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Executive Summary

The Compact Bi-directional Rotary Actuator projecsponsor by Sandia
National Laboratories. This actuator project wasellaon Micro-Electro-Mechanical
Systems (MEMS) technology. However, the actuatotgiype design and construction
would be scale up due to lack of knowledge andsscteethe technology and for budget
constraints. The model actuator is going to haweRes. Soon after the actuator
prototype is conclude and approved, the Sandia alogd scale it down to their specific
needs. The desire application of this step moteigtes to be part of a locking
mechanism for an unspecified weapon system.

The step motor design had almost no room to plaly.v@ur sponsor
representative, Gilbert Benavides from Sandia Malihaboratories, had specific needs
for the motor. Such specifications were the useahef coil, a pancake style design, one
set of outer poles, one set of inner poles, armhgpact and easy to assemble housing,
and a torque of 0.3 Nm. Other factors were leftii@rteam and advisors to decide. For
instance, dimensions, materials, air gaps, ingidgements, and housing. Even though
specifications are made, designing a mechanismvimgpsuch requirements it is not an
easy task to reach because so many needs prodagdimaations.

To reach the goals require by our sponsor, wettadilize a computer simulation
program call Maxwell 2D and 3D. The advisors fa firoject, Dr. Philippe Masson and
Dr. Ongi Englander, were very helpful in guiding tieam through these programs. The
Maxwell software was used to determine how mucheturthe coil needs, size of air
gaps, position of magnets, and other specificatiorachieve the necessary torque. Using
Maxwell not only estimated answers, but it savatketilabor, funds, and defiantly takes
the project in the right path. The latest modeladeped in Maxwell output the following
results; using 1500 Amps turns torque result ik 04 Nm, while temperature reached
71.4 °C. Furthermore, the Bi-directional Rotaryt#ator project is currently a computer
and paper design only, which meets expectationth®time being. The project has
enough data to proceeds with the fabrication asithige of a tangible mechanism.



1 Introduction

The Bi-directional Rotary Actuator assigned by $andia National Laboratories for the
senior design project is related to MEMS technoldgyis field is responsible for fabrication of
electro-mechanical systems on a microscopic scatguntegrated circuit process sequences.
MEMS’ more commonly fabricated mechanisms are ssrasod actuators. A pancake style
actuator with one coil and a compact design is wlaproject final deliverable was. An actuator
or step motor is a mechanism that transforms éet{power into mechanical force. However,
these types of motors are not in constant moti@hdannot need a brake system to stop them.
These motors move in steps how their names, higfisligand those distances are set according to
each specific need. Gilbert Benavides from Sandiaslhad a need assessment for the motor to
rotate in steps between 20-30 degrees.

For the past two semesters, our team has beenngonkih one general design, which
has had small modifications specifically in dimemsi and material selection. Due to so many
needs required by our sponsor, the mechanism’stesttannot change much. After
manipulating the idea on simulation software (Malkweur team has found that the required
torque of 0.3 N-m is feasible. In addition, calc¢iga results explain that the actuator in
operation would produce more than 70 degrees Gel§his temperature is achieved when the
device is at steady state and would require areeadval system. Given the device will not be

on long enough to reach steady state a heat rerags@m was not designed.

2 Problem Definition

The project was to design and fabricate a bi-dweel rotary actuator for Sandia
National Laboratories. The concept modifies aninabdesign that has two single-directional
solenoids and reduces it to one bi-directionalrsaitk The goal is to duplicate or improve the
performance by using only one coil. This singld woll reduce the weight as well as the size of
the overall device. If successful, the design tlscaled down to nano or micro size and used as

a safety device for weapons.



3 Background

In order to understand how a bi-directional rotacyuator works it is necessary to
understand the principles of magnetism and elecgmatic motors. Magnetism is one of the
peculiar physical characteristics, which is causgdcts of the attractive or repulsive forces
within a magnetic field. Magnetic fields can berseghere magnetic forces of magnetic dipoles
are detected. It also occurs by electrical currédmtsugh wires because those electrical currents
affect the others, which is called electromagnetiSpecifically, the motion of electrons
produces magnetic field because every electrommaagnetic attribute. Magnetic force is
calculated by cross product of electric chargepaigf of charged element, and magnetic field;
Fleming’s left hand rule is applied to the foraethe rule, thumb, index finger, and middle
finger indicate the direction of motion, field, aodrrent respectively. The direction of the force
is perpendicular to the magnetic field. Usuallycei@magnets are used for electromagnetism,
which consists of a magnetic substance and codpping around it. Iron, steel can be used as
magnetic materials because magnets can attra@ thetals. When electric currents pass though
the coils, the metal core is magnetized. The magpekinetal acts like a magnet, but the
magnetic effect disappears when the current ispplied. The power of magnetic effect
depends on the number of coils and the quantigleadtrical current. By contrast, permanent
magnets have magnetic attributes produced by theatanovement of electrons. Mainly
mixtures of iron, cobalt, and nickel are used fermpanent magnets.

