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Executive Summary

The Compact Bi-directional Rotary Actuator projecsponsor by Sandia National
Laboratories. This actuator project would be basetMicro-Electro-Mechanical Systems
(MEMS) technology. However, the actuator prototgesign and construction would be scale up
do to lack of knowledge and access to the techyahng for budget constraints. The model
actuator is going to have 2 inches. Soon afteatiieator prototype is conclude and approved,
the Sandia Labs would scale it down to there spendeds. The desire application of this step
motor design is to be part of a locking mechanismah unspecified weapon system.

The step motor design had almost no room to plaly.\@ur sponsor representative,
Gilbert Benavides from Sandia National Laboratqriesl specific needs for the motor. Such
specifications were the used of one coil, a panséj)e design, one set of outer poles, one set of
inner poles, and a compact and easy to assembénigpand a torque of 0.3 Nm. Other factors
were left for the team and advisors to decide.ifstance, dimensions, materials, air gaps, inside
arrangements, and housing. Even though specifitaice made, designing a mechanism
involving such requirements it is not an easy tasieach because so many needs produce many
limitations.

To reach the goals require by our sponsor, wethadilize 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 thartethrough these programs. The Maxwell
software was used to determine how much currentdii@eeds, size of air gaps, position of
magnets, and other specifications to achieve thegsary torque. Using Maxwell did only
estimate answers, but it saves time, labor, fuadd,defiantly takes the project in the right path.
The latest model developed in Maxwell output tHeWing results; using 1500 Amps turns
torque result in 0.42141 Nm, while temperature nedc71.4 °C. Furthermore, the Bi-directional
Rotary Actuator project is currently a computer gager design only, which meets expectations
for the time being. The project has enough dafaceeds with the fabrication and testing of a

tangible mechanism.



Section 1 - Introduction

The Bi-directional Rotary Actuator assigned by 8andia National Laboratories for the
senior design project is related to MEMS technolddys field is responsible for fabrication
electro-mechanical system is a microscopic scafegustegrated circuit process sequences.
MENS’ more commonly fabricated mechanisms are gsraud actuators. A pancake style
actuator with one coil and a compact design is whaproject final deliverable would be. An
actuator or step motor is a mechanism that tramsf@lectrical power in mechanical force.
However, this type of motor are not in constantioroand do not need a brake system to stop
them. These motors move in steps how their nanggidints, and those distances are set
according to each specific needs. Gilbert Benavides Sandia Labs had a need assessment for
the motor to rotate in steps of 25 degrees.

For the past three month our team has been wovkithgone general design which had
have small modifications specially in dimensiond amaterial selection. Due to so many needs
require by our sponsor the mechanism’s esthetinatazthange much. After manipulating the
idea on simulation software (Maxwell), our team faasd that the torque of 0.3 Nm require to
be reach is feasible. Also, calculation resultdarpghat the actuator in operation would produce
more than 70 degrees Celsius. Such temperaturadweglire a heat transfer system to avoid
any malfunction. Furthermore, our team looks fodhiar the fabrication period expecting a fair

amount of accuracy from the software and calculatibut ready to tackle any difficulties.

Section 2 - Problem Definition

This project is to design and fabricate a bi-dige@! rotary actuator for Sandia National
Laboratory. The concept modifies an original deshgat has two coils and reduces it to one coill.
The goal is to duplicate or improve the performang@sing only one coil. This single coil will
reduce the weight as well as the size of the ovdeaice. If successful, the design will be scaled

down to nano or micro size and used as a safetgeléw weapons.



Section 3 - Background

It is necessary to understand the principles ofrreagm and electromagnetic motors in
order to understand how a bi-directional rotaryiattdr works. Magnetism is one of the peculiar
physical characteristics, which is caused by atcteevattractive or repulsive forces within a
magnetic field. Magnetic fields can be seen wheagmetic forces of magnetic dipoles are
detected. It also occurs by electrical currentsugh wires because those electrical currents
affect the others, which is called electromagnetiSpecifically, the motion of electrons
produces magnetic field because every electroramaagnetic attribute. Magnetic force is
calculated by cross product of electric chargepeig) 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, aadrrent respectively. The direction of the force
is perpendicular to the magnetic field. Usuallycalemagnets are used for electromagnetism,
which consists of a magnetic substance and codapming around it. Iron, steel can be used as
magnetic materials because magnets can attraa thetals. When electric currents pass though
the coils, the metal core is magnetized. The maggekinetal acts like a magnet, but the
magnetic effect disappears when the current impplied. The power of magnetic effect
depends on the number of coils and the quantiglesftrical 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 electiotor is one of the most important
uses of magnets. It can switch electrical energyéchanical energy. There are two types of
electric motors: rotary and linear motors. Theat#hce between two types of motors is the
direction of movement based on how to assemble.thésn, an electrical motor can be
classified by DC type and AC type. Among rotatioactuators, a stepping motor has several
advantages over other types of motors. It is abfgosition accurately because the degree per
step of the rotary actuator can be controlled leyrthmber of poles on a stator and permanent
magnets on a rotor. Moreover, the rotary actuadarproduce the highest torque at low speed.
When currents are applied to a coil, poles on taisare magnetized axially and magnetic field
is formed. As magnetized poles act as electromagtiety are in alignment with the opposite

