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ABSTRACT

Linear Generator is one of the alternatives to ¢benmonly used rotary
generator. For motion-based generator, the rotgg ts widely used compared to
linear type because the momentum built up in aryataotion is continuous. While
in linear motion, the momentum breaks at the enthefstroke. However, there are
some situations where linear generators can perfwetter than rotary generators
such as when the source of the motion itself isdin|f rotary type generator is to be
coupled to a linear motion, there will be a trahslaloss in the gearing mechanism.
Thus, the potential of Linear Generator must béh&ur studied in order to extract
more output out of the available sources. Thisqmiois mainly about analysing the
known factors that affect the efficiency of a Lin€ézenerator thus come up with the
best design for the generator. In general, thexarany factors that need to be taken
into account in designing a Linear Generator. Thagy be grouped as Material,
Dimension and Components Configuration. The projaitcover the study on the
Components Configuration on the efficiency of thengrator. The Components
Configuration can be further broken into 3 smallixctors; Mover-Stator
Configuration, Magnet's Configuration and Windingr@iguration. Each of these
factors will be analyse in this project. For eaob-factors, a few designs has been
built and tested. The outputs (Voltage and Currebtpined from each design are
used to make comparison in order to get the besfigtoation for each category.
From the best design of each category, they wilctwabined to produce the best

design for the Linear Generator.
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Chapter 1

INTRODUCTION

1.1Project Background

Since the early years of electricity discoverygesrshers constantly improve the
technology of electrical generator in order to coope with the most efficient
generator which can produce the most electrical gpoaut of a given source.
However, converting mechanical energy to electrisaknergy is still the main
practice in the industry. Most electric generatolf ases the concept of inducing

current from a moving conductor in a magnetic field

Linear Generator is a less popular type of genexampared to the widely used
rotary type generator. Currently, Linear Geners&gartommercially used to generate
electricity from tidal waves. However, there are renituations where Linear
Generator can perform well or maybe even bettan thaotary type generator. For
example, a car engine, the combustion of fuel m ¢lglinder pushes the piston
upward producing a linear motion which is latemsiated to rotary motions by
means of shafts and gears. A car dynamo which gerseelectricity for the car is
mounted on the rotary part. Let say, a linear gaoeris coupled directly to the
piston; the electricity generated will be free aéechanical losses from the translation

process.

Currently, there are many good designs availableafinear Generator, but it
does not mean that it is the end for its develogmEne design can be improved

from time to time and that is the objective of greject.



1.2 Problem Statement

In general, there are many factors that need tialken into account in designing
a Linear Generator. They can be grouped as Mat@&ialension and Components
Configuration. The project will cover the study e Components Configuration on

the efficiency of the generator.

1.3 Objective
« To analyse the effects of various component cordigon on the
efficiency of the Linear Generator
e To come up with the best design by the combinatdnthe best

configurations obtained from the analysis.

1.4 Scope of Study

The Components Configuration can be further brokem3 smaller factors;

* Mover-Stator Configuration
* Magnet's Configuration

* Winding Configuration.

Each of these sub-factors will be analyse in thogget by testing various designs for

each sub-factor.



Chapter 2

LITERATURE REVIEW

Analysis of Tubular Linear Generator for Free-Pistan Engine

Uses coil-wounded stator and permanent magnet mdwer magnet can be radial
magnet or in Halbach array. For a simple analysisng shaped magnets are used.
Magnets are arranged with opposite poles facing etteer with a spacer. The stator
coils also spaced with the same measurement. Aalgardf tubular design is that it
is symmetric, has smaller leakage and less coddet®’.

Permanent Magnet Linear Alternator, Part Il : Design Guidelines

Permanent magnet excited tubular three phase lateanato?’,

! = —

stroke
Stroke length 2. where Sn = rated power
Fo= S
Electromagnetic thru ol u = rated speed
2
V, = % W, = B,raD
Stator no-load volatag w fe = electric frequency

Permanent Magnet Linear Generator for Renewable Engy Applications:
Tubular vs Four-sided Structure

Analysis between tubular design and four-sidedcstine, keeping the volume of the
magnet constant. Maximum magnetic flux in tubwasign is slightly higher than
the four-sided design but the average magnetic dhexthe same. Air gap length is
longer for four-sided structure. Four-sided stroethas longer coils resulting in

higher los¥!.