In many fields, electromagnetism is used. An elechotor is one of the most important
uses of magnets. It can switch electrical energypeéchanical energy. There are two types of
electric motors: rotary and linear motors. Theati#ihce between two types of motors is the
direction of movement based on how to assemble.theaddition, an electrical motor can be
classified by DC type and AC type. Among rotatioaetuators, a stepping motor has several
advantages over other types of motors. It is abf@osition accurately because the number of
poles on a stator and permanent magnets on aganozontrol the degree per step of the rotary
actuator. Moreover, the rotary actuator can prodoedighest torque at low speed. When
currents are applied to a colil, poles on the s@t®magnetized axially and magnetic field is
formed. As magnetized poles act as electromagtietg.are in alignment with the opposite poles

of the permanent magnet on the rotor by attradtiegh and repelling the same poles of the



permanent magnet on the rotor. This procedure nihleaotor rotate in one direction witt
specific angle. By the opposite direction he current applied to the coil, the rotor will retan
the other directiol

4 Design and Analysi

4.1 Concepi Generation and Selectio

Our design is basion the principles of an axial flux electric motdhen a currer-
carrying conductor is placed in a magnetic fidids subjected to electromagnetic force
Lorentz force. This force is fundamentally impotthecause it is the foundation of the or
operation. The magnitude of this force dependsr@ntation of the conductors with respec
the magnetic field. The force is at its maximum witlee conductor is perpendicular to

magnetic field and becomes zero when it is par:
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Figure 4.1 - Operational Schematic



Figure 4.1 above illustrates the operation of theighs. When the actuator is not energized the
rotor is in a neutral position. Depending on whalerity the stators are magnetized in, the rotor

will move to a new positian

4.1.1 Designl

This design calls for the use of one coil to opethe rotor. The single coil allows
the actuator to be very small and lightweight. @lsign is considered a pancake style
design because the coil will be directly abovertiter not surrounding the rotor. The
direction of the rotor is controlled by the directiof the current flowing through the coil.
For example if the current flows left to right, thine rotor rotates clockwise and vice
versa. When the coil has no current flowing througtihen the rotor will return to its
neutral position. This actuator will rotate botbakwise and counterclockwise
approximately 22.5°. For an actuator of a certaie, $t takes advantage of the rotors
maximum moment arm. This means that the radiuseofdator is its maximum given the
radius of the entire actuator. This design containgounting plate, an outer housing, an

inner pole, an outer pole, a coil, and a permam&gnet rotor.

Figure 4.2 - Original Design

Although this design was worked in principle maryt® components were too

complex to manufacture with the time and resouotelis project in mind. The stators
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alone would have to be made of 10-20 separate p@deon and then a way of

connecting these pieces would have to be created.

4.1.2 Design 2

This design is very similar to the first designyotilis design uses two coils
instead of one coil. The two coil design is larged it weighs more. This design is also
pancake style. This design includes everythingeisigh one with an extra coil and inner
and outer poles

STE MOTOR
ERMIAMENT FAGMET
L. ROTOR

gRN

ILL USTRATION SHOWS
E® (45 STEPS /REVOLUTION)
1POLAR DRIVE

WNE

~ | | © e
i "‘-k i .\;
[ > &
e ' N~

- \ Il-L e

~3J

Figure 4.3 - Basis for actuator design

The advantages of the disk-rotor permanent magoaimwith 2 coils are that
first the motor diameter can be made smaller themn&entional cylindrical- rotor motor
having similar performance characteristics. Atshae time since the poles on the rotor
are magnetized in the axial direction, oriented medig materials may be used instead of
the non-oriented materials. The oriented matehalse a greater flux density which
produces more torque per ampere of input curremt ghnon-oriented material. As a

result, the motor efficiency is improved. Belowaisliagram of the actuator’s operation

principal.



4.1.3

OUTER - POLE TEETH
INNER-POLE TEETH

o

STACK 2

STACK |

INNER-POLE TEETH

CUTER-POLE TEETH

Figure 3. Inner-pola, ouwter-pole, and rotor relatiom.

Figure 4.4 - Operation of two stator actuator

When the teeth of stack No.1 of the stator ardigmanent with the rotor poles,
those of Stack No.2 are in total misalignment. Tlassthe phase energization is switched
from Stack 2 to Stack 1, the rotor will rotate dredf of a pole pitch of the rotor. For
example, if Stack 2 is polarized to S, N, and 8,rtitor remains stationary. After that,
the teeth of the rotor rotate to align with thecRta when Stack 1 has polarization with
N, S, and N.

Design 3

This design contains one coil in which that coifreunds the rotor. Many
different companies currently design these actsaidne functionality is the same as the
above two designs the coil and rotor are just ffedint orientations. This design
however, does not take advantage of the maximumenbarm. The rotor radius is
smaller than the actuators radius making the mometas large as it can be for an
actuator of that size.

The advantages of this design are that it dissspatech less power in losses such
as heat than the cylindrical rotor and that it jpiceb high torque and speed for its size.

6



The main disadvantage to this type of actuatdnas it produces a smaller torque than the
2-coll type because the surrounding coil constrthessize of rotor disk. The diagram

below show how this style actuator works.

L

+

Energised
(ccw rotation)

Energised
(cw rotation)

Figure 4.5 - Operation of single coil surrounding otor

In the de-energized state, the armature polesseuie half a stator pole, causing
the shaft to seek mid-stroke. When power is apptlesl stator poles are polarized. This
attracts half and repels the other half of the @&unegpoles, causing the shaft to rotate.
When the voltage is reversed, the stator polepa@alerized with the opposite pole.
Consequently, the opposite poles of the armat@watracted and repelled, thus causing
rotation in the opposite direction.

4.1.4 Final Design

Our final design uses one coil and two statojaly force to the rotor. This
design is by far the most compact and simple ofytloeip, but sacrifices torque to
achieve these qualities. Because of the strictireapents of our project this design is the
most desirable of all the designs. Even thoughdfspie is lower than the previous

design it is still within our performance speciticas.



Figure 4.6 - Final design cross-sectional view

This actuator design uses principles from alhef above designs. Although it is
single colil design, the outer housing is made wiagnetic material so the lower pole of
the coil can be channeled to the upper stators @tfiect acts as a second coil, but in
order to achieve this, the current through the rcist be greater than if there actually
were two coils. The operations and specificatiointhis design will be discussed in the

following sections and appendices.