2



poles of the permanent magnet on the rotor byaitigathem and repelling the same poles of the
permanent magnet on the rotor. This procedure nhleaotor rotate in one direction with a
specific angle. By the opposite direction of therent applied to the coil, the rotor will rotate in
the other direction.

Section 4 — Design and Analysis

4.1 Concept Generation and Selection

Our design is based on the principles of an dkialelectric motor. When a current- carrying
conductor is placed in a magnetic field, it is ®abgd to electromagnetic force or Lorentz forclisT
force is fundamentally important because it isfthendation of the motor operation. The magnitufle o
this force depends on orientation of the conduciatts respect to the magnetic field. The forcetigsa

maximum when the conductor is perpendicular tantlgnetic field and becomes zero when it is parallel

4.1.1 Design 1

This design calls for the use of one coil to ofeethe rotor. The single coil allows the
actuator to be very small and lightweight. The gless considered a pancake style design
because the coil will be directly above the rotor surrounding the rotor. The direction of the
rotor is controlled by the direction of the currfioting through the coil. For example if the
current flows left to right, then the rotor rotatdgckwise and vice versa. When the coil has no
current flowing through it, then the rotor will eeh to its neutral position. This actuator will
rotate both clockwise and counterclockwise apprexaty 22.5°. For an actuator of a certain size,
it takes advantage of the rotors maximum moment &ims means that the radius of the rotor is
its maximum given the radius of the entire actualbis design contains a mounting plate, an

outer housing, an inner pole, an outer pole, g aadl a permanent magnet rotor.



Figure 4.-1 — Original actuator design

Although this design was worked in principle marfyt® components were too compl
to manufacture with thiéme and resources of this project in mind. The stadbwee would hav

to be made of 10-28eparat pieces of iron ad then a way of connecting these pieces would
to be created.

4.1.2 Design 2

This design is very similar to the first designyotilis design uses two coils insteac
one coil. The two coil design is larger and it wesignore. This design is alsancake style. Thi

design includes everything in design one with amaesoil and inner and outer pol
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Figure 4..-2 — Basis for actuator design



The advantages of the disk-rotor permanent magotirmawith 2 coils are that first the
motor diameter can be made smaller than a conveltaylindrical- rotor motor having similar
performance characteristics. At the same time gimegoles on the rotor are magnetized in the
axial direction, oriented magnetic materials maybed instead of the non-oriented materials.
The oriented materials have a greater flux dengitich produces more torque per ampere of
input current than a non-oriented material. Assalltethe motor efficiency is improved. Below

is a diagram of the actuator’s operation principal.
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Figure 3. Inrer-pole, outer-pole, amnd votor relatiom.

Figure 4.2-3 — Operation of 2 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. Thus, agthese energization is switched from Stack 2 to
Stack 1, the rotor will rotate one-half of a poitelp of the rotor. For example, if Stack 2 is
polarized to S, N, and S, the rotor remains statipnAfter that, the teeth of the rotor rotate to
align with the Stack 1 when Stack 1 has polarizewith N, S, and N.

4.1.3 Design 3
This design contains one coil in which that soifrounds the rotor. These actuators are
currently designed by many different companies. flimnetionality is the same as the above two

designs the coil and rotor are just in differen¢ations. This design however, does not take



advantage of the maximum moment arm. The rotousaidi smaller than the actuators radius
making the moment not as large as it can be factumtor 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 produceshhigrque and speed for its size. The main
disadvantage to this type of actuator is thatadpces a smaller torque than the 2-coil type
because the surrounding coil constrains the sizetof disk. The diagram below show how this

style actuator works.

