Chapter 1: Introduetion 

1.1 Overview 

The development of high strength rare earth magnets tagether with the advance in drive 
electranies resulted in a revolution in system design. Day by day the electric actuators 
reptace the hydraulic, pneumatic and other types of actuators in systems. The electric 
actuators themselves are also evolving in concept. Rather than using a motor and a 
mechanicallink designed to match the final kinematics, now the actuator itself is 
designed in a way that there is no intermediate linkage. The final movement is achieved 
by the actuator design. Direct drive systems diminishes the use of gearboxes, linear 
movement is achieved by linear actuators insteadof a rotational actuator coupled to a 
power screw etc. The main advantage of this new generation systems is their simplicity 
which results in higher reliability, higher precision, smaller size and lower cast. 

Mechanica} systems invalving multiple-degrees of freedom -such as robots or piek and 
place machines- are usually constructed using a series of single degree of freedom joints. 
Even fora single two degrees-of-freedom joint, like a hip joint, it is camman practice to 
use two one degree-of-freedom actuators. However, as the devices and the joints gets 
smaller, combining several actuators in the available space gets harder. A permanent 
magnet spherical actuator with three degrees-of-freedom is a salution for this problem. 
This is an electromagnetic actuator, embedded inside a spherical joint. Usually the 
permanent magnet lies in the leg (rotor) and the coils are on the base (stator). If the base 
is hold standstill, then the leg moves when an actuation signa) is applied to the coils. 

The friction level in the joint, which affects the control performance, is an important 
concern for spherical actuators. In order to minimize the friction level some complex 
structures involve in the design of spherical actuators. When the design gets complex, it 
gets harder to build a small joint. Then the spherical actuator design loses its advantage 
over combined one degree-of-freedom actuators. This thesis offers a simple salution 
which utilizes of the friction in the joint to achieve positional control to decrease the 
complexity of spherical actuators. Also a wireless power (data) transfer system between 
the base and the leg is implemented. 

The salution is derived from the friction stepping technique, which is currently used in 
the linear actuators of camera lenses. Basically, the frictional force in the system keeps 
the rotor standstill when no actuation signal is applied. When movement is needed, a 
current pulse is applied to the coils under a magnetic field. The resultant force pulse gets 
over the frictional force and the rotor moves a step. Finally the rotor reaches the desired 
position in several steps. The size of a single step determines the precision of the system; 
precision cannot be higher than the step size. 

The joint is composed of a magnet, ferromagnetic care and side plates, coils and a simpte 
support. This simplicity allows building smaller joints ( <32mm) which can reptace a 
human eye ball structure. 
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Another aspect ofthe proposed design is its modularity. The rotor is not attached to the 
stator mechanically. The magnetic coupling force between the rotor and the stator keeps 
the system intact. One can simply separate the rotor from the stator by brute force, and 
then another rotor can be attached to the system. The wireless power transfer between 
stator and rotor is also in accordance with the modularity aspect. The rotor gets the power 
via electromagnetic inductive coupling. When the rotor is replaced with another one, the 
coupling with the new rotor wiJl be directly established. 

The system is standalone. There is a stationary, microcontroller controlled electrical 
circuit attached to the base of the joint. This circuit gets the position data from the Hall
Effect sensors, controls and drives the actuator coils, shapes the power signals and 
delivers them to the wireless transmission coils. There is a secondary circuit on the 
rnaving leg, to process the received power signal. 

The prototype of the proposed design has been designed, produced and tested. lt is 
operating successfully according to the initial specifications. Further work will include 
the data transfer through the wireless power transfer system and the design modifications, 
which will make stacking several joints possible, as shown in Figure l. 

x 

Figure 1.1, Two 2d-joints stacked on top of each other 

1.2 Design Specifications and The Deliverables 

1.2.1 The Deliverables 

A standalone prototype system composed of: 

-A spherical joint composed of a base and a leg, 
-Positional control and drive circuitry, 
-Embedded control software, 
-Indicators on the second leg powered by the wireless transmitted power, 
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is delivered at the end of the project. 

1.2.2 Target Speciflcations 

Joint inner diameter= 0.02 m 
Joint outside diameter< 0.05 m 
Pan and tilt ability > 15 degrees. 
Power transfer efficiency >50% 
Magnetic Torque > (3 x Frictional Torque) 
Shock resistance >4G 

Final design should be simple and easy to manufacture. 

1.3 Definition of Techniques Involved in the Design 

1.3.1 Robot Arms 

Robot arms or in other words "programmable servo controlled multiple axes systems" are 
used in a wide variety. Automated manufacturing, infra-red and laser tracking systems, 
humanoid and non-humanoid robots are the main applications [1][2] . 

Multiple degrees of freedom in robot arm systems is usually realized by stacking a 
number of one degree of freedom joints with a separate actuator attached on each axis. 
These systems are complex in structure and, consequently, they are heavy. Also there are 
unwanted effects of inertia, backlash and elastic deformation of complicated linkages. 
The result is complicated control needs, low dynamic performance, low servo accuracy 
and high cost. High remanence rare earth magnets made direct drive spherical actuators 
with 2 or 3 degrees of freedom feasible (see Figure 1.2), which can alleviate these 
problems with their light and simple structure. 
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Figure 1.2, Concept of Spherical Actuator (Image courtesy of [3]) 

1.3.2 Friction Stepper 

The friction stepper mechanism is shown in Figure 1.3. The system is composed of a 
magnet, coil, magnet and coil supports (which workas the friction surface) and a steel 
plate (or any ferromagnetic material). Magnet, magnet support and the payload coupled 
to the magnet is called 'rotor' in the description. 

coil suppot1 

steel plate coil 

Figure 1.3, Concept of Friction Stepper 

Fm is the normal force on the magnet due to its magnetic coupling with the steel plate. 
This normal force prevents the rotor from moving in vertical direction. Also this normal 
force, tagether with the frictional surface on the magnet support creates a static frictional 
horizontal force Ffr· The frictional force prevents the vibrational or shock movements of 
rotor in horizontal when no current is applied to the coils. 
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If current I is applied to the coil, force Fd will be exerted on the magnet When the 
horizontal component of this force Fx is greater than Frro the magnet moves in horizontal 
direction. 

The dimensions of the magnet are adjusted such that the coupling between the magnet 
and the steel plate creates a force around 4 times the weight of rotor. High current pulses 
are needed to create forces large enough to overcome the frictional force. In order to 
ensure stability of this highly nonlinear (due to large static friction) system, the 
movement is done in small steps. 

The system can have different geometries than shown in the tigure above, but working on 
the same principle. The main advantage of using friction stepper is that it does not 
consume power at standstill and can withstand large shocks when the rotor is stationary. 
The main disadvantage is the high peak current values needed to overcome the frictional 
force to make the system move. 

Magnetic Force 
F, 

t 
+ 

0 

Rt:pcaiLmn Time 

----Time 

Figure 1.4, Force vs Time 

As seen on Figure 1.4 above, sequence of pulses are supplied to the system. The system 
moves when the force gets over the friction level. A deceleration pulse following the 
acceleration pulse can be optionally given (included in the pulse depicted in the figure), 
to increase the precision of the system. The friction level is depicted in the tigure as an 
interval insteadof a constant level because it is in facta highly nonlinear function of 
rubbing speed. 

1.3.3 Wireless Power and Data Transmission 

One of the goals of the project is to transfer energy across the joint. This involves several 
watts of power, transmitted across a small gap (or a contacting surface depending on the 
hearing design of the joint). Thus power transmission needed in the joint can be named as 
high efficiency short distance wireless power transmission. Additionally, the method 
should let signal modulation, combining a data signa) with the power signal This is 
necessary to transmit sensor and control data through a bunch of stacked joints (for future 
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considerations). The efficiency should be high to ensure that enough power is transmitted 
through several numbers of stacked joints. There are several ways for wireless energy 
and date transfer grouped by their range [ 4]. Electromagnetic induction is used in short 
distance up to few centimeters range. For few meters range, moderate di stance resonant 
electromagnetic waves, microwaves and modified RF techniques are used. Microwaves 
transmission and optica) transmission (laser) are used for the multiple kilometer range, 
namely long range power transmission. 

The energy from one leg to the next will be transferred by inductive coupling in this 
project, which is the convenient power transfer metbod for high efficiency at short 
distance. Also data transmission can be integrated into the system later, provided that the 
system bas enough bandwidth. In this project data transmission is nat implemented. 

There should be at least two coils in the wireless energy transfer system. The first coil on 
the fixed base creates a time varying magnetic field. This varying magnetic field induces 
a voltage on the secondary co iJ on the other side of the joint. The induced voltage can be 
then processed for use in the second leg. 

1.4 Organization of the Thesis 

The spherical actuator proposed in this thesis is a typical mechatronic system. 
Consequently it is an interdisciplinary project with strong interaction between different 
fields. Still the design is split into three main stages; mechanica), magnetic and 
electronics. It is important to keep in mind the performance of the whole system in each 
design and optimization stage. The optimized variables for one design stage will most 
possibly affect the other stage, which in the end results in a non-optimized design. In 
order to cape with that problem a basic feasible design is made befare optimization. Then 
the variables are optimized altogether in the optimization part. However in order to 
conclude if a basic design is feasible or nat, some progress should be made in that 
specific basic design. As the flux lines and the behavior of different topologies are 
observed, topological modifications can be made to imprave the performance. While a 
conventional design may have a higher performance in the first hand (which is usually 
the case), other designs may yield a better performance in the end. This approach, instead 
of focusing on the existing basic model, yields a navel design. 

In Chapter 2 the preliminaries that are used in the design stages are introduced. The 
mechanica! basics and the Jaws of magnetism are presented. Also the spherical actuator 
basics and the terms used in descrihing the actuator are explained. The outcomes and the 
explanations mentioned in this chapter are referred in the following chapters. 

Chapter 3 describes the mechanica) design stage. Physical dimensions of the actuator are 
determined. The materials to be used in the support structure and the frictional surfaces 
are specified. Basic calculations revealing the frictional torque are presented. Even if the 
magnetic topologies are different, the mechanica} aspects stay more or less the same. 
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Thus the outcomes of this chapter are valid for all different designs proposed in the next 
chapter. 

Design of the wireless power transfer system is presented in Chapter 4. The resonant 
wireless power transfer circuit design is discussed. An equivalent model is built. The 
parameters are optimized. 

In Chapter 5 some basic magnetic topologies are introduced. One of the basic topologies 
is the conventional permanent magnet spherical actuator topology which was first 
proposed by Kaneko in 1989 [5]. Some variations ofthis topology arealso presented. A 
completely different topology is also proposed, which proved to be the most 
advantageous one ultimately. In this chapter basic calculations are made to predict the 
final performance of different variations. 

Chapter 6 is focused on optimization of the variables of the system such as magnet 
dimensions, actuator and power transfer coil dimensions, magnetic material dimensions. 
Also the component values to be used on wireless power circuit are determined in this 
chapter. 

Chapter 7 includes the drive electranies design. The circuit which drives and controls the 
joint is explained. A vailable topologies for driving the actuator coils are proposed. A 
suitable microcontroller is selected. Final shape of the driving circuit is presented. 

In Chapter 8 the microcontroller code and the actuator coil drive algorithm are presented. 
The control technique and the actuator current pulse shape are discussed. 

In Chapter 9 the prototyping procedure and the experiment results of the prototype are 
presented and discussed. Chapter 10 yields the conclusion. Some recommendations for 
future research are also mentioned. 

1.5 Project Plan 

Project plan is shown on the next page. 
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Chapter 2: Preliminaries 

2.1 Mechanica[ Basics: Mass, Coulomb Friction, Force, Torque 

The mass of a homogeneous sphere with radius ris given by: 

(2.1) 

where p [kglm3
] is the density of the material of the sphere. 

The simple model of friction is described by the equation: 

(2.2) 

where Ff[N] is the frictional force, J1 [-]is the coefficient of friction and Fn[N] is the 
normal force. A better model of frictional force is obtained by using two different 
coefficients of friction J1 k and J1 s, which stands for the coefficient of kinetic and static 
friction respectively. 

When force F[N] is applied toa sphere with radius r[m], torque T[Nm] created around 
the center of the sphere is found by the equation: 

T=Fxr [Nm], (2.3) 

The dynamical equations are discussed in the Control and Software chapter. 

Throughout the report, different terms are used to indicate the components of the torque: 

Net Torque: Torque acting on the rotor (reacting on stator). 

Magnetic Torque: Component of torque which is created by the coupling between the 
permanent magnet and the actuator coils. Cogging torque is excluded. 

Frictional Torque: Component of torque which is created by friction. 

Cogging Torque: Component of torque which is created by the coupling between the 
permanent magnet and the ferromagnetic materials in the system. 

The relation between the mentioned components is as follows: 

Net Torque = Magnetic torque + Cogging Torque- IFrictional Torquel (2.4) 
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2.2 Laws of Magnetism 

The expression for the magnetic force Fm is derived in Appendix A. However the simple 
expression of Lorentz (which is only valid fora point charge moving in vacuum under a 
constant magnetic field) is used in preliminary design. Lorentz Force is depicted as: 

Fm = qvx B [N], (2.5) 

where q[C] is the electric charge ofthe particle, v[m/s] is the instantaneous velocity of 
the partiele and B[T] is the magnetic field. When the current carrying wire is concemed 
(2.5) can be rewritten as: 

Fm= /LxB [N], (2.6) 

where I[A] is the current in the wire, L[m] is the vector pointing the direction of current 
and with the magnitude equal to the length of the wire. This expression is also known as 
the Laptace Force expression. 

The last two expressions are only valid for the vacuum conditions. Care should betaken 
when these laws are used in an actuator design. When ferromagnetic materials are 
involved in the design these expressions are not valid. The conservation of energy or 
Maxwell Tension Stress formulas which are presented in Appendix A should be used. 
Still if the coils stand in air gap as in our case, Lorentz expression can be used in the 
conceptual design stage. 

2.3 Electrical Circuit 

Electrical impedance, or simply impedance, describes the measure of opposition to 
current. In cartesian form, the real part of the impedance is the resistance R and the 
imaginary part is the reactance: 

Z=R+jX [Q], (2.7) 

The impedance of a capacitor with capacity C[F] and the impedance of an inductor with 
inductance L[H] are: 

Zc=l/jwC [Q], 
Zl=jwL [Q], 

respectively, where w[rad/s] is the frequency. 

2.4 Spherical Joint 
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A spherical joint is usually composed of a sphere ins i de a hollow sphere. It bas three 
degrees of rotational freedom and no translational freedom. The angles y and 9 depicted 
in Figure 2.1 represents the pan and tiltangles respectively. q> is the rotation angle. 

Figure 2.1, A Spherical Joint (image courtesy of [3]) 

The pan or tilt angle is treated as "rotor angle" tbraughout the thesis, as the model is built 
in 20. 

2.5 Permanent Magnets 

Permanent magnets are magnets which bas remanence. Remanence is the magnetization 
left bebind in a medium after an extemal magnetic field is removed. The magnitude of 
the remanence (Br[T]) of a permanent magnet represents its strength. Coercivity 
(Hc[Oe]) is another measure of strength which is the measure ofthe reverse magnetic 
field needed to drive the magnetization of the permanent magnetto zero. The typical BH 
graphof a ferromagnetic material is depicted in Figure 2.2.: 

Figure 2.2, BH Curve of a Ferromagnetic Material 

The arrows show the magnetization. Once a magnetic field (H) is applied to the 
ferromagnetic material, the magnetic flux density reaches a value B. Then when the field 
intensity is decreased to 0, the magnetic flux intensity does not fall down to zero, but 
stays at Br. This curve is also called the hysteresis loop because of this characteristic.The 
permanent magnets are operated in the second quadrant of this BH curve (negative H, 
positive B). 
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Chapter 3: Mechanical Design 

3.1 Introduetion 

In this chapter the mechanica! design is descri bed. Firstly the dimensions of the joint are 
determined. Then the suitable matenals for the prototype are selected utilizing a tribology 
analysis. Finally the force and torque calculations are conducted according to the target 
specifications. The outcomes of this chapter will be used in the magnetic design. 

3.2 Dimensions 

The first issue in deciding on the topology of the actuator design is the definition of the 
rotor and the stator. Rotor is the rnaving part of the actuator and stator is the reference 
frame. The magnet can be placed on either the rotor on the stator and the actuator coils 
should be placed on the other si de. Transferring power to the rotor is complicated. 
Therefore in this project, magnet is placed on the rotor side. 

Design constraints for the dimensions of the actuator are listed below: 

Rotor diameter< 0.02 [m], 
Stator outside diameter< 0.05 [m], 

There are lower limits on the size of the rotor determined by the state of the art in sensor 
technologies and precision in production. 
Another point is that as the actuator gets smaller, its payload capacity decreases. The final 
decision in rotor diameter also depends on the application areas of the actuator. The 
factors are listed in Table 3.1 below: 

Factor Rotor diameter should be: Comments 

Minimum Sensor Size >9mm :::::3mm is the state of the art in 
Hall-Effect Sensors [6][7] 

Production Precision >10mm 0.1 mm is common practice 

Payload Capacity As large as possible 

Areas ofuse 20mm Human eyeball reptacement 
(:::::20mm)[z], robotjoints 

Table 3.1, Factors affecting the decision on rotor diameter. 

The decision in this step is made in a practical way. Engineering intuition and experience 
defines the numbers in 2"d column, by using the information on 3rd column. The most 
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important factor is the area of use. If 20mm is applicable it should be used as the rotor 
diameter, as it matches the size of a human eye. Looking at the other limiting factors, 
20mm si ze seems feasible. If this decision fails in the conceptual design stage, one can 
turn back to this step. This is a valid engineering approach. 

Rotor diameter= 20 [mm]. 

The outer diameter of the actuator is going to be detennined in the magnetic design part 
because it is related to the size and shape of the actuator coils which surrounds the rotor. 
Bes i des, the outer diameter of the actuator has no effect on the outcomes of this chapter. 

3.3 Materials and Tribology Analysis 

The spherical actuator uses a pennanent magnet, capper windings, a polymer filler, 
ferromagnetic materials and non-ferromagnetic structural elements. 

There are several types of pennanent magnet materials. Due to its acceptable price and 
high strength, neodymium-iron-baron (NdFeB) is used in this project. Samarium cabalt 
magnets are expensive and aluminum-nickel-cobalt magnets are of lower strength. 
Detailed comparison is not necessary: NdFeB magnets have high strength, low cast and 
acceptable operating temperatures. 