4.2 2D Modeling and Analysis

4.2.1 Maxwell 2-D Model

All of the 2-D modeling was done in Maxwell SV. Meell SV is the leading
electromagnetic simulation software program théivdes numerical power and ease of
use for analyzing electrostatic and magneto-sthgigns. This 2-D model was
constructed after researching the principles afrgoaictuators and stepper motors. First,

a hand sketch was done during a teleconferenceowitBponsor. Once the initial



4.2.2

dimensions were agreed upon, the model was created simple shaped to represent
the real world actuator. The software containsntia¢erial properties to determine how a
magnetic field will effect and translate througke thodel; therefore, each component
must be assigned a material. Then, inputs and leoyrmdnditions were established. In
order to establish the flow of the current, a acorsource was placed in both sides of the
coil. These two current sources had opposite sighisating the direction the current
was to flow. The magnetic field generated by tbeiihg current interacted with the
surrounding materials and caused the magnets te hegpending on the direction of the
current. Next the executive parameter was setimiphis case the force generated
between the magnets and the stators was measlineiforce could then be taken and
multiplied by the radius of the rotor to obtain theoretical torque (See Appendix A).
Finally, a solution had to be determined. Oncelat®n was converged upon, post
processing graphs and output variables could hgagied.

Figure 4.7 - 2D model of rotary actuator

Maxwell 2-D Analysis

Figure 4.8 and 4.9 show the magnitude of the magfield and the direction of
the magnetic flux lines respectively. This is us&iudetermining the gaps between the
components of the actuator. As can be seen ifighees below, no parts of the actuator
have become magnetically saturated; this indidatgtsthe gaps in our final design were

sufficient.
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Figure 4.9 - Magnetic flux lines plotted on surface

4.3 3D Modeling and Analysis

4.3.1 Maxwell 3-D Model

The 3-D modeling was all done in Maxwell 3-D. MaxhW&D is software
package that uses Finite Element Method for anadyelectrostatic and magneto-static
designs. A 2-D model was first constructed andyaeal to use as a starting point for
dimensions and other variables. Certain dimendiaisto be altered significantly
because the equations and variables are veryetifférom 2-D to 3-D. Once the 3-D
model was constructed, materials were assigndtetdifferent parts. The software
contains the material properties to determine hamagnetic field will effect and
translate through the model. Then, excitationsk@nddary conditions were established.

10



A current was placed through the copper coil indg@ magnetic field. This magnetic
field interacted with the surrounding materials aadsed the magnets to move
depending on the direction of the current. Nextekecutive parameter was set up. In
this case the torque of the rotor was calculatethbysoftware because the calculations
would be too difficult to do by hand. Finally, algiion had to be determined. The
number of passes the software should make andeticert of error acceptable for a
solution were input. Once a solution was convengaeh, post processing graphs and
output variables could be displayed.

Figure 4.10 - Cross section of 3D model

4.3.2 Maxwell 3-D Analysis

Figure 4.11 and 4.12 show the magnitude of the magfiux in the various
parts. This is useful in determining whether or thetfield created by the coil will
saturate any of the steel which would decreaspédhiermance of the actuator. These
figures show that no piece of the actuator is sétgrand should be working at their peak

performance.
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Figure 4.12 - Inner parts magnetic flux plotted orsurface

The figure below shows the vector lines for the n&ig field. As it shows, the
field lines start from the core of the coil andritdisperse up the actuator and circle back

around to the coil proving the design is functional
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Figure 4.13 - Magnetic field lines in actuator

4.3.3 Thermal analysis on E-Physics

E-physics is a finite element software package ¢hatdetermine thermal
characteristics of systems. This program worked wigh our design because importing
the design was easy and the software is baseMbb@vell 3-D. Thermal analysis is
needed because the surface temperature of thaa@abeads to be determined. The graph
below shows the temperature distribution over tirvéase of the actuator. This surface
temperature is important because this is the temyper that will actually be felt by other
components around the actuator. The temperaturéodison will be when the actuator
is at steady state so these values are relatioglyervative. The actual temperature might
not reach the values in the picture. To also bthersafe side, four fans will be used to
remove some of the heat out of the system.

13
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Figure 4.14 - Temperature distribution on surface bactuator

4.3.4 Optimization

The main size constraint for this project was tegkéhe rotor at a 2-inch
diameter. This left many different parameters t@pemized to reach the desired torque
of 0.3 N-m. The effect of changing a single paraneatould affect the rest of the design.
For instance, if the air gap was decreased to aser¢éhe magnetic field felt by the
magnets, the attraction between the magnets aratdtor would increase as well and
that attraction must be overcome before the romuldvmove. Each individual parameter
was taken separately and the effects on the syst¥msimulated. If a low torque was
encountered more amp turns were added to increaseadgnetic field. The higher amp
turns account for higher temperatures that coutdmi@lly be hazardous if the amp turns
get to high. The increase in amp turns would aisoeiase the magnetic field that would
be measured on the surfaces of the materials ¢éordeete if the material becomes
saturated. If saturation occurred, the amp turnsldvbe decreased and the magnets
would be moved closer to the stators. As statedrbehe smaller the air gap the more

torgue the rotor has to overcome. In addition,nfagnets have a strong magnetic field,

14



which increases, as the distance between decrddgssould possibly saturate the stator
and the system would become useless.

There also was a problem of where to line the miggme in a starting position.
The goal was to find the position that would geteethe greatest initial torque.
Simulations were run at various orientations armdttiique was calculated. The position

with the greatest torque was when the middle ohthgnets were over the sides of the

stators.
Torque vs. Angle
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Figure 4.15 - Torque vs. magnet angle

Figure 4.15 shows when a positive or negative gelta applied it causes the
shaft to rotate clockwise (-) or counterclockwisg (When the power is removed, the
restoring torque brings it back to a neutral positiThe torque decreases as the rotor
turns farther because the magnets reach an equntilposition and will no longer move.

