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Abstrakt

Na témarizeni otéek mototi, které jsou napdjeny pomoci eléhky ze stidavé si¢, bylo jiz

v historii vypracovano ékolik praci a lze toto téma povaZzovat za iobmapovanou oblast.
Existuji vS8ak i konstrukce motprjenZz nemuseji byt napajeny stejnasmm ¢i strfidavym
proudem pimo ze sét Mezi takové motory péti tzv. motor Mendocino. Tento motor levituje
na magnetickém pol3taa je napajen pomoci solarnietianki umistnych po obvodu jeho
konstrukce.

Cilem této prace je vyvinutidici jednotky, pomoci které bude moZzn#éitmotécky motoru
Mendocino v zavislosti na intenzidopadajiciho sitla. Tato jednotka bude komunikovat
s paiitacem a uzivatel bude moci zadavat da motoru v progedi Simulink, které bude
disponovat programovatelnymi regdtdmi prvky navrzené autorem. JelikoZ neni motor
Mendocino Bzr¢ dostupny vyrobek, bude nutné navrhnout konstrukobdnou do
laboratorniho prostedi a motor vyrobit.
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1. Introduction

The first idea of motor powered by solar energyausing electromagnetic induction in its
coils within magnetic field (and therefore its da) - came from the Bell telephone
laboratories in 1962 [1]. Its description was mageDaril Chapyn. It was probably only an
experimental device for presenting the sun as aceoaf power, because scientists just
developed the modern photovoltaic cell (1953). Ais ttime motor didn't levitated on
magnetic cushion.. This was made later by Larryingprin 1994, and because his
experimental laboratory was located in Mendocin@stomotor was named.arry Spring's
Magnetic Levitation Mendocino Brushless Solar Mbtarsimply Mendocino motof2].

Before the construction of motor itself, there @everal tasks to do. Firstly, a
controlling unit equiped with development kit isquéred. This unit will have to be able to
collect data about speed of motor, send them tgpoten for computing next step in control
process of regulation and after receiving an oridem computer, setting the power of
selected lamps (appropriately chosen to fit sokaisccharacteristics) to required level.
Secondly, programming of Matlab Simulink applicatitor future controlling of motor is
necessary. The application has to be updated afestruction of motor to fit its
requirements. And thirdly, measurements of basiradteristics of solar cells have to be
done for choosing adequate lamps and design ofrrootis.
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There are further sidesteps, which will be desdrilager in the text. The construction
of motor is not hard, but due to its small dimensjoa little of patient and precision is
required. Designing of motor should be made acaogrth laws of electromagnetic induction
for a better performance. Selecting appropriateernieds and its dimensions is the key to
success.

2. Design, construction and experiments

2.1 Development kit

On market, there are already some developmentakitslable. They are equipped with
microcontroller unit, have various inputs and otgpand different kind of specific functions.
The price varies from low price models (usually $pecific purpose) to higher price models
(usually universal purpose). Because one task offrasis is to design my own control unit, |
decided to make it as universal, due to future phaith this project (such as controlling
motor from remote desktop). So far, laboratory arfitcol engineering had to buy this kind of
devices from the manufacturers, so the price oicgewas raised by profit of selling company.
From now on, laboratory can become independertigmtask, allowing to save some money
in future projects.

First step of designing circuit for development Ild choosing a microcontroller.
Basically, this section determines what user wélldble to do with kit in the future. For its
good attributes, such as rewritable program flagmory and high speed core, the 8-bit

microcontroller C8051F340wnas chosen. According to specifications of manufac and its

original development kit [4], blueprint for contliolg unit using TinyCa%Iwas drawn (Fig.
1). This kit is designed to connect to PC via USER&232, it has 32 input/output pins for
wide range of usage, 2 pre-prepared pins for cdimgeduttons, 2 LEDs for monitoring
program behavior and 1 pre-prepared section for PWM

Second step, after choosing all components inuitjrés designing printed circuit
board (PCB). There are some important rules tavgllall can be found in [5]. To create
PCB'’s blueprint (Fig. 2), computer program FreeP@Rs used. This kind of PCB cannot be
made with basic equipment of our laboratory, begdatisontains routes with width of 0, 2
mm. That's why production of PCB was made as arachty PragoBoar¢@ompany and
completed PCB is shown on Fig. 4 (left). Used tetbgies on bilateral PCB were solder
mask, HAL (Hot Air Leveling), printing and electak testing for blind holes and short
circuits.