Energised
(ccw rotation)

Energised
(cw rotation)

Figure 4.2-4 — Operation of single coil surroundiatpr

In the de-energized state, the armature polessanie half a stator pole, causing the
shaft to seek mid-stroke. When power is appliegl stiator poles are polarized. This attracts half
and repels the other half of the armature polassing the shaft to rotate. When the voltage is
reversed, the stator poles are polarized with gposite pole. Consequently, the opposite poles

of the armature are attracted and repelled, thusirng rotation in the opposite direction.

4.1.4 Final Design
Our final design uses one coil and two statorgaly force to the rotor. This
design is by far the most compact and simple ofjtieeip, 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 thoughdlspie is lower than the previous

design it is still within our performance speciticas.
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Figure 4.2-5 — Final design cross sectional view

This actuator design uses principles from alhef above designs. Although it is
single coil 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 ikt 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-stksigns. This 2-D model was
constructed after researching the principles adrsoactuators and stepper motors. First a
hand sketch was done during a teleconference witlsmonsor. Once the initial
dimensions were agreed upon, the model was created simple shaped to represent
the real world actuator. The software containsniagerial properties to determine how a
magnetic field will effect and translate througle thodel; therefore each component
must be assigned a material. Then, inputs and l@oyrdnditions were established. In
order to establish the flow of the current, a aorsource was placed in both sides of the
coil. These two current sources had opposite sigtisating the direction the current
was to flow. The magnetic field generated by tbevihg current interacted with the
surrounding materials and caused the magnets te ehepending on the direction of the
current. Next the executive parameter was setlimiphis case the force generated
between the magnets and the stators was measlingdforce 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 lypgagied.

Figure 4.2-6 — 2D model of rotary actuator



4.2.2 Maxwell 2-D Analysis

Figure 4.2-7a and 4.2-7b show the magnitude ofrtagnetic field and the
direction of the magnetic flux lines respectiveliis is useful in determining the gaps
between the components of the actuator. As caeéme in the figures below, no parts of
the actuator have become magnetically saturateiriticates that the gaps in our final

design were sufficient.
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Figure 4.2-7a: (top) Magnetic field magnitude pdtbn surface.
Figure 4.2-7b: (bottom) Magnetic flux lines plotted 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. Maxh&D is a finite element
software used for analyzing electrostatic and megegtic designs. A 2-D model was
first constructed and analyzed to use as a staong for dimensions and other
variables. Certain dimensions had to be alteredifsigntly because the equations and
variables are very different from 2-D to 3-D. Oribe 3-D model was constructed,
materials were assigned to the different parts.Sdfevare contains the material
properties to determine how a magnetic field wikket and translate through the model.
Then, excitations and boundary conditions werebéisteed. A current was placed
through the copper coil inducing a magnetic fidldis magnetic field interacted with the
surrounding materials and caused the magnets te hepending on the direction of the
current. Next the executive parameter was setrughi$ case the torque of the rotor was
calculated by the software because the calculatmangd be too difficult to do by hand.
Finally, a solution had to be determined. The nunob@asses the software should make
and the percent of error acceptable for a solutiere input. Once a solution was

converged upon, post processing graphs and ougpisioles could be displayed.

i

Figure 4.3-1: Cross Section of 3-D Model
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4.3.2 Maxwell 3-D Analysis

Figure 4.3-2a and 4.3-2b show the magnitude ofrtagnetic flux in the various
parts. This is useful in determining whether or thet field created by the coil will
saturate any of the steel which would decreased¢hfermance of the actuator. The graph
shows that no piece of the actuator is saturatddshauld be working at peak

performance.
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Figure 4.3-2a: (top) Outer housing magnetic flustigld on surface.
Figure 4.3-2b: (bottom) Inner parts magnetic fliotied on surface
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This graph shows the vector lines for the magrfegid. As they show, the field
lines start from the core of the coil and then disp up the actuator and circle back
around to the coil proving the design is functional
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Figure 4.3-4: 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 basetMik®svell 3-D. Thermal analysis is
needed because the surface temperature of theé@ateads to be determined. The graph
below shows the temperature distribution over thiéase of the actuator. This surface
temperature is important because this is the teatyoer that will actually be felt by other
components around the actuator. The temperatuirgbdison 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 b#hersafe side, four fans will be used to
remove some of the heat out of the system.
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Figure 4.3-5 Temperature distribution on surfacaattiator.