This occurs at about 30°.
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4.4 Prototype

The prototype was modeled in Solidworks 2008 in order to have drawings for
machining the prototype (Appendix E). Below is the Solidworks assembly as well as the
exploded view of the Actuator model. Once all of the simulations were complete it was
decided upon that due to thermal concerns the current in our design would be limited to
1500 ampere turns. Although this put alimit on our torque as well we were till able to
achieve our goals and produce atorgue of 0.41 N-m (Our goal was atorgque of 0.31 N-m, see
Appendix F, section I1).

Figure 4.16 - Actuator model assembly

1-64 Flat QOuter Housmg Lower Stator Shaft Rntor Bushing

Head Screws
e \ —

ii “‘“H/ _

st

171

Bas& Plate Coil Coil Core Shoulder Bearing Snap Ring Upper Stator

Figure 4.17 - Actuator model exploded view
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45 Materials Selection

For the most part the materials to be used wereifsgaeby the sponsor and can be
reviewed in Appendix C. These materials were usddaxwell 2D and 3D as close as possible.
Equivalent materials were chosen for materials weat not available in the software.

The housing of the model is made of 1045 MediumbGarSteel in order to conduct the
magnetic fields from the coil and keep ease of nmadiility. The material acquired for the rest
of motor components was as specified by the sppbsibthe shape of some components is
different from the original reference motor. Tlmage was changed from square to round in
order to more uniformly conduct the magnetic figlds results in more torque. Disc shaped
NdFeB magnets are used and after many trials Wwihvtaxwell software it was determined that
we will use a mixture of 0.375 inch and 0.25 in@naeter magnets. Both sizes of magnet are

0.125 inches thick and six of each size will be edd®d inside of an aluminum rotor.

@ 375 L TTEP T g
S O

\_ / \___/

Figure 4.18 - Dimensions of NdFeB magnets in system

125 [<=
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5 Fabrication and Assembly

5.1 Fabrication

Once all of the necessary materials arrived, fatina of the various components required
for the operation of the actuator began. Durirgyfetbrication process the Sandia team made use
of the facilities at the FAMU-FSU College of Enganing; The College of Engineering graduate
machine shop for the metalworking and the Natidtigh Magnetic Field Laboratory for the coil

fabrication. (See table 5.1 for list of componeans quantities)

PART NUMBER PART NAME MATERIAL QryY.
1 Flat Head 0.375 STAINLESS STEEL 7
2 Base Plate 1045 MEDIUM-CARBON STEEL 1
3 Coll Core 1045 MEDIUM-CARBON STEEL 1
4 Spool POLYETHERMIDE 1
5 Coil 22 GAUGE COPPER WIRE 1
) Lower Stator 1045 MEDIUM-CARBON STEEL 1
7 Ball Bearing STAINLESS STEEL 1
g Housing 1045 MEDIUM-CARBON STEEL 1
? shaft ALUMINUM 6061 1
10 Rotor ALUMINUM 6061 1
11 Snap Ring STAINLESS STEEL 1
12 Bushing BRASS 1
13 Upper Stator 1045 MEDIUM-CARBONM STEEL 1
14 Flat Head 0.25 STAINLESS STEEL 7

Table 5.1 - Bill of Materials

5.1.1 Rotor and Shaft

The rotor and shaft were made out of 2 inch rouhgdmnum 6061 because it is
easy to machine and it is non-magnetic. The foirrhad the magnet holes open on both
ends and was going to be covered with caps. Tisgui@roved to be too large to fit in
the entire assembly. A second rotor was made 8litdrger than 0.125 inches thick to
accommodate the magnets and allow them to resitiorh. The holes were 0.325 inches
in diameter along the outer radius of the rotor @ri@5 inches in diameter along the
inner radius. The hole in the center of the rotasW.25 inches in diameter for the shaft
to be press fit. The shaft was made with a shold#f5 inches in diameter for the rotor
to rest on. The shaft was 0.25 inches in diametdreaend to be press fit into a ball

bearing as well. Its length was 1.25 inches.
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Figure 5.1 — Rotor and Shaft

5.1.2 Stators

The upper and lower stators were made from Higangth 1045 Medium Carbon
Steel. It is very difficult to machine but it wasad because of its magnetic properties.
The lower stator was 1.75 inches in diameter ah@®inches thick in some areas and
0.25 inches at the poles. At 80° intervals on ta&oss 40° pie wedges were made to act
as the poles. There were 3 of these poles on ¢aich.sThe poles were 0.125 inches
high. The lower stator had a 0.5-inch diameter otk a shoulder to have a bearing
press fit into it. The upper stator was 2.75 irscimediameter with the same pole
dimensions which line up with the lower stator gol€he upper stator had a hole 0.5
inches in diameter to accommodate a brass bushinglp with alignment and friction

between the shaft and stator.

Figure 5.2 - Lower and Upper Stators
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5.1.3 Base Plate and Housing

The base plate and housing were also made oueef @ie to its magnetic
properties. The base plate was 2.75 inches in dearaad 0.25 inches thick. The
thickness had to be just right to prevent satunatiiothe steel as well as to transport the
magnetic field. The housing was a hollow cylindéthvireight 1.78 inches and wall
thickness of 0.25 inches. There were also fous slit into the sides of the cylinder to

improve airflow and make room for the copper wi@some out. These slits were 0.5

inches wide and 1.5 inches high.

Figure 5.3 - Base plate and Housing

5.1.4 Spool and Coil Core

The spool was made from Polyetherimide, a high txatpre plastic. The high
temperature plastic was needed to assure thapto would not melt from the
temperature of the coil. The Spool was 2.125 iachaliameter at the top and bottom
with a 1.0875-inch diameter in the center wherectiygper wire was wrapped. A 1.25-
inch hole was in the middle of the spool to accorate the coil core. The coil core was
made out of Steel and it was a cylinder 1.25 inch@sameter and 1.15 inches high.
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Figure 5.4 - Spool and Coil core

5.1.5 Winding Fixture Fabrication

In order to wind the copper wire around the speolas necessary to make a
winding device. This device fixed the spool to Wiading lathe. A 0.25-inch steel rod
was used for the shaft. There was another steeiged, which has the same diameter as
the hole in the middle of the spool, so the spoad wrevented from moving around by
fitting the rod into the hole of the spool. A nuasvalso welded on the shaft to support the
washer. To support the spool, washers were uséakednoth side of the spool. At the end

of the shaft, another nut was used to tighten tineliwg device.