Novel Permanent Magnet Linear Generator for Wave Eerrgy Converter
Permanent magnet mover with spacer made of iro& @bthe same thickness of the
magnet. Coil on stator spaced by iron core-teettin Wwhe same thickness as the
spacer in the mover. Second design, air-coredrstatd ironless spacer with the
same dimension as the first design. First desigtieboutput, second design; simpler
and less cosf!

2.1 ELECTROMAGNETIC THEORY

It is best to start the designing stage by undedstg the magnetic field line of a
permanent magnet. For a normal bar-typed magreftidtd line is as shown in the

figure.

Figure 2.1 Magnetic field lines

The direction of the magnetic field line is fromethNorth Pole to the South Pole. It
same for all types of magnet except for the shdgkeoline might varies depending

on the shape of the magrtet.
Magnetic Field Intensity

Current flowing through a conductor produces a m#gnfield around the
conductor. The magnitude of the magnetic field ogien area is known as the

Magnetic Field Intensity, H.

1 Jdixr
H=—1I

47 il



Magnetic Induction

Magnetic induction is the force exerted on the entrcarrying conductor,B.
B = uH

Whereg is the permeability of the medium. The unit Bis Tesla.

Magnetic Flux

Magnetic flux® is the magnetic induction passing through a serfate magnetic

flux for a given surface S is:

ED:j B.da
5

Induced Emf,

Induced electromotive e force in a closed circsitequal to the negative time

derivative of the total flux bound by the circuit.

dd
S dt

Flux linkage

If the closed circuit is consist N turns close tihge, each intercepts the same

magnetic flux, the emf will add up in multiple of N& is called the flux linkaga..

dNED_ dh
dt  dt



2.2 PRINCIPLE OF INDUCTION GENERATOR

An induction generator consists of 2 major compdsiestator and rotor.
Stator is the non-moving part of the generator evindtor comes from the rotating
part of a rotary generator. In this case, rotof &l called as mover. Other elements
connected to the stator and mover are the sourceaghetic field (can either be a
permanent magnet or and induced magnetic field fcoment carrying conductor)
and coils where the current will be induced. Bdik source and the coils can be
either on the mover or stator based on the resgedtsign. In between the stator
and the mover, it is necessary to provide an gragto ensure a smooth movement
of the mover. It is also necessary to design theyap to be as small as possible.
Smaller air gap makes the mover closer to the rstatach results in stronger

magnetic field in contact with the coifd.



2.3 MOVER-STATOR CONFIGURATION

1. Moving Magnet
Coils will be wrapped around a structure (cage) twedmover (magnet) will
inside the cage and connected to a shaft whiclonsected to an external

moving force!

Coil

:

————
Figure 2.2 Moving Magnet

2. Moving Caoils.

Coils are connected to the external moving forcéenmine magnet will be

mounted to a fixed position.
( _“_> _————eee———
=

—
— I

Figure 2.3 Moving Coil (external) Figure 2ving Coll (internal)

3. Moving Iron Core
Magnet on the outside will magnetize the iron cor¢he cage to make it a
temporary magnet. The temporary magnet will haveniagnetic field cutting
across the coil.

Figure 2.5 Moving lron Core



2.4 MOVER'S MAGNET CONFIGURATION

(a) Magnets without spacer (b) Magnets wjihcer

Figure 2.6 Mover’'s Magnet Configuration

Based on the designs from the literature reviewstmaf the design uses a
configuration (a). Configuration (b) is an alteimatwhere both will be compared

later on.

In design (a), the magnets are attached to eaen wtere the magnetic flux
of each piece of magnet combines to produce 1 &damagnetic flux coming out
from the north pole of the end-most magnet to thals pole of the magnet on the

other end.

In design (b), the magnets are separated by aircelisgtance far enough not
to let the flux to come across each other thus eaatnet will have their own flux

line loop.



2.5 STATOR WINDING CONFIGURATION

1. Vertically Coiled Winding

Figure 2.7

2. Horizontally Coiled Winding with Spacer

Figure 2.8

3. Horizontally Coiled Winding without Spacer ( §ie Layer)

Figure 2.9



4. Horizontally Coiled Winding without Spacer (Mple Layers)

Figure 2.10

5. Horizontally Coiled Winding (Twisted)

Figure 2.11

10



Chapter 3

METHODOLOGIES

3.1PROJECT FLOWCHART

Title Selection

!