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@p#mized to reach the desired torque
of .3Nm. The effect of changing a single parameteuld affect the rest of the design.
For instance, if the air gap was decreased to aser¢he magnetic field felt by the
magnets, the attraction between the magnets argtdtoe would increase as well and
that attraction must be overcome before the rotmsldymove. Each individual parameter
was taken separately and the effects on the sysssimulated. If a low torque was
encountered more amp turns were added to incrbasedgnetic 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 ailsoeiase the magnetic field that would
be measured on the surfaces of the materials éordete if the material becomes
saturated. If saturation occurred, the amp turnglavbe decreased and the magnets
would be moved closer to the stators. As statedrbehe smaller the air gap the more

torque the rotor has to overcome. Also the magmeie a strong magnetic field which
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increases as the distance between decreases.olildspossibly saturate the stator and
the system would become useless.

There also was a problem of where to line the migme in a starting position.
The goal was to find the position that would getesthe greatest initial torque.
Simulations were run at various orientations armdttiique was calculated. The position
with the greatest torque was when the middle ohtlagnets were over the sides of the

stators.

Torque vs. Angle
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Figure 4.3-6 Torque vs. magnet angle

Figure 4.3-6 shows when a positive or negativeagdtis applied it causes the
shatft to rotate clockwise or counterclockwise. Wtienpower is removed, the restoring
torque brings it back to a neutral position. Thejt@ decreases as the rotor turns farther
because the magnets reach an equilibrium positidmall no longer move. This occurs
at about 30°.
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4.4 Prototype
The prototype was modeled in Pro/E Wildfire 3.@rder to have drawings fi
machining the prototype (Appendix E). Belis the Pro/E assembly as well as the explc
view of the Actuator modelOnce all of the simulations were complete it wasidled upor
that due to thermal concerns the current in ouigdesould be limited to 1500 ampe
turns. Although this put a limit on our torquevesll we were still able to achieve our go

and produce a torque 6f41 Nm (Our goal was a torque of 0.31 N*m, seeekulx F,
section II).

Figure 4.--1 — Actuator model assembly
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Figure 4.-2 — Actuator model exploded view
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4.5 Materials Selection

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

The housing of the model is made of Steel 1045derto conduct the magnetic
fields from the coil. The material acquired for tlest of motor components was as specified
by the sponsor, but the shape of some componediffasent from the original reference
motor. The shape was changed from square to roumidier to more uniformly conduct the
magnetic field, this results in more torque. Dsbaped NdFeB magnets are used and after
many trials with the Maxwell software it was det@red that we will use a mixture of 0.375
and 0.25 diameter magnets. Both sizes of magnél. 225" thick and six of each size will

be embedded inside of an aluminum rotor.
& 375 _F.| |.4_
o 128 #2850 —_ 135
\ \\Q} o =

‘l‘; \‘l Il.-" .\.
\ / | )

/ \'\ z"l
\_ / S S

Figure 4.5-1 — Dimensions of NdFeB Magnets in syste
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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.



Appendix B
Graphs
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The graph above shows how the torque between dymets and the stators changes as
the total current in the coll is increased. Thispdy was created using data gathered from a
Maxwell 2D simulation of our final design. All dfie parameters were held constant except for
the current in the coil. Although the torque irazes 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.
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Torque vs. Ampere Turns from 3D Model
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The graph above shows how the torque between tgeetmand the stators changes as
the total current in the coll is increased. Thispdy was created using data gathered from a
Maxwell 3D simulation of our final design. All dfie 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 than the one above, in the
3D simulation the round shape of our device istiaké& account which changes the magnetic
flux throughout the housing of the actuator. Td¢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 didlising 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 the tacwiaternal 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 currekd the current density within the coil
increases as does the heat generated and thesrtheraiture of the housing.
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. Magnetic . Electrical Density
Part Material SRS Thermal Properties e
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 3.4 0.00016 7650
Rotor Polyetherimide - 0.376 55.6 1.98E+14 1315
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The diagram above illustrates the operation of our final design. When the actuator isnot
energized therotor isin aneutral position. Depending on what polarity the stator are
magnetized in, therotor will moveto a new position.
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A DTSE-ROTOR PEFMANENT-MACKHET STEFR MOTOE

B. G, Kuo

Deparement of Flecericnl Engieaaring
University of [llincls st Urbass—Chanpaign
Urbama, Tllinais

L. THTRODUCTION

ETER ma-

cees [1] have gatned increased populatity commer—
cially In recen: years ns:nly due eo their low cost,

aluplivity in censtruct on, and lighc weight.

ha the name lwpl e, the housiog of the canned-
tvpe "M step notor ‘s a metzl een. The stator reeth

assemblies are punched sut of mers] skeecs, and Ehe

aracor vindinge are in the fomm nf Fabhin-wsied sefle.