Figure 5.5 - Winding fixture parts

5.1.6 Coil Fabrication

For the winding process, 232 feet of an insulatgzper wire were used. There
were a total of 504 turns around the spool and BBBuurns per layer. In addition, the
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winding device was applied to fix the spool to ke during the winding process. The
steel rod and shaft were inserted in the spool tla@eut was tightened. Then, the device
holding the spool was set up on the lathe. Fofitbeturn of the first layer, a plastic
sheet was used to keep the wire free because doéspuld not have holes for the inlet
and outlet of wires. In addition, a Teflon tube wagd to cover the lead wire to keep it
from shorting out. For the first couple of layatsyas required to ensure to compact the
winding layer with 35 turns at each layer. Afted30rns, it was finished with epoxy tape
to prevent from unwinding.

Figure 5.6 - Spool on winding lathe (left) and Comigted Coil (right)
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6 Assembly

6.1 Assembly

The full assembly of the rotary actuator consigtetivo minor assemblies, the rotor

assembly and the housing assembly

6.1.1 Rotor Assembly

Originally, the design for the rotor was to have toles for the magnets go
through the entire rotor. Then, caps covered thgneis to keep them in place. These
caps proved to be too large for the assembly t&widre logical solution was to remove
the caps and try it without them. The magnets walieheld in place from the adhesive
used for the caps. Unfortunately, the adhesiveneaslistributed evenly and the rotor
was unstable. It leaned to a side and when energipeld stick to a stator. This was
when a new rotor had to be designed.

The new rotor required six permanent magnets. nhstdhesive was use to fix the
permanent magnets into the holes of the rotor frarmaeger magnets were located along
the outer circle; smaller ones were located albiegriner circle. The polarities of the
adjacent magnets alternated. After adhesion, tioe assembly was left to dry for several
hours. The rotor rests on a shoulder on the sh&kép the appropriate spacing between
the lower stator and the magnets. The rotor wassgdieonto the shaft and the shaft was
press fit into a shoulder bearing in the lowerastaA snap ring was used above the rotor
for additional support.

badl B

Figure 6.1 - Completed rotor sub-assembly
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6.1.2 Full assembly

After the rotor assembly and the coil winding wexecomplished, the full
assembly was performed. At first, the coil core \attached with 1-64 flat head screws
on the base plate. The coil core was inserteddathl. Next, the shoulder bearing was
press fit into the hole on the lower stator. Thedo stator was then fixed with 1-64 flat
head screws on the top of the coil core. Thenyobar assembly was press fit onto the
bearing in the lower stator. Once the inner coneptmwere attached and functional, the
outer housing was connected to the base plate. Wwead from the coil were put through
the gaps in the housing for the testing. Finah, tipper stator was attached on the top of
the outer housing with the 1-64 screws after th&hlmg was mounted on the upper stator.

Figure 6.2 - Fabricated parts

Figure 6.2 shows the assembled base plate andareil They were attached
using three (3) 1-64 flat head (82°) screws.
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Figure 6.3 - Base plate and Coil core

The coil assembly is then slid on the coil core.9dews or glue are needed to

keep the coil in place. The lower stator will keefpom moving.

Figure 6.4 - Coil added

Figure 6.4 shows the lower stator assembly. Thetatator has a shoulder
bearing press fit into it. The lower stator is seed into the coil core using three (3) 1-64
flat head (82°) screws.
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Figure 6.5 - Lower stator added

The outer housing is then attached to the base psang four (4) 1-64 flat head

(82°) screws.

Figure 6.6 - Outer Housing attached

Next, the rotor assembly is press fit into the sth@ubearing in the lower stator.

The rotor should align itself with the stators.
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Figure 6.7 - Rotor assembly added

Lastly, add the upper stator with the brass bushtngill snap down due to the
magnetic field so be sure the stators are alignddtive lower stators. The upper stator is
attached using four (4) 1-64 flat head (82°) screws

Figure 6.8 - Fully assembled actuator
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7 Testing

7.1 Testing

After fabricating and assembling the actuator,aswecessary to test it and record the
data. First off, a test of functionality was perfead to see if the design actually worked. The
next test was a thermal test to determine if thetemperature would reach levels that would be

hazardous. Lastly, attention was focused on theegsgpf the steps and the amount of torque

produce. Therefore, a torque test was performed.

Figure 7.1 - Testing setup

7.1.1 Thermal testing

The coil made by the team at the MagLab had aresistance of 4.1 Ohms.

Connecting the power supply to the coil and pravgdbower to it would produce an
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increase in temperature. Using computer softwdlectc&-physics, it was estimated that
the maximum temperature that the mechanism wouwalchrevas 75°C. Further actual
testing needed to be executed. The power supplyhencoil were set up and
temperature readings were measured. The tempesatere measured using an infrared
thermometer. The result given by this test wergéeqoiiomising for our project; after two
minutes of running power through the coil the terafeerecorded was 47.4°C and after
five minutes the temperature reached only 53.2d€ally, it only takes a second of
power supply to run the actuator, so five minusld be considered steady state in our
case. Even so the temperature is acceptable fptgoemmanipulate with minimal
protection. Moreover, for safety reasons the caiwun for longer time and it did not

reach the maximum temperature estimated by thevadt

Figure 7.2 - Thermal Testing after 2 min. 47.4°C (&) and 5 min. 53.2°C (right)

7.1.2 Torque Testing

The first time the coil was connected to the posigaply the mechanism did not
function by any means. After realizing that the mapwire had an insulated layer and it
was not making contact with the alligator clips thsue was resolved and the
mechanism began working. Quickly it was notice tii@ning the motor without all the
components attach would negatively affect the parémce of the actuator. A weakness
in torque was easily noticeable when actuator veasglly assembled. For torque
measurement, a torque gauge was used. The gaugstaased to the shaft and power
was supplied to the coil, the device recorded 0M68. That value was only around one-
fifth of the 0.31 N-m torque required by our spanabSandia National Laboratories. The
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torque results obtained during the test were biyguaipower supply providing around 2.5

Amperes and 10.50 Volts. A stronger power suppluld@roduce a larger torque.