Study on electromagnetic
theory & principle of
generator

v

Proposed design

|

Benchmark Experiment

v

Gathering materials

v

Build prototype

I M

Testing Modification

¥ P

Final Design

v

Recommendation

Figure 3.1
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3.2 PROJECT ACTIVITIES
3.2.1 Determining the Magnets’ Configuration

By using Finite Element software, some simulatiaresdone to observe the flux line

of the magnet based on different configuration. figseilts obtained are as follows:

1. The North pole meets the South Pole

Figure 3.2

From the figure shown, when the end meets the ©ifgpend, the magnets act
like 1 magnet where the flux came out from the Na@ole of the outest magnet to
the South pole of the outest magnet on the othetr en

2. Same Poles face the same direction

Figure 3.3

From the figure, when all the North pole of thegnets face upwards,
theflux line of the magnet in the middle goes ginaiupward as it has no path to

return while the other magnets’ flux line behavemally.
12



3. Poles arranged alternately

Figure 3.4

From this configuration, the flux lines have a coetg path. However, since
the opposite pole is close to each other. The lfhexis short and there might be no
flux crossing the conductor.

4. Hallbach Configuration

Figure 3.5

This configuration improves the first configurationterms on the locations
of the flux crossing the conductor. From 3 magn2teops of flux lines are formed
compared to the first once which only 1 loop isried.

Based on the simulation, the Hallbach configuraisoselected. The magnetic
field of the magnets are directed to the centrematghere it releases the flux to the
conductor. This method provides a better path ffier ftux line going out from the
North Pole to the South Pole of the magnet. The pioduced is much denser which
later will contribute to higher EMF produced whée tonductor cut the flux lines.

13



3.2.2 Benchmarking Experiments

Experiment 1

Objective: to obtain a rough estimation of the ottjpat will be produced by a small

size linear generator.

Apparatus and material:

e Winding (300 turns, 0.8mm copper wire, borrowedrfrthe lab)
* Permanent magnet

¢ Multi-meter

16.3cm (cylinder) 300 turns coill

7

15.3cm (magnet)
Figure 3.6

Procedure

1. Ends of winding are connected to multi meter.

2. To obtain a constant speed for all runs, the maigngtt at a constant height
of 5cm above the winding. Then it is released ie thinding with
gravitational acceleration.

3. Maximum voltage is recorded.

4. Steps 1 to 3 are repeated for 3 runs.

5. Steps 1 to 4 are repeated for current measurement.



Results

Table 1 Result for Experiment 1

Run Voltage (V) Current (A)
1 0.30 0.30
2 0.30 0.30
3 0.28 0.30

15




Experiment 2
Objective: to test the self-made winding.

Apparatus and material:

« Winding (100 turns, 0.8mm copper wire, self-made)
* Permanent magnet

« Multi-meter

6.cm (cylinder) 100turraslc

—
—

15.3cm (magnet)

Figure 3.7
Procedure

1. Ends of winding are connected to multi meter.

2. To obtain a constant speed for all runs, the maigngtt at a constant height
of 5cm above the winding. Then it is released ie thinding with
gravitational acceleration.

3. Maximum voltage is recorded.

4. Steps 1 to 3 are repeated for 3 runs.

5. Steps 1 to 4 are repeated for current measurement.

16



Result: Voltage

010
0.08 « A& Fun#
u W Fun#2
005 @ ® Runz3
=
0.04
0.02 E
15 2! 25 3 15 40 45 5.0 5
-0.02 Time(s)
-0.04
Figure 3.8
Current
0.08
0.05 : A& Fun#1
—_ B Fun#2
004 =
0.02 3
21.0 31.0 35 4.0 4.5
002 Time{s)
0.04
N NR
Figure 3.9
Table 2 Result for Experiment 2
Run Voltage (V) Current (A)
1 0.080 0.075
2 0.090 0.080
3 0.090 na

17




Discussion

For both experiment, a bar magnet is used instedteanagnet as per design
this is due to the strength of the magnet bought magnets bought satisfy the
requirement in terms of its shape and size. Howekierstrength of the magnet is too
weak, thus the magnetic field could not reach thieaausing no output. For the sake
of continuing the experiment, the magnet factordse® be neglected for the time
being and only the effect of windings can be expernited.

From both experiment, it shows the effect of thenhar of turns of the coils.
In experiment 2, the no of turns is (100 turns) df3he F' experiment (300 turns).
The output obtained from thé%xperiment is (0.09V & 0.08A) and also almost 1/3
of the output from the®lexperiment (0.3V & 0.3A).