Ihe roror censiscs of a ¢ylindricel pilece of magnetic
marertal vhich g magnetised with molriple mimhers oF
poles WiCh alTeInace jolariiies along the periprery
nf the ratar. Figers 1 abowe rhe simplified crcos-
sectional views of the notor which has two stater
sectiona.  The teetb of are afater seetfon are dis-

placec from thofe of the other by ome—half of a tooth
pieeh,

The ceotor ecila ate vaially wound bifilar so
chat the motor car ke driven by a unlpolar driver as
a feur pheoc motor, o, the BIFllar windings can be
s0 cornected that the motor can be driven as a two-
phaze mckcr by a bipolor dedver. Addiclonmd sectkions
and phastes can be added lengthwise to che motor to

imcrease the Eorgue Gk,

Ao ol in Figure 1, wnen one phasz of che
motor is energized. the magnecic flux Is essentially
cunfined e flow oaly wichin cthac sestion of tae
motor. Therofore, each section of the mater is
essencially lsolated from the agher section(s) foom

A nagnetic senae.

‘The parpnsa of hia paper f2 =0 Ankeadues a s-ep
LT Lhat has a disk-shapad permanent-magaet roior.
Tha geomatry, zomrstristiss, principle of operaziem,
and typical perforwaace charactecistics of the metor
ara presented. The snalyois ond compuratien of che
pagnetic circuits af ei1e motor are given in amether

sazer in taese Procesdings,

W. H. Yeador

Warter Blectrlc Brake ard Clutch fo.
Marengo, Illirois

The acventage:s €t the disk-rotor M meter are:

1. The matnr diamerer can be nade emaller than
£ cotventlenal cylincericel-reter motor hawv-
ing eimilar performance chasacteriscics.

i. firce the poles on the retor are megnetized
in tha axial dircctiecn, eriented magnetic
taterials such as ceramic % or B mav he used
inatead of the nem-orlcnted naterlals sach
ag geramic 1, commonly used on cylindrizal
rotors with padisl aic gaps. The orienced
naterial has a greacer flux densitw which
preduces more Eeique per aspecs of Inpuc
cutrent than a non-oriented material. 4= a
vesull, the damping characceriatics azd the
meter ef ficioncy are fmprowved.

IL. GONSTRUCTIDN OF IHE DISK-ROTOR MYTOR

Figure 2 shows the sajer companente of th: mo-or
with four phases and 4 step resolution of 7.5 degreas
(&8 srepsfrevalurind . A gimn in Fizure 2, zhe

major ceosponents of th: motor aret

a permanent-magret rotor
two innar=pala agzonblics
two oatar=pala aszenblies
tun babyinevound 2alls

houzdag,

Tim two s=ts of inner-and outer-pele agseablies
are pesitionid on opporice sides ol Ll dlsk. rugor.
For tha iB-siep-per-revolution metor 11lastraced,
the rotor in magnecized axially wili Zs aliermace
Yorth-Gouth po_es. There are L? teeth om each of
the tose.— wmd weler=pole pleces, The ceeth picch
of the inner-pole plece and the outer-pole plece s
twice ther of the jolve assedbly. The relscive
soaizlons of the inmer-pale and the nuter=pole
assemblles on apposite sides of the rotey ere cf fset
by nma=half of a eooth piech. Fipgure § shows the
selavive positions betveen the rotor poles ard the
stafor temth of the twe stsehs, The two bebiin

wound coils can each be wound with a slnple winding
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tor bipolar criving, oar with bifilar windings for
unipalar drivirg.