Figure 7.3 - Torque test
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8 Conclusions and Recommendations

8.1 Conclusions

In conclusion, the design of the bi-directionaluatbr was proven correct. It was possible
to design and fabricate a single solenoid thatysced two directions of rotation. The direction
of the current determined the direction of the tiota When the coil was energized, the stators
were magnetized with a certain polarity. The akliéing polarity of each set of adjacent magnets
were either repelled or attracted to the statoe digle between the adjacent magnets was 40°.
When one pair of magnets aligns with the stattwesy tvould move half the distance, 20°. When
the power is off, the rotor returns to a neutraipon because both pairs of magnets were
attracted to the stators.

The required torque, 0.31 N-m was not reached.ekiperimental torque test revealed that
our device had approximately 1/5 of that torqueal®.068 N-m. The smaller torque could be
attributed to the magnets being too powerful amdclose to the stators. That is to say, a greater
torque had to be overcome to move the magnetsieftators. This is evident because the return
torque was a greater value than the energizeddotjwas also noted that the effectiveness of
the actuator was slightly hindered when the uptfsoswas attached. This could be accounted
for by the reason stated above. The magnets havetocome two sets of stators rather than one,
which slightly decreased the torque. However, titerohousing proved to be very useful in
distributing the magnetic field. When tests weraawithout the housing, the rotor had
decreased effectiveness.

Computer simulations using E-Physics calculatechgimum temperature of 75°C. This
high temperature warranted a heat removal systéernial tests showed that the maximum
temperature after 5 minutes was 53.2°C. This caleduhat no heat removal system was needed

because the device would not be on for that lopgreod.

8.2 Recommendations

As for further research on this subject, theresarae recommendations to consider. It is
recommended that less powerful magnets be usexttwat for the strong attraction between
them and the stators. This strong attraction resltlee torque significantly. Next, the housing

could be made with three walls as opposed to theused in this project. The walls should line
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up with stators to perhaps increase effectivertemsthe rotor and shaft, it is recommended that
it be made of one solid piece rather than mulfgalgs to account for tolerance and assembly

issues.
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Appendix A: Calculations
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2D Force and Torqgue Calculations

The radius of the rotor r:= lin
Force given by Maxwell software F:= 16.995N
The torque can be estimated by T:= F@

Estimated torque T = 0432Nii

Wire Diameter and L ength

ID := 1.25in OD := 2in h:= lin
core W= @ - E w =0.375in
{height) 2 2
o _ .2
Across = Wi Across = 0-375in
bhase h

A 22AWG wire has a diameter of 0.254in, thisis close enough to our calculated diameter

Number of turns Nyrns = 504

L(t) := [ 2((0.70 + 0.0251()|in

L := 40L(0) + L(1) + L(2) + L(3) + L(4) + L(5) + L(6) + L(7) + L(8) + L(9) + L(10) + L(11) + L(.

L = 2.779x 10°in

The length of copper wire that we will need is 232ft



b \2
_ wire _ 4.2
Ayire:= n[ﬁ j Ayire=4909x 10 “in

2
b
Pcopper = 0.322—3
in
Vo= Aol Vo= 1364000
wire = Awire wire = +-2041N

The wire used in our system will weigh 0.439 Ibs

Current Density and Power Supply Reguirements

Current in the coil (Ampere turns) | cgil = 1500A
Resistivity of Copper p:= 16700 SQmn
e leoil
Current Density is given by J:=
ACI’OSS

A current density above 5 indicates that activate cooling is needed. Thisisan acceptable
solution up to 10.

Resistance of wire r=—2L R=372Q
Awire
; ) IBwire

Power Supply current required lsupply = ——— _
Tt
4

Power Supply voltage required V= IgypplyR V=9306V

Heat Generated by Coil Pi= g pply R P=23265W



3D Torque Calculations

Number of turns Nyrns = 504

Air gap between stator and magnets d:= 0.3125in

Permeability of Air iy = 4E0- 7 Tl
Permeability of Iron K iron = 0-377
-7 kglin
= Ky irono W=4738x 10 ' 2
= 2.2
s [A
Using the magnetic flux equations 2

|
: . supply
and force equations we can estimate the T := rijl ENtumsE—d 20

3D torque using the following formula

The estimated torque is T = 0.674N(n

This Torque is slightly higher than what we were able to achieve in our 3D simulations.
real world conditions that are not taken into account by the above equations, the torque gi
isideal.