18



3.3PROTOTYPES

1. Design 1: Vertically Coiled Winding

Figure 3.10

2. Design 2: Horizontally Coiled Winding with Space

Figure3.11

3. Design 3: Horizontally Coiled Winding without Spag¢eSingle Layer)

Figure 3.12

19



4. Design 4; Horizontally Coiled Winding without Spa¢®ultiple Layers)

Figure 3.13

5. Design 5: Horizontally Coiled Winding (Twisted)

Figure 3.14

Table 3 Prototypes’ Profile

\1*4

Design Number Resistance Capacitance Inductance
1 27kQ -38nF 168mH
2 53k -94nF 66mH
3 67Q 1uF 5SmH
4 6720 -204nF 31mH
5 300ka 0.6nF 9H




3.4 TESTING PROTOTYPES
Experiment 3
Objective
To measure the output current and voltage for dasign.
Apparatus
Prototypes
Current Sensor
Connecting Wires
DataStudio Software
Science Workshop 750 Interface
Current Sensor (1ohm internal resistance)
Magnets
Part 1. Measuring Voltage
Procedure

1. The apparatus is set up as shown in the figure.

Science Workshop

Computer 750 Interfac

Prototype

Figure 3.15 Measuring Voltage Set up
2. Wires are connected to each end of the coil. Therands of the wires are
connected to the port of Science Workshop 750 fexter
3. Magnets are released from a height of 15cm intadlie

4. The output recorded by the DataStudio is observed.

21



Part 2: Measuring Current
Procedure

1. The apparatus is set up as shown in the figure.

Science Workshop
Computer 750 Interfac

Current Sensor
Prototyp

Figure 3.16 Measuring Current set up
2. Wires are connected to each end of the coil. Therands of the wires are
connected to the current sensor.
3. The current sensor is connected to the port ofr8ei&Vorkshop 750
Interface.
4. Magnets are released from a height of 15cm int@dile
5. The output recorded by the DataStudio is observed.

Figure 3.17 DataStudio Software

22
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Figure 3.19 Current Sensor
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Figure 3.20 Experiment Set Up

24



CHAPTER 4
RESULTS & DISCUSSIONS

4.1 MOVER-STATOR CONFIGURATION

Through discussions with the project supervisa,ditcomes of the discussion

are presented in the table below

Table 3 Advantages and Disadvantages of Designs

Design Advantage Disadvantage

Moving Magnet High flux density inMagnet exposed to
contact with the coll | physical contact, might
Easy to establish _ _
connection for the coil demagnetize by time

Moving Coil High flux density in Complicated to establish

contact with the coil connection since the coils

IS not stationary

Moving Iron Core Magnet safe from physigdless flux density
contact
Easy to establish
connection for the coil

Iron core will not
demagnetize as long as
source magnet is available

4.2 MAGNET'S MOVER CONFIGURATION

Both yield the same output. Difference only in 8teoke length as magnets with
spacer requires longer stroke length.

25



4.3 STATOR WINDING CONFIGURATION

The values tabulated below are based on the maximagnmitude (ignoring
the polarity) since only the objective of the expmnt is too obtain the average

magnitude current and voltage produced by eaclyulesi

Table 4 Prototypes’ Output Current and Voltage

Current (A) 0.15 0.09 0.10 0.06 0.100

Voltage (V) 0.07 0.11 0.14 0.04 0.090

Current (A) 0.12 0.05 0.14 0.08 0.098

Voltage (V) 0.30 0.20 0.30 0.30 0.275

Current (A) 0.04 0.035 0.03 0.05 0.038

Voltage (V) 0.15 0.18 0.30 0.28 0.228

Current (A) 0.05 0.08 0.07 0.07 0.068

voltage (V) 0.12 0.22 0.17 0.19 0.175

Current (A) N/A N/A N/A N/A N/A

voltage (V) 0.29 0.23 0.20 0.28 0.250

26



4.4 DISCUSSION

Design 1: Vertically Coiled Winding

In the experiment, Design No. 1 is the pioneerhaf dther designs. As per
advised by the Supervisor, the winding is coiledtigally and output is observed.
Design No 1 is actually a good design. However eifgciency is affected by the
strength of the magnet. Theoretically, if the wingliis too thick that it reaches a
point where the outer turns are no longer intevdth the magnet’s magnetic flux,
the total area of the winding in contact with thagmetic flux is too small compared
to the total available. Thus the efficiency will losv.