As showr In Fig. 3, when the teets of stack
He. L nf.alm atater are in aligrment wich the rotor
peles, those of Scack Mo, 2 are in total miselign-
meat.  Thise, as rthe prace anergizardom {e swdrelad
fram Scack 2 co Scack 1, the rotor will Totate one-
half of a yole pitch of the rocor. The step argle of

th: motor da then given by

L ‘:';“'5' dogrees {1)
L] H
T
whers 'HF i¢ the number of poles on one mide 2f the PH

rozor. For the case Ll ustrated ip Figure 1, there
are 14 poles on Che ratar, and as is 7.5 deg/step, o
Lhe step resolutlon i 48 steps per cevolution. L‘P
is algo equal to the total rusber sf teeth en the
inncr—pole picec and the outce-pole atece on one

stack of the stator,

Figire & shovs two simplitied cross-sectiomal
siews of the disk-roter motor For the purpcse of
llustrating the wain flux paths. The maln Flun—
carrvirg ports »f the meter include che MM roter, the
Ianar pales, rhe aoter poles, the hob, and the
housing. The apacer, which is lzcated at the center
of the metor, Li non-magnecic and divices the motor
loto two secilons magnetically., The meln flux path
of the motor is described as showm in Flgure 4, [F
we wtark at tae sorfaee of a Morth pele on @rack Ho
of the PM rotor, as showm in Figare 4; the magnetic
fhoar will eypleal’y go rheoogh the Falloving parte of

the mOCOT 10 SUcCesslon:

1. Horcdh pole on the lefr side of che P4 rocor
2., Main alr gap

3. Inaer pole

4. Hud

5. Adr gap hatusen hob and houefng

. Housing

7. Alr rap between housiag and outer pole

B, Ouzer ro]e

9. Maln air gip

0. Seuth pole on the l:ft sice of the PY rotor,

adjacent to the starting Forth pola.

The Elux ther treverses Che deptn alf El1e rolor
and exista at the Herch pele on the right slde of the
oo, and chen che same sequence ss descriyed above

takes place in scack Na, 2.

Frem Flgure 4, we can see that one irportantc
difference berveen this disk-rotor noter and the
wonvertiomai canmed-iype Fii mocor is char the §lux
pathe of the forner encompass the eecire sotor cven
when enly sne shase §8 excited, whereca the £lus
paths of the latter ootor are confinec to only che
exclited phase.

The coupllng of beth stazks of cthe mortor by the
magnetic flun slsw mesun Lhal Lhe corcue develaped
by the motor will be affectsd by the stator teeth on

hatk oldes of the rotor.

1IT. PERFORMANCE CHARACTERISTICS

The perifarmince characterisr-es of a rwvpizal
disk-rotor PR stép motor are oresented In this ssc=
clon. The pivsical dimension:z of the motor ara:

lengeh =2 fa,, cuter dianezes = 2.5 in.

Tha alactrical prepectics ond chorscteristica

ara:

Humbe= of phases: & ibittlar soamd}

Winding resistance: 1.6 ohre per shase
Bated currents LT3 Amp per ghaye
afl (0 Amp. 2C &7

catont poaltion)

Indactance: s B

Tae single=step responses vith nne-phasa-an and
twe-phases—on excitacions are showe in Figuses 5 and

6, reslectively.

Figures 7 and 8 {llustrate the static terque
curvar wlth ené—phace-on and twe-phosc-on cxcitations
measurad under the stated conditicns. Figure 9 gives

rhe targue-specd curves af the ratar,
IV. RIEFEREMCES

[1} Heine, Geenther, "Snall PH Stepping Hotors as
Dedicated Control Zlements in Data Processing
Technology," Procesd ngs of the Ssventh Annual
Srmpozium on Incrementzl Morion Contrel Systens
and Devices, 1973, pp. 27-36.
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ze 4EM

1000 VRMS (23 awd); 1200 YRMS (24-
22 awg)
Reoommended Maximum walls cisslpabed by the
Miniriurn Heat Sk Uirian are s on an unrestrichsd 'l'_:'
floves o 3IF 2 20°C, 'with Hhe Ulimag L -
montd on the equivalent of an ! z
alurmiriur plat: messuring 159 m i)
square =032 cm thick ®
Thermal Reslstance 747 Chaatt: with heatsink . ? I|
15007 Crwall withonud heatsink = j
Rolor Ireertla 2422107 (kg y
Peak Torque Rating (TRl 0.2 Nm =
Poser Input 145 watls islalled & Tp; 25°C: Pp)
Humber of Phasss 1
Static Friction iTH 7 mHm
=30B Closad Loop ™M Hz
kaximum Windirg lecrc
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Welgnl: NEgms
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(Ses page B0}
Mamum Duty Gyile o s IW W
K imHMm R b &4 357 22 W1 Addd the coil awg number (OXX) to the part number ( for
H::-:II'HLI'I'; N T o m i f exmmmple: o order a 25% duly oycle mbed at 185 VOO,
(58) o . e
when pulsed continucusty specify [0D172.007).
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