Current Density and Power Supply Reguirements using measur ed values

— ; — .2
Dwire = 0.0253in Across = 0.375in

= Dwire ’ _ -4. 2
Apire'=T 5 Apire=5027x 10 ‘in

Current in the coil (Ampere turns)

Resistivity of Copper

Current Density is given by

M easured Resistance of wire

Power Supply current required

Power Supply voltage required

Heat Generated by Coil

looi = 1500A
-8
p:= 167010 "QIn

| coil
A

J:=
Cross

| = TBwire
supply =

4

V= lgupplyRactual

— 2
P= Isupply Ractual



Appendix B: Graphs
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The graph above shows how the torque between dgmets and the stators changes as
the total current in the coil is increased. Thisply was created using data gathered from a
Maxwell 2D simulation of our final design. All ¢tfie parameters were held constant except for
the current in the coil. Although the torque irases with the current there will come a point
where the entire device will become magneticaltyrsded and the torque begin to drop off and
eventually go to zero.
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Torque vs. Ampere Turns from 3D Model
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The graph above shows how the torque between theetsaand the stators changes as
the total current in the coll is increased. Thigplp was created using data gathered from a
Maxwell 3D simulation of our final design. All ¢tfie parameters were held constant except for
the current in the coil. Although the torque irases with the current there will come a point
where the entire device will become magneticaltyisded and the torque begin to drop off and
eventually go to zero. As you can see this gragtightly different from the one above, in the
3D simulation the round shape of our device isttakéo account, which changes the magnetic
flux throughout the housing of the actuator. T¢hange in magnetic flux results in a slight
difference in the calculated torque.
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Heat Generated vs. Temperature
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This graph shows how the surface temperature diidising of the actuator changes
with respect to the heat generated by the coiallthermal assumptions were made in order to
simulate these temperatures; also, much of thegwts internal geometry was simplified in
order to simulate using the available software.ciigate this graph we imported our 3D model
from Maxwell into E-Physics and them using the gktions from Appendix A changed the heat
generated by the coil according to the coil curreid the current density within the coill
increases as does the heat generated and thesrtperature of the housing.
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Appendix C: Materials

42



. Magnetic . Electrical Density
Part Material oS Thermal Properties oS (kg/m3)
Curie Thermal Electrical
Temperature | Conductivity | CTE (um/m*°C) | Resistivity
(°C) (W/m*K) (Q*m)
Housing
Stators Steel 1045 1043 51.9 13.15 1.62E-07 7870
Rod
Coil Cu - 385 20.6 1.70E-08 8960
Magnets NdFeB 310 2.931 34 0.00016 7650
Rotor Polyetherimide - 0.376 55.6 1.98E+14 1315
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Appendix D: Diagrams
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Thediagram aboveillustratesthe operation of our final design. When the actuator is not
energized, therotor isin aneutral position. Depending on what polarity the stator is
magnetized in, therotor will moveto a new position.
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Flgure 3. Imner-pole, outer-pole, and totor relatiom.

The above diagram showsthe operation of a single coil, two-stator actuator. Its showsthe

same oper ational principles asthe above diagram, which correspondsto our final design.
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Appendix E: Solidwor ks Drawings
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PART NUMBER PART NAME MATERIAL QTY.

1 Flot Head 0.375 STAINLESS STEEL 7

2 Base Plate 1045 MEDIUM-CARBON STEEL 1

3 Coil Core 1045 MEDIUM-CARBON STEEL 1

4 Spool POLYETHERMIDE 1

5 Coll 22 GAUGE COPPER WIRE 1

6 Lower Stator 1045 MEDIUM-CARBON STEEL 1

7 Ball Bearing STAINLESS STEEL 1

8 Housing 1045 MEDIUM-CARBON STEEL 1

9 shaft ALUMINUM 6061 1

10 Rotor ALUMINUM 6061 1

11 Snap Ring STAINLESS STEEL 1

12 Bushing BRASS 1

13 Upper Stator 1045 MEDIUM-CARBON STEEL |

14 Flat Head 0.25 STAINLESS STEEL 7
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A DISK-EDTOR PERMANENT-MAGNET SI‘Ei’ MOTOR

B. C. Kua

Lepartment of Electrical Engineering
finfuaraity of TiTinnia ar irhana-Champaign
Urbana, Iilinois

I. INTRODUCTION

The canned cype permanent-magnet (M) satep mo—
tors [1] have gained increased popularicy commer—
cially in recent years mainly due to their low cost,
simplicity in construction, and light weight.

As the name inplies, the ousing of the canmed-
type PM step motor is a metzl can. The stator reeth

assemblies are punched out of netal sheets, and the

atacor Jindings are in the form of bobbin-wound cofls.

The rocor eensiasts of a cylind-ical piece of magnetic
macerial which is magnetized wicth multiple numbers of
poles with alternate polarities alnng tha periphery
of the rotor. Figure 1 shows the simplified cross-
sectional views of the motor whkich has two stator
sections. The teeth of one stator sectiom are dis-
placed from those of the other by ons-half of a tooth

pltch.

The stator colls are vsually wound bifilar so
that Lhe motor can be drivem by a unipolar driver as
a four-phase mozor, or, the bifilar windings can be
a0 connected that the mator carn be driven as & twe-
phase motor by a bipelar driver. Additional sectisns
and phases can be added lengthwise to the mcter te

increase the torque oulput,

As shown in Figure 1, when one phase of the
motor is energlzed, the magnetic flux 15 essencially
confined to flow only within that sectfion of the
motor. Therefors, zach section of the moter is
pasenrizTly fanlatred Frem the other sectionls) from

a magnetic sense.

The purpose of this paper i3 to introduce a step
meter that has a disk-shaped permanent-magaet rotor.
The geometry, construction, principle of operatiom,
and typicsl performance characteristics of the motor
are presented. The analysis and computaticn of the
magnetic circuits of the metor are given ir another

paper in these Proceedings.

W. H. Yeadon

The aivantages of the disk-rotor PM moter are:

1., The motor diameter can be made smaller than
2 conventlonal cylindrical-rotor motor hav—
ing similar performance characteristics,

2. 3incs the pols ized

B
ne T

et

in the axlal dlrectlon, oriented magnecie
materials such as ceramic 5 or B may be used
tasread of the non-oriested materials such
as cerasic 1, commonly wsed on cyliadefeal
rotors Wwith radial ailr gaps. The orienced
material has a greateér flux density which
produces more torgque per ampere of [nput
current than a noo-orlesied material. As &
result, the damping characteristics and the

ootor efficiency ave {mproved.