Design 2: Horizontally Coiled Winding with Spacer

Design No. 2 is the extension of the previousigte It improves design No.1
by reducing the winding thickness and still mainsaihe number of turns. Both have
2000 turns, Design No. 1 has its 2000 turns inoL &esign No.2 breaks down the
turns into 4 slots of 500 turns each. Each turni$ lva able to interact with the
magnetic flux thus increasing the efficiency conapkto the previous design.

Design 3: Horizontally Coiled Winding without SpaceSingle Layer)

Design No.3 on the other hand is the extensioresigth No.2. This time, the
thickness is drastically reduced to only 1 layewaiding in order to make sure that
all windings are in the reach of the flux line. Hower, in order to maintain the stroke
length, the number of turns is reduced to 500 tuiitseoretically, this design
produces a high amount of current with such a smathber of turns which should
make it the best design for the configuration. Heeve the design is hard to
manufacture and the arrangement easily spoiledpbsed to physical contact (the
windings tends to overlap each other if in contalbius it cannot be finalized as the

best design.

27



Design 4: Horizontally Coiled Winding without Spa¢Multiple Layers)

Design No.4 is also the extension of de®gr2 which reduces the winding
thickness while remaining the number of turns whiohthe end produces an
overlapping turns. The output obtained is not asdgas the one obtained from
design No.2 due to the crossover between the wiBased on Data & Computer
Network Theory, wires crossing over other wires nragrrupt the data (voltage &
current signal) carried by the wire as each wirasies their own magnetic fields.
Crossover effect is prevented by twisting the wag normally seen in power cables

and signal cables) which brought us to the nexigdes

Design 5: Horizontally Coiled Winding (Twisted)

Design No.5 is supposed to improve design No.4.e8asn the results
obtained, the design produced better output voltegepared to design No.4.
However, the output current of the design is natilable. After a few tests done in
different sessions, the result was still the sainmight be due to unseen technical
error. The shown values in the graphs are the ttefalues when the prototype was
connected to the interface of the software. Themaky, this design should be a
promising design as its winding is fully in contaath the flux and there are fewer
crossovers between the turns. However, since thpubus not available, the
efficiency of the design cannot be proved.

Based on the table, design No 1: Vertically Colémhding produced the highest
voltage while design No 2: Horizontally Coiled Wingd (with spacer) produces the
highest current. In overall, design number 2 predube highest output. Design
No.2 excels in both criteria while the other desigmght excel in one criterion but
no in the other one. Thus, it can be concludedtti@best configuration for

Components Configuration is design No 2.

28



CHAPTER 5

CONCLUSION & RECOMMENDATIONS

5.1 RECOMMENDATIONS

Based on the results obtained, the best designdwmaiDesign No.2:
Horizontally Coiled Winding with Spacer. The desigmn be further
improved by minimizing the size of the spacer sat tmore turns can be
made out of a given length. The role of the spatéhe design is tweduce
crossover between the turns which the main fatiatr causes Design No.4 to
not performing well. The alternative that can bediso replace the spacer
would be by tying the wires into bundles befordingithem to the cylinder.
When the wires are tied into bundles, they willyoooss over with the other
wires in the same turn and will not be able to Inderossover with the other

turns. Hence, this method reduces crossover.

Another method to improve the design is by changhegmagnet of
the mover. Currently the magnets used have thdaspon the flat surface
(back and front surface). The flux line is perpentir to the coil but parallel
to the motion. To get a better output, magnetsrtpits flux perpendicular to
both coil and motion should be used. Thus, to imprthe design, the
magnets should have their flux line coming outhef turved surface and cut

across the coil perpendicularly.

29



Figure 5.1 Ring and Segmented Magnet

The diagram shows an example of a magnet that teaBuk line
coming out from the curved surface. The outer dnaditiner curved surface
has different polarity. In between them, an iromecis inserted so that the

magnets will not push each other due to havingémee polarity next to each
other.

30



5.2 CONCLUSION
Based on the consideration made on the sub fadiscsissed in the project, in
terms of Components Configuration, it can be coetuthat the best design for the

Linear Generator would be the combination of;

e Moving Magnet (Mover-Stator Configuration)
* Magnet without Spacer (Magnet Configuration)

* Horizontally Coiled with Spacer (Stator Winding Gigaration)

The study on Linear Generator’s application andgeis a promising field to be
focused on. The potential of Linear Generator t@obee the main source of
renewable energy is great especially in Tidal W&oaver Generation. Given a
suitable condition, it may perform better and moekable compared to Solar and
Wind Generator. Given a small size applicatiomaty also replace the Piezoelectric
Generator.