The polymer filler is used in the rotor and the stator as a support structure. lt also 
constitutes one side of the rubbing surface in the joint. Thus, two non-ferromagnetic 
materials with good friction characteristics (when robbed against each other) should be 
determined. 

The friction level should be high enough to hold the joint standstill when there is no 
actuation and low enough to let the actuation force overcome the friction level. The 
related specifications are as follows: 

Magnetic torque > 3 . Frictional torque 
Shock resistance > 4G 

The systematic tribology approach mentioned in [8] is foliowed to detennine the suitable 
mating materials. 

First the tribo-system should be identified: 

The system is a line(circle) contact (the actuator design can beregardedas a sphere inside 
a cone, see Figure 3.1) sliding hearing. Under pressure the line contact tums into a ring 
area. This area can be found when the stiffness of the rubbing materials and the contact 
force is known. Once the area is found, the contact pressure can be detennined by 
dividing contact force by contact area. 
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Figure 3.1 

The contact stress should be calculated using the tools provided by [9]: 

Vertical Load (F)= 2.5 N (data taken from the next part) 
2.5 

Normal Load on Contact Surface Feff= = 3.54 [N] 
sin 45° 

Lengthof contact line (L) = 2 · 1t · r sin 45° = 44.4 [mm] 

Feff/L= 56 [N/m] 

The Hertzian Line Contact Pressure calculator yields a contact pressure of Pmax<< 10 
[MPa] for any mating material of our concern. Thus the system can be classified as a low 
load system. 

The sliding speed may be high but sliding is not continuous. The heating level of the 
system can be classified as moderate. 

Secondly the material selection criteria should be defined: 

-Tribological aspects: No lubrication is possible. In order todetermine the suitable 
friction coefficient some data is needed to be acquired from the next part. lt is going to be 
shown that the friction coefficient should be around 0.3. 

-Mechanica! aspects: There are no special mechanica} requirements. The load level is 
low. Any kind of mating material of our concern is going to comply with the 
requirements. 

-Further aspects: The production cost should be at acceptable levels. The mating material 
at the stator (base) is going to be in contact with the windings. At least for that region, 
good heat conduction capability is preferred. 

Finally the mating materials are defined looking at the options. There are three main 
options for two rubbing surfaces: 

1) Metai-Metal: Metal-metal combinations are characterized by their high thermal 
and mechanicalload carrying capability. However they need lubrication to 
prevent severe adhesive wear. 
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2) Plastic-Plastic: The load capability is limited due to the poor heat conduction and 
there is a risk of adhesive wear. The mating materials should be of dissimilar 
types to avoid severe adhesive wear. On the other hand, plastics have better 
vibration characteristics, they have lower weight and inexpensive to manufacture. 
The low modulus of elasticity of materials may result in collapsing in some 
contact geometries. The stability of the friction coefficient is low. 

3) Metal-Plastic: The load carrying capability is lower than the metal-metal 
interface. The heat conduction capability is much better than plastic-plastic (about 
%90 of the friction energy is conducted via the metal surface in a plastic-metal 
mating [8]). 

Metal-metal combination is not easily applicable. lf the rotor (leg) side is fully covered 
with metal, then the weight of the leg will be high. A lso it is going to interfere with the 
wireless power transfer coils by introducing extra eddy currents since it is a conductive 
materiaL Using a metal surface only as a shell outside the rotor will increase the 
complexity of production and cost. 

Plastic-plastic mating is probiernatie because its friction coefficient can not be determined 
accurately. lt depends strongly on the conditions of operation. It is not suitable to be used 
in a sphere in a cone contact as its low modulus of elasticity will increase the coefficient 
variation further. 

Looking at the system identification, the metal-plastic option seems to be the best. lt will 
provide a good heat transfer from the actuator coils on the stator and also from the 
rubbing surface itself when there is a continuous movement. The most important property 
is the good stability of coefficient of friction. Th is is going to affect the quality of the 
control system and eventually the precision of the whole system. 

The metal should not be ferromagnetic to avoid interterenee with the actuation system. 
The only option is the stainless steel. The plastic should be easily accessible, cheap and 
should be able to support the structure. POM (Polyoxymethylene) is selected for this 
purpose. It is also going to be used on the remaining parts of the system as a support 
structure. This makes the whole system simple as the number of materials used is kept at 
a minimum level. 

When the eddy current losses are concemed, using a metal part here could have been 
problematic. However this part is far away from the wireless power transfer coils, so 
Josses can be neglected. The actuator coils are actuated with low frequencies, thus the 
eddy current Josses for those can also be neglected. 

As a conclusion, stainless steei-POM mating surface is selected after the tribological 
research. 
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3.4 Weight, Force and Torque Calculations 

3.4.1 Weight 

The next step is to calculate the weight which is going to determine the frictional torque 
and the minimum magnetic torque eventually. 

The volumes of the components of the rotor of the first conceptual design, compared with 
the final design are as follows: 

Volume Predicted (mmj) Volume Final Design (mmj) 
Sphere r=10mm 4189 4189 
Permanent Magnet 730 1306 
Capper Coil 1710 212 
Ferrite Care 480 0 
POM 1270 1667 

Table 3.2 

Density of materials are determined from various sourees [10][ 11][12][ 13]. Weight of the 
components and the total weight of the rotor are calculated as follows: 

Density (g/mmj) Mass Predicted (g) Mass Final Design (g) 
Permanent Magnet [10] 7.5 5.475 9.795 
Capper Coil [ 11] 8.9 15.22 1.887 
Ferrite Care [ 12] 5.3 2.544 0 
Polymer Filler [ 13] 1.43 1.816 2.384 
Complete Rotor - 25.06 14.07 

Table 3.3 

The leg should be able to carry some payload which corresponds to the power receiving 
and conditioning circuit and the auxiliary device to be installed on the leg. This payload 
is determined as 25g. Then the final mass of the rotor is found: 

Mass of the rotor (mr) = 25.06 [g]. 
Payload capacity = 25 [g]. 

Total mass ofthe leg (mJeg) ::::: 50 [g]. 

As seen from Table x.x the mass of the final design appeared to be less than the predicted 
mass. This is due to the main conceptual change in the design. The decrease in the mass 
is going to be used as additional payload carrying capability. 
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3.4.2 Preload Force 

Preload force is the magnetic coupling force between the leg and the base. This force 
should be high enough to keep the joint intact even when it is under shock. The related 
specification is as follows: 

Shock resistance > 4G 

In the worst condition (minimum net coupling force), the joint stays upside down such 
that the gravity is in favor of splitting the joint and the shock is exactly in vertical 
direction. Then the total preload force to keep the joint intact should be: 

Preload force (FpJ) = 5. g. m1eg = 5.(9.807).(50/1000) = 2.45 [N] 

The magnetic design should satisfy this minimum value for preload force. 

3.4.3 Frictional and Magnetic Torque 

If the center of the gravity of the leg is at one thirds of the radius of sphere from the 
center, the shock torque acting on the sphere can be found as: 

Shock Torque (Tshock) = 4. g m1eg. r = 4.(9.807).(5011000).(1011000) (l/3) =0.0067 [Nm] 

The frictional torque should keep the joint standstill when there is no actuation. Again in 
the worst condition (minimum friction), when the joint is upside down, the normal force 
in the rubbing surface and the frictional torque is given by: 

Lowest Net Normal force (FnonnaJ) = (FpJ)- m1eg. g = 2.45- (50/1000).(9.807) = 1.96 [N] 
Lowest Frictional torque (Tmction) = J..l (FnonnaJ) r = J.!l.96 (10/1000) = 0.02 J..l [Nm] 

If T friction= Tshock to avoid movement, then friction coefficient can be found as: 

J..l=0.33. 

Finally, the magnetic torque need should be determined. The highest frictional torque is 
observed when joint is in normal position; the normal force will be at its highest value. 
POM-steel mating surface is going to be used in the system as decided in the preceding 
part. The expected coefficient of friction for this combination is between 0.2 and 0.3 [x]. 

Highest Net Normal Force (FnormaJ) = (FpJ)+ m1eg. g = 2.45- (50/1000).(9.807) = 2.94 [N] 
Frictional Torque (J..l=Ü.2) (Tfriction) = J..l (FnormaJ) r = (0.2).(2.94).(10/1000)= 0.00588 [Nm] 
Frictional Torque (J..l=Ü.3) (Tfriction) = J..l (FnonnaJ) r = (0.3).(2.94).(1011000)= 0.00882 [Nm] 

The specification for the magnetic torque is defined as: 
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Magnetic Torque > (3 . frictional torque) 
Magnetic Torque> 3. (0.00588 to 0.00882) = 0.01764 to 0.02646 [Nm] 

It is decided to take a rounded value close to the upper limit. The magnetic torque value 
that the magnetic design should satisfy is: 

Magnetic Torque = 0.025 [Nm] 

Summary of the values to be passed to the next chapter, the magnetic design: 

Preload force = 2.45 [N] 
Magnetic Torque = 0.025 [Nm] 
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Chapter 4: Wireless Power Transfer Model 

4.1 1ntroduction 

As already mentioned in the introduetion chapter, there are several ways for wireless 
energy transfer: electromagnetic induction, microwaves, RF (radio frequency) and optica] 
transmission (laser). The energy from one leg to the next will be transferred by 
electromagnetic induction in this project, as it is the most convenient power transfer 
metbod to ensure high efficiency at short distance. The electromagnetic induction is a 
widely used metbod especially in transformers. 

Two basic principles are involved in electromagnetic induction. The first one is that a 
magnetic field radiates from a current carrying wire with a magnitude proportional to the 
magnitude of the current. William Gilbert in 1600 and Benjamin FrankJin in 1752 
observed the effects of a lightning strike on a compass and they concluded that there is a 
relation between electricity and magnetism. Later in 1802[x], Gian Domenico Romagnosi 
discovered that the electrostatic discharge from a voltaic pile deflects the needie of the 
compass. Finallyin 1820, Hans Christian Oersted observed the same phenomenon with a 
battery and a compass. The needie deflected when he switched on and off the battery. The 
added value of his discovery was confirming the direct relationship between electricity 
and magnetism. One week later the formulation was publisbed by Andre-Marie Ampere, 
later to be called as Ampere's Circuital Law. 

i B.d[ = f.Lol ene ' (1) 

where C is a closed curve around the current carrying wire, B is the magnetic field, Jlo is 
the magnetic constant (permeability of vacuum) and lenc is the net current that penetrates 
through the plane enclosed by C. 

The second basis principle is that a varying magnetic flux inside a coil creates an 
electromotive force between two ends of the coil. This phenomenon is described by 
Michael Faraday' s in 1831. Joseph Henry also in the sametime discovered the self 
inductance phenomenon -which gives virtually the same outcome as Faraday's Law
independently. Faraday's Law states that: 

df/JB 
E=--

dt ' 
(2) 

where e is the electromotive force (EMF), cl>8 is the magnetic flux through the coil. 

Once those two laws are known one can conclude that electrical energy can be converted 
into magnetic energy. Then magnetic flux will radiate in any environment. Finally it can 
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be reeavered and be converted back again to electrical energy. This is the basis for 
wireless power transmission via magnetic induction. 

In order to increase the efficiency of the process, the magnetic flux is directed in a 
manner that it is fully captured by the receiver coil. This is achieved by using high 
permeability materials. 

The varying magnetic flux is created by a varying current. This is achieved by a 
switching circuit, which creates a square wave at the desired frequency. The altemating 
flux creates an altemating voltage in the receiving coil. The received altemating voltage 
is then rectified and used in direct current devices in our case. 

The power delivered to the secondary si de of the transfarmer can be found by the formula 
(Derivation of this formula is in Appendix B): 

(3) 

where L[m] is the length of the magnetic path, A[m2
] is the cross-sectional area of the 

magnetic path, w[rad/s] is the frequency of the potential(voltage}, l.l(H/m) is the 
permeability of the material in the magnetic path. The 0.5 factor in the end comes from 
the integration of sinusoirlal terms through derivation. 

Then one can find the maximum power that can be transferred (Appendix B): 

(4) 

Therefore using higher frequencies allow higher power transfer for the same dimensions. 
However eddy current losses and switching losses limit the advantages of high 
frequencies. 1OOkHz power signal is used in this project, as a rule of thumb. It also 
proved to be efficient in FEM compared to lower frequencies. Switching and auxiliary 
losses are hard to predict therefore higher frequencies are not considered. 

In the following sections an equivalent electrical model for the electromagnetic induction 
process is introduced. The parameters of the model should be determined after the final 
shape of the coils. The methodology for rnadeling the system and designing the resonant 
circuit is explained first. Then the optimization is done by using the final design 
topology. 

4.2 Equivalent Electrical Model of the Electromagnetic Induction Circuit 

The electromagnetic induction circuit ( transfarmer circuit) is modeled as an electrical 
circuit. See Figure 4.1. 
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The paramaters are; 
Primary winding resistance Rp 
Primary leakage reaetanee Xp 

Figure 4.1 

's ---

Secondary winding resistance R5, referred to the primary circuit by the tums ratio squared 
Secondary leakage reaetanee Xs, referred to the primary circuit by the tums ratio squared 
Equivalent care toss resistance Re and care toss current Ie 
Magnetising reaetanee XM and magnetising current IM 
No-laad current Io 
Primary and secondary EMF Ep and Es, developed over an ideal transfarmer 
Primary and secondary terminal voltages and currents Vp, /p, Vs and Is 

This equivalent circuit is valid if the system is assumed to be linear. The magnetic flux 
values are far away from the saturation point of the materials so this assumption does nat 
decrease the accuracy noticeably. The lineacity of the model is also validated by the FEM 
model. 

Instead of using resistance and reaetanee values, impedance term is used in calculations 
to simplify the representations. Also the tums ratio NpfNs is taken as l. The number of 
tums in the secondary side does nat affect the model as soon as the number of ampere 
tums is kept constant. Then for Np/Ns=l, the primary side impedance becomes Zp= Rp + 
Xp, secondary side impedance Zs= Rs +Xsand magnetizing impedance Zm=Rc+XM. 

The FEM software FEMM yields the impedance seen by the transmitter coil and 
impedance seen by the receiver coil. The primary current and secondary current can be 
imposed. Using that information the resistance and reaetanee values can be extracted 
from the finite element model by conducting three tests: 

1) No secondary current test: Primary current is set to 1 [A], secondary current is set to 0 
[A]. The resultant equivalent circuit is shown in Figure 4.2: 
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Figure 4.2 

Then the impedance seen by the primary coil is Z1=Zp+Zm. 

2) No primary current test: Primary current is set to 0 [A], secondary current is set to -1 
[A]. The resultant equivalent circuit is shown in Figure 4.3: 

Vs 

Figure 4.3 

Then the impedance seen by the secondary coil is Z2=Zs+Zm. 

3) Primary current=Secondary current test: Primary current is set to I [A], secondary 
current is set to I [A]. The resultant equivalent circuit is shown in Figure 4.4: 

's -

Figure 4.4 
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Then the impedance seen by the primary and the secondary coil should be equal and 
Z3=Zp+Zs. 

Now there are there unknowns: Zp,Zs and Zm, 
and three equations: Z1=Zp+Zm, Z2=Zs+Zm, Z3=Zp+Zs. 

The system can be solved when Z1. Z2 and Z3 are measured in FEM. However the shape 
of the actuator should be exact befare obtaining the parameters of the wireless power 
transfer topology. Thus this model is constructed after optimizing the system and 
deciding on the topology to be used. 

4.3 Resonant Switching Transformer Driver Circuit 

The impedance seen by the driver of the transmitter coil is not purely resistive (by 
coincidence the parameters of the model may yield a purely resistive input impedance, 
but this is highly improbable). Introducing an additional element, which is purely 
capacitive or purely inductive (capacitive in our case because the impedance seen in the 
primary si de is inductive ), to the input of the circuit can reduce the impedance seen by the 
driver circuit by canceling the reactive part of the impedance. Then for the same current 
level in the transfarmer circuit, a Jower voltage will appear in the input terminals. Using 
this methad the power rating requirement of the transfarmer driver circuit can be 
lowered. 

Similarly at the transfarmer output, the impedance of the Joad affects the amount of 
power transferred. There is an optimum Joad impedance value which gives the highest 
power transfer efficiency and another optimum Joad impedance which gives the highest 
power transfer (in magnitude). While these values can be evaluated analytically using the 
maximum power transfer formula mentioned in the beginning of the chapter, the most 
convenient way to solve this problem is using Lagrangian optimization. 

4.4 Optimization 

The measurement results for Z1 ,Z2 and Z3 in the final design are as follows: 

Z1 = Zp + Zm =I 0.81 08+ 70.0898i 
~ = Zs + Zm = 9.4745+61.0596i 
Z3= Zp+ Zs= 6.1212+49.5107i 

Then the equivalent circuit can be constructed as depicted in Figure 4.5: 
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Figure 4.5, Equivalent circuit Implemented in Proteus[ 17] 

In the tigure Zp=Rl+jwLl, Zs=R2+jwL2, Zm=R3+jwL3, and w=21t(10e5) rad/s. 
C3 and R4 are the parameters to be optimized. C2 is selected according to the other 
parameters to diminish the complex part of the impedance seen by the pulse source, V2. 

R4 represents the load referred to the primary side. When R4 is found and the load is 
known, the number tums in the secondary side and the capacitor value of C3 can be 
adjusted accordingly by the fonnula: 

(5) 

(6) 

For optimization, matrix of C3 and R4 is constructed and for each combination the 
resultant power transfer amount and power transfer efficiency is calculated. Then a 
perfonnance factor is defined in a combination of power transfer amount and power 
transfer efficiency. Finally the combination which yields the highest performance factor 
is picked. 

max(Power. Efficiency) 
max(Efficiency) 

R4 (ohm) 
16.4 
28.1 

C3 (nF) C2(nF) 
27.7 40.3 
46.4 40.2 

Pow. Received (W) 
5.15 
2.83 

Efficiency 
0.598 
0.707 

Lagrangian optimization could be used as well for optimization but this method is easier 
to implement and precise enough. 

The maximum efficiency criterion is preferred. Summary of the outcomes of this chapter: 

R4 = 28.1 [Ohm] 
C3= 27.7 [nF] 
C2= 40.3 [nF] 
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Chapter 5: Magnetic Design 

S.llntroduction 

In this chapter, the magnetic design sketches are introduced firstly. Then the finite 
element model methodology which is used to assess the first sketches is presented. 
Finally the feasibilities of those topologies are investigated with respect to the design 
specifications and the performance criteria. 

The reference design is basedon the conventional design which is commonly used by 
several sourees [I] [3] [ 5] [ 14] [ 15]. Th en, altemati ve designs are compared with the 
reference design with respect to their performance. 

There are several performance measures for the system: 
Net Torque/Electrical Power 
Net Torque/Current Density 
Wire1ess Power Transfer Efficiency 
Wireless Power Transfer Magnitude 
Outside diameter 
Total weight 
Simplicity, production cost 

The magnetic topology designs that are presented hereare analyzed only in FEA software 
to compare their feasibility. The values are mentioned in a comparative way in order to 
assess and develop the ideas that will maximize the performance. Each design is 
optimized separately. The best outcome of each topology is compared. Thus the 
comparison is not based on a controlled experiment (in which every variabie is kept 
constant but only one is changed). For example each design has its own optimum magnet 
dimensions which are usually different from another design's optimum point. On the 
other handthereare variables (current density in the coils and the copper fill factor of the 
coils), which are kept constant for each design. 
The accuracy of the optimization at this level is not the best one; however it is enough for 
comparison. 
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5.2 Topology Sketches 

5.2.1 Conventional Design 

The simple 20 illustration of the conventional design (a cross-section of the actual 
model) is shown in Figure 5.1. 

Figure 5.1 

3D representation of a more detailed design (final shape of the design after optimization) 
is shown in Figure 5.2, on the next page. 
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Figure 5.2 
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As seen from the figures, the design is based on a spherical joint. The coils are inserted in 
between the leg (sphere) and the base; and a magnet is inserted inside the leg. When 
current is applied to one of the windings, magnetic torque will be developed which will 
bring the rotor magnetization axis into alignment with the winding axis. As more than 
one coil is excited, the system will get in a position to minimize the magnetic potential 
energy. 

The stainless steel rubbing surface and some support structures to be made of POM are 
not shown in the figures to increase the visibility. This hearing material is placed in 
between the coils and the rotor sphere. It does not have any effect on the magnetic circuit 
so it is omitted in this chapter. 

In the simpte illustration, only one of the coils is represented (on the left si de in Figure 
5.1). The number of coils can be varied but the minimum number of coils should be 2, in 
order to achieve control in 2 degrees-of-freedom. The optimum choice should be either 3 
or 4. Topologies with 5 and more coils have smaller totalturn area and are harder to 
produce. In this comparison chapter, the 3 coil topology is used in the calculations. It 
yields better results. However in the optimization chapter it will be shown that for simpte 
shaped coils, 4 coils perfarm better. 

The magnetic flux is directed in vertical direction in the magnet, from top to bottom. 
Then it passes through the gap and reaches the bottorn of the ferromagnetic stator. 
Following the walls of the stator, the magnetic circuit is completed through the gap 
between the top of the stator and top of the magnet The magnetic field is al most 
completely radial for a span of 60 degrees, at the bottorn of the rotor. 

lf the magnet height is short enough, the magnetic flux passes through both the lower and 
higheredges of the coil, which creates a higher torque. However, as the magnet height is 
decreased the magnetic field intensity decreases, which eventually decreases the torque. 

The coils are air-core type to keep the cogging torque at a minimum level. Still the 
retuming flux at the upper side creates a comparably large cogging torque which 
increases as the rotor angle increases. 
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5.2.2 Center Magnet with an Opposite Sign Ring 

Figure 5.3 

This is a derivative of the conventional design. A magnet ring with opposite 
magnetization direction is added totheupper edge of the big magnet (see Figure 5.3). 
The magnetic circuit is completed at the top of the magnets inside the rotor, thus the 
magnetic flux flowing from top of the stator walls to top of the magnet is al most 
diminished. The upper edge ofthe coil is exposed toa higher flux density. This 
phenomenon decreases the cogging torque to one tenth of the previous practice. After this 
moditication the magnetic torque increases by 23% at the most critical position (at ±15°, 
where the net torque is minimum). 
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5.2.3 Center Magnet with Radially Magnetized Ring 

cAJr 

Figure 5.4 

This is another derivative of the conventional design. A magnet ring with radial 
magnetization is added totheupper edge ofthe big magnet (see Figure 5.4). The radially 
magnetized ring decreases the length of the flux way at the upper side of the system. This 
phenomenon increases the torque at 0 degrees by 30%. The more striking result is in the 
minimum torque at 15 degrees, which is increased by 60%. 
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5.2.4 Cubic Design 

Figure 5.5 

This design has a completely different winding construction (see Figure 5.5). There are 
two actuator windings ( one in red, the other one in yellow ). The axes of two windings are 
perpendicular to each other. This perpendicular configuration can control the system in 2 
degrees-of freedom. 

The flux flow follows a similar way. lt starts from the bottorn of the magnet, passes 
through the upper edges of the coils, reaches the core and goes radially to the wall(s) of 
the stator. Then the magnetic circuit is completed through the top of the stator wall and 
top of the magnet The cross-section of the topology shows that the magnetic circuit 
follows a rectangular-like way (see Figure 5.6). In other words, the air gap between the 
magnet and the core increases as the rotor angle is increased. This phenomenon helps 
decreasing the cogging torque. However the side walls contribute a large amount to the 
cogging torque. 
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Figure 5.6 

The thin partsof the care (blue in Figure 5.5) cannot be distinguished in the crosseetion 
view drawn in finite element model. In order to simulate the saturation in the care in 
finite element model, the front view cross-section is drawn as a thin region at the each 
si de of the care. The height ratio of the thin region to thick region corresponds to the 
height ratio of the thinner part of the inner care when looked from top in 3D drawing. 
The saturation is clearly observed in Figure 5.6. The thickness of this thin part is 
determined such that it works near the saturation point of the materiaL lt is explained in 
detail in the optimization part. 

There are several advantages of this design: 

-The torque/power is 40% higher than the conventional design. (After optimization of this 
design and the conventional design, this design had 3 times the torque of the conventional 
design. The coil shape of conventional design was in a complex geometry in this 
topology comparison step. Later in the optimization part the coil shape of conventional 
design is changed toa simple coil.) 

-There is a lot of available space for the wireless power transfer coils which allows 
flexibility in design for different application. 

-It is easy to manufacture. There are no complex shapes. 

-The outside diameter is smaller, 32[mm], compared to the preceding 3 designs where the 
outside diameter was 36[mm]. 
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5.3 Finite Element Model 

The topologies are implemented in a 20 magnetic finite element analysis (FEA) software, 
FEMM [16]. The methodology to implement the actual system in the FEA software 
should he presented. This implementation includes important aspects such as 
implementing a spherical system in a 20 environment. 

5.3.1 Analytical Model vs. Finite Element Model 

The formulae to calculate the magnetic force Fm created by a permanent magnet and a 
coil (magneton the object, coil on the reference frame or vice versa), acting on an object 
which stands at position x (fixed y and z position), is derived in Appendix A. 

Fm =I d<ll coupled,O +_!_l2 dL_ dWmo [Nm], 
dx 2 dx dx 

(1) 

where I is the current in the coil, d<llcoupled,o the magnetic flux coupled to the coil, L the 

self inductance of the coil and W mo is the total magnetic field energy in the system. Th is 

expression is valid for system composed of linear isotropie magnetic materials. 

Also in the Chapter 2 (Preliminaries), the Lorentz Force Law is introduced which is a 
simpler expression but is only valid fora point charge moving in vacuum under a 
constant magnetic field: 

Fm = qvx B [N], (2) 

where q is the electric charge of the particle, v is the instantaneous velocity of the partiele 
and B is the magnetic field acting on the particle. 

Either when (1), or (2) is to be used, an analytica] expression for the magnetic field is 
needed. Analytica] model of the magnetic field distri bution produced by a spherical 
permanent magnet rotor is derived in Chapter 6 (Optimization). This model is 
fundamental to establish an accurate model of the actuator which is necessary for design 
optimization and for the control algorithm. 

The comparison between the actual models and the models represented by analytica] 
expressions is presented in Chapter 6 (Optimization). The analytica] model for the 
magnetic field distribution and the proposed expressions for force calculations are based 
on some assumptions and approximations. Therefore, while they can prove to he useful in 
optimization, they cannot he used in assessment of different topologies. Each topology 
has its own characteristic which affects the accuracy of its analytica] model at a different 
extent. Finite element method (FEM) is useful at this point, where the actual models are 
too complex to be assessed by analytica] means. Also it can be used with the 
mathematica] models interactively. The outputs ofthe finite element analysis (FEA) can 

37 



be fitted in functions to be used in optimization or they can be used to validate the 
analytica} models. 

5.3.2 Determination of the Depth of the FEM 

In the 20 implementation of the model, the values are determined assuming an infinite 
depth system. The force and torque values are evaluated on per meter basis. Therefore to 
determine the actual force and torque values, the actual depth of the system should be 
determined. This depth is called the "simulation depth". 

The 20 model represents the system as a cylindrical system, while the actual system is 
spherical. Thus for this system, defining the simulation depth is not trivial. The depth of 
the cylinder should be determined such that the resultant force (and torque) values would 
match the spherical system. 

As stated before, the force (torque) is proportional to the rate of change of flux linkage, 
and roughly to the area of the coils. In 20 representation coils are represented in a 
rectangular shape. The simulation depth determines the length of the rectangle. The area 
of a turn in the coil in 20 representation is then given by: 

(3) 

where a is the distance of two edges of the turn drawn in FEM software and d is the 
simulation depth. Then the totalflux linkage area is found by summing (integrating) the 
area of each turn. Finally the planar projection of this area should be found. If a 
homogeneaus rate of change of field intensity is assumed inside the coil area, this value 
will be proportional to the torque. 

The actual area of the coils is going to be found in the following sections, and then d 
parameter will be adjusted to equate Asim to Aactual· 

The cogging torque and preload force is calculated for 20mm model depth which is equal 
to the diameter of rotor. 

For wireless power transfer calculations, 

d =Rotor perimeter/2 = 31.4 [mm], 

model depth is used. 

5.3.2.1 Equivalent Model Depth for the Conventional Design 

The coils ofthe conventional design are depicted in tigure 5.7 below: 

38 



Figure 5.7 

There are three coils, each with a span of 120 degrees. The flux linkage area can be found 
by summing (integrating) the actual (spherical) area of each turn in the coil. 

In order to present the method for calculating 
the flux linkage area, a simplified rectangular 
model is introduced in tigure x.x on the right: 
Assume that there are an infinite number of coil 
sides in cross section X-Y. Then one can write: 

ntums (4) 
ntums 

Where A1um[m2
] is the area of a turn, nturns[-] is 

the actual number of turns, a[m2
] is the area of 

the coil edge (X.Y in Figure 5.8). Aav[m2
] is the 

average turn area, which is going to be used to 
find the flux linkage area. 

Here an infinitesimal element with width dx and 
height dy is integrated along X and Y, with 
respect to the property: 

Area=La.Lb [m2
], (5) 

where La=A+2x [m], Lb=B+2x [m]. 

Then the integral can be written as: 

XY 

y 

Totalflux linkage area= J J<A + 2x)(B + 2x)dydx [m2
]. 

0 0 
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Figure 5.8 
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The coil of our concern has a complicated shape as shown in Figure 5.7, thus the integral 
is also complicated. We need to make some assumptions which do not affect the results 
considerably but simplifies the integral. The cross section of the coil is shown in Figure 
5.9 it is represented in FEMM: 

0 Mn-Zn-Softf er-lo" 

@/'' 

\ 
Figure 5.9 

If it is assumed that the coil area is a cone si de area section (instead of a spherical area 
section), the area of a turn inside the coil can be written as: 

A _ (2 · 9)[2 ( . 9 . 7 5) (27tr sin(60) I 6 + 27tr sin( 45) I 6)] [ 2] 
rum - r sm . r sm - r sm .. + m 

2 
(7) 

The first 2rsin8 term is the "height" of the winding as shown in Figure 5 .I 0 below. The 
big parenthesis constitutes the "width" of the winding. "rsin8 - rsin7 .5°" is di stance of the 
turn of our concern to the innermost turn. It should be equal for the upper, lower and side 
edges because the crossectional area of the coil should stay the same at every point. The 
explanation for the "width of the winding" is illustrated below: 
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2msin(60°)/6 (rsin9-rsin7.5) 

e = 37.SO 

e = 7.5° 

2rsin(9 

e = -7.5° 

9= -37.5° 

Figure 5.10 

Then the integra1 for 9 = 7.5 7 37.5 degrees, r = 10 7 18 mm yie1ds: 

18 37.5 

Average Flux Linkage Area 

J. fA turn rd8dr 

= 10 7.5 = 13354 [mm2]. 

A coiledge A coiledge 

This represents the actual flux 1inkage factor. Now the p1anar projection area shou1d be 
calcu1ated. For a 120 degrees of span, the ratio of the 1ength of the ei rele are to the 1ength 
of the cord is given by: 

21t 
- r 
3 

h = 1.209 
r-v3 

Then the projected area of the section of a cone side area is given by: 
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13354 

A 1.209 actual= __:..:.=.=_ 

Acoiledge 

_1_1_04_5_ mm2. 
A cailed ge 

The area in the simulation model can be found similarly but it is simpter to find: 

18 37.5 

J. J2r
2
dsin 9d9dr 

A · =~10~7.~5 ________ _ 
Sim A 

cailed ge 

638.d 2 mm, 
Acoiledge 

where d is the simulation depth. 

Then d can be found by equating Asim to Aactual: 

Asim = Aactual 

638.d= ll 045 

d=l7mm. 
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5.3.2.2 Equivalent Model Depth for the Cubic Design 

The cubic design is a simple construction. The windings are in rectangular shape and the 
magnetic field is almost uniform in the effective region (upper side of the coils) as seen in 
tigure x.x. 

Figure 5.11 

The length of Coil1 (red in tigure 5.11) is represented by X, and length of Coil2 (yellow 
in Figure 5.11) is represented by Y. In this design X=l8[mm] and Y=22[mm]. Thus the 
simulation depth is defined as d= 18 mm for evaluation of torque created by Coil1 and 
d=22 for evaluation of torque created by Coil2. 

dt=18[mm] 

5.3.3 Field Intensity Correction 

The magnet in the model is a rectangular prism and greater in volume compared to its 
original counterpart which is a cylindrical prism. A conversion factor should be 
determined to get the correct field intensity values in the system. 

The field intensity is proportional to the ratio of the total vol urne of the magnet and the 
size of the affected area. The affected area is assumed to be the part of the outer area of 
the rotor, which interfaces with the stator. 
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5.3.3.1 Conventional winding design 

Magnet volume in FEA= Height. Depth. Width = 8.5. 17. 13 = 1879 [mm3
] 

Magnet affected area in FEA = 0.5 . 1t . Diameter . Depth = 0.5 . 1t .20 . 17= 534 [mm2
] 

Magnet Vol urne/ Affected Area = 3.517 [ m] 

Real Magnet Volume= Height. 1t. rmagnet2 = 8.5. 1t. 6.52 = 1128 [mm3
] 

Real Magnet affected area= 2 . 1t . r2 = 2 . 1t . 102 = 628.32 [mm2
] 

Magnet Volume/Affected Area= 1.795 [m] 

Conversion factor needed= 3.517/1.795 = 1.959 

Coercivity of NdFeB37 Magnet = 950000 [Nm] 

Coercivity of the magnet in the conventional design model= 950000/1.959 = 485000 
[Nm] 

5.3.3.2 Cubic winding design 

Magnet volume in FEA= Height . Depth . Width = 12.6 . 18 . 11 = 2495 [mm3
] 

Magnet affected area in FEA = 0.5. 1t. Diameter. Depth = 0.5 1t 20 18 = 565.5 [mm2
] 

Magnet Volume/Affected Area= 4.412 [m] 

Real Magnet Volume= Height. 1t. rmagnet2 = 12.6. 1t. 5.52 = 1197 [mm3
] 

Real Magnet affected area= 2 . 1t . r2 = 2 . 1t . 102 = 628.32 [mm2
] 

Magnet Volume/Affected Area= 1.905 [m] 

Conversion factor needed= 4.412/ 1.905= 2.316 

This conversion factor is the ratio of field intensity in the joint and in its finite element 
model. Thus the coercivity of the magnet will be divided by the factor, to get the correct 
field intensities in the model. · 

Coercivity of NdFeB37 Magnet = 950000 [Nm] 

Coercivity of magnet used in cubic winding design= 950000/2.316 = 410000 [Nm] 
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5.3.4 Correction for Copper Loss in Actuator Coils 

The finite element analysis software calculates the copper loss in actuator coil by using 
the related current, wire resistance and wire length values. In FEM there are two coil 
edges for each coil; one goes inwards the page and one comes outwarcts the page. Thus 
the total wire lengthof each coil in FEM is 2 times the model depth. However actual coils 
have vertic al components which contribute to the totallength of the coil. 

5.3.4.1 Conventional Winding Design 

Coillength per turn in FEM = 2. depth = 2 . 17 = 34 [mm] 

Actual coillength per turn= 43 [mm] 

Conversion factor for power consumption of actuator coils = 45/34 = 1.324 

5.3.4.2 Cubic Winding Design 

Coillength per turn in FEM = 2. depth = 2 . 18 = 36 [mm] 

Actual coillength per turn for coil 1= 56.6 [mm] 

Conversion factor for power consumption of actuator coil I= 56.6/36 = 1.572 

Actual coillength per turn for coil 2= 68.2 [mm] 

Conversion factor for power consumption of actuator coil 2= 68.2/36 = 1.894 

5.3.5 Finite Element Model Summary 

The accuracy of the results is still questionable. The spherical to cylindrical conversion 
algorithms are all based on approximations of unknown accuracy. Thus the results of the 
simulations can only be used in camparing the performance of the derivatives of the 
conventional design and the cubic designintheir own category only. In the optimization 
part one of the conventional models will be compared with the cubic model more 
accurately by integrating the outcomes of FEM to the analytica} model. Then the most 
feasible design will be constructed. 
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5.4 Comparison Summary 

Now since the FEM implementation methodology is already presented, the validity of the 
values can also be assessed. The performance measures of different topologies are given 
in Table 5.1: 

Conventional Opposite Sign Ring Radial Ring Cubic 

Torque @0° [Nm] 0.0262 0.0275 0.034 0.01975 

Power (Copper Loss) [W] 20.39 20.39 20.39 11.05 

Torque/Power [Nm/W] 0.00128 0.00135 0.00167 0.00179 

Preload Force [N] 2.04 1.59 2.94 2.12 

Torque @15° [Nm] -0.0258 0.0237 -0.0323 -0.0221 

Min Torque @15° [Nm] 0.0180 0.0227 0.0285 0.0148 

CoggingTorque @15° [Nm] 0.00388 0.00051 0.00188 0.00567 

Table 5.1 

- The current density in the actuators is I 0 A/mm2
• 

- The fill factor of the coils is 0.5. 
- For the conventional design and its two derivatives, given torque values represent the 
torque produced by three coils (separated by 120 degrees, as shown in tigure x,x). This 
value is equal to two times the torque produced by the coil, which has the pole axis in a 
plane perpendicular to the axis of the torque. The torque value will vary with the pan and 
the tilt angle. This argument will be discussed in the optimization chapter 

The results do notpresent the wireless power transfer performance. However it is clear 
that for the "opposite sign ring" and "radial ring" there is too little space available in the 
rotor for the wireless power receiver coil. The coil should be away from the magnets to 
reduce eddy current losses, but in those two designs the available space is surrounded by 
the big magnet and the additional magnet The wireless power transfer performance 
comparison between the conventional design and the cubic design will be made in the 
optimization chapter. 