Il CONSTRUCTION OF THE BISK-ROTOR MoTOR

Figure 2 shows the major components of the motor
with four phases and 8 step resolution of 7.5 degreess
(48 steps/revolution). As shown in Flgure 2. the

major components of e motor are:

a permanent=magnat rotor
two inner-pole assemblies
two uter=pole assemblies
two bobbin=wound coils

housing.

The two s=ts of loner-and outer-pole assemblies
are positioned on oppesite sides of the disk rator.
For the 4f-step-per=revoluticn motor illuscrsced,
the rotor 1s magnetized ax{ally with 24 alternare
Merth-South poles. There are 12 teeth om each of
the inner- and outer-pole pleces. The tooth piteh
of the inper-pole plece and the npter-nole plece 4s
twice that of the roter assembly. The relative
positions of the inner-pole and the outer-pole
asgemblies on opposite sides of tie rotor are offaset
by one=half af a tooth piteh. Figure 3 shous rhe
rvelavive positions between the rotor poles end the
stator teeth of rhe two atacks. The two bobbin-

wound codls can each be wound with a single winding
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for bipolar driving, or with bifilar windings for
unipolar driving.

As shown im Fig. 3, when the teeth of stack

Ne, 1 of the stator are in aligmment with the rotor
poles, those of Stack No. 2 are in total misalign-
ment. Thus, as the phase energlzation iz switched
from Stack 2 te Stack 1, the rotor will rotate one-
half of a pole pitch of the rotor. The step angle of
the mocor is then given by

L %%E degress {1)

5

where DEP is the mmber of poles on one zide of the M
toter. For the case Illustrated in Figure 1, there
are 24 poles on the rotor, and es is 7.5 deg/step, or
the step resolutilon is 48 steps per revolutionm. ).'{F
is also equal to the total number 5f teerth on the
inner=pele plece and the ourer-pols plece on one

srtack of the stator,

Figure & shows two simplified cross—sectional
views of the disk-totor motor for the purpose of
fllustrating the pain flux paths. The main Flux—
caveying ports of che welvr include Lhe PM roter, Lhe
Ianer poles, the suter poles, the hub, and the
housing. The apazer, which fs located at the center
of the metor, is acn-magnecic and divides the motor
lnto twe sectiens magnetically. The main flux path
of the motor i d2scribed as shevn in Figure 6. IF
wi start ot the surface of a Horth pole on wtack Hop 1
of the PM rotor, as shown in Figure 4, the magnetic
flux will typically go through the follewing pacrts of

the motor in suecesszion:

1. WNorth pele on the lefr side of che PM rator
Z. Main air gap

3. TInomer pole

4, Hub
5. Alr gap between hub and housing
. Housing

7. Alr gap between housing and cuter pole

8, Oucer pole

9. HMailn alr gap

10. Seuth pole on the left sice of the PY rocor,

adiacent to the scarcing borth pole.

The flux then traverses the depth of the rotor
end exists at the North pole on the right side of the
roter, and then the same sequence s described above

takes place in staek No. 2.

From Figure 4, we can see that one impertant
difference between this disk-rotor moror and the
conventional canned-type PM motor is chat the flux

=}
e [lux

paths of the latrer motor are confined to anly the

- o

when only one phase 18 exclted, whersas t

exclred phase.

The coupling of both stacks of the motor by the
magnetic flux also means that the torque develcped
by the moter will b

T 2

hoth sides of the roror.

111. PERFORMANCE CHAFACTERISTICS

The performance characteristics of a typical
disk-roter PF step motor are presented In this sec-
tion, The ptysical dimensicns of the motor are:
lengch = z ir,, ouker diameter = Z.5 in.

The electrical properties and characteristics

are:

Number of phases: & (hifilar wournd)

Winding resistance: 1.6 ohms per phase
Rated current: 1.78

Inductance: 11

Amp. per phase
mi (0 Amp. DC at

detent position)

The single-step responses with one-phase-on and
twe—phasc—on excitations are shown in Filgures 3 and

B, respectively.

Figures 7 and 8 {llustrate the static terque
curves with one-plase—on and two-phase-on excitations
measured under the stated conditions, Figure 9 gives

che rorgque-speed curves of the motor.

11] Heine, Gyencher, "Swall PH Stepping Motors ag
Dedicated Control Elementa in Data Frocessing
Techoology," Proceedings of the Seventh Asnnual
Symposiun on Inevemental Hotion Control Systems
and Devices, 1978, pp. 27-36.
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2 e
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1

7 milm

M Hz
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&
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iS22 page B1m
oY Em PRI
Ws /I ;w2 AWl

Madmurn OH Time {520
whan pulsed continuously’

Madmum 0N Time (s}

for ngle putss?
Tuplzal Energlse TIme imsec & 5 &5 35
‘Wals 1% 20°Ch 145 ol 52 145
Arnpere TUrns i 200 Ci 510 721 10 18132
Coll Diata
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Ledex® Solenaids

)

Add the il mwg number {0XX) to the part number ( for
exmmple: o order a 25% duty cycle rated at (B3 YDC,
specify 1000 T2-027).

Please see wwwledex.com (click on Stock froducts
tab) for our list of stock products available through our
diarribnitarg

! contiruausly pulssd at stated watts and duty opce
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temparatre 20°C)

Typlcalenerng s= time based on no load conditlon Times
sharam are for halfof il mtary stmke starting al centra-off

position,
Other coll g slzes avalable — please oonsult ‘adary

Referencenumber of wms

Exposad Magnet may affect pacemakers.
In the ewert a procuct unlt's magret s exposad due bo
procuct diassembly Pacemaker Wearens shoull dstance
thernsedves 3 metres from exposed magnet.

Al specicatons subject bo change wilhout netice.
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