Last step in production of development kit is adskéng PCB with electronics. Even
though PCB contains several SMD components; it dexsded to do it in laboratory with
using basic equipment for soldering, such as simigdron, tweezers, tin, rosin and others.
After this last step development kit was completied. 4 right) and ready for mounting to
controlling unit and its programming.

2.2 Control unit

As an instrument cover for development kit and otteenponents, box made of plastics with
dimensions 70x150x179 mm was chosen. Box was eedippth built-in LCD display,
connectors for PC communication (USB, RS-232), PWiMduit (viz. chapter 2.3), 2 control
buttons for programmable purposes, 1 reset butesminal for connection of other devices
(such as lamps and speed meter circuit, viz. ch&x¢ and 12V DC connector (Fig. 3). All

! Manufacturer: Silicon Laboratories. For furtherimhation about microcontroller description [3]
Z Cad software, released under the GNU Lesser GelPebdic License available atww.tinycad.sourceforge.net
% PCB editor, released under the GNU General Pulidiense available atww.freepcb.com



inner circuits will be powered with one power saiesnd will not require additional sources
of power supply.

Out_of_board

Out_of_board

TERMINAL

e

us Fas
SP0503BAHT

+T e N

8.

5 ]
i e o
N e

S

[
1
i

e T
128
s Lk i
-@ (=2
'® &
Ess— ] 5 12 &
DT® & Rd
[ET=— ) 3 470
Green LED
2 D4
PORT_0 PORT_1
8 i)
. 2 e EE
s A CIE> 50 @
E 5 @ &
Eiess— 18 &)
9 10 2 | el
+3VD O [
SP3223EEY +3VD Out_of_Board
u4 o PWM_TERMIMAL
2 19 12
P E— vee -
XTR D5
owF 4] == 5 2
v c23 a o ¢
c19 J_75C2+ XTR =— : < & g
XTR ¥
0 [ A =
0.1UF o 1
s
crof 12 I
Out_of_Board N_MOSFET
NO POR, 10 atus . e
5 208utoown onuNef O svn P 5
=¥ -
— [T TR (7N
5 Ia no pdEE [©
1 17 I 4 | gmx o7 Oel
13 ".'g“ T1%UT g [ 5 [ L[ oers ~
= N
FAT2N R1NEIE ,TQ [ ;);A 3 o
» ouT T20UT| N
1 = r:c 2 L] = ')
=] i f_ ——l GNI 5 o
@ ) | N
T3 TP4 TPS TRE ad o

Fig. 1. Blueprint of development kit



Fig. 4. Unassembled PCB (left), assembled PCB (right)

2.3 PWM circuit

PWM circuit (Fig. 5) was designed to effectivelyadge lamps voltage and therefore intensity
of light. N-MOSFET transistor is controlled with enocontroller and based on its
programming (8-bit or 16-bit), it is possible twidie lamp’s voltage into 255 or 65536 levels.
For example, for 8-bit programmed PWM it means thatsmallest step for changing voltage
on lamp with nominal value of 5V is approximatel@2V.

+12V

Light 1 Light 2

N_MOSFET 2

P_XX & 1

Fig. 5. PWM circuit with 2 N-MOSFET transistors connectedaontrol pin on development kit



2.4 Speed meter circuit

There are more than one way, how to measure sgegrmdocino motor. One of them is
using Hall sensor and second one is using optmasars. For a better performance, due to
fast rise and fall time of electrical signal, usmgfical sensors was chosen.

Speed meter circuit was designed on the principighotocell. IR LED is pointed to
opto-electrical transistor and it is emitting lighith wavelength approximately 940nm at an
angle of 20° (Fig. 6). Whenever way between LED #adsistor is blocked by an obstacle,
TTL level on control pin is changed.
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Fig. 6. Speed meter circuit connected to control pin ovetigpment kit

Method of application this circuit may also varyd@ examples are showed in the Fig.
7. The fall and rise time of transistor statescaﬁalsl. Therefore maximum speed, which can
be successfully measured, is a function of theespatween holes for light, diameter of holes
and their radius from the central sHaRor example, if diameter of holes and space betwee
them will be 2.5 mm and their distance from midaid be 15 mm, maximum measureable
speed would be:
1 1

T ™™ _ 0000003202
Vo = transistor .t D17684 RPS (1)
m |:IDhoIes ﬂmplS

Fig. 7. Methods of application speed meter. Left — Obstacinounted on the shaft of Mendocino.
Whenever the ray of light is blocked by an obstaddmsistor is opening. Right — One side of
Mendocino motor is divided into parts with refleetiand non-reflective material. When the ray of

light is bounced from reflective part, transistsrdlosing.

! According to the manufacturer's datasheet for trseistor L-932P3BT (Kingbright company)
2 In case of Fig.7 right holes are switched withghace between each reflective area and non-igfieatea



With these mentioned dimensions, 9 holes can beemaid the disk. However,
because measureable speed is very high, it isrthetteake more holes with smaller diameter
for accurate measurements at lower speeds. Thea motdd not be allowed to rotate higher
than 5000 RPM because of safety. How is speed edmualculated, please refer to chapter
3.1

2.5 Solar cell testing

Solar cells are used for powering Mendocino’s callseir characteristics are important for
sizing dimensions of used coils, such as their terapnd number of turns, and also for
choosing type of lamp used for their powering. Metlof testing Volt-Amper characteristics

of solar cell was done according to [1], wherelmp’s voltage is set on invariant value and
variable resistor in circuit is changed (Fig. 8thfeved results are available in Fig. 9 and in
Fig. 10. Electric power characteristics in Fig. 11.
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Fig. 8. Method of testing solar cell V-A characteristi¢ [1
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Fig. 9. V-A characteristics of solar cell. Used lamp —dg#n 12V 50W. Conditions — darkened room
with 0 voltage when lamp turned off. Vertical dista from top of solar cell is 75 mm. Resistance
changed from 0,07 to 39,8Q. Top — nominal supply voltage of halogen lampadt (P=18W).
Bottom —lamp voltage at full nominal value (P=50W).
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Volt -Amper characteristics with LED at full power
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Fig. 10. V-A characteristics of solar cell. Used lamps kigh power LED (one with 1.6V), white light.
Conditions — darkened room with O voltage when LEDsed off. Vertical distance from top of solar

cell is 5 mm. Resi
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stance changed from Q,65 39,82. Both LED at nominal values of voltage.

Electric power characteristics with halogen lamp at half power
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Electric power characteristic with halogen lamp at full power
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Fig. 11. Electric power characteristics of solar cell fargwious settings from Fig. 9 and 10. Top —
Pmax=28,643 mW, U=0,403 V, I=71 mA; middle - Pma84B3 mW, U=0,303 V, I1=610 mA,

bottom- Pmax=20,162 mW, U=0,414 V, 1=48,7 mA



Because in the real model, electrical resistanceodfwill be permanent (change of
resistance with heat can be neglected), anotheadesistics have been done. In this case,
only with voltmeter plugged in circuit and one dealesistor. Taken characteristics are
available in Fig. 12 and Fig. 13. Also it should rhentioned, that solar cells have different

efficiency with different wavelength of used lidbi.

Volt-Amper characteristics with changing
power of LED
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Fig. 12. V-A characteristics of solar cell. Used
lamps — 2 high power LED (one with 1.6V),
white lamp. Conditions — darkened room with
0 voltage when LEDs turned off. Vertical
distance from top of solar cell is 5 mm. Voltage
on LEDs changing from bottom value to top
value (nominal voltage). Used electrical
resistance in circuit is 5,2. Solar cell inner
electrical resistance is equal to Q2

2.6 Mendocino motor

Volt-Amper characteristics with changing power
of halogen lamp
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Fig. 13. V-A characteristics of solar cell. Used
lamp — halogen 12V 50W. Conditions —
darkened room with 0 voltage when lamp
turned off. Vertical distance from top of solar
cell is 75 mm. Voltage on halogen lamp
changing from bottom value to top value
(nominal voltage). Used electrical resistance
in circuit is 20Q. Solar cell inner electrical
resistance is equal to 022

Basic concept of motor is shown in Fig. 14 angbriaciple can be found in Fig. 15.

Fig. 14.Concept of Mendocino motor — motor is levitatingwad 2 neodymium magnets, which are
replacing the bearings for no friction. Functiona#ntral neodymium magnet is described in Fig. 14.
Because of opposite poles of neodymium magnetsr mgiushed towards the wall, making it stable

in one position. There are several upgrades thatloa made to improve its performance, such as

adding more magnets and lamps around to createehigbltage on solar cells.

L At a time of the deadline for this paper for Sttdeconference 2012, Mendocino motor concept isHed.
Parts of motor will be built in upcoming days araphfully - after assembling - real motor will beosm during
the conference. For that reason, please acceppolgges for no pictures of real model.
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Source of light 1
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Fig. 15.Principle of the Mendocino motor with inner co#very coil is connected to the opposite
solar panel as shown above. Turning one of lampsreates voltage on desired solar panel. Current
will start to flow through circuit, causing magnetnduction inside and outside of coil. Directioofs

magnetic field lines depend on a direction of catri@ circuit and inside of coil these lines are
parallel. Permanent neodymium magnet is locateceunabtor. If the lines of magnetic induction
have same direction as lines of magnet, attradtivee will appear, making motor to rotate clockwise
(lamp 1 turned on). If the same lines have oppasitxtion, then repulsive force will come in actio
and try to switch sides of coil to the right diriect (S pole of coil to N pole of magnet), makindano
to rotate under clockwise (lamp 2 turned on). Tdlliws us to spin Mendocino motor, create our
wanted direction of rotation or simply slowing domotor to required speed.

Magnetic induction in case of coil with solenoicapk can be described as [7]:

N[
B:/,[O]— (2)

l selenoid

The magnetic moment for coil is [7]:
M =N0O [5xB 3)
And another important equation is wire resistaecgial to [7]:

R= ,0 Ellcongjctor
(4)

Because winding of coil is not in whole sectionidesof Mendocino motor, it can be
designed as Brooks coil, which is a type of mujfglacoil (Fig. 16 left). Optimal proportions
of coil without core for highest inductance are [8]

L= % [0,016994N? (5)

Or we can use Wheeler’s formula for short cross+docoil (Fig. 16 right) [9]:
L= 03150 % [N?

(6)
or +9a+10
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Fig. 16.Brooks coil (left), Cross-wound coil (right)

These equations are required for designing optitodls length and cross-section;
otherwise magnetic moment would not be large endagpin motor. Also, light weight of its
structure is necessary. That's why it should beemafdlight materials such as aluminum or
Plexiglas.

However, solar panels are rotating and the lamghiging on one or two of them
(based on lamp’s location), therefore voltage ircuwt is not permanent. Also, transient
phenomenon of RL circuit occurs. This part of tlye@quires more investigation.

3. Programming

3.1 Development kit and its accessories

It was necessary to program microcontroller forevidnge of purposes. As a development
environment Silicon Laboratories IDE was used. Beeathis program is distributed by
microcontroller’'s manufacturer, it allows user tasiy implement SFR register of
microcontroller and directly download program cad® its programmable flash memory.
Used programming language has been C++. Microolbatris programmed for these main
functions:

- Half-duplex communication with computer

- handling operation of LCD, where user can choodgvd®n information about

actual speed (in RPS) or actual power in lampgéntents from 0%-100%)

- setting PWM to control value of voltage on lamps

- calculating actual speed based on speed metargsetti

Microcontroller was set to use system clock equébeits high oscillator frequency of
12 Mhz. Because of its pipeline instruction arattilee, it executes 70% of instructions in 1
or 2 system clocks [3]. That gives us enough otessing power to handle all these tasks
mentioned above.

For calculating speed, one of the microcontrollenets was used. Now, it is
programmed to measure time interval of 250 ms andn be change in the future. Accuracy
of this time interval is given by accuracy of imtal oscillator which i 025%. Signals from

speed meter causes on selected pin (set to edgiva®nof microcontroller an interrupt and
when the time reach its interval of 250 ms, micraoaler simply computes speed based on
number of interrupts in the time interval.

Because computer is programmed as master device whsends specific byte to
microcontroller serial buffer, microcontroller issponding with sending computed speed to
computer. Before this request, computer is alwayslsg settings of actual PWM to set. So
the whole code send from computer to microcontrollean be explained as
“PWM1IPWMZRequestingByteForSpeed”.

Programming of LCD has its own rules, primarily &&®n timing of communication
between microcontroller and LCD’s controller. Ths caused by higher frequency of



microcontroller system clock then operational fregey of LCD’s controller. When the
program routines are written into main prograns gasy to display required values on LCD.

Another timer in microcontroller is responsible fctual PWM. When timer reaches
its high value of byte in its function registeransistor in PWM circuit is closed, allowing
creating voltage in lamp’s circuit. When the bysenot equal to high value, transistor is
opened and there is no voltage in lamp’s circuhlie Trequency of closing and opening
transistor creates desired voltage.

LCD Timer 0
initialization initialization

Programmable
counter array LCD intro
initialization

System clock
initialization

_I/0 ports UART. Cycle of main
initialization initialization program

Speed sensor Simulink

Request to

Send Data receive

Counter

Calculation of

Data send set PWM
actual speed

Fig. 17. Simplified flowchart of program in control unit. &g of main program is in loop, for
simplicity some side-steps are not shown. Prograds evith turning control unit off.

3.2 Simulink

To control and monitor motor speed, Simulink models created (Fig. 18). This control
circuit with feedback consists of 2 PID regulatetith classical inner structure extended with
Anti-windup. Each PID is programmed to specific ¢tion — first PID is used for motor
acceleration to desired value and second one iswédor slowdown (when we want opposite
direction of rotation, their roles are switchedp implement motor into model, s-function
was used. This s-function allows us to connect mimd8imulink with Matlab m.file, where
is located program to handle communication withrogontroller. S-function also contains
sampling period, which was selected as 250 ms ande changed later.
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» Desired speed
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Fig. 17.Simulink model for controlling Mendocino motor



4. Results and conclusions

Functional control device was made and is readydoused in the future. Program for

microcontroller is finished and will need only sinehanges after testing of real model of
Mendocino motor. Based on the results of testedrqmnels, appropriate length of coil and
its diameter was chosen and design of Mendocinammaeas done. Its parts will be made

using laser cutting with the help of RCMT, CTU iraBue. With the real Mendocino motor

and its behavior, PID regulators will be set to rappiate settings and suitable lamps, as
sources of light, will be selected. In the futuseekpected to extend this project with option to
control motor speed via internet using remote dagskind webcam.

List of used symbols
Vmax maximum speed of motor when is possible to colyentnitor its speed [RPS]

Transistor fall and rise time of transistor’s logical levelarige [s]
dhoe  diameter of hole located on disk, which is useth&asure speed of motor [m]
Dhoes  diameter of circle passing through centers of holedisk [m]
B magnetic induction also can be referred as magfelit [T]
T transcendental number (constant) [-]
1o magnetic constant [H/m]
N number of colil turns [-]
lselencia  length of selenoid [m]
|conductor l€NGth Of conductor [m]

I current [A]
U voltage [V]
R resistance [Q]
M magnetic moment [A.m?]
p electrical resistivity [Q.m]
L inductance [uH]
r coil’'s core radius (Fig.16) [cm]
b height of coil's area (Fig.16) [cm]
a width of coil's area (Fig.16) [cm]
C width of Brooks coil (Fig.16) [cm]
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