The cubic design performs best in torque/power criterion. The radial ring derivative gives 
the highest torque for the specified current density. However when the simplicity of the 
designs are concemed, the two derivatives of the conventional design should be 
eliminated. The permanent magnet rings with length and width around 3mm is hard to 
produce, handle and magnetize. Also with respect to the wireless power transfer 
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efficiency, they are not promising. Then two options to be optimized in the optimization 
chapter are the conventional design and the cubic design. 

The observations made during the evolution of these design topologies proved to be 
useful in optimizing the designs. 

The outcome of this chapter: 

Conventional design and cubic design should be optimized and compared again. 
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Chapter 6: Optimization 

6.1 Introduetion 

There are several design variables in the spherical actuator system. These variables have 
effects on different aspects of the design. Thus all the variables should be optimized 
together. In this chapter all the variables -ranging from the physical dimensions of the 
components to the values of the electrical components- are optimized. 

The first step in optimization is to build the analytical model of the system based on 
several assumptions. At this step hand calculations are involved. Then this model should 
be implemented in a simulation software to validate the assumptions and the analytical 
model. FEMM[ 16] and Proteus[ 17] are used to implement the system in the magnetic 
domaio and in the electrical domaio respectively. If the analytica} model proves to be 
inaccurate, then the system can be modeled by using fit functions which are built by 
taldog several point measurements from the simulation software. 

After the analytical or the experimental model is built; design constraints and the 
objective function are determined. The system is modeled in Matlab for optimization of 
the variables. 

The objectives of the optimization are as follows: 
-High Magnetic Torque/Power rating 
-Preload force close to 2.45N 
-High Magnetic Torque/Frictional Torque 
-Low cogging torque (wide operational range of pan and tilt angles) 

There are virtually an infinite number of ways to model a system. The author picked the 
best option by optimizing the time neerled to model the system and the accuracy of the 
model with respect to his criteria. The model should let design changes (in the future) 
with the least amount of additional work and accuracy should be as high as possible. 
There is a trade off in between those two variables. It is also important to know the limits 
of the error involved. 

6.2 Optimization of the Conventional Design 

6.2.1 Design Considerations 

The derivatives of the original conventional design are assessed in the magnetic design 
part. The original design is selected due to its better wireless power transfer performance 
and its simplicity. However when compared with the cubic design, the conventional 
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design is still harder (costly) to build, due to its complex shaped coils. The production of 
complex coil shapes is costly, because the automatic winding machines cannot be used in 
production of such coils. While this is not a problem for prototyping, when mass 
production is concemed complex shaped coils is not an option to be used in design. 
Therefore some changes should be made on the conventional design. 

When simple coils are used, the final shape of each coillooks like a triangular ring, as 
shown in Figure 6.1. This shape is created as a result of rough optimization in 
Torque/Copper loss criterion. 

Figure 6.1 

The faces of the coils are plan ar and perpendicular to the coil axis. Th is geometry does 
not allow the coils to surround the rotor. Therefore, when looked from the top, the coil 
can be regarded as a line tangent to the inner circle (rotor) and a chord of the outer circle 
(stator). In this configuration, using higher number of coils is more advantageous, as 
depicted in Figure 6.2. The total coil area increases as the number of coils increases. 

Figure 6.2 

However higher number of coils increases the complexity of the structure. Looking at the 
space fill factors and comparing the complexities, using 4 coils with 90 degrees of 
separation is decided. The final shape of the coil system is already depicted in tigure 6.1. 

This radical change in the conventional design affects the calculations noticeably. The 
simulation depth is reevaluated using the same procedure in the magnetic design. It 
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decreased drastically to 9[mm] from 17[mm]. The other modeling parameters arealso 
changed accordingly. 

As a result, the magnetic torque (at the rated current density of 10 A/mm2
) decreased 

from 0.0262 [Nm] to 0.0138 [Nm]. This value doesnotmeet the specifications sosome 
improvements in the design should be made even if they increase the complexity. 

There was an important observation in the magnetic design part. The additional ring with 
radial magnetization increased the magnetic torque substantially. The ring wasjustin the 
way of magnetic flux in the system, thus increased the field intensity by replacing the air 
gap with additional magnet length. A similar effect can be created by inserting a disk 
shaped ferrite over the magnet, as depicted in Figure 6.3. 

Figure 6.3 

The ferrite decreases the equivalent length of the airgap. This modification increases the 
torque by 17%, yielding 0.0161 [Nm]. The shape of the ferrite part is notcomplex so it is 
feasible to add this part. Steel cannot be used here because it interferes with the wireless 
power transfer. Conversely the ferrite part increases the wireless power transfer 
efficiency by increasing the coupling between the transmitter coil and the receiver coil. 
The effect of the added ferrite part on the cogging torque is negligible. The preload force 
is also increased by 38%, reaching 2.38 [Nm] which is closer to the specifications. 

The magnetic torque of the conventional design is further increased by increasing the 
current density in the coils, to meet the specifications. 

6.2.2 Analytical Models 

6.2.2.1 Magnetic Torque 
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The magnetic torque model is developed by [ 18) fora permanent magnet spherical 
actuator. While it does not exactly represent the actuator design described in this thesis, 
that model can be used as a reference for optimization. 

Under the assumptions that the permeability of the outer shell is infinite and the magnet is 
spherical; the diametrically magnetized magnet creates a magnetic field which is given 
by: 

B9 =(Brem I dJ(Rm Ir )3
- (Rm I R.)

3
] sin 8, 

Br =(Brem I d)[2(Rm I r) 3 + (Rm IR, )3 ]cos8, 

(l) 

(2) 

in termsof the spherical coordinate system shown in tigure x.x, where d=(Jlr+2)- (Jlr-
1 )(Rn/Rs)3

, Rrn is the outer radius of the spherical rotor, Rs is the inner radius of the 
spherical stator steel shell, Brem is the remanence of the rotor magnet and Jlr is its relative 
recoil permeability. 

rotor m~pctization 
axis 

Figure 6.4 

y 

For circular windings, bounded by the r=Rm. r=Rs and Ö= öo, Ö= ö1 as shown in tigure 
6.4" for the current density of J, the tota1 torque of a winding pair may be obtained from 
the following integration [ 18): 

R,~ 

T = -21 J J{rBr(r,8)dl}rdrdc5. (3) 
RoOo 
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The integration yields: 

where 

Figure 6.5 [1] 

(4) 

(5) 

(6) 

However the windings in this project are neither circular nor covering the rotor 
completely. Also the magnet of our concern is cylindrical, not spherical as in the 
analytica} model. Still the analytica} formula represents the relation between the torque, 
the stator radius (Rs). and the rotor radius (Rm). Fora constant Rm, it is proved by this 
analytica} model that; Magnetic Torque/Power ratio decreases as the stator radius is 
increased. This condusion yields the fact that the stator diameter should be as small as 
possible to have a higher performance. However this is balanced with the current density 
limits in the actuator coils. As the diameter is increased, the current density needed to 
provide the same magnetic torque decreases. 

6.2.2.2 Preload Force 

As shown in Appendix A, the attractive force in a permanent magnet, iron and air gap 
system can be found by the formula: 
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d B 
2 

F= - -(Wg +Wm)=-(2tgd)-g-, (7) 
dx 2Jlo 

Where F[N] is the magnetic coupling force, W g [J] is the energy stared in the air gap, 
W m[J] is the energy stared in the permanent magnet, tg[m] is the depth of the air gap, 
d[m] is the width ofthe air gap, Bg[T] is the magnetic flux density in the air gap. This 
formula is derived from the law of conservation of energy. 

In order to find the magnetic field intensity in the volume, the equivalent magnetic circuit 
should be constructed. 

Figure 6.6 

The system is modeled with magnetic resistances and a magnetomotive force (H.L) 
soureed by the magnet H is the coercivity of the magnet and L is the height of the 
magnet The system can be further simplified by combining parallel paths. See tigure 6.7: 

Rgap-side 

Rmagnet 

Rgap-bottom 

Figure 6.7 

The magnetic resistance of a eertaio part of the magnetic circuit with length 1, area A and 
relative permeability Jlr is given by: 
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R = _1_!:_ [Q], 
f1of1r A 

where 1..1.o is the magnetic permeability of vacuum. 

(8) 

The magnetic permeability of steel is much higher than that of air, thus the resistances 
Rsta and Rrot are very small compared to Rgap_side and Rgap_bottom and can be omitted. 

lf it is assumed that the areas of Rgap_side and Rgap_bottom are equal, then Rgap_side = 
Rgap_bouom· Then they can be represented in a single resistance of Rgap: 

R gap =2.-J- [gap = 4(rsta -rrot) [Q], 
Jlo .1 Ahemisphere Jlo .Ahemisphere 

2 

The final shape of the magnetic equivalent circuit is depicted in tigure x.x: 

Rgap 

Rmagnet 

Figure 6.8 

Then the magnetic flux in the circuit can be found by: 

ct>= HL [Webers], 
R gap + R magnet 

(9) 

(10) 

lf the air gap is assumed to be a rectangular prism instead of a hollow hemisphere, the 
formula which is mentioned in the beginning of the section can be used to determine the 
preload force: 

d B 
2 

F = --(Wg + Wm) = -(2t
8
d)-8

- [N], (7) 
dx 2j.l. 0 

This model is not based on a diametrically spherical magnet assumption, thus it should be 
more accurate than the first magnetic flux density model, explained in the previous 
section. However, the assumptions made through the evaluation process (especially in air 
gap resistance calculations) are too rough to be used on optimization process. Thus, this 
model still yields results of unknown accuracy. In modeling process it is important to 
have an accurate model. What is equally important is the information about the limits of 
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the error involved. Thus the analytica] model developed in this section cannot be used in 
optimization. 

6.2.2.3 Copper Loss in the Actuator Windings 

The copper loss in each actuator can be found by the formula: 

Pcopper=J2
' A. p .I /f, (11) 

where Pcopper[W] is the copper loss, J[Nm2
] is the current density, A[m2

] is the 
crossectional area of the coil edge, l[m] is the length of a single turn, fis the fill factor 
and p[Q.m] is the resistivity of copper. 

6.2.3 MATLAB Model 

The effort in modeling the system in an analytica] way did not yield an accurate model to 
be used MATLAB. Then the system should be modeled on experimental results of finite 
element software. 

The algorithm of modeling the system by finite element software is as follows: 
I) List the variables of the system. 
2) Observe the effect of each variabie on system outcomes (torque, preload force etc.) 
3) Adjust the variables of the model ensuring that the system meets the design 
specifications. Roughly optimize the variables according to the performance criteria 
defined in the magnetic design chapter. 
4) At that point, for each variable, determine the linear relation between the variabie and 
the performance criteria. This is achieved by rnanipolating the variabie by an 
infinitesimal amount. The operating point determined here constitutes the linearization 
point of the system. 
5) Determine the constraint functions for each variable. 
6) Determine the objective function for the system. 
7) Build the system in MATLAB and run the Lagrangian optimization. 
8) Check if the resulting optimum value of each variabie is close enough to the 
linearization point, to validate the outcomes of the linear fit functions. 
9) If the point is valid, terminate the process, else turn back to step 3, determine new fit 
functions at the point found in step 8. 

Using nonlinear fit function approximation may seem to be a better solution as it would 
let a larger valid interval. However the dependenee of each variabie on one other affects 
the validity of that approach. Using a small valid interval around the near optima] point 
and using a simp Ie I st degree fit function is preferred .. 

Convergence of this metbod is questionable, yet it is out of scope of this thesis. The main 
goal of this thesis is to build a working prototype proving the design. Thus, this metbod is 
used to optimize the system. Then it is checked if it converges to the "local" optima] 
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point. Absolute optima} point can only be reached by finding the neighborhood of the 
optimal point by conducting several trial FEM simulations. 

6.2.3.1 List of Variables 

The variables are listed in Table 6.1 below: 

Variabie 
Rotor Diameter 
Thickness of the Stator 
Thickness of the ferrite over the Magnet 
Power Transmitter Coil Height (htra) 
Power Transmitter Coil Width (wtra) 
Power Receiver Coil Height (hrec) 
Power Receiver Coil Width (wrec) 
Actuator Coil Width 
Actuator Coil Height 
Magnet Diameter ( dmag) 
Stator Outside Diameter 
Magnet Position (magpos) 
Magnet Height (hmag): 

Variabie Name in MATLAB 

htra 
wtra 
hrec 
wrec 

dmag 

magpos 
hmag 

Table 6.1 

Fixed Variables: 

Some variables are fixed before the optimization process, to simplify optimization. These 
values are either determined according to the design specifications. 

Rotor Diameter (20mm): This is taken as equal to the diameter of the human eye. 

Thickness of the Stator (2 mm): Limits magnetic flux density to around 0.4T inside the 
ferrite stator. 

Thickness of the ferrite over the magnet ( 4mm): Limits magnetic flux density to around 
0.4T inside the ferrite. 

A vailable cross-sectionat area for the Power Transmitter Coil ( 4.8mm2
): A transmitter 

with this cross-sectionat area will provide enough power for the next stage or any 
appliance attached to the leg (to dissipate the power transferred is already achallenge for 
this area). There is no specification for the amount of power to be transferred; the value is 
determined by referring to the power consumption of the actuator coils at this stage. 

Dimensions of the actuator coils: The dimensions of the actuator coils are fixed by 
geometrical constraints. The gap between the stator and rotor walls and the reserved area 
for the power transmitter coil determines these dimensions. 
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Maximum magnet diameter ( 13mm): The diameter is limited to provide enough area for 
the receiver coil. 

Stator outside diameter (32mm): There are several factors to take into account indecision 
of the stator outer diameter: 

- The diameter is limited to keep the joint size in accordance with the design criteria. 
- Smaller stator diameter yields higher torque/power rating. 
- Prelaad force depends on the magnet size and the stator outside diameter. Thus the 
stator outside diameter implicitly delermines the magnet size to achieve a certain prelaad 
force. 
- Larger stator diameter yields lower current density in the coils. This Iets using higher 
duty on the actuator coils, which eventually increases the speed(bandwidth) of the 
system. 

In between those parameters the current density weighs the most. During the first 
simulations of the initia) design, it is observed that the current density needed to provide 
the specified magnetic torque is wellover 15Nmm2

• This is quite a high value for an 
actuator coil and should be decreased as much as possible. Thus the largest allowable 
stator outside diameter is used initially. This can be modified in the later stages of the 
optimization if the magnet size providing the specified prelaad force is far from its 
optimal point with respecttoother design criteria. 

Variables to be Optimized: 

Magnet position (magpos) and magnet height (hmag) variables are to be optimized. Other 
variables are either dependent variables (due to geometrical constraints) or fixed variables 
which were listed under the previous header. 

Measured V ariables 

The magnetic torque, prelaad force and the cogging torque at 15 degrees of tilt are the 
variables to be measured (evaluated in Matlab). These variables are involved in the 
objective function. 

6.2.3.2 Fit Functions and Optimization in FEM 

Simulations are done in FEM software. The following values proved to be near optima) 
with respect to the design criteria: 

magpos=-7 mm 
dmag=l3 mm 
hmag=8.5 mm 
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The results of the simulation for the mentioned values are as follows: 

Prelaad Force= 1.035N (Actual value= 1.035*Correction Factor) 
Torque = 0.01226 Nm 
Cogging Torque @ 15degrees = 0.00225 Nm (Actual value= 0.00225*Correction Factor) 

Then each variabie is varied by 0.1 mm. Results are shown in Table 6.2 below: 

Preload (N) Torque (Nrn) Cog. Torq. @ 15deg 

Reference 1.036 0.01226 

rnagpos-0.1 1.055 0.01249 

drnag+O.I 1.022 0.01235 

hrnag+O.I 1.045 0.01225 

Table 6.2 

Then the partial derivatives can be constructed as: 

aPr eload = -ü.l9 N/mm 
arnagpos 

()Preload =0.14N/mm 
ddrnag 

aPr eload = 0_09 N/mm 
()hrnag 

()Torque = -ü.0023 Nm/mm 
arnagpos 

()Torque 0.0009 Nm/mm 
ddrnag 

()Torque 
()hrnag 

-o.OOOI Nm/mm 

0.00225 

0.00224 

0.00230 

0.00229 

deog = 0.0001 Nm/mm 
arnagpos 

deog =0.0005 Nm/mm 
ddrnag 

aTorque = 0.0004 Nm/mm 
dhrnag 

These gradient functions are going to be used in the optimization algorithm 

6.2.3.4 Matlab Implementation: 

Constraint Functions: 

Constraint functions are defined in MATLAB: 

drnag=2 *sqrt(rrot"2-(rnagpos)"2)-l ; 
Holds 0.5mm clearance between the rotor surface and the magnet 

magpos>-7 
Limit the magnet diameter to 13mm. 

magpos>-10 
Magnet should stay inside the rotor dimensions. 

7<hmag<10 
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Limit magnet height to keep the linear functions valid. If optimization results in one of 
the limits, other linear functions should bedefinedat that point. 

Objective Function 

The objectives of the optimization were declared in the beginning of the chapter. Those 
definitions can be modified as fellows: 

-High Magnetic Torque/Power rating: Fora definite actuator coil shape and current 
density, this term reduces to Torque, since Power stays constant. 
-Preload Force close to 2.45N 
-High Magnetic Torque/Frictional Torque: Frictional torque is determined by the prelead 
force and the coefficient of friction. If the coefficient of friction is assumed to be 
constant, this term reduces to Magnetic Torque/Preload Force. 
-Low cogging torque (wide operational range of pan and tilt angles) 

Then the objective functions are implemented in MATLAB, accordingly: 

Pre1oad=20/9*( 1 036-[ (magpos-( -7))* 190]+[(dmag-13)* 140]+[(hmag-8.5)*90]); 

20/9 is the correction factor between the si mulation results and actual results ( explained 
in magnetic design chapter). 
The latter terms stand for the effect of magnet position, magnet diameter and magnet 
height on the prelead force value, respectively 

Torque=(dmag/13)*(1226-[ (magpos-(-7))*230]+[(dmag-13)*90]+[(hmag-8.5)*1 0]); 

The first term stands for the depth conversion factor. In determination of the magnet 
coercivity in the model, dmag was used. Thus it should be included in torque term to 
compensate for the change. 
1226 (xl0-5 Nm) is the reference torque value at the linearization point, for an actuation 
current of 2A. 
The latter terms stand for the effect of magnet position, magnet diameter and magnet 
height on the torque value, respectively. 

Cog=20/9*(225+[(magpos-( -7))* 1 0]+[ (dmag-13)*50]+[(hmag-8.5)*40]); 

20/9 is the correction factor between the simuiatien results and actual results (explained 
in magnetic design chapter). 
The latter terms stand for the effect of magnet position, magnet diameter and magnet 
height on the prelead force value, respectively 

k1=0.040; 
k2=7; 
k3= 15000; 
k4= 1; 
f=(Pre1oad-2550)A2 *k 1-Torque*k2-Torque/Pre1oad*k3+Cog; 
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k l, k2, k3 and k4 are the weight factors for the preload force, torque, torque/preload and 
cogging torque criteria, respectively. These weight values are detennined arbitrarily for 
this project. However when the application is exact, these factors can be modified. Even 
the objective function can be modified. This optimization algorithm is developed to 
construct a basis for future applications. 

When all the constraint functions and the objective function is detennined, the command 
"fmincon" in MATLAB is used to conduct the Lagrangian optimization algorithm. This 
algorithm is explained in Appendix C. 

Results 

The design specifications do no detennine the weight factors. The weight factors should 
be adjusted depending on the final application. Thus here in this practice, the weight 
factors are detennined such that the resultant values are the reference values, at which the 
I st order fit functions are constructed. 

Still the validity ofthe optimization algorithm and the MATLAB model is checked by 
varying the weight factors and observing the effects: 

Weight Factors: 
Mag. Torque KI-Preioad Prelaad Torque/Preioad Cog. Torq. magpos 

K2-Torque (N) 
(Nm) 

(Nm/N) @I5deg (mm) 
K3-Torque/Preioad (@4.5A/mm2) 

K4-Cogging Torque 

KI= 0.040, K2=7, 
K3=I5000, K4=I 2.39 O.OI2785 0.00535 0.00533 -7.00 

KI= 0.080, K2=7, 
K3=I5000, K4=I 2.42 0.01277 0.00528 0.00546 -7.00 

KI= 0.040, K2=30, 
K3=I5000, K4=I 2.38 O.OI2793 0.00538 0.00526 -7.00 

KI= 0.040, K2=7, 
K3=30000, K4=I 2.34 0.0128I 0.00547 0.005II -7.00 

KI= 0.040, K2=7, 
K3= I5000, K4=2 2.38 0.01279I 0.00537 0.00528 -7.00 

KI= 0.040, K2=7, 
K3=I5000, K4=20 2.29 O.OII85 0.005I7 0.00403 -7.55 

Table 6.3 

Please note that the preload value indicated in the tableis the actual preload value. This is 
obtained by using the correction factor, which is affected from the magnet diameter. 
Thus, while decreasing the magnet position increases the preload force value evaluated 
by the simulation, the actual preload force decreases because the magnet diameter (and 
the correction factor) decreases accordingly. 
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(mm) 

8.50 

8.66 

8.44 

8.27 

8.46 

8.64 



magpos=-7[mm], hmag=8.5[mm] are accepted as the tinal design values. 

6.3 Optimization of the Cubic Design 

6.3.1 Design Considerations 

An important observation is made during the conceptual design of the cubic design. The 
cylindrical shell shaped stator creates a low resistance magnetic path in tangential 
direction. This phenomenon cannot be observed in 20 drawings and does nat affect the 
results of a 20 model. However in the actual model the thin region of the care will 
saturate because of the strong lateral flux. The lateral magnetic path can be represented as 
a parallel resistance to the resistance representing the magnetic path between two parallel 
plates. This parallel resistance decreases the flux between two parallel plates, resulting in 
a lower magnetic torque created by the system. In order to avoid this, the shape of the 
stator is changed. The tinal design is composed of four steel panels separated by 90 
degrees, which surround the coils, instead of a cylindrical shell shaped stator. See tigure 
6.9. 

Figure 6.9: Final shape of the cubic design. 

A small moditication is made on the shape ofthe care. lt will be produced (cut from a 
steel plate by using electric erosion wire) on a plan ar table, so a more complicated shape 
can be produced easily. Thus to decrease the negative effect of saturation, the width of 
the thin section which is nat surrounded by the coils is increased, as depicted in. tigure 
6.10. 
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Figure 6.10 

6.3.3 Analytical Models 

6.3.2.1 Magnetic Flux Density 

The magnetic flux created by the permanent magnet should be modeled to be used in 
magnetic torque and preload force calculations. The topology of the system does not let 
using a standard magnetic field approximation (like the one used in the spherical 
actuator). On the other hand, the equivalent magnetic circuit model can be used. 

The system is modeled with magnetic resistances and a magnetomotive force (H.L) 
soureed by the magnet (See Figure 6.11 ). H is the eoerei vity of the magnet and L is the 
height of the magnet As seen from the tigure there are 4 magnetic resistances in the 
system, which have a significant effect on the magnetic flux density. The other 
resistances such as the magnetic resistance of the si de walls or the thick region of the core 
are neglected. 
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+ 

Figure 6.11 

Note that there are four walls in the system, so that the Rgap-side and Rthin resistances 
represent the four parallel connected resistance of each side. 

The formula can be constructed as: 

<1> = H.L [Webers], 
R magnet + R gap-bottorn + R thin + R gap-side 

(12) 

For the optimization, rather than the absolute values of the resistances, the magnitude of 
them compared to each other is important. lf the ratio is known, the absolute value of 
each resistance can be extracted by obtaining the overall resistance value from FEM 
simulation at an arbitrary operating point. 

When the absolute value of each resistance is found, the functions relating the variables 
to be optimized to the flux in the system can be determined by using the air-gap magnetic 
resistance calculation formula: 

R =_I _ _!_ [Q], 
floflr A 

(13) 

Note that this formula is valid for infinitesimal air-gaps only. For large gaps the behavior 
is non-linear because the effective area increases as the gap increases. 

For example the effect of change of the magnet position on the magnetic flux can be 
found. The ratio of the length of the gaps should be the same as the ratio of the resistance 
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of the gaps. The rate of change of gap length with respect to change in magnet position 
can be found geometrically. Then this relation can be embedded to the resistance formula 
to find the analytical relation between variables. 

The saturation in the materials, the errors involved in determination of the resistance 
ratios at an operating point and the validity of the air-gap resistance formula limits the 
accuracy of the model. 

6.3.2.2 Magnetic Torque 

The magnetic flux created by the permanent magnet is directed from the bottorn of the 
magnet to the ferrite care inside the actuator windings. Thus the vast amount of the flux 
goes vertical and passes through the edge of the actuator coils perpendicularly. For this 
magnetic topology the Laplace Force Expression shown below can be used to model the 
system as mentioned in the preliminaries chapter: 

Fm= /LxB [N], (14) 

where I is the total current at the upper edge of the actuator winding, L is the vector 
pointing the direction of current (the magnitude equal to the length of the edge of the 
actuator winding), and B is the density of the magnetic flux through the coil edge. This 
expression is valid for each one of two actuator windings. 

As the Laplace Force is found, the magnetic torque can be evaluated by multiplying the 
force with the moment arm length. The moment arm length is the distance between the 
point where force is applied and the rotation axis. The force is assumed to be applied on 
the airgap, thus the moment arm can be taken as the rotor radius. Then the magnetic 
torque expression becomes: 

(15) 

The Lorentz Law and the Laplace Force Expression are bath valid only for the vacuum 
environment conditions. In the system of our concern though, there is a preferred 
magnetic path from the care inside the windings, to the steel walls. The analytical 
expression indeed gives the approximate relation between variables, but the resultant 
value will be different from the actual value. 

6.3.2.3 Preload Force 

The prelaad force is found in a similar way used in the conventional design. The 
magnetic flux density in the air gap created by the permanent magnet is already modeled. 
By substituting the flux density value to the force formula derived in Appendix A, 
prelaad force can be found: . 
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d B 
2 

F=--(Wg + Wm) =-(2tgd)-g- [N], 
dx 2Jlo 

( 16) 

6.3.2.3 Copper Loss in the Actuator Windings 

The copper loss in each actuator can be found by using the same way used for the 
conventional design. The formula below gives the copper loss in an actuator winding: 

Pcopper= J2
· A. p .I I f [W], (17) 

where Pcopper[W] is the copper loss, J[A/m2
] is the current density, A[m2

] is the 
crossectional area of the coil edge, l[m] is the lengthof a single turn, fis the fill factor 
and p[Q.m) is the resistivity of copper. 

6.3.3 MATLAB Model 

The analytica} model provides a vast amount of in formation about the effects of variables 
on the outcomes. This relations are going to be embedded into the model in MATLAB, 
tagether with the FEM calibration. The calibration is necessary because while predicting 
the effects of the variables are fine, the absolute results are not satisfactory. Once the 
correction constants are defined at an eperation point, the system model should yield 
accurate results on a wide range. The accuracy of the model is going to be checked by 
FEM results at different eperating points. 

The algorithm of rnadeling the system is as fellows: 
I) List the variables of the system. 
2) Determine the effect of each variabie on system outeernes (torque, prelead force etc.) 
3) Adjust the variables of the model ensuring that the system meets the design 
specifications. Roughly optimize the variables according to the performance criteria 
defined in the magnetic design chapter. 
4) At that point determine the correction factor for the magnetic flux density (B), prelead 
force and magnetic torque. For the evaluation of eegging torque use the same 
linearization technique as in conventional design practice. This is achieved by 
manipulating the variabie by an infinitesimal amount and extracting the linear relation 
between the variabie and the eegging torque. 
5) Determine the eenstraint functions for each variable. 
6) Determine the objective function for the system. 
7) Build the system in MATLAB and run the Lagrangian optimization. 
8) Compare the measured values that are calculated by the optimization algorithm with 
the ones predicted by the FEM. 
9) If the results are satisfactory, terminale the process, else turn back to step 3, gather new 
correction factors at a point which is closer to the optimal point. 
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This method needs less effort to find the optima] than the method used for the 
conventional design, because the accuracy of the model is valid over a larger range. 
Instead of using linear fit functions, the scientific relation between the variables is used. 
The nonlinearities in the system are the main souree of errors. 

6.3.3.1 List of Variables 

The variables are listed in Table 6.4 below: 

Variabie Variabie Name in MATLAB 
Rotor Diameter -
Thickness of Stator Walls -
Magnet Diameter dmag 
Depthof Stator Walls -
Depth of Actuator Coils -
Distance Between Parallel Stator Walls -
Thickness of the Core -
Width of the Thin Part of the Core -
Magnet Position magpos 
Magnet Height hmag 
Coill Width wcol 
Coill Height hcol 
Coil2 Width wco2 
Coil2 Height hco2 

Table 6.4 

Fixed Variables: 

Some variables are fixed before the optimization process, to simplify optimization. These 
values are either determined according to the design specifications. 

Rotor Diameter (20mm): This is taken as equal to the diameter of the human eye. 

Thickness of Stator Walls (1.3 mm): Limits magnetic flux density to around 0.8T inside 
the steel stator. 

Maximum Magnet Diameter (13mm): The diameter is limited to provide enough area for 
the receiver coil. 

Depth of Stator Walls ( 15mm): The depth of the walls should be large to increase the 
effective length that is related to the magnetic torque. However, it should also be small to 
keep the lateral magnetic resistance high (lateral magnetic resistance issue was discussed 
in section 6.3.1 ). lt is wise to adjust this dimeosion slightly larger than the magnet 
diameter. The magnetic field between the walls will affect the magnet The length that is 
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over the magnet diameter will still increase the magnetic torque, but the effect will 
diminish as the length is increased further. The magnet diameter is determined to he 
smaller than 13mm. Thus fixing the depth of the walls to 15mm is appropriate. The gap 
between two consecutive walls will he approximately 12mm in that case (See Figure 
6.12). The lateral flux path includes two airgaps of 12 mm. This 24mm gap will prevent 
saturation in the thin section of the core. 

16mm 

Figure 6.12 

Depth of the actuator coils (23mm for coill, 19mm for coil2): The largest possible 
actuator depth is selected. The system is assumed to he fit inside a (non-magnetic) 
cylinder of radius 18mm. The distance between two parallel stator walls is 29.4mm. 4mm 
clearance on each side is reserved for the hall-effect sensors. 

Distance between parallel stator walls (32mm): This is the distance between the inner 
edges of two paraHel stator wa11s. There are several factors to take into account in 
decision of this dimension: 

-The dimeosion is limited to keep the joint size in accordance with the design criteria. 
- Smaller values yield higher magnetic flux density and higher magnetic torque. 
- Prelaad force depends on the magnet size and this dimension. Thus the dimeosion 
implicitly determines the magnet size to achieve a certain prelaad force. 
- Smaller values yield higher cogging torque. 

In between those parameters the cogging torque weighs the most. Thus the dimeosion is 
set to 32 mm, which keeps the cogging torque under a certain limit that allows :::::30 
degrees of pan and tilt range. 

Variables to be Optimized: 

Magnet Position (magpos), 
Magnet Height (hmag), 
Coill Height (hco 1 ), 
Coil2 Height (hco2), 
Thickness of the Core (tcore), 
Width of the Thin Part of the Core (wthin) 

are the variables to be optimized. Other variables are either dependent variables or fixed 
variables. 
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Measured Variables 

The magnetic flux density, magnetic torque, preload force and the cogging torque at 15 
degrees of tilt are the variables to be measured (evaluated in MATLAB). These variables 
are involved in the objective function. 

6.3.3.2 Fit Functions and Optimization 

Magnetic Flux Density: 

The flux can be evaluated using the formula derived in 6.3.2.1: 

<1> = H.L [Webers], 
R magnet + R gap-bottorn + R thin + R gap-side 

(18) 

The model to be implemented is based on the resistance ratios and a resistance correction 
factor, rather than the exact analytica} formula. The ratios of the resistances are 
determined by the FEM measurements of magnetic field intensity (H) at points 
representing each resistance. The resistance of the magnet is exactly known, thus only the 
other resistance parameters are corrected: 

[ 19] 

HeLmag 
<1> =----------'"---------,---[Webers], 

+cl( I gap-bottorn + I thin + I gap-side ) 
R magnet 

H gap- bottorn H thin H gap- side 

[20] 

The lengths can be calculated geometrically by substituting the optimization variables: 

Lrnag = hmag 

I gap- bottorn = hcol + hco2 

1 
_ hcol + hco2 

thin -
2 

[m] [21] 

x~'(ma __ g_p_o-s+--hma __ g_)_2_+_1_6_2 
I gap-side = ___.:. ______________ _ 

2 

The field intensity values are measured for the roughly optimized eperating point of: 

magpos = -7 mm 
hmag = 12.6 mm 
hcol = 2.9 mm 
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hco2 = 24.1 mm 
tcore = 5 mm 
wthin = 2 mm 

The magnetic field intensity values of Hgap-bottom and Hgap-side are recorded for zero 
actuation current to have a symmetrie magnetic flux. Hthin is measured for operation 
under 2T magnetic flux density. 

Magnetic Torque 

He =410000Aim 

H gap- bottorn = 98600A I m 

Hthin = l8500AI m 

H gap-side = 70000A I m 

The analytica} model to be used to evaluate the magnetic torque is the Laptace Force 
expression, as determined in 6.3.2.2: 

Fm= /LxB [N], 

I= J.A [A], 

Al=hcol.wcol[m2
], 

wco 1 = 19-(2xhco2)-wthin (geometrie al expression) 
A2=A 1 *(23-hco 1 )/( 19-hco2) (area to produce the same torque byeach coil) 
wco2=A2/hco 1 

(22) 

(23) 

(24) 

Where J is the current density, A is the actuator coil cross sectionat area, hco is the height 
of the coil, wco is the width of the coil, wthin is the width of the thin part of the core. 20 
is the coil depth (fixed variable). 

Finally the correction factor is integrated in the equation: 

Fm =c2.J.A.L.4> [N], (25) 

<ll is going to be imported from the magnetic flux density model and k2 is going to be 
determined by measuring F in FEM. 

Preload Force 

The magnetic coupling force for an infinitesimal air-gap is: 

F= AB 2 [N] , 
J.lo 
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Where A is the area of the air gap, B is the magnetic flux density and 110 is the 
permeability of vacuum. A and 110 are constants and do notchange with respect to the 
variables to the optimized. Thus the formula can be simplified as: 

F = c3.4> 2 [N], (27) 

<Dis going to be imported from the magnetic flux density modeland k3 is going to be 
determined by measuring F in FEM. 

6.3.3.4 Matlab lmplementation 

Constraint Functions: 

Constraint functions are defined in MATLAB: 

c1=magpos+7; 

magpos>-7 
Limit the magnet diameter to 13mm. 

c2=-1 0-magpos; 

magpos>-10 
Magnet should stay inside the rotor dimensions. 

c3=hmag -15; 
hmag<15 
Limit magnet height 

hco 1> 1, hco2> 1 
Finite actuator coi1 height 

hco 1 +hco2<7; 
Limit actuator coil size 

Objective Function 

The objectives of the optimization were declared in the beginning of the chapter. Those 
definitions can be modified as follows: 

-High Magnetic Torque/Power rating: Fora definite actuator coil shape and current 
density, this term reduces to Torque, since Power stays constant. 
-Preload Force close to 2.45N 

Then the objective functions are implemented in MATLAB, accordingly: 

Aux=Hc*hmag*0.001/(Rmag+c1 *(Rgapbottom+Rthin+Rgapside)) 

Torque=(dmag/11)*c2*J*A1 *0.000001 *Ll *Aux 
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Preload=(dmag/11 )*c3*Fiux112 

The calibration factors c I ,c2 and c3 are deterrnined at an arbitrary operation point.: 
magpos=-8; 
hmag=l2.6; 
hcol=4.1 ; 
hco2=2.9; 

At that operation point the calibration factors are: 

c I= 153000000000; 
c2=45600; 
c3= I 000000000; 

One can avoid numerically large calibration numbers by adjusting the units (the units of the variables are in 
millimeters and should be converted to meters). However the calculation algorithm did not yield numerical 
problems so the adjustment is not necessary in this case. 

k I and k2 are the weight factors for the preload force and magnetic torque respectively. 
These weight values are deterrnined arbitrarily for this project. However when the 
application is exact, these factorscan be modified. Even the objective function can be 
modified. This optimization algorithm is developed to construct a basis for future 
applications. 

kl=l; 
k2=1; 

f=(Preload-2)112*k 1-Torque*k2; 

When all the constraint functions and the objective function are deterrnined, the 
command "fmincon" in MATLAB is used to conduct the Lagrangian optimization 
algorithm. This algorithm is explained in Appendix C. 

Results 

The optimization algorithm yields the following results: 
magpos=-7. 79 
hmag=l2.45 
hco1=4.1682 mm 
hco2=2.8318 mm 
Magnetic Torque (@J=I3Nmm2) =0.0231 Nm 
Preload Force = 2.0049 N 

6.3. 7 FEM Implementation and Final Design Val u es 

The optimized conventional and cubic design is implemented in FEM. 

The results are compared in Table 6.5: 
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Conventional Cu bic 

Torque @0° [Nm] 0.0250 0.0250 

Power (Copper Loss) [W] 63.93 21.91 

Torque!Power [Nrn!W] 3.91e-4 1.14e-3 

Prelaad Force [N] 2.3 2.00 

Mag. Torque @15° [Nm] 0.0241 0.0227 

Min Torque @15° [Nm] 0.0191 0.0177 

Cogging Torque @15° [Nm] 0.00500 0.00511 

Table 6.5 

Cubic design achieves much higher torque/power rating. The preload force of 2N is less 
than the design specification. However since the rotor weight is less than the initial 
design, 2N is satisfactory for the final design. 
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Chapter 7: Drive Electronics 

7.llntroduction 

In this chapter the circuit that drives and controls the joint is explained. Firstly the power 
needs of the actuator coils and their electrical characteristics are detennined. Then, 
according to those specifications, available topologies to drive actuator coils are 
proposed. Then the available components are assessed for each topology. After the 
topology is detennined, a microcontroller is selected which can satisfy the needs of the 
topology. 

7.2 Electrical Characteristics and Power Needs of the Actuator Coils 

In order to design the driving circuitry, power needs of the system should be detennined. 

Each one of the actuator coils can be represented as a resistance and an inductance, 
connected in series. The corresponding values for Coill and Coil2 are as follows: 

R2=4.83 [!l], ~=2.91 [mH] 

Once those parameters are known one can find the time constants: 

Time constant of Coill = TCt = Ltf R 1 = 3.18m/3.76 = 0.84 [ms] 

Time constant of Coil2 = TC2 = L2/ R2 = 2.91m/4.83 = 0.60 [ms] 

The current values needed for each coil to create the rated torque of 0.025Nm are: 

h=2 [A] 

Thè system is driven with the friction stepping technique. The friction stepping technique 
is not modified for optimal use in this design. It is used as it is. The driving signal is a 
500 Hz pul se width modulated (PWM) signal. The rise time (RT) of the current in 
actuator coils should be less than one quarter of the driving signal period, i.e. 500us, and 
preferably around 250us. 

The actual rise time of the actuator current (given in x) corresponds to almast 3 time 
constants. Thus a salution is needed to decrease the actual rise time below the maximum 
allowable rise time of 500us. There are three solutions for the problem. 
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The first one comes directly from the magnetic design of the circuit. Note that the TC 
cannot be varied by varying the number of tums in windings. The dimensions of the coil 
and the magnetic material should be varied. This salution is not easy to achieve because 
the magnetic design already has a lot of constraints and specifications to be met. Any 
change in dimensions will decrease the performance for the system therefore this salution 
is not preferred. 

The second salution is to use an over-rated and slightly more complicated power and 
drive circuitry. In order to decrease the rise time (RT), a higher voltage (or a higher PWM 
duty) is going to be applied to the coils during the rise interval. Then the current will be 
fixed at that value by decreasing the PWM duty. A higher voltage rating can be supplied 
by using appropriate driving transistors. The PWM duty adjustment can easily be 
achieved if a microcontroller is used to drive the coils. Else, a current limiting module 
can be implemented into the system which will automatically decrease PWM duty when 
the desired (rated) current value is reached. 

The third salution also involves using an over-rated drive circuitry. Similar to the second 
solution, to decrease the rise time (RT), a higher voltage is to be applied to the coils 
during the rise interval. Then instead of cantrolling the PWM duty to keep the current 
constant, a different mode of full-bridge driving system can be used. In this mode (slow
decay mode), the coil is short circuited. Therefore the current decreases at a very slow 
rate. Then reversed voltage is applied to diminish the current in the coil at a higher rate. 
The resultant current pattem looks like a square signal. These wavefarms are illustrated 
in Chapter 8. 

The first salution is eliminated as affecting the magnetic performance is not preferred. 
The second salution involves a complicated control algorithm. If PWM control is to be 
achieved by the driver not the microcontroller then there are current controlled bridge 
drivers in the market, but they are more expensive. The third proposal (using an over
rated power circuitry with simple control) is a feasible salution of the problem. It 
provides sufficient performance by utilizing inexpensive hardware. 

Then one can find the necessary voltage to be applied to each coil to have a rise time of 
250us: 

V 1=R1.I1 • 
-250us 

3.76. 2 
-250 

= 29.26 [V] 

1-e re1 1- e s4o 

V2= R2. h. 
1 

= 4.83. 2 = 28.34 [V] -250us -250 
-

1-e re, 1-e 600 

The prototype should be a standalone system as defined before. For a standalone system, 
a voltage rating which can be delivered by standard batteries would be preferred. 
Therefore 24 or 18 volt can be specified as the power bus voltage, depending on the 
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components' requirements. 24 V yields a rise time of 316us, 18V yields 454us for the first 
coil. 24V is preferred to comply with the maximum allowed rise time but 18V is also 
acceptable. 16.75V yields 500us, so it is the minimum allowable driving voltage. 

The outcome of this section is the current and voltage rating needs for the driving circuit: 

Vrated=24 [V], Irated=2 [A] 

Now since the rated voltage and current values are determined and the driving frequency 
(I kHz) is already known, the driving componentscan be selected for each topology. First 
the topologies will be introduced. 

7.3 Driving Circuit Topologies 

It is camman practice to use H-bridge topology (see Figure 7 .I) to drive actuator coils in 
two directions. 

52 

Full H-bridge 
Figure 7.1 

54 

The typical motor driving H bridge consistsof 4 Mosfefs. Upper mosfets (S 1 and S3 in 
Figure 7.1) are called souree or high-side, and lower Mosfets (S2 and S4) are called sink 
or low-side. Each side (S 1, S2 or S3.S4) of a full H-bridge is sametimes referred as a half 
bridge. 

There are forward, reverse, freewhee1ing and braking modes of operation of a full bridge. 
Additional information can be found in references [ 19]. 

There are two types of mosfets named with their channel charge type, shown in Figure 
7.2 below. The g (gate) pin is used to switch on/offthe conneetion between d (drain) and 
s (sourá~). The p-type mosfet conducts when Vsg>O, the n-type mosfet conducts when 
Vgs>O. N-type mosfets are cheaper and have lower "on-resistance". However using an n
type mosfet on the high-side is complicated. The gate voltage should be higher than the 
motor driving voltage (which is usually the power bus voltage) to switch it on. Charge 
pumps and special circuits are used to produce the voltage which higher than the highest 
available voltage (power bus voltage) in the circuit. On the other side, a p-type mosfet 
can be switched on(off) at the high-side by applying ground (power-bus voltage) to its 
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gate, as soon as the power bus voltage is higher than the gate opening voltage, which is 
usually the case. 

G 

s 

G 

s 
N-CHANNEL IIOSFET 

Figure 7.2 

Thus one can build up a bridge composed of 2 p-type mosfets at the high side and 2 n
type mosfets at the low side, or altematively, all the mosfets can be n-type provided that a 
metbod to drive the high-side n-type mosfet is implemented in the driving circuitry. 

There are several solutions offered by different producers, suitable for building an H
bridge at the current and voltage ratings calculated in the preceding part. Different 
available topologies, listed in deseending complexity are explained in the following 
sec ti ons. 
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7.3.1 8 N-type Mosfets, driven by 4 High-Side/Low-Side driver 

N-type mosfets are used in both high and low sides of the bridges. This topology neects 
four high-side/low si de drivers. Each driver will be responsible from one of the four half
bridges. 8 input signals are needed to control 8 gates independently. This allows 
maximum flexibility in the control of driving scheme. Also there are a lot of n-type 
mosfets in the market to choose from, which increases the design flexibility. The 
topology is shown in Figure 7.3. 

L 

L 

Figure 7.3 
Topology 1 

_j 

_j 

(Only 1 of 4 driver IC's is represented in the figure.) 

Some external components (bootstrap diode and capacitor) are needed for each driver IC. 

Possible driver IC's and mosfets to be used in this topology are listed below: 

Driver IC' s: 

National LM5107: Integrated bootstrap diode, high driving current, fast. 
National LM5109:0.4$ Cheaper than other two per IC, high driving current, fast. 
International Rectifier IRS200 1 :Higher voltage. 

Mosfets: 

OnSemi NTD4815: Low rds (13mohm), low cost(0.2$), high current (35A). 
International Rectifier IRF8707: Lower rds ( 12mohm), lower cost (0.18$), moderate 
current (l1A) 
OnSemi NTGS414: Lowest cost (0.16$), low current(7 A). 

Note that there are many moreproductsin the market to be listed here. The list includes 
only the ones with competitive prices and suitable ratings for use in this design. The 
comparison table is presented at the end of the chapter. 
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7.3.2 4 P-type, 4 N-type Mosfets, driven by a dual full H-bridge driver 

Mosfets of each side of the bridges is driven by the same output. Therefore 4 input 
signals should be sent from the controller to drive two coils in two directions. The power 
bus voltage should be higher than the gate opening voltage, and should be lower than the 
maximum allowable gate voltage of high-side mosfets. Since the optimum gate opening 
voltage is usually around I OV, and maximum allowable gate voltage is around 15 volts, 
this constraint limits the flexibility of a design. Power bus voltage should be fixed in 
between I 0-15 volts ( 15V is just the limit of the specifications defined in the previous 
section). Driving two (different type ot) mosfets from the samedriver outputmayalso 
cause some problems (higher switching loss). Topoio y is shown in tigure 7.4. 

Figure 7.4 
Topology 2 

Truth table of the circuit is as follows: 

Inputs Outputs (Coill) Inputs 
1 2 Left Right 3 
L L Vs Vs L 
L H Vs Gnd L 
H L Gnd Vs H 
H H Gnd Gnd H 
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Outputs (Coil2) 
4 Left Right 
L Vs Vs 
H Vs Gnd 
L Gnd Vs 
H Gnd Gnd 



7.3.3 2 Full Bridge Driver IC's 

There are commercial full bridge driver integrated circuits, which combine the high-side 
charge pump drivers, a full bridge driving scheme and the controllogic in a single 
package. They also include some more features like over-current, over-temperature, over
voltage protection. The current ratings are up to 3A, and driving voltages up to 55V are 
available. 

.2211F r 25V 
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I 
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I 
I 
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~E~ -- - - - - l<:!'':_ -- CP2 ---, 

I 
I 

UOOE I 

PHASE I 

J 
[.I?.'!!Q~.f_u_!_~~------j 

I I 

1--------------------------J 
Figure 7.5 

l of 2 IC' s is depicted in the ti gure. 

Truth table willlook like this (may vary with the producer): 

PH ASE ENABLE MODE SLEEP OUTA OUTB Functlon 

1 1 x 1 H L Forward 

0 1 x 1 L H Reverse 

x 0 1 1 L L Brake (slow óecay) 

1 0 0 1 L H Fast óecay SR• 

0 0 0 1 H L Fast decay SR• 

x x x 0 Hi-Z HI-Z Sleep mode 

Available IC' s for this topology are National LMD18200, Allegro A3949 and ST L6205. 
In fact ST L6205 includes two full bridges (belongs to the next topology), but they can be 

79 



paralleled directly by connecting two pins together, to increase the current rating without 
suffering from paralleling issues. 
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7.3.4 Dual Full Bridge Driver IC 

Same as the previous topology, except that it combines two full bridgesin a single IC. 

. 
vs 
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- \!BOOT 

11 12 
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3 

SENSEs 
8 

LOADA OUT1A 
4 
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18 

LOADe OUT18 7 
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Truth table is as follows : 

INPUTS 

EN IN1 

L x 
H L 

H H 

H L 

H H 

X = Don't care 

20 
EN• Re.. 

7f ~ 
R".., 

11 
ENg 

5: c. ... 

9 
IN16 

10 
IN2e 

1 
IN1A 

2 
IN2A 

16 
GND 

15 
GND e 
GND 

5 
GND ·"' 

Figure 7.6 

OUTPUTS 

IN2 OUT1 OUT2 

x High Z High Z 

L GND GND 
L Vs GND 
H GND Vs 
H Vs Vs 

High Z = High Impedenee Output 

ENABLE6 

IN1s 

The only product that can match the specifications of the design with acceptable 
(<40$) price is ST6205 (6.14$). 

A comparison table of 4 different topologies, with the highlighted best component 
option for each topology, is shown on the next page. 
For topology 1, the highlighted option is advantageous because the driver IC has an 
integrated bootstrapping diode. It results in a lower cost design. 
For topology 2, the highlighted option bas lower cost and higher rating with a 
comparable on resistance, so is chosen. 
A3949 is noticeably cheaper than L6205, so is the selected option for topology 3. 
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Topology I Topology I Topology 2 Topology 2 Topology 2 Topology 3 Topology 3 Topology 4 Topology4 

8n+4driver 8n+4driver 2x 2x 2x ST Dual ST Dual 
(hslls) (hslls) 4p+4n+driver 4p+4n+driver 4p+4n+driver National Allegro Full Bridge Full Bridge 

IC LM5107 IRS2001 TC4468 NCV7702B-D NCV7702B-D LMDI8200 A3949 L6205 L6205 

IC VoltageiCurrent IOOVII.4A 200VI0.6A 20VIl.2A 16V/IA 16V/IA 55VI3A 36/2.8 52VI5.6A 52V/2.8A 

NTD25P03 I NTLJS4149 I IRLMS68021 
Mosfet HIL -11RF8707 -IIRF8707 NTD4815 NTGS414 IRF8707 - - - -

Current HIL (A) 11 11 25135 5.917 5.6/11 - - - -

Voltage HIL (V) 30 30 30130 (1Vgsi<15V) 30130 (IV gsi<12V) 20130 (1Vgsi<12V) - - - -

Rds WL (mühm) 12 12 72113 62125 50112 3401320 4001300 3401280 3401280 

Rds Total (mühm) 24 24 85 87 62 660 700 620 620 

CostIC $ 0.9 0.85 1.38 1.78 1.78 8.51 1.9 6.14 6.14 

Cost Mosfet H $ 0.18 0.18 0.37 0.33 0.3 

Cost Mosfet L $ 0.18 0. 18 0.2 0.16 0. 18 

Cost Tota1 $ 5.04 4.84 3.66 3.74 3.7 17.02 3.8 12.28 6.14 
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7.4 Conclusions on the Actuator Drive Topologies 

The direct IC driving topologies (3 and 4) have a higher total on resistance compared to 
topologies l and 2. However they are easy to implement. Few connections and extemal 
are needed. Also using topology 3 or 4 will result in a robust design. The placement of 
the components on the circuit board will notaffect the performance drastically. 

The major disadvantage of topology 2 is its high side low side parallel driving system. 
This is not common practice. To ensure that higher side and lower side mosfets are not 
conducting in the same time; the circuit board should be designed properly. Even if it is 
done so, the system performance will be sensitive to gate driver resistance variations. 
Another disadvantage is that the power bus voltage is not flexible. lt should be fixed 
below 15V. 

Topology l needs 4 extemal capacitors and 3 more IC's than topology two. Still this is a 
minor disadvantage. On the other hand it is a very flexible option with vast amount of 
available mosfets. Over-rated mosfets can be used with a small increase in cost. lt also 
makes the system easily scalabie for use on larger actuator systems and for use on 
derivations of the original system. Over-rated testscan be conducted on the prototype 
even when the originally intended (for serial production) mosfets are used in the driver 
circuit. However the total component cost as well as the circuit board production cost is 
high. Because of the number of components used, the circuit size will be larger too. 

Topology 3, with an Allegro A3949 full bridge driver IC's for each actuator is selectedas 
for the driving circuit. lt is a low cost and robust option. The only disadvantage is the 
higher on-resistance. Still since the applied current will be around 25% duty with 2A 
max, the allowable maximum current of A3939 is 2.8A is safe for the design. The heat
sinking procedures defined in the datasheet of A3949 are foliowed in production. 

7.6 Wireless Power Transfer Circuit 

A simple switching circuit which gives a square-wave output is designed. The H-bridge 
used in the system is suitable for high frequency use. Therefore this circuit is adapted 
from the actuator coil driving h-bridge. 

7.7 Microcontroller 

The specifications of the selected microcontroller (PIC 16F685) is listed below: 

20 MHz clock frequency 
8 MHz intemal oscillator (cuts production costs) 
4 Kbytes of flash program memory ( 14 bit words) 
256 Bytes EEPROM Data Memory 
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3 Timers 
lPWM (and capture and compare) module (to drive the transmitter coil @100kHz) 
10 Bit ADC (to get analog hall-effect sensor output) 
8 Input channels for ADC (to get analog hall-effect sensor output) 
18 J/0 Pins (to control the driver IC's) 

Maximum current sink or souree capability of a J/0 pin= 25 mA. 
Combined current sink or souree capability = 200 mA. 

PIC runs instructions at 11<1 of its clock speed. Then for constant %50 duty, a PWM signal 
of 20MHz/4/2=2.5 MHz is possible to be produced theoretically. The rise and fall times 
should be checked. 

The volume price for PIC16F685 is $1.08. 

lt also has an internal oscillator of 8 MHz which finally results in a very cast effective 
design. This processor is a promising one. 

7.8 Final Shape ofthe Drive Circuit 

The final shape of the driver circuit (including the wireless power drive) is shown on the 
next page. 
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Chapter 8: Control and Software 

8.11ntroduction 

In this chapter the closed loop control system is described. First the hall-effect sensors are 
introduced. Then the selection of the suitable sensors and positioning them on the system 
is discussed. The next step is to shape the step signa! depending on the sensor 
information. This is achieved by the microcontroller. Microcontroller software and the 
control parameters are explained in the end of the chapter. 

8.2 Hall-Effect Sensor 

There are several ways to measure the position of an object, which can be divided into 
three groups: optica!, inductive and capacitive. These methods measure the changes in 
light, magnetic field and electric field to measure the position, respectively. 

In this project, the position of the rotor should be measured. Since there is a permanent 
magnet in the rotor, this positional measurement can be achieved by using inductive 
(magnetic) sensors. 

The easiest way to measure the density of static magnetic flux is using hall-effect sensors. 
When there are some problems using hall-effect sensors (cost, space, noise etc.) other 
sensing methods can be used. As explained by [x] "The Hall effect refers to the potential 
difference (Hall voltage) on the opposite sides of an electrical conductor through which 
an electric current is flowing, created by a magnetic field applied perpendicular to the 
current." This effect is discovered by Edwin Hall, in 1879. There are several solid state 
hall effect sensors in the market, which have an output voltage proportional to the density 
of the magnetic flux flowing across the sensor. 

The sensors should be placed on an available point where the magnetic flux density 
sensitivity to pan and tiltangles is high. In actdition to that the offset flux density (the 
magnetic flux density when rotor is at 0 degrees) should be as smallas possible. This 
point is reserved during the design process as it affects the whole design, but mentioned 
in this chapter. The sensors are going to be placed on the stator walls, sitting parallel to 
the wall (see Figure 8.1, sensors shown in red). The horizontal magnetic flux density is to 
be measured. There will be 4 sensors in total, 2 for each axis, sitting on parallel walls. For 
each axis, the difference between two sensors' output will be used todetermine the tilt 
angle. 
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Figure 8.1 

The FEM measurements of magnetic flux density at the point which corresponds to the 
active area of the sensors is shown in table x below: 

Tilt angle (degrees): -15 -7.5 0 7.5 15 
Bx: (T) 0.0396 0.0346 0.0280 0.0211 0.0149 
IBx-Bx(O)I (T) 0.0116 0.0066 0 0.0069 0.0131 

Table 8.1 

As seen from the measurements the flux density changes almost linearly (:::::10% error) in 
the operational range. 

Now since the range of flux density values to be measured is known, sensor can be 
selected. 

The promising hall-effect sensors are listed below in Table 8.2 

Allegro Allegro Melexis Melexis Micronas Optek 
130x 132x 2SA-IO 90242 hal401 OHN315x 

Sensitivity 13 or 25 25,31,50 25 or 50 15 or 24Vff 25Vff 
vrr 40Vff 

Max. Flux 0.17 or 0.088, O.ü70, 0.80 or 0.15 or 0.1 T 0.08T 
Density 0.088T 0.044 T 045 T 0.056 T 
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Bandwidth 20kHz 30kHz 15kHz 2.5 kHz 10kHz -

Dimensions 3x3xl 3x3xl mm 6x5xl.5 3x3xl 4.5x2.5xl 4.5 x4.5x 1.5 
mm 

Linearity 2.5% 1.5% 0.1% Vdd 0.5%Vdd 2%, (0.5% for 3% 
diff.) 

Co st 0.48$ 0.65$ - 2.22$ - 1.6 
Extra Temp. 2-axis Differential 

compensation output 

Table 8.2 

All the sensors have satisfactory temperature resistance so temperature dependency 
val u es are not listed. Looking at the values, allegro A 1321 with a sensitivity of 50V rr is 
se1ected. The sensor will not saturate and give the highest sensitivity. It is also 
comparably inexpensive. The temperature compensation property reduces the residual 
offset voltage normally caused by device overmolding, temperature dependencies and 
thermal stress [20]. This is a good property for prototype production. 

8.3 Microcontroller Software 

Microcontroller software is the embedded software, which makes the microcontroller 
conduct definite tasks. The completeC-code is in Appendix D. The stages mentioned in 
this part are also pointed by comments in the actual code. 

Initialization: The hardware is initialized. The input output pins are determined, the full
bridge drivers are kept at sleep mode. The system variables are defined. 

Activation: The full bridge drivers are activated. Wireless power transfer is initiated at 
this point. 

Check Hall-Effect Sensors: The analog outputs of 4 hall-effect sensors are read by the 
microcontroller. Analog data is converted into a 1 0-bit integer. 

Check Setpoint: The analog output of a 2-axis joystick is read and converted into a I 0-bit 
integer. 

Shape the driving signal: The driving signal pulseis shaped depending on the position 
and the setpoint. For the first software a simple on/off controller is implemented. 
Therefore the shape of the signal is independent from the magnitude of the error. 

OutX: The actuator coil in X-axis is driven. A singlepulseis foliowed by a delay. 

OutY: The actuator coil in Y-axis is driven. A singlepulseis foliowed by a delay. 

Loop (turn back to "check hall-effect sensors") 
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8.4 Pulse Shape 

The shape of the pul se is determined by the rise-time, the slow-decay time and the fast
decay time. During the rise time, the rated voltage of 24V is applied to the coil. During 
the slow decay time the coil is short circuited. During the fast-decay time, the full-bridge 
driver applied negative rated voltage until the current in the coil decreases to 0. Rise time 
of 250us and slow decay time of 150us is going to be used for the tirst experiments. The 
theoretica} shape of the voltage and current levels in Coill and Coil2 are shown in tigure 
x and tigure x, respectively. These tigures are constructed in MATLAB by using the 
predicted R (Coil1=3.757ohm, Coil2=4.830ohm) and L (Coill=3.18mH, Coil2=2.9lmH) 
values for the actuators. 
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The current reaches a maximum of 1.634A in Coill and 1.688A in Coil2. The current 
total pulse time is 567us in Coill and 545us in Coil2. Note that the internal resistance of 
the batterles to be used, the on resistances of the mosfets and, the generated EMF at 
the coils due to the movement of the rotor are not integrated to those simulations. 

8.5 Control Parameters 

The behavior of the system can be changed drastically by varying the shape of the pul se, 
delay between pulses and combining the actions of two actuator coils 

The rise time and the slow-decay time of the pul se can be varied. Th is will change the 
total energy of the pulse, which affects the step size of the rotor. The rotor will move 
when the current reaches a definite value, which corresponds to the stick friction torque. 
Over that value the net force acting over the rotor will be non-zero. As the current is 
increased the net force increases. 

In order to find a re lation between the step si ze and the pul se shape, the law of the 
conservation of the energy can be used. For a system the total energy input should be 
equal tototal energy output. The energy input bere is the electrical energy, and the energy 
output is the heat dissipated through the electrical resistance of the coils ( copper loss) and 
through the rubbing friction between the rotor and the stator. Then one can write: 

Ein = Eout 

J V.l.dt = J I 
2 

.R.dt + T friction .8 ' 
(1) 

Where V is the voltage, I is the current, R is the resistance of the coil, Tfriction is the 
frictional torque and e is the step size. 

However the copper loss term is too large compared to the friction loss term. Therefore it 
will be hard to get accurate data from experiments. Still a theoretica! model which 
incorporates a generated EMF model can be used. 

Another option is to find the net torque and find the step size through dynamics 
calculations: 

T net = T Magnetic - T Friction 

Tnet =la 

e = f fadtdt 

(2) 

Where I is the inertia and a is the angular acceleration of the rotor. Note that the 
movement continues even after the pulse (and magnetic torque) diminishes because of its 
inertia. It decelerates with the frictional torque and then stops. 
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Using these rnadeis one can adjust the timingsof the pul se to get a specific step size. 
Increasing the step si ze increases the speed of the actuator. This is because of the 
necessary time to take measurements from hall sensors in between steps. Decreasing the 
step si ze increases not the accuracy but the precision of the actuator. Another option is 
using variabie pul se shapes depending on the magnitude of the error between the set point 
and the position. A proportional control algorithm which determines the step size with 
respect to the magnitude of the error can be integrated into the software easily. 

The controlled variables in the system are the rise time, slow decay time, delay between 
pulses. Also there is two options for combining the actions of two actuators: 

1) Take measurements, apply the pulse to Coill (if necessary), wait, apply the pulse 
to Coil2 (if necessary), wait, take measurements. 

2) Take measurements, apply the pulses simultaneously to Coill and Coil2, wait, 
take measurements. 

The second option will be (almost two times) faster (higher bandwidth). However it will 
be hard to control the size of a step. When a step is needed only in one axis, the step will 
be small. When a step is needed in both axes then the step will be bigger, because the 
sum of two torques will be acting against friction. 

Another advantage of using the second option is smoother movements. The movement of 
the rotor can be in any combination of pan and tilt degrees in second option. However for 
the first option, one will always observe stairs-like movements when the path is a 
combination of two axes. Fortunately, resolution can be increased virtually infinitely in 
the first option as the step size can be controlled precisely. The only limiting factor is the 
stability of the magnitude of the frictional torque. The minimum step size should be 
determined in a way that the magnetic torque always overcomes the frictional torque for a 
finite time. Therefore there should be some clearance between the magnetic torque and 
the frictional torque to ensure movement, which determines the minimum step size. 

A minor disadvantage of applying the pulses simultaneously to two coils is the impact on 
the electrical circuit. The electrical circuit should provide higher amount of current in this 
case, which drains the capacitors of full-bridge drivers (which partly filters out the EMI 
of the circuit to batteries). However the capacitors intheentrance of each full-bridge 
driver are separate from each other and large enough, which decreases this effect. 
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Chapter 9: The Prototype and the Results 

9.1 1ntroduction 

The production processof the prototype is discussed and the resulting specifications are 
presented in this chapter. The observations made during the production and the assembly 
are expressed. 

9.2 Production 

There are four materials to be machined; POM support parts, silicon steel walls and the 
core, stainless steel hearing ring and the NdFeB magnet These are machined in the 
production facilities of Philips Applied Techno logies. Also the magnet is magnetized 
according to the specified rating. 

The printed circuit board of the driving circuit is produced by Greenhouse, Philips. 

The actuator coils are machine winded in Philips Applied Technologies. 

The hall-effect sensors are glued to the walls. The positioning of the sensors is nota vital 
concern, as the output can be calibrated. 

During the assembly, the windings did notfit into the system. Therefore 30 tums are 
unwinded from each coil, so that everything fit in place. This was an unexpected result. 
The fill factor of the coils was %50 which was a safe value. 

9.3 Measurements 

After the system is built, some measurements are taken before the operation. The 
characteristics of the actuator and wireless power transfer coils; and the magnetic flux 
density at various points are compared with the FEM data. The list of measurements 
compared with the theoretica} ( or FEM) data is shown in Table 9.1 on the next page. 
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- uJy Jp~ ate ug. 
Measurements and Comparison Table 

Unit Theoretica! Theoretica! Update Measured 
15 16 J I (U d A )2008 

Midpoint Between the Magnet and the Core T 0.123 0.123 0.181 
Over the Core T 0.107 0.107 0.155 
7mrn Over the Magnet 0.0617 0.0617 0.098 

Flux Density Over the Magnet 0.166 0.166 0.181 
Over The Wall (Vertical) 0.099 0.099 0.062 
Over The Wall (Horizontal) T 0.029 0.029 0.030 

Coill R Ohm 3.76 2.26 2.25 
Coill L mH 3.18 1.92 2.96 
Coill Z @I kHz Ohm 7.19 + 15.2lj 6, I 0+ 11 ,57j 

Coi12 R Ohm 4.83 3.52 3.42 
Coi12 L mH 2.91 2.59 4.28 
Coi12 Z @I kHz Ohm 7.80 + 13.04j 8,70+ 16,43j 

Coil Characteristics 
Transmitter R Ohm 2.08 2.08 2.14 
Transmitter Z @lOOkHz Ohm I 0.57 + 69,00j 5,76+56,67j 
Transmitter L uH 110 110 90.2 

Receiver R Ohm 2.42 2.07 2.12 
Receiver Z @I OOkHz Ohm 12,89 + 83, !Ij 7,81 +62, 72j 
Receiver L uH 132 97 99.8 

Preload Force N 2.01 2.01 1.4 
Mechanica! Friction Coefficient 0.33 0.33 0.25 

Weight ofthe Rotor Grams 14 14 12 

Coill Torq Const @2A Nm/A 0.0115 0.0109 0,45 (@0.8A) 
Coill Torq Const @I Odeg @2A Nm/A 0.0112 0.0106 

Magnetic Torque 
Coil2 Torq Const @2A Nm/A 0.0124 0.0096 0,45 (@0.8A) 
Coi12 Torq Const @I Odeg @2A Nm/A 0.0121 0.0094 

Cog @5 Deg Nm 0.0018 0.0018 
Cogging Torque Cog @12 Deg Nm 0.0042 0.0042 0.0036 

Cog @15 Deg Nm 0.0051 0.0051 

Table 9.1 
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Flux Density: The values are within a range of 30% error. Note that the system is 
modeled in 20 environment. The measurements are taken from the center, where the flux 
density is higher than the periphery. This is also true for the FEM, however in the 
spherical model the difference between the periphery and the center should be even 
higher (As aresult of the geometry), which is actually the case. Therefore when the total 
flux is concemed (which is the factor affecting the preload force and magnetic torque), 
the results seem to be matching with the expectations. 

Coil Resistance: The theoretica} values should have been matching the measured coil 
resistance values. The resistance of the coil is independent from the shape of the 
magnetic circuit. The length of the coil can be accurately predicted. Therefore, one 
should not expect large errors in coil resistance. However this is not the case, especially 
for Coil2. 

There was a previous observation related to this issue. The actuator coils were bigger 
than expected that they did not fit into the planned space. 67 tums were unwinded from 
Coill, and 18 tums were unwinded from Coil2. The number oftums is decreased to 233 
and 302 tums for Coill and Coil2 respectively. Therefore a new prediction should be 
made. The resultant resistances can be found by: 

Rl=3.76*233/300=2.92 ohms, 
R2=4.83*302/320=4.56 ohms, 

which is still much larger than the measured value. There may be one explanation 
counting for the larger coils and lower resistances: Larger grade copper wire. When 
measured with a caliper, the outside diameter of the enameled copper wire appeared to be 
0.4mm. This corresponds to the wire grade of 0.355mm, insteadof the design wire of 
0.315mm. When the resistances are re-calculated by using the per-meter-resistance of 
0.355mm wire, the new predicted values are found as: 

Rl=2.92*0.17/0.22=2.26 ohms, 
R2=4.56*0.17/0.22=3.52 ohms, 

which are very close to the measured values of 2.25ohms and 3.42 ohms for Coill and 
Coi12. 

A similar correction should be made on receiver coil. While the wire diameter is correct, 
the shape of the coil crosseetion was not perfectly rectangular. Therefore 10 tums were 
unwinded to avoid friction between the stator and the receiver winding. Then the receiver 
winding resistance prediction becomes: 

Rr=2.42*60170=2.07 ohms, 

which is close to the measured value of 2.12 ohms. 
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Coil lnductances: The corrections for the unwinded parts are also done for the 
inductances, with the square of the tums ratio: 

Ll = 3.18*(2331300)A2 = 1.92 mH 
L2 = 2.91 *(3021320)A2 = 2.59 mH 

Lr= l32*(60nO)A2 = 97 uH 

lt is observed that the predicted values are much lower than the measured val u es for L I 
and L2. The reason is the lateral flux path, which is not represented in FEM but exists in 
the actual model. The inductance of the receiver coil is as expected. 

Magnetic Torque: In order to measure the torque constants of the coils, the actuator 
coils' current value at which the rotor moves are measured for both ofthe coils. Then the 
torque needed to move the system is measured by a force transducer. This torque 
corresponds to the frictional torque. Then the torque constants can be found by: 

FrictionaLTorque = 0.0036Nm = 0.0045Nml A 
MinCurrentforMovement 0.8A 

Torque Constant I = 

Torque Constant2 = 
FrictionaLTorque = 0.0036Nm = 0.0045Nm 1 A 

MinCurrentforMovement 0.8A 

Measurements are not taken at the rated value of 2A because the measurement setup is 
not suitable for that. Current constant calculations at lower current values should yield 
higher values because of the lesser effect of the saturation in magnetic materials. 
However the measurements yield much lower results (Torq. Const. 1=0.0045, Torq. 
Const. 2=0.0045 Nm/A), than the predicted results (Torq. Const. = 0.0115, Torq. Const. 2 
=0.0 124 N mi A). This is due to the phenomenon which is described in optimization part: 
There is a lateral magnetic flux path in the system which is notmodeled in FEM. This 
lateral magnetic flux path decreases the flux in the sagittal plane. The unwinded tums 
also have an effect on the torque constant decrease. 

Step Size 

The distance covered by one step is measured by a DSP unit and a laser beam directed 
towards the rotor. There is a mirror on top of the rotor which reflects the laser beam 
towards the DSP sensor. 

The step current and step displacement for Coill and Coil2 is depicted in oscilloscope 
outputs shown in the following page, in figures x and y respectively. The output of the 
DSP sensor corresponds to l. 75V ldegrees (0.57 deg/V) and the output of the current 
sensor corresponds to l V I A. 
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The Coiii has a Iower inductance because of the unwinded tums. Therefore the rise time 
of Coiil is decreased to 170us from 250us. This adjustment williet camparing the 
behavior of two coiis at similar current vaiues . 
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Figure 9 .I (Coill Measurements) 

Measurement Point Time Axis (us) ttl.l Y-Axis Conver.;ion Unit 
(mV) 

A 80 0 
B 320 180 0.57 deg!V 
c 2160 200 
p 170 1560 

Q 320 830 !NV 
R 400 0 

Tabie 9.2 
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Result 

0 
0. I 02 Degrees 
0.114 Degrees 

1.56 A 
0.83A 

OA 
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Figure 9.2 (Coil2 Measurements) 

Measurement Point Time Axis (us) l.ó.IY-Axis Conversion Unit 
(mV) 

A 100 0 
B 480 160 0.57 deg!V 
c 3480 172 
p 250 1530 
Q 400 900 I A/V 
R 500 0 

Table 9.3 

Result 

0 
0.091 Degrees 
0.098 De~rees 

1.53 A 
0 .9A 
OA 

As seen from the data, the design step size yields a deflection around 0.1 degrees. The 
current reaches around 1.5A instead of the designed 2A. This is due to the lower than 
rated voltage of the batteries and the eddy current Jasses inside the co re. 

The oscillation after the rise time is a good indication of the stiffness of the rubbing 
surfaces. The asciilation system is mainly composed of the stiffness and damping factor 
of POM co vering the rotor. Other sourees are the connections of the system to the base. 
These oscillations can be further investigated to imprave the performance of the system. 
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Chapter 10: Discussion and Future Work 

10.1 Discussion 

The prototype is operational and meets the target specifications: 

Target Prototype 
Joint inner diameter 0.02 0.02 

Joint outside diameter <0.05 0.032 
Pan and tilt ability 15 degrees 15 degrees 

Power transfer efficiency 50% %62 
Magnetic Torque 3xFrictional Torque 3xFrictional Torque (@2.4A) 
Shock resistance 4G 11 G (without payload) 

4G (with 16gr payload) 

The preload force and the magnetic torque values were less than the predicted results. 
Still the clearance between the design values of the prototype and the target values 
ensured that the specifications are met. 

10.2 Future Work 

10.2.1 Magnetics Model 

The first thing that can be improved in this project is the magnetics simulations. While 
still using the 2D environment, axisymmetric rnadeling can be used to predict the 
magnetic field density more accurately. After predicting the magnetic field density at 
some points, the preload force and the magnetic torque can be modeled more accurately. 
A 30 model may proveto be feasible fora final product to be mass produced, but for 
checking the feasibility of the conceptual design, 2D simulations were accurate enough. 

10.2.2 Friction Model 

The second point is the characterization of the friction. Friction is one of the most 
important nonlinear factors in the system. The friction model is important in improving 
the precision of the system. When the friction is modeled accurately, the step size can be 
determined accordingly, as the magnetic torque is already modeled accurately. 
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One of the advantages of the project idea was to minimize the control effort by using 
friction. Still the control algorithm can be improved by integrating system dynamics into 
the software. 

10.2.3 Other Topologies 

Several topologies are introduced and discussed through the report. There are also some 
other variations which can be applied when the target specifications are changed. The 
main actuation principle will stay the same, but the balance between several parameters 
(preload force, magnetic torque, pan and tilt ability etc.) can be shifted. 

1 0.2.4 Sealing 

The developed system can be scaled. The weight of the rotor and the magnetic torque 
increases with the third order of the sealing factor while the preload force increases with 
the second order of the sealing factor. A detailed analysis should be made to further 
investigate the possibilities of sealing. 
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Appendix A: Derivation of the Magnetic Force 

In this part, an expres si on is derived for the force created by the interactions of permanent 
magnets, actuator coils and surrounding elements. Two different ways are used in 
derivation. The first way uses the law of conservation of energy in a system which ends 
up in a generalized formula. The second way uses the Maxwell's tension to find the 
formula for the fini te element method. Parts of the derivations are taken from [21 ], [22] 
and [23]. 

A.l Maxwell Equations 

The four Maxwell equations [24] in integral form are given by: 

cjfcö · ïi)dA = Qrree,inctuded ' 

#(Î~ · ïi)dA = 0, 

,.(Ëds =- d<jl , 
1 dt 

f- d~ 
Hds = I free included +-· 

' dt 

For the total electric flux 'I' and total magnetic flux <l> holds: 

~ = JJcö. ii)dA , 

<!l = JJcs - ii~A. 

When assuming linear isotropie magnetic and/or electrical materials, the three 
constitutive relations are : 

D=E0E,Ë, 

B=f.l.of.l.rH, 

j = crÈ, 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 
(8) 

(9) 

where D and E are the dielectrical displacement and the electric field strength, Band H 
are magnetic flux density and the magnetic field strength. Qrree,included is the included free 

electrical charge in the volume enclosed by the integrated area and Irree,inciuded is the 

enclosed electrical current enclosed by the integration path. 

In electromechanical actuators of the magnetic type, large electrical currents are 
generated by relatively low electrical field strength. The frequencies of the electrical 
currents and the magnetic fields are low. This permits simplifying the general Maxwell 
equations to: 
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#(Ö·ii)dA =0, (10) 

#(B·ii)dA =0, (11) 

f dcjl Eds =-dt, (12) 

f Hds = I free.included • (13) 

Equations (10) and (12) form the basis ofthe theory of electrical networks. Dually, 
equations (11) and (13) form the basis of magnetic networks. 

A.2 Energy Conservation 

A.2.1 System with an actuator coil: 

The change in total energy of a system (dWsystem) can be expressed as: 

dW system = dW e + dW trech + dW mag • (14) 

where dW e is the electrical work done by the system, dW mech is the mechanica} work 
done by the system and dW mag is the stored energy in the magnetic field. 

Electrical energy We can be represented as: 

we= Jv.I.dt. (15) 

The generated potential fora coil with N number of tums is given by (16) by using (12): 

V = N. JËds = -N dcjl, 
'j dt 

(16) 

and substitution of (16) in (15) yields: 

We =-N.cjl.l. (17) 

Mechanica} energy W mech can be represented as: 

W trech = F.x , (18) 

where x is the displacement in the direction of the movement 

We know that dW system=O, then (14) can be rewritten by using (17) and ( 18)as: 
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Nld(j> = dW mag+ Fdx. (19) 

Assuming linear magnetic materials and no hysteresis, one can write: 

(20) 

then by arranging terros and substituting (20) into ( 19) one gets: 

diJ> o a If dW mag 
F=Nl--+- N(j> 1dl---, 

dx ax dx 
(21) 

0 

Where dW mag is the change in magnetic field energy term 
Assuming linear magnetic material for the coil I!> coupled = .Po.coupied (x)+ L(x)l and substituting 

ll>coupied = N(j> the final formula is constructed: 

F = I diJ> O.coupled + I_ I 2 dL _ dW m 

dx 2 dx dx · 

diJ> 
In formula (22) the term I o,coupled describes the interaction of the coil and the 

dx 

(22) 

permanent magnet The term I.12 dL gives the force generated by the coil alone, and the 
2 dx 

dWmag 
term --that of the permanent magnet This formula can he used to determine the 

dx 

force (torque) in a permanent magnet actuator coil system. The last term dW mag can he 
dx 

used todetermine the force(torque) when there is only an interaction ofthe permanent 
magnet and ferromagnetic matenals in the system. Todetermine the analytica} formula 

dW 
for ~, conservation of energy is used again: 

dx 

A.2.2 System without an actuator coil: 

When there is no actuator coil, the force term reduces to: 

dWmag 
F=--

dx 
(23) 

Therefore the change of the energy stored in the magnetic field should he found. A 
system with a permanent magnet and iron with two airgaps is illustrated in Figure A.l: 
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{". 

Figure A.l 

Depth imo 
paged 

For this type of a system the magnetic field energy stored in the ferromagnetic material 
(iron) can be neglected. Thus one can write: 

(24) 

where the subscripts "g" stands for the air gap and "m" stands for the magnet 

Vast amount of the magnetic field energy is stored in the magnet and the air gaps. The 
energy stored in a material with magnetic flux density B inside, is found by: 

(25) 

where Bk is the dummy integration variable. 

The change of the magnetic field energy stored in a magnet, when the operating point 
changes from b to c is depicted in Figure A.2: 

H 

Figure A.2 
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The magnet can be modeled as a line in the second quadrant, with the formula: 

(26) 

where B. is the remanence of the magnet 

The system shown in Figure A.l is modeled with Ampere's Law and flux conservation: 

(27) 

(28) 

Note (27) is only true in practice fora zero length air gap. Solving the linear system (26)
(28) gives: 

(29) 

(30) 

(31) 

The ideal iron magnetic energy is zero and therefore the total magnetic energy is the sum 
of contributions from the gaps and the magnet, as given by (25) by substituting (29), (30) 
and (31): 

(32) 

(33) 

Substitution of (29)-(31) into (32), (33) and then substituting resulting equations into (23) 
and (24) equals the product of the total gap area multiplied by the generally accepted 
magnetic force per unit area: 

(34) 
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A.3 Maxwell's Tension 

We repeat (25): 

W= ~ÏH(B,)dB}, (35) 

For tbe airgap of lengtb l[m] and area A[m2
], by using B = _t [T], and V=A.l [m3

], one 
A 

can rewrite (35): 

and following Hopkinsen' s law H.l = <j>.9\ , one can write: 

~ 

w = J9{<!>d<l>' 
0 

wbere resistance 9{ =-1 -~ [A/webers]. Tben (23) can be rewritten as: 
llollr A 

dWmag 
F=--

dx 

a ~ 1 ~ 
F=-- f9{<j>d<j> = -- f<l>d<!> = 

dx lloll,A 
0 0 

(36) 

(37) 

(23) 

(38) 

"Tbis generalized formula (38) can be applied to a system by dividing tbe system to 
infinitesimal elements (resistances). (38) bold only wben tbe magnetic flux B is 
perpendicular to tbe integration patb. In general bolds: 

Ftotal =J.f [(s-ii)H-.!_(A8~ ~A, 
Jlotor 2 J (39) 

wbere ii is tbe normal vector of tbe integration surface. In tbe same way also tbe total 
torque acting on tbe rotor can be calculated. Equation (39) even bolds for nonlinear 
magnetic materials as long as B and H are calculated correctly. Tbe value BH is called 
tbe 'Maxwell stress tensor'. Note tbat tbis metbod only works iftbe complete integration 
surface is in air and air only" [21]. 

Tbis metbod constructs tbe basis for finite element metbods, including tbe software used 
in tbis project (FEMM). 
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Appendix B: Transformer Power Transfer Equations 

A transfarmer schematic is depicted in Figure B.l below: 

Primury 

V 
(in~ut) 

Figure B.l 

As this project involves a comparably low efficiency power transfer through the inductive 
coupling action, an ideal transfarmer model does not yield accurate results. However the 
derivation of modeling the magnetic flux inside an ideal transfarmer can be modified and 
used. 

The magnetic flux <I> (Weber) inside the transfarmer iron is given by (directions of 
currents are depicted in Figure B.l ): 

(1) 

where lp and Is are the current in the primary and the secondary coil respectively, NP and 

Ns are the number of tums of primary and secondary coil respectively, and 9\ =_I_!: is 
llollr A 

the magnetic resistance of the iron. L is the average length of the path swept by the 
magnetic flux and A is the cross-section area of the iron. 

The voltageseen by the secondary side is found by using the 3rd Maxwell equation: 

(2) 

One can find the received (real) power by the secondary coil by combining (I) and (2): 

(3) 

Where lp and Is are sinusoidal signals with frequency w[rad/s], and phase 8[deg]; 
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I P liP I sin(wt) 

I, II,Isin(wt+S) 

Then the phase delay that yields maximum power transfer is found by: 

_i_p o 7 e 90° , 
de ' 

(4) 

Then by substituting (4) into (3) and we get: 

II,I~p~s sin(wt+90) d n,plsin(wt)-II,Isin(wt+90)), 
49\ dt ~ . 

(5) 

I•,I~P~' ~ I ) I I Pc.· . = · cos(wt) lp cos(wt- L sin(wt)), 
·max 49\ ' · (6) 

The average power transfer can be found by averaging cos 2 (wt) and cos(wt)sin(wt): 

2!t 211 

J{cos 2 wt~t J(coswt)(sinwt)dt 

0 =0.5 '...;;;.0-----=0 
2n: 2n: 

(7) 

Af b 
. . I L 

ter su stitutmg 9\ = --- we get: 
J.lol!r A 

(8) 
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Appendix C: Lagrangian Optimization 

The solution of a constrained optimization problem can often be found by using the so
called Lagrangian method. Wedefine the Lagrangian as; 

L(x, À)= f(x) + À(b- g(x)). 

n n 

Fora problem P l: maxi mi ze Lw i log x i , subject to L x; = b, it can be represented as; 
i=l 

n n 

L 1(x,À.) Lwilogx 1 +À.(b Ix1). 

i=l i=l 

In genera], the Lagrangian is the sum of the original objective function and a term that 
involves the functional constraint and a 'Lagrange multiplier' À. Suppose we ignore the 
functional constraint and consider the problem of maximizing the Lagrangian, subject 
only to the regional constraint. This is often an easier problem than the original one. The 
value of x that maximizes L(x, À) depends on the value of À. Let us denote this optimizing 
value of x by x(À). 

For example, since Ll(x, À) is a concave function of x it has a unique maximum at a 
point where fis stationary with respect to changes in x, i.e., where 

~-À.=Ofor all i. 
X; 

Thus xi(À) = wi/À. Note that xi(À) > 0 for À> 0, and so the solution lies in the interior 
of the feasible set. 

Think of À as knob that we can turn to adjust the value of x. Imagine tuming this knob 
until we find a value of À, say À= À* such that the functional constraint is satisfied, i.e., 
g(x(À*)) = b. Let x*= x(À\ Our claim is that x* solves P. This is the so-called Lagrangian 
Sufficiency Theorem, which we state and prove shortly. First note that, in our example, 
g(x(À.)) Liw 1 /À.. Thus choosing1* = L;w 1 /b, we haveg(x(À.)) b. 

Lagrange multipliers compute the stationary points of the constrained function. By 
Perrnat's theorem, extrema occur either at these points, or on the boundary, or at points 
where the function is not differentîable. Matlab first checks the extrema by usîng 
Lagrange multipliers. Then checks the boundaries by introducing them as additional 
equality constraint functions. The feasible results are displayed in the end. 
The optimality of the result of Lagrangian optimization is guaranteed if the system 
satisfies Karush-Kuhn-Tucker conditions. 

For the differentiation processes in the algorithm., Matlab uses quasi-Newton methods. 
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Appendix D: Microcontroller Software 

#include "C:\Documents and Settings\s061930\Desktop\Thesis\C\Project\First.h" 

void main() 
{ 
int h 1 ,h2,h3,h4,inx,iny,x,y; 

setup_adc_ports(sAN31sAN71sAN81sAN91sAN1 OlsAN lliVSS_ VOD); 
setup_adc(ADC_CLOCK_DIV _ 4); 
setup_timer _ O(RTCC _INTERN ALIRTCC_DIV _I); 
setup_timer _I (Tl_DISABLED); 
setup_timer_2(T2_DIV _BY _I. 19, I); 
setup_ccp I (CCP _PWM); 
set_pwm l_duty( 10 ); 
setup_comparator(NC_NC_NC_NC);// This device COMP currently not supported by the PICWizard 
setup_oscillator(OSC_8MHZ); 

1/INITIALIZA TION 
output_low(PIN_C2); //Sleep Coill ,Coi12 
output_low(PIN_C4); //Sleep and Enable WirCoil 

output_low(PIN_A2); //Enablel low 
output_low(PIN_B7); //Enable2 low 

output_low(PIN_CO); //Model Iow 
output_low(PIN_A5); //Mode2 low 

output_low(PIN_Cl ); //Phasel low 
output_low(PIN_B6 ); //Phase2 low 

delay _ms(l 000); 
output_high(PIN_C2); //uyan coill, coil2 

output_high(PIN_CO); //Model Iow 
output_high(PIN_A5); //Mode2 low 

//ACTIV ATION 
setup_ccp 1 (CCP _PWM); 
set_pwm l_duty(l 0); 
output_high(PIN_C4); //Sleep and Enable WirCoil High 
output_high(PIN_C2); //Sleep Coill and Coil2 High 

while( truc) 
( 

//CHECK HALL-EFFECT SENSORS 
set_adc_channel(7); 
delay _us(50); 
h I =read_adc(); 
delay_us(50); 

set_adc_channe1(8); 
delay_us(50); 
h2=read_adc(); 
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delay_us(50); 

set_adc_channe1(9); 
delay_us(50); 
h3=read_adc(); 
delay_us(50); 

set_adc_channel( I 0); 
delay_us(50); 
h4=read_adc(); 
delay _us(50); 

//CHECK SETPOINT 
set_adc_channe1(3); 
delay _us(50); 
inx=read_adc(); 
delay _us(50); 

set_adc_channel( IJ); 
delay _us(50); 
iny=read_adc(); 
delay _us(50); 

//SHAPE THE DRIVING SIGNAL 

output_high(PIN_CO); //Model high slow 
if (hl>inx) 

( 
if ((h 1-inx)> 1 0) 

( 

} 

if (h2>iny) 
{ 
if ((h2-iny)> 1 0) 

( 

} 

output_high(PIN_B6); //phase2high 
output_high(PIN_B7); //enable2 high 
output_high(PIN_ Cl); //phase 1 high 
output_high(PIN_A2); //enablel high 
} 

if (iny>h2) 
( 
if ((iny-h2)> 10) 

( 

} 

output_low(PIN_B6); //phase2 low 
output_high(PIN_B7); //enable2 high 
output_high(PIN_Cl ); //phase 1 high 
output_high(PIN_A2); //enable1 high 
} 

output_high(PIN_C 1); //phase 1 high 
output_high(PIN_A2); //enablel high 
} 

if (inx>hl) 
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{ 
if ((inx-h I)> JO) 

{ 

l 

if (h2>iny) 
{ 
if ((h2-iny)> I 0) 

{ 

l 

output_high(PIN_B6); //phase2high 
output_high(PIN_B7); //enabie2 high 
output_Iow(PIN_CI ); //phasei Jow 
output_high(PIN_A2); //enablei high 

l 

if (iny>h2) 
{ 
if ((iny-h2)> I 0) 

{ 

l 

output_Iow(PIN_B6); //phase2 Jow 
output_high(PIN_B7); //enable2 high 
output_low(PIN_CI); //phaseiiow 
output_high(PIN_A2); //enable I high 

l 

output_low(PIN_C I); //phase I low 
output_high(PIN_A2); //enabiel high 

l 

output_high(PIN_A5); //Mode2high slow 
if (h2>iny) /land lh 1-inxl< I 0 

{ 
if ((h2-iny)> I 0) 

{ 

l 

output_high(PIN_B6); //phase2high 
output_high(PIN_B7); //enable2 high 

l 

if (iny>h2) /land lh I-inxl< I 0 
{ 
if ((iny-h2)> I 0) 

{ 

l 

output_low(PIN_B6); //phase2 low 
output_high(PIN_B7); //enable2 high 

l 

//OUTX AND OUT Y 

delay_us(250); //x=disari2=distaki coil 
output_low(PIN_A2); //enable Ilow 
output_low(PIN_B7); //enable21ow 
delay_us(l50); 
output_low(PIN_CO); //Model low fast 
output_low(PIN_A5); //Mode2 low fast 
delay_us(I 000); 

ll 
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