31
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Appendix
Design 1: Vertically Coiled Winding Output Currgi)
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Design 1: Vertically Coiled Output Voltage (V)
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Design 2: Horizontally Coiled Winding with Spaceutput Current (A)

012

010

0.08

0.04+ T T T ]
/

—Dll VEEZ 0z 04 08 08 10 1‘2 1.4\ (6 1.8 0 22 24 18 28 30 32 ER
\ Time(s)
0,02 \/

<006

-0.087

<012

Cufrent( A) &
&
=

-014

-04 -0.2 02 0.4 0e 0g 1.0 a2 |‘.l [iCE 18 20 22 24 2B 28 30 Jli 34
Time(s)

38



- |
- T ;
| 3 |
| =ith [
= |
i .
| a
| T |
b2 i | S
p & -] B
, ] & 5
= ] |
» n g | {
* .m‘” 1
L |
L= a_ |
, =)
| | {
-
S <
=
L]l i (] i LTV TNV T TR T Il |
[ i 34—
| Fei 1
[ [ I [
! o | | |
[ 5
| |
| | o
8| tog—1 I I ey
, _ ¥ =2
{ = £ | |
[ _ i \Bﬂ.
W _ P ﬂ .
‘‘‘‘‘ T== T 1 } i | } | }
W _ ] et _ !
[ | I
_ J.rttf% A "
W _ < _ "
| | Je | |
T - 1 =
| 2
_ |
| @ ”
| ) ial HEEN I -k ime ket IFIANI NS RN ANy IR ey
| i B | |
| |
- | | [
s a_|
, Lo |
-
_ [ 8
| [ 1 | | |
{ | Py
pES
& - o o o - - 2 o = S z + o o - T T T T T
S R R I 1] IR IR N il NN R R BRI NRER S AREDEBERAETTSERY AREARET VR F RS
B R G e o e g e i S S R e ™ G S 3 | e RS L e e s s e
W o [ @& (¥ Jsiing, ¥ (v waung
I | c
8 =] | |
i80s fas 8 sk i
= I [nd 2

39

Run 4



Design 2: Horizontally Coiled Winding with Spaceutput Voltage (V)
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Design 3: Horizontally Coiled Winding without Sgag Single Layer) Output
Current (A)

012
010
008
0.06 A
I\
004 T
\
002 / \1
o = —
04 02 02 04 08 08 10 N1\2 1 e 18 20 2 24 28
it

Current( A) &

LAk ® Run#2

05 10 i{if 20 25 30 5
Time(s)
-0.02

-0.06

Current( A) @
& & &
= Y o
I s 8

&
&

&
=

&
@

Run 2

42



018

014

0124

0.10

0.08

0.08

0.02

20
Times)
-0.02
-0.04
-0.08

-0.08

=010

Current{ A) W

-012

-0.144

=016

-0.18+

Run 3

016
14 i i T 0
012
010
008
0.08

004

+ t T t t
05 10 1 20 25 10
Times)

-0.02
-0.04
~0.06
-0.08

-0.104

Current{ A) 4

-012

-014

016

018

Run 4

43



Design 3: Horizontally Coiled Winding without Spa¢eSingle Layer) Output
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Design 4; Horizontally Coiled Winding without Spa¢Multiple Layers) Output
Current (A)
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Design 4; Horizontally Coiled Winding without Spa¢Multiple Layers) Output
Voltage (V)

Run 1

I . - . N ' - —— ] e i 1 1
-10 05 5. o HE-TE Pl o] i kES 40 45 50
Time(s)

Run 2
48



50

45

45

40

40
|

35

L]

30
|
[
:
T

30

Time(s)
| Timets)

25
26

20
20

o
S
o

] ]
od "
A (A )3l

030
015
010
!

-005
010
-015
20
25
030
o
———050
36 030
o
-005
010
015
0,20
0325
-030
035
40|

08

a0

Run 3
Run 4

-1.0

49



Design 5: Horizontally Coiled Winding (Twisted) Quit Current (A)
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Design 5: Horizontally Coiled Winding (Twisted) Quit VVoltage (